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Przedmowa

Przedstawiona rozprawa doktorska zatytutowana ,Sieci z poli(2-izopropenylo-2-
oksazoliny) jako wielofunkcyjne materiaty o zadanych wtasciwosciach” sktada sie z trzech
oryginalnych, monotematycznych publikacji i jednej pracy przegladowej, opublikowanych
w czasopismach o zasiegu miedzynarodowym, znajdujgcych sie na tzw. Liscie Filadelfijskiej oraz
wynikéw nieopublikowanych. Autoreferat, ktéry jest komentarzem do zatgczonych publikacji,
rozpoczynajg streszczenia w jezyku polskim i angielskim.

Przedstawiona dysertacja zawiera opis przeprowadzonych badan, stanowigc przewodnik
po gtéwnych osiggnieciach naukowych, ktére zostaty szerzej zaprezentowane w zatgczonych
publikacjach oraz dyskusje nieopublikowanych wynikéw dotyczgcych zastosowan otrzymanych
sieci w roli sorbentéw zanieczyszczen wodnych, hydrozeli o wtasciwosciach przeciwgrzybicznych
i przeciwbakteryjnych, nosnikéow lekéw i podtozy do hodowli roslin. Kopie czterech publikacji
naukowych w jezyku angielskim, uzupetnione o opisy badarn dodatkowych zamieszczono w
sekcjach ,Supplementary information”. Zatgczono réwniez oswiadczenia wspotautoréw
dotyczace ich wktadu w realizacje poszczegdlnych etapdw pracy.

Cykl publikacji szczegétowo opisuje realizacje podstawowych badan nad otrzymywaniem
nowej klasy wielofunkcyjnych sieci polimerowych, sktadajgcych sie z hydrofilowych blokéw
poli(2-izopropenylo-2-oksazoliny) oraz  wybranych  wielkoczgsteczkowych  segmentéw
sieciujgcych (polieterow lub poliestrow), charakterystyke otrzymanych materiatéw oraz wyniki
wskazujgce ich potencjalne zastosowania.

W zakres pracy doktorskiej wchodzg nastepujace publikacje:

P1. Kopka B., Kost B., Rajkowska K., Pawlak A., Kunicka-Styczynska A., Biela T., Basko M.,
A simple strategy for efficient preparation of networks based on poly(2-isopropenyl-2-
oxazoline), poly(ethylene oxide), and selected biologically active compounds: Novel
hydrogels with antibacterial properties, Soft Matter, 2021, 17, 10683-10695.

P2. Kopka B., Kost B., Pawlak A., Tomaszewska A., Krupa A., Basko M., Covalent segmented
polymer networs composed of poly(2-isopropenyl-2-oxazoline) and selected aliphatic
polyesters: designing biocompatible amphiphilic materials containing degradable blocks,

Soft Matter, 2023, 19, 6987-6999.



P3. Kopka B., Kost B., Pawlak A., Bak-Sypien |., Brzeziniski M., Tomaszewska A., Krupa A.,
Jézwiak P., Basko M., Biocompatible, porous hydrogels composed of aliphatic polyesters
and poly(2-isopropenyl-2 oxazoline). Their application as scaffolds for bone tissue
regeneration, Soft Matter, 2024, 20, 6655—-6667.

P4. Kopka B., Kost B., Basko M., Poly(2-isopropenyl-2-oxazoline) as a reactive polymer for
materials development, Polymer Chemistry, 2022, 13, 4736-4746.

Badania wykonano w ramach projektu pt. ,Amfifilowe sieci z poli(izopropenylo-2-
oksazoliny) i alifatycznych poliestréw jako wielofunkcyjne materiaty o zadanych wtasciwosciach”
finansowanego przez Narodowe Centrum Nauki na podstawie decyzji UMO-

2020/37/B/ST5/03302.



Streszczenie w jezyku polskim

Celem niniejszej pracy doktorskiej byto otrzymanie i charakterystyka nowej klasy
wielofunkcyjnych, segmentowych sieci polimerowych, zbudowanych z hydrofilowych blokéw
poli(2-izopropenylo-2-oksazoliny) (PiPOx) oraz wybranych polimerowych segmentéow
sieciujgcych : poli(tlenku etylenu) (PEO), polilaktydu (PLA) i polikaprolaktonu (PCL). Przedmiotem
badan byta réwniez ocena mozliwosci potencjalnego zastosowania danych materiatéw w roli
nos$nikdw substancji biologicznie czynnych, rusztowan do hodowli komdrkowych, sorbentéw do
usuwania zanieczyszczen z wody oraz podtoza do hodowli roslinnych.

Zasadniczym etapem badan byto przygotowanie reaktywnych blokéw polimerowych,
ktére umozliwiajg tworzenie sieciowanych uktadéw o strukturze kontrolowanej poprzez dobor
komponentédw oraz gestos¢ weztdw kowalencyjnych. W tym celu w pierwszym etapie
zsyntetyzowano bloki PiPOx oraz segmenty sieciujgce o zrdznicowanych wiasciwosciach
fizykochemicznych ~ zawierajgce  koncowe  grupy  karboksylowe (HOOC-PEO-COOH,
HOOC-PLA-COOH, HOOC-PCL-COOH). W przypadku polieteru modyfikacja koncowych grup
hydroksylowych (wprowadzenie grup karboksylowych) zostata przeprowadzona metoda
enzymatyczng, przy uzyciu bezwodnika bursztynowego oraz enzymu lipazy B z Candida antarctica
(CALB) uzytego w roli biokatalizatora. Do funkcjonalizacji poliestréw (PLA i PCL) zastosowano
estryfikacje  grup  hydroksylowych  bezwodnikiem  bursztynowym w  obecnosci
1,4-diazabicyklo[2.2.2]oktan (DABCO) jako katalizatora. Otrzymane reaktywne polimery
scharakteryzowano za pomocg dostepnych metod z wigczeniem magnetycznego rezonansu
jadrowego 'H-NMR oraz '3C-NMR, chromatografii z wykluczeniem objetosci (SEC),
termograwimetrii (TGA), skaningowej kalorymetrii rdznicowej (DSC) oraz spektroskopii
absorpcyjnej (FT-IR). Uzyskano dobrze zdefiniowane, telecheliczne polimery, zawierajgce na obu
koricach makroczasteczki grupy -COOH, ktére w dalszym etapie petnity role
wielkoczgsteczkowych ,rozgateziaczy” dla hydrofilowych segmentéw PiPOx-u. Umozliwito to
wytwarzanie kowalencyjnych sieci poprzez prostg reakcje addycji miedzy pierscieniami
oksazoliny i grupami karboksylowymi. Odpowiedni dobdr warunkéw pozwolit na
przeprowadzanie reakcji sieciowania bez udziatu katalizatora oraz bez generowania produktow
ubocznych. Wyniki potwierdzity, ze utrzymanie odpowiedniego stosunku jednostek estrowych do
pierscieni bocznych oksazoliny pozwala na otrzymywanie tg wzglednie prostg metodg sieci z duzg

wydajnoscig (udziat frakcji nierozpuszczalnej > 93). Ponadto opracowano warunki syntezy



umozlwiajace wprowadzenie porowatosci, co znaczaco zwiekszyto zdolnos¢ materiatéw do
sorpcji wody.

Otrzymane nieporowate i porowate materiaty scharakteryzowano pod katem sktadu
i wtasciwosci fizykochemicznych za pomocg magnetycznego rezonansu jgdrowego w ciele statym
(33CP-MAS NMR), TGA, DSC, skaningowego mikroskopu elektronowego (SEM), metody
spektroskopii dyspersji energii (EDS) oraz spektroskopii FT-IR.

Przeprowadzono réwniez badania, ktérych celem byta ocena potencjatu aplikacyjnego
uzyskanych nieporowatych i porowatych materiatéow. W toku przeprowadzonych badan
stwierdzono, iz otrzymane segmentowe sieci kowalencyjne wykazujg multifunkcyjny charakter
i moga znaleZ¢ zastosowanie m.in. jako rusztowania do hodowli komodrkowych, systemy
dostarczania substancji biologicznie czynnych (lekéw), sorbenty do usuwania zanieczyszczen

z wody oraz podtoza do uprawy roslin.



Streszczenie w jezyku angielskim

The aim of this doctoral thesis was the synthesis and characterization of a new class of
multifunctional, segmented polymer networks composed of hydrophilic poly(2-isopropenyl-2-
oxazoline) (PiPOx) blocks and selected crosslinking polymeric segments — poly(ethylene oxide)
(PEO), polylactide (PLA), and polycaprolactone (PCL). Additionally, the study evaluated the
potential application of these materials as carriers for biologically active substances, scaffolds for
cell culture, sorbents for water purification, and substrates for plant cultivation.

A main stage of the research involved the preparation of reactive polymer blocks that
enabled the formation of crosslinked networks with architecture controlled by the selection of
components and covalent crosslinking density. For this purpose, PiPOx blocks and crosslinking
segments with diverse physicochemical properties, containing terminal carboxylic acid groups
(HOOC-PEO-COOH, HOOC-PLA-COOH, HOOC-PCL-COOH), were synthesized in the first stage.
In the case of polyether, modification of terminal hydroxyl groups (to introduce carboxylic
groups) was carried out enzymatically using succinic anhydride and lipase B from Candida
antarctica (CALB) as a biocatalyst. For polyester functionalization (PLA and PCL), esterification of
hydroxyl groups with succinic anhydride in the presence of 1,4-diazabicyclo[2.2.2]octane
(DABCO) as a catalyst was carried out. The obtained reactive polymers were characterized using
available methods including proton and carbon nuclear magnetic resonance spectroscopy ('H-
NMR, ™C-NMR), size-exclusion chromatography (SEC), thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), and Fourier-transform infrared spectroscopy (FT-IR).
These well-defined, telechelic polymers containing terminal —COOH groups at both ends of the
macromolecule served as macromolecular “branching agents” for the hydrophilic PiPOx
segments. This enabled the formation of covalently crosslinked networks through a simple
addition reaction between oxazoline rings and carboxyl groups. Appropriate selection of reaction
conditions allowed to carry out crosslinking reaction without use of catalyst and without the
generation of by-products.

The results confirmed that maintaining the appropriate ratio of ester units to oxazoline
side rings allows the formation of networks with high efficiency using this relatively simple
method (insoluble fraction > 93%). Furthermore, synthesis conditions were developed to
introduce porosity, significantly increasing the water sorption capacity of the materials.

The obtained non-porous and porous materials were characterized in terms of
composition and physicochemical properties using solid-state *C CP-MAS NMR, TGA, DSC,
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scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and FT-IR
spectroscopy.

Application potential studies of both non-porous and porous materials were also carried
out. These studies showed that the obtained segmented covalent networks exhibit
multifunctional properties and may find application as scaffolds for cell culture, drug delivery

systems, sorbents for water purification, and substrates for plant cultivation.
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1. Wstep

1.1. Poli(2-izopropenylo-2-oksazolina) (PiPOXx) jako reaktywny, hydrofilowy polimer

W ostatnich dekadach polimery zyskaty ogromng popularnos¢ we wspodtczesnym zyciu
dzieki unikalnemu potaczeniu cech, takich jak dobra wytrzymato$¢ mechaniczna, tatwosé
przetwarzania oraz stosunkowo niskie koszty produkcji. Tworzywa polimerowe coraz czesciej
zastepujg tradycyjne materiaty takie jak szkto, drewno, czy stal, znajdujgc zastosowanie w wielu
branzach przemystu, miedzy innymi w budownictwie, motoryzacji, przemysle spozywczym,
energetycznym, medycznym, kosmetycznymi farmaceutycznym?!. W biomedycynie, ze wzgledu
na dobrg rozpuszczalnos¢ w wodzie (hydrofilowosé) i biozgodnosé najczesciej stosuje sie
poli(glikol etylenowy) (PEG), poli(kwas akrylowy), poli(alkohol winylowy), poli(winylopirolidon)
i poli(akrylamid)?. Polimery te mogg petnié role zagestnikéw, stabilizatoréw, nosnikéw lekéw czy
komponentéw hydrozeli. Najszerzej stosowany poli(glikol etylenowy) od dawna byt uwazany za
czasteczke nieimmunogenng i stosowany ze wzgledu na zdolno$¢ do ochrony biatek przed
uktadem odpornosciowym gospodarza3. Jednak powszechne stosowanie PEG-u i PEG-ylowanych
pochodnych w produktach farmaceutycznych i kosmetycznych powoduje coraz czestsze
wystepowanie skutkdw ubocznych, w tym coraz czestsze wystepowania reakcji alergicznych3=>.
Rosnie wiec Swiadomos¢, ze w dtuzszej perspektywie mogg pojawi¢ sie pewne ograniczenia
w stosowaniu PEG-u i dlatego poszukuje sie nowych hydrofilowych polimerdw, ktére mogg
poszerzy¢ game polimeréw hydrofilowych*>.

Jednym z polimeréw spetniajgcych wymagania dotyczgce odpowiednich wifasciwosci
fizykochemicznych jest poli(2-izopropenylo-2-oksazolina). Monomer wykorzystywany do syntezy
(iPOx) nalezy do zwigzkéw bifunkcyjnych, zawierajgcych w czasteczce dwa reaktywne centra:
grupe winylowa oraz pierscier oksazolinowy®®. Polimeryzacja iPOx-u, ktdra zachodzi z udziatem
grupy winylowej prowadzi do otrzymania polimeru o weglowym szkielecie gtéwnym, w ktérym
pierscien oksazoliny pozostaje zamkniety i stanowi element taricucha bocznego. Taka struktura
otwiera szerokie mozliwosci dalszej funkcjonalizacji i modyfikacji materiatu.

Polimeryzacje iPOx-u mozna przeprowadzi¢ przy uzyciu rézinych, powszechnie
stosowanych technik polimeryzacji, co czyni ten monomer szczegdlnie uniwersalnym.
Wsréd wykorzystywanych metod znajdujg sie klasyczna polimeryzacja rodnikowa, polimeryzacja
anionowa, polimeryzacja z addycyjno-fragmentacyjnym przeniesieniem tancucha (z jezyka

angielskiego: reversible addition-fragmentation chain transfer - RAFT)!°, polimeryzacja

12



rodnikowa z odwracalng dezaktywacjg (z jezyka angielskiego: reversible-deactivation radical
polymerization - RDRP)!!, polimeryzacja plazmowa'?13, czy polimeryzacja z przeniesieniem grupy
(z jezyka angielskiego: group transfer polymerization - GTP)!*. Jednakze, ze wzgledu na fatwosé
reakcji, najczesciej stosuje sie polimeryzacje anionowg lub rodnikowa. Polimeryzacja anionowa
pozwala na otrzymanie polimeru z dobrg kontrolg masy molowej i o niskiej dyspersyjnoscit>*®.
Wymaga ona jednak przeprowadzenia polireakcji w temperaturze ponizej-20 °C, co utrudnia caty
proces. Klasyczng polimeryzacje rodnikowg przeprowadza sie w temperaturze od 60 do 80 °C
z uzyciem azobis(izobutyronitrylu) (AIBN) jako inicjatora. Proces ten prowadzi do otrzymania
polimeru o duzej masie czasteczkowej. Ze wzgledu na stabg kontrole procesu polimeryzacji
rodnikowej, otrzymany produkt charakteryzuje sie dyspersyjnoscig powyzej 2.08%°. Co wazne,
polimeryzacja rodnikowa umozliwia korzystanie z reagentéw bez koniecznosci ich intensywnego
oczyszczania oraz pozwala na produkcje polimerédw na duzg skale. Schemat polimeryzacji

anionowej i rodnikowej przedstawiono na Rys. 1.

R* T R *
—_—
Inicjacja: Ay N
R

o o]

/

N . o
* 4+ a 57
Propagacja: AN

o)

£

Rys 1. Schemat wzrostu faricucha PiPOx na drodze polimeryzacji anionowej i rodnikowej; * oznacza rodnik lub
anion®16,

PiPOx jest polimerem, ktéry mozna otrzymacé stosujgc wiele wczesniej wspomnianych
metod, a ostateczny wybdér metody polimeryzacji zalezy od wymaganej masy molowej oraz
specyficznych potrzeb uzytkownika. Polimer ten charakteryzuje sie dobrg rozpuszczalnoscig
w wodzie i w wielu rozpuszczalnikach organicznych. Badania stabilnosci w wodzie wykazaty, ze
taficuch polimerowy jest stabilny w warunkach obojetnych i zasadowych (pH 8 i 9).
W warunkach kwasnych obserwuje sie proces degradacji polegajacy na hydrolizie pierscieni
bocznych, co moze prowadzi¢ np. do procesu sieciowania. Wykazano réwniez biozgodnos$é

i immunomodulujgcy charakter polimeru w kilku niezaleznych badaniach”-18-2°,
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Obecnos¢ reaktywnych pierscieni oksazolinowych w bocznych tancuchach poli(2-
izopropenylo-2-oksazoliny) otwiera szerokie mozliwosci funkcjonalizacji tego polimeru.
Pieciocztonowy, heterocykliczny pierscien oksazoliny moze brac udziat w réznorodnych reakcjach
addycji, prowadzacych do tworzenia stabilnych adduktéw o charakterze kowalencyjnym. Dzieki
temu mozliwa jest fatwa i selektywna modyfikacja struktury polimeru, co umozliwia
dopasowanie jego witasciwosci do konkretnych zastosowan, na przyktad w inzynierii
biomateriatéw, noénikach lekdw czy systemach reagujgcych na bodZzce srodowiskowe (Rys. 2)°2L.
Wiekszos¢ reakcji pomiedzy pierScieniem oksazoliny, a wybranymi reagentami wymaga
obecnosci katalizatoréw lub podwyzszonej temperatury, jednakie, w przypadku kwasow
karboksylowych i tioli reakcje addycji mogg przebiega¢ z wysokg wydajnoscig bez uzycia

katalizatoréw®.

R'CONHCH,CH;00CR

R'CONHCH,CH,5CqHs R'CONHCH,CH,SR

R'corlq OCR RCOCI
———

CHCH.X

R'COTHcHZCHZX RCONHCHchzocl;Hs

R

R'CONHCH,CH,SOCR

Rys 2. Reakcja pierscienia oksazoliny z odczynnikami zawierajgcymi rézne grupy funkcyjne®?.

Poli(2-izopropenylo-2-oksazolina) jest coraz czesciej wykorzystywana jako reaktywny,
rozpuszczalny w wodzie polimer, umo/zliwiajacy uzyskanie funkcjonalnych materiatow o ztozonej
strukturze, ktéry z powodzeniem moze zastgpi¢ obecnie stosowane hydrofilowe polimery. PiPOx
nalezy do klasy hydrofilowych i reaktywnych polimeréw, stanowigc obiecujaca alternatywe dla
PEG-u w licznych zastosowaniach biomedycznych. Umozliwia to potencjalne zwiekszenie
bezpieczenstwa oraz funkcjonalnosci projektowanych materiatéw. Szczegdlnie istotne s3 jego
biozgodnos¢ oraz wtasciwosci immunomodulujgce, ktére czynig go potencjalnym zamiennikiem
PEG-u’”*820, ktérego powszechne stosowanie zaczyna stanowié¢ problem, ze wzgledu na wzrost
liczby odnotowanych reakcji alergicznych w bezposrednim kontakcie z organizmem cztowieka®™.
Obecnos¢ pierscienia oksazoliny w faricuchu bocznym polimeru pozwala na przeprowadzenie
wielu modyfikacji?!, bez konieczno$ci wczeéniejszej funkcjonalizacji polimeru, co stanowi istotng

przewage w porownaniu do PEG-u. Dodatkowo, brak obecnosci katalizatoréw i ubocznych
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produktéw reakcji podczas modyfikowania pierscienia oksazoliny zwigzkami zawierajgcymi grupy
tiolowe czy karboksylowe®, niweluje obecno$¢ niepozadanych zanieczyszczen, ktére mogg

wptywac na toksyczno$é otrzymanych materiatow.

1.2. Polilaktyd (PLA) i polikaprolakton (PCL) jako bloki budulcowe ztozonych struktur
polimerowych

Polilaktyd i polikaprolakton naleza do duzej rodziny alifatycznych poliestrow, czyli
polimerdw zawierajgcych w swoim gtéwnym taficuchu powtarzalng jednostke estrowa??. Ta klasa
polimerdw znajduje zastosowanie jako specjalistyczne materiaty biomedyczne lub tworzywa
termoplastyczne wyrdzniajgce sie zdolnosciag do kompostowaniu, po wymaganym czasie
uzytkowania.

PLA mozna otrzyma¢ w wyniku polikondensacji kwasu mlekowego lub na drodze
polimeryzacji cyklicznego dimeru kwasu mlekowego (laktydu (LA))?3. PLA nalezy do waznej grupy
polimerdéw ktére mogg byé otrzymywane z surowcéw odnawialnych np. w procesie fermentac;i
cukrow pochodzacych z roslin (np: trzciny cukrowej, kukurydzy, czy burakéw cukrowych)?4.
PCL jest polimerem e-kaprolaktonu (e-CL), ktéry mozina syntetyzowaé¢ z surowcéw
ropopochodnych?>. W przemysle e-CL otrzymuje sie stosujagc metode Baeyera-Villigera, ktéra
polega na utlenieniu cykloheksanonu, za pomoca peroksokwaséw np. kwas nadoctowy?®.
Najbardziej powszechng metodg syntezy PLA-u i PCL-u jest polimeryzacja z otwarciem
pierscienia, ktora pozwala na otrzymanie poliestréw z dobrg kontrolg masy molowej
(M w zakresie od 103 do 108 g/mol) oraz niska dyspersjg?’.

W przemysle stosuje sie polimeryzacje wedtug mechanizmu koordynacyjno-insercyjnego,
ktdry wymaga obecnosci metalicznego katalizatora. Najczesciej w tej roli stosowane sg zwigzki
cyny (np. oktanian cyny(ll) (Sn(Oct).) ze wzgledu na duzg aktywnos$¢ katalityczng i dobrg
rozpuszczalno$¢ w uktadzie polimeryzacyjnym?”28, Jednakze pewnym problemem zwigzanym
z zastosowaniem zwigzkdéw cyny do polireakcji jest ich obecnos$é w kornicowym produkcie. Wiele
zastosowan polimeréw, szczegdlnie jako materiaty w obszarze biomedycyny i elektroniki??,
wymaga usuniecia niepozgdanych zanieczyszczen resztkowych, takich jak jony metali powstajgce
z katalizatorow poniewaz mogg zaktécaé dziatanie uktadow biologicznych, lub wptywaé
niekorzystnie na wtasciwosci (elektroniczne lub optyczne) przygotowanego materiatu. Zawartosé
cyny w polimerach przeznaczonych do zastosowan medycznych powinna miescic¢ sie w przedziale
20-50 ppm?3®3l, 7 tego powodu polimery otrzymane na drodze polimeryzacji koordynacyjnej

z uzyciem cyny wymagajg skomplikowanych i czasochtonnych etapéw oczyszczania®,
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prowadzacych do podwyzszenia kosztow produkcji. W kontekscie tych ostatnich uwag, nastapit
szeroki rozwdj metod polimeryzacji cyklicznych estréw prowadzonych w tzw. warunkach
»,metal-free”, z wykorzystaniem mocnych zasad organicznych (amin, fosfin lub fosfazenow),
karbendw i kwaséw protonowych, co zapewnito alternatywne podejscie do proceséw z udziatem
metalicznych katalizatoréw?%32, Polimeryzacja kationowa prowadzona w obecnosci kwasowych
katalizatoréw moze przebiega¢ w sposéb kontrolowany wedtug mechanizmu Aktywowanego
Monomeru (AM), z wyfaczeniem niepozadanych rekcji ubocznych. Mechanizm AM oprécz
kwasowego katalizatora wymaga zastosowania inicjatora, ktérym najczesciej s alkohole
(R-OH lub HO-R-OH). Podczas polimeryzacji wedtug mechanizmu AM, w pierwszym etapie
dochodzi do protonowania cyklicznego monomeru, a nastepnie w wyniku ataku nukleofilowego
atomu tlenu z grupy hydroksylowej w inicjatorze na atom a-wegla w protonowanej czasteczce
nastepuje otwarcie pierscienia i przytaczenia fragmentu alkoholu. Nastepnie protonowane sg
kolejne czgsteczki monomeru, ktére na drodze propagacji wigczane sg do taficucha polimeru3334,
W tym czasie funkcje inicjatora przejmuje hydroksyl na koncu rosngcego faricucha makroczastki.

Mechanizm AM przedstawiono na Rys. 3.

i 2°
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° 0
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s ]

Inicjacja: R-OH + a\r
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Propagacja: R-O—c—ﬁ—o—

Rys 3. Schemat wzrostu faficucha polimerowego wedtug mechanizmu AM3,

Pomimo, ze kationowa polimeryzacja wedtug mechanizmu AM nie prowadzi do
otrzymania polimeréw o bardzo duzych masach molowych to jednak oferuje interesujgce
mozliwosci syntetyczne. Poniewaz funkcyjna grupa inicjatora pozostaje w makroczgsteczce,
proces moze by¢ zastosowany do syntezy reaktywnych poliestréw (makromonomerdéw) jesli
inicjatorem jest alkohol zawierajgcy rowniez odpowiednie reaktywne ugrupowanie (np. alkohol

propargilowy)®*. Mozna réwniez otrzymaé telecheliczne poliestry zakoriczone obustronnie
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grupami hydroksylowymi, jezeli w roli inicjatora bedzie zastosowany matoczasteczkowy diol33.
Sfunkcjonalizowane poliestry sg czesto stosowane jako bloki konstrukcyjne przy otrzymywaniu
bardziej ztozonych struktur polimerowych. Réznice w wiasciwosciach fizykochemicznych
poszczegdlnych homopolimeréw pozwalajg na projektowanie materiatéw o charakterystyce
dostosowanej do okreslonych i zaplanowanych funkgji.

W zwigzku z odmiennymi wiasciwosciami poliestrow, dalszy opis poswiecono
szczegbtowe] charakterystyce dwéch powszechnie stosowanych, poliestrow tj. PLA i PCL.
Ze wzgledu na wystepowanie dwdch centréw chiralnych w czgsteczce laktydu mozemy wyrdznic¢
trzy rodzaje PLA: izotaktyczny poli-.-PLA i izotaktyczny poli-D-PLA, charakteryzujacy sie
wystepowaniem jednakowej konfiguracji absolutnej jednostek powtarzalnych , syndiotaktyczny
poli-D,L.-PLA, w ktérym naprzemiennie wystepujg jednostki D i L kwasu mlekowego3®, oraz
ataktyczny PLA, w ktérym rozktad jednostek D i L jest przypadkowy. PLA jest termoplastycznym
polimerem charakteryzujacym sie temperaturg przejscia szklistego (Ty) w zakresie 60-65°C oraz
temperaturg topnienia (Tm) w zakresie 180-220°C?%, co pozwala na jego przetworzenie poprzez
termoformowanie w réznych procesach typu wtryskiwanie, przedzenie, czy wyttaczanie?*. PCL
podobnie jak PLA zalicza sie do termoplastow. W temperaturze pokojowej jest miekkim
i ciggliwym materiatem, charakteryzujgcym sie niskg temperature przejscia szklistego -60°C oraz
niskg temperature topnienia 60°C3728, Obydwa typy poliestrow nalezg do grupy biozgodnych oraz
kompostowalnych polimeréw?#3%4, co wptywa na ich szerokie zastosowanie w konstruowaniu

bardziej ztozonych struktur polimerowych jak np. sieci polimerowych%-42,

1.3. Wptyw modyfikacji poliestrow na wtasciwosci fizykochemiczne

W celu poprawy wtasciwosci fizykochemicznych polimerdw stosuje sie metody fizycznej
lub chemicznej modyfikacji. Metody fizyczne polegajg na wytwarzaniu kompozytéw lub blend
w wyniku mieszania polimeréw ze zwigzkami matoczasteczkowymi, badZz dwdch lub wiecej
polimerdw, o réznych witasciwosciach fizykochemicznych®3. Obecnie najczesciej stosowanymi
matoczasteczkowymi plastyfikatorami sg ftalany**. Wprowadzenie matoczgsteczkowych
zwigzkoéw takich jak ftalan dibutylu lub ftalan (2-etyloheksylu) pozwala na zmniejszenie
krystalicznosci, wptywajgc na poprawe elastycznosci oraz ufatwiajgc dalsze przetwarzanie
kompozytéw?**+*>, Fizyczne mieszanie PLA lub PCL ze zwigzkami wielkoczgsteczkowymi (polimery),
moze prowadzi¢ do poprawy mechanicznej wytrzymatosci, elastycznosci czy termicznej

stabilnosci otrzymanych blend polimerowych #3. Jednakze, metoda ta posiada czesto pewne

17



ograniczenia, wynikajace na przykfad z rdéznicy mieszalnosci poszczegdlnych sktadnikéw, co
prowadzi do separacji fazowych i pogorszenia wiasciwosci otrzymanych materiatow?®,
Wiasciwosci poliestrow mozna modyfikowac, zmieniajgc ich grupy koricowe lub wtgczajac
te polimery w bardziej ztozone struktury, takie jak kopolimery, polimery rozgatezione,
usieciowane ukfady polimerowe czy stereokompleksy. W tym celu bardzo czesto konieczne jest
wprowadzenie do tancucha okreslonej grupy funkcyjnej co mozna dokonac na etapie inicjacji
polimeryzacji lub modyfikujgc istniejace juz grup koricowe polimeru®’=>2, Pierwsza metoda polega
na przeprowadzeniu polimeryzacji, w obecnosci inicjatora, ktéry w swojej strukturze zawiera
okreslong reaktywnga grupe funkcyjna. Proces ten umozliwia wigczenie czasteczki inicjatora do
taricucha polimeru na etapie polimeryzacji, tak jak to zilustrowano dla kationowej polimeryzacji

cyklicznego estru prowadzonej w obecnosci alkoholu propargilowego (Rys. 4.).

F3CSO3;H

kwas triflatowy /-\ m m
¢C—@9 ——————® HC==C—CH,—0—C O0fC OfC OH
| I alkohol propargilowy | I | | | I
o) — 0 (0] o

—  oH n

Rys. 4. Poliestry zawierajgce wigzania nienasycone w koricowej grupie wprowadzone za pomocg inicjatora®.

Istnieje szeroka biblioteka zwigzkéw chemicznych zawierajgcych okreslone grupy

funkcyijne, ktore znajdujg zastosowanie jako inicjatory w procesie polimeryzacji LA-u badz CL-u

(Rys. 5.).
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Rys. 5. Biblioteka inicjatorow wykorzystywanych w polimeryzacji LA, zawierajgcych okreslone grupy funkcyjne: A)
metakrylan 2-hydroksyetylu (HEMA), B) 2-hydroksyetyloakrylan (HEA), C) 2-hydroksyetylo-2-bromo-2-
metylopropanian (HBMP) lub 2-hydroksyetylo-a-bromopropionian (HEBP), D) alkohol propargilowy, 3-butyn-1-ol,
3-butyn-2-ol i 1-oktyn-3-ol, E) norborneny z jedng lub dwiema grupami alkoholowymi, F) 2-ureido-4(1H)-

pyrimidynon (UPy), G) 2',3'-O-izopropylidyna-urydyna, H) glicydol3.
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Przyktadowo, zastosowanie 2-ureido-4(1H)-pyrimidynonu (UPy) jako inicjatora polimeryzacji LA,
pozwala na otrzymanie polimeru posiadajgcego w tancuchu specjalne ugrupowanie, zdolne do
tworzenia silnych wigzarnn wodorowych?’, natomiast uzycie kwasu cholowego w tej roli prowadzi
do otrzymania PLA o wifasciwosciach promujgcych adhezje i proliferacje komérek fibroblastow
mysich 3T3 oraz ludzkich komodrek $rdodbtonka ECV304%°. Dodatkowo, przy uzyciu
a-aminokwasow, L-argininy lub L-cytruliny zainicjowano polimeryzacje LA i €-CL, otrzymujac PLA
i PCL o potencjalnym dziataniu wspierajgcym odporno$é organizmu, regulujgcym uwalnianie
hormondw, oraz wptywajgcym na rozluznienie naczyi krwiono$nych®,

Inng metodg chemicznej modyfikacji sg reakcje, polegajgce na modyfikacji obecnych
hydroksylowych grup koficowych w taricuchu polimeru co pozwala na wprowadzenie innych,

pozadanych grup funkcyjnych do taricucha makroczasteczek (Rys. 6.)°°.

N
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|| bezwodnik bursztynowy ||

(8]
Rys. 6. Poliester zawierajacy koricowa grupe funkcyjng wprowadzong poprzez estryfikacje bezwodnikiem

bursztynowym®°.

Przyktadem takiej reakcji jest estryfikacja grupy hydroksylowej z zastosowaniem bezwodnika
bursztynowego i DABCO jako katalizatora. W tym przypadku, zmodyfikowanie grup
hydroksylowych PLA-u grupami karboksylowymi pozwolito na zwiekszenie termicznej stabilnosci
gwiezdzistych polilaktydéw zwiekszajgc maksymalng temperature rozktadu polimeréw o 30 °C
w poréwnaniu do gwiezdzistych PLA-6w zakoriczonych grupami hydroksylowymi®°. Ponadto,
zastgpienie grupy -OH, grupami -NH; lub -Cl, umozliwito zwiekszenie stabilnosci termicznej PLA
o 60 °C°l. Wprowadzenie grupy -NH2 w miejsce grupy -OH w polikaprolaktonie poprawito
biokompatybilnos¢ materiatu wzgledem ludzkich komérek srdédbtonka, promujac ich adhezje
i proliferacje®?.

Ponadto, zastosowano szereg zwigzkéw posiadajgcych pozgdane grupy funkcyjne,
umozliwiajgce modyfikacje poliestréw na etapie post-polimeryzacyjnym, poprzez reakcje
z koricowymi grupami hydroksylowymi obecnymi w taricuchu makroczasteczki (Rys. 7). Tego typu
podejscie pozwolito na precyzyjne dostosowanie struktury i wtasciwosci polilaktydu, co jest

szczegdlnie istotne w kontekscie zastosowan biomedycznych i inzynierii materiatowej>3.
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Warto réwniez dodaé, iz metode modyfikacji grup koncowych stosuje sie gtdwnie dla
poliestréw o matej i Sredniej masie molowej, w przeciwiestwie do polimeréw o duzej masie
molowej, w ktorych wptyw grup korcowych na wtasciwosci polimeru jest minimalny, ze wzgledu

na ich niewielki udziat molowy w polimerze>*.
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Rys. 7. Biblioteka zwigzkdw wykorzystywanych w reakcji post-polimeryzacji PLA, zawierajacych okreslone grupy
funkcyjne: A) chlorek akryloilu, B) bezwodnik metakrylowy (MAAH), C) bezwodnik itakonowy, D) bezwodnik
bursztynowy, E) bromek a-bromoizobutyrylu lub chlorek 2-chloro-2-metylopropanoilu,
F) (3-izocyjanianopropylo)trietoksysilan, G) izocyjanian metakryloiloksyetylu, H) S-1-Dodecylo-S'-(a,a’-dimetylo-a'-

kwas octowy) tritioweglan (DDACT), i) chlorek tionylu, j) chlorek kwasu 4-(1-pireno)butanowego.
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1.4. Kowalencyjne sieci polimerowe z PiPOx

Kowalencyjne sieci polimerowe to zfozone, rozgatezione struktury w ktérych liniowe
taficuchy polimerdw potfgczone sg miedzy sobg trwatymi wigzaniami chemicznymi®. Otrzymane
w ten sposéb materiaty polimerowe charakteryzujg sie lepszg stabilnoscia wymiarowa,
wytrzymatoscia mechaniczna i stabilnoscia termiczng, w poréwnaniu do ich liniowych
odpowiednikéw gdyz w rezultacie wytworzenia kowalencyjnych weztéw nie tracg swojej
stabilnosci strukturalnej podczas dziatania czynnikdw zewnetrznych. Wzajemne kowalencyjne
powigzanie tainicuchéw w sieciach nadaje im najbardziej charakterystyczng wtasciwosc¢ jaka jest
odporno$é na rozpuszczanie i zdolno$¢ do pecznienia w kompatybilnych rozpuszczalnikach®®.
Wiasciwosci fizykochemiczne sieci polimerowych mogg by¢ regulowane przez dobér elementdéw
budulcowych jak réwniez gesto$é rozmieszczenia weztdw>’°, Szczegdlnie interesujace sg na
przyktad sieci amfifilowe uzyskiwane przez kowalencyjne zwigzanie tancuchdw hydrofilowych
i hydrofobowych. Otrzymane w ten sposéb materiaty stanowig specjalistyczng klase sieci
zdolnych do interakcji i pecznienia zaréwno w hydrofilowym, jak i hydrofobowym
$rodowisku>®-0,

Obecnie jednym z szeroko stosowanych rodzajow sieci polimerowych sg hydrozele ktére
charakteryzujg sie zdolno$cig do pochtaniania duzych ilosci wody, bez utraty stabilnosci
strukturalnej. Hydrozele mogg by¢ wykorzystywane jako systemy dostarczania lekéw, filtry do
wody, opatrunki, rusztowania do hodowli komdrkowych, czy jako materiat w inzynierii
tkankowej?. Tradycyjne metody pozwalajgce na otrzymanie sieci polimerowych zawierajgcych
trwate, kowalencyjne wezty wykorzystujg sprzeganie tarncuchéw polimerowych wyposazonych w
odpowiednie grupy funkcyjne, (ko)polimeryzacje telechelicznych makromonomeréw oraz
multifunkcyjnych monomerdw®%4, Jednakze stosowanie tych metod wigze sie z koniecznoscig
wczesniejszej funkcjonalizacji polimeréw. Na przyktad, aby uzyskaé sieci oparte na hydrofilowych
PEG-ach w wyniku rodnikowej polimeryzacji, wymagana jest obecno$¢ grup nienasyconych np.
(akrylowych, winylowych itp.) w tancuchu polimeru co czesto uzyskuje sie przy stosowaniu
reagentdw wykazujacych toksyczne dziatanie® 3, Dodatkowo, tego rodzaju reakcja sieciowania
jest przeprowadzana w obecnosci zwigzkdow chemicznych, ktdre czesto sg toksyczne co wymusza
intensywne i czasochtonne doczyszczanie otrzymanych materiatdw. Skutkuje to znacznym
wydtuzeniem procesu otrzymywania sieci i dodatkowymi kosztami produkcji®>®2. Ponadto
wprowadzone grupy funkcyjne moga mieé negatywny wptyw na stabilnos¢ chemiczng polimeru,

prowadzagc do jego przyspieszonej degradacji w podwyiszone] temperaturze czy
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w skutek dziatania wilgoci®!. Dlatego poszukuje sie alternatywnych, biologicznie nieszkodliwych
metod, w ktérych proces sieciowania moze zosta¢ przeprowadzony in situ, bez powstawania
toksycznych produktédw ubocznych.

W zwigzku z tym PiPOx jest odpowiednim polimerem do otrzymania biozgodnych,
zdolnych do pecznienia w wodzie, kowalencyjnie usieciowanych materiatow polimerowych
o potencjalnym zastosowaniu w biomedycynie. Obecnos$¢ reaktywnego pierscienia oksazoliny
w taricuchu bocznym polimeru pozwala na otrzymanie kowalencyjnie usieciowanych materiatéw,
na drodze prostej reakcji addycji®. Stosujgc proste, nietoksyczne, krdtkie kwasy di-karboksylowe
o réznej dtugosci tancucha jako segmenty sieciujgce PiPOx, otrzymano serie hydrozeli réznigcych
sie stopniem pecznienia w wodzie®®. Wykorzystanie tego typu kwaséw do sieciowania PiPOx
prowadzi do powstania sieci o stabych wtasciwosciach mechanicznych. Zastosowanie specjalnie
zaprojektowanego, di-karboskylowego kwasu pillar[5]arenowego do sieciowania PiPOx-y®°,
umozliwito wprowadzenie przestrzennie rozbudowanych jednostek do struktury sieci,
poprawiajgc wtasciwosci mechaniczne otrzymanych sieci, miedzy innymi odpornos$é na sciskanie
i rozcigganie oraz rozpraszanie energii. Uzyskany materiat wykazat réwniez potencjat jako
adsorbent w procesach oczyszczania wody, w wyniku adsorpcji fenoli oraz barwnikéw (btekit
metylenowy i czerwien metylowa). Dodatkowo, PiPOx zawierajgcy fluorouracyl umozliwit
opracowanie nos$nika leku o kontrolowanym procesem uwalniania substancji aktywnej, ktéry
mozna wykorzystaé w terapii nowotworowej, poprzez bezposrednie wstrzykniecie w obszar

guza®®,
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2. Cel pracy

Sieci polimerowe ze wzgledu na specyficzng strukture i wiasciwosci sg przedmiotem
szerokich badan o charakterze poznawczym i aplikacyjnym. Jak wspomniano we wstepie
szczegblnie poszukuje sie uktadédw, w ktorych reakcje prowadzgce do sieciowania mozna
prowadzi¢ w stosunkowo prostych uktadach bez koniecznosci stosowania katalizatoréw i bez
generowania toksycznych produktéw ubocznych.

Celem pracy doktorskiej byto otrzymanie nowej klasy wielofunkcyjnych sieci
polimerowych sktadajacych sie z hydrofilowych blokéw poli(2-izopropenylo-2-oksazoliny) (PiPOx)
i wybranych polimerowych segmentdéw sieciujacych poli(tleneku etylenu), polilaktydu oraz
polikaprolaktonu o zréznicowanej charakterystyce fizykochemicznej. Zaktadano, ze zastosowanie
reaktywnych blokéw sieciujgcych charakteryzujacych sie réznymi wartosciami temperatury
zeszklenia (Tg), i temperatury topnienia (Tm) oraz powinowactwem do wody pozwoli na
otrzymanie kowalencyjnych sieci segmentowych o regulowanych witasciwosciach mechanicznych
i zréznicowanym charakterze hydrofobowo-hydrofilowym.

W ramach pracy zostaty zrealizowane nastepujace zadania badawcze:

e Synteza poli(2-izopropenylo-2-oksazoliny) z wykorzystaniem polimeryzacji rodnikowe;j.

e Synteza polimerowych segmentéw sieciujgcych zawierajacych karboksylowe grupy
koricowe o réznych masach molowych.

e Otrzymanie i charakterystyka sieci z poli(2-izopropenylo-2-oksazoliny) i poli(tlenku
etylenu)

e Otrzymanie i charakterystyka sieci z poli(2-izopropenylo-2-oksazoliny) i poliestrow

e Otrzymanie i charakterystyka porowatych sieci z poli(2-izopropenylo-2-oksazoliny)
i poliestrow

e Zbadanie potencjatu aplikacyjnego otrzymanych materiatéw w réznorodnych obszarach
jako:

- Hydrozele antybakteryjne

- Podtoza do hodowli komdrek

- Sorbenty zanieczyszczen

- Podtoza do hodowli roslin
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3. Opis badan

3.1. Synteza poli(2-izopropenylo-2-oksazoliny)

Pierwszym etapem pracy byto otrzymanie PiPOx na drodze rodnikowej polimeryzacji
stosujgc AIBN jako inicjator®®°. Polimeryzacje rodnikowa wybrano ze wzgledu na dobrze poznany
i opisany w literaturze mechanizm wzrostu makroczasteczki, ktéry jest technicznie prostszy do
przeprowadzenia w pordwnaniu z innymi metodami polimeryzacjil®*4 Dodatkowo
polimeryzacja rodnikowa nie wymaga skomplikowanego i wieloetapowego procesu oczyszczania
reagentdw, co utatwia caty proces syntezy i obniza koszty wytworzenia polimeru. Proces
polimeryzacji rodnikowej monomeru prowadzono w masie, w temperaturze 60 °C, osiggajac
konwersje 97% po 24h. Otrzymano polimer o masie molowej M, = 140 000 g/mol i wspotczynnik

dyspersji © = 1.75 (wedtug chromatografii SEC prowadzonej w wodzie, detektor MALLS) (Rys. 8.).

A)
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elution volume (mL)

B ®)
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Rys. 8. Charakterystyka PiPOx: A) chromatogram SEC (H20), B) widmo *H NMR, C) widmo *3C NMR
(400 MHz, CDCls).

Strukture polimeru potwierdzono za pomocg metod spektroskopowych. W widmach
'H-NMR oraz 3C-NMR zaobserwowano obecno$é sygnatdw charakterystycznych dla taricucha
weglowego i zamknietego pierscienia oksazoliny (Rysunek 8B i 8C). W widmie FT-IR
potwierdzono obecnos¢ charakterystycznych sygnatéw pochodzgcych od pierscienia oksazoliny
przy warto$ciach 1651 cm™ (-C=N) oraz 1118 cm™ (-C-O). Dodatkowo wtasciwosci termiczne
polimeru scharakteryzowano za pomocg TGA i DSC. Na termogramie TGA zaobserwowano

szeroki pik degradacji PiPOx w zakresie od 200 do 470 °C. Otrzymany polimer charakteryzowat
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sie amorficzng strukturg, na co wskazuje brak piku T.,. Analizy potwierdzity otrzymanie
reaktywnego, hydrofilowego polimeru o zatozonej strukturze. Przeprowadzone badania
i uzyskane wyniki zostaty opisane w publikacji P1.

3.2. Synteza polimerowych blokéw sieciujacych (HOOC-poli(tlenek etylenu)-COOH,
HOOC-polilaktyd-COOH, HOOC-polikaprolakton-COOH)

Kluczowym etapem pracy byto przygotowanie dobrze zdefiniowanych segmentéw
sieciujgcych zawierajgcych reaktywne grupy karboksylowe zdolne do addycji do pierscienia
oksazoliny. W tym celu wybrano trzy polimery o zrdéznicowanych wifasciwosciach
fizykochemicznych: PLA, PCL oraz PEO, dla ktéorych przeprowadzono modyfikacje grup
koricowych za pomocg bezwodnika bursztynowego. Zwigzek ten umozliwit wprowadzenie grup
karboksylowych na drodze estryfikacji i otrzymanie telechelicznych polimerdw, ktére petnity role
wielkoczgsteczkowych  rozgateziaczy. W  przypadku PEO-u przeprowadzono proces
enzymatycznej modyfikacji hydroksylowych grup koncowych przy uzyciu bezwodnika
bursztynowego i enzymu lipaza B z Candida antarctica (CALB) w roli biokatalizatora. Otrzymany
reaktywny polimer PEO zawierajgcy na obu korncach taicucha grupy -COOH scharakteryzowano

za pomocg 'H-NMR (Rys. 9.), oraz za pomocg FT-IR.

Rys. 9. Widmo 'H NMR di-karboksylowego poli(tlenku etylenu) (HOOC-PEO-COOH).

W widmie H NMR liniowego HOOC-PEO-COOH, zaobserwowano sygnat w zakresie
2.6 ppm s$wiadczace o obecnosci grup 0O-C(O)-CH,CH,-COOH pochodzacych od otwartego

bezwodnika bursztynowego. Sygnat przy przesuniecie 4.2 ppm odpowiada zestryfikowanej grupie
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-OH w PEO. Dodatkowo sygnat obecny w widmie FT-IR, w zakresie 1721 cm™ pochodzgcy od grupy
karbonylowej (-C=0) potwierdzit otrzymanie zmodyfikowanego liniowego polieteru:
HOOC-PEO-COOH.

W przypadku poliestrow, w pierwszym etapie zsyntetyzowano liniowe polimery
zawierajgce koicowe grupy -OH, wykorzystujgc kationowg polimeryzacje z otwarciem pierscienia
laktydu lub kaprolaktonu, prowadzonej w warunkach zapewniajacych powstanie dobrze
zdefiniowanych  produktéow33-3>,  Zastosowano 1,6-heksandiol jako inicjator, kwas
trifluorometanosulfonowy jako katalizator, chlorek metylenu jako rozpuszczalnik a synteze
przeprowadzono w temperaturze pokojowej. Tak otrzymane polimery, zakoniczone grupami
hydroksylowymi zmodyfikowano bezwodnikiem bursztynowym w obecnosci DABCO jako
katalizatora®’. Zanik sygnatéw pochodzacych od koricowych grup hydroksylowych potwierdzit
przeprowadzenie procesu estryfikacji z wysokg wydajnoscig. Masy molowe oraz stopien
funkcjonalizacji polimeréw zawarto w Tab. 1.

Tab. 1. Charakterystyka polimerowych blokéw sieciujgcych (HOOC-poli(tlenek etylenu)-COOH, HOOC-polilaktyd-
COOH, HOOC-polikaprolakton-COOH).

M g/mol
Polimer b % funkcjonalizacji T¢(°C) Tm (°C)
(NMR)
HOOC-PEQ400-COOH? 500 1.2 99 -65 -
HOOC-PLA3000-COOH 3100 1.3 94 39 130
HOOC-PLAgo00-COOH 5500 1.3 95 49 152
HOOC-PClL3000-COOH 3200 1.3 93 -55 47
HOOC-PCLsooo-COOH 5500 1.4 98 -58 51

2 Dla czytelnosci przyjeto kod: grupa funkcyjna-polimermasamolowa-grupa funkcyjna. Skréty PEO, PLA oraz PCL oznaczajg
kolejno poli(tlenek etylenu), polilaktyd oraz polikaprolakton. Na przyktad HOOC-PEO3000-COOH oznacza
poli(tlenek etylenu) o masie molowej Mn = 500 g/mol, zakoriczony grupami karboksylowymi na obu korcach

taficucha.

Oznaczony wysoki stopien funkcjonalizacji makroczgsteczek (>93%) wskazuje na
efektywny przebieg procesu estryfikacji umozliwiajgcy zastgpienie prawie kazdej koncowej grupy
hydroksylowej w makroczgsteczce wymagang do reakcji addycji z pierscieniem oksazoliny grupg
karboksylowg. Otrzymane w ten sposéb reaktywne bloki réznigce sie pod wzgledem wtasciwosci
fizykochemicznych i mas molowych byly stosowane w kolejnym etapie badan do syntezy
kowalencyjnych sieci segmentowych. Przeprowadzone badania i uzyskane wyniki zostaty opisane

w publikacji P1i P2.
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3.3. Synteza i charakterystyka kowalencyjnych sieci polimerowych

Kowalencyjne sieci polimerowe o segmentowej strukturze otrzymano poprzez reakcje
addycji pomiedzy pierscieniami bocznymi PiPOx-u, a grupami karboksylowymi zlokalizowanymi
na obu koncach tarncuchéw polieteru i poliestréw (Rys. 10.). Proces ten prowadzit do taczenia sie
blokéw polimerowych z wytworzeniem kowalencyjnych weztéw sieci zawierajacych wigzania

estrowo-amidowe®®.

PiPOx HOOC-PLA-COOH PiPOx-poliester lub polieter
HOOC-PCL-COOH
HOOC-PEO-COOH

DMSO
<+ Ho OH —
140°C, 75min

Rys. 10. Otrzymywanie kowalencyjnych sieci polimerowych z PiPOx i wybranych blokdw sieciujgcych.

Badany uktad reakcyjny pozwolit na otrzymanie sieci polimerowych o zadanym sktadzie
i strukturze, ktéry mozna byto kontrolowac poprzez odpowiedni dobér segmentéw (blokow
hydrofilowych lub hydrofobowych) oraz gesto$¢ wytworzonych weztéw w sieci. W pracy
zatozono, ze potgczenie polimerdw réznigcych sie powinowactwem do wody umozliwi uzyskanie
nowej generacji amfifilowych, segmentowanych sieci polimerowych, w ktérych znacznie dtuzsze
hydrofilowe tancuchy polimerowe PiPOx-u zostang usieciowane przez krétsze tancuchy
poliestrowe. Interesujgce byto rowniez zbadanie mozliwosci wprowadzenia porowatosci do

otrzymywanych materiatéw w celu poprawy ich wtasciwosci.

3.3.1. Otrzymywanie sieci z poli(2-izopropenylo-2-oksazoliny) i poli(tlenku etylenu)

W kolejnym etapie pracy zsyntetyzowano nieporowate, kowalencyjne sieci polimerowe,
zbudowane z dwdch hydrofilowych blokéw budulcowych, poli(2-izopropenylo-2-oksazoliny)
i poli(tlenku etylenu), ktéry petnit role makroczasteczkowego czynnika sieciujgcego PiPOx.
Wczesniej, w literaturze opisywano sieciowanie PiPOx-u zachodzgce w wyniku reakcji addycji
miedzy pierscieniami oksazolinowymi i reagentami zawierajgcymi grupy karboksylowe, gtdwnie
dla alifatycznych kwasdw organicznych majgcych od 4 do 10 atomdw wegla, co w rezultacie

pozwalato wszczepi¢ krétkie tancuchy o charakterze hydrofobowym do hydrofilowego
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polimeru®®. Przedstawione w pracy doktorskiej zastosowanie reaktywnego polimeru do syntezy
sieci nie bylo dotychczas opisane i konieczne byto dobranie odpowiednich warunkéw
umozliwiajgcych wydajng synteze. Przeprowadzono wiec optymalizacje warunkéw procesu
sieciowania z uwzglednieniem typu rozpuszczalnika, udziatu wagowego polimeréw, stosunku
grup karboksylowych do pierscieni oksazoliny, temperatury reakcji i czasu reakcji. Ustalono, ze
do otrzymania materiatu o stabilnej strukturze, ktdra nie ulegata rozpadowi podczas pecznienia
w wodzie, stosujgc PEO o masie czgsteczkowej M, = 500 g/mol, synteze nalezy prowadzi¢ przy
stosunku grup karboksylowych do pierscieni oksazoliny wynoszgcym 15 % mol, w temperaturze
140 °C, w czasie 45 minut.

W celu otrzymania hydrozeli o wtasciwosciach przeciwdrobnoustrojowych do struktury
sieci wprowadzono dodatkowo kowalencyjnie zwigzane substancje aktywne o charakterze
antybakteryjnym: kwas cynamonowy (KC) i kwas benzoesowy (KB), co byto mozliwe ze wzgledu
na obecng w czgsteczce grupe karboksylowa. W celu otrzymania sieci ze zwigzkiem biobdjczym,
ktory nie byt kowalencyjnie sprzezony z siecia i pozostawat jako wolny sktadnik w usieciowanej
strukturze PiPOx-PEO, sieciowanie prowadzono w obecnosci eugenolu (EU). Zastosowane zwigzki
matoczgsteczkowe sg szeroko stosowane w przemysle kosmetycznym ispozywczym jako
konserwanty ze wzgledu na biobdjcze dziatanie wzgledem bakterii i grzyb6ow®8-7°,

Uzyskane wyniki dotyczace zawartosci frakcji uzelowanej i stopnia specznienia w wodzie
(Tab. 2.) potwierdzity, ze zastosowana metodologia umozliwia otrzymanie kowalencyjnych sieci
PiPOx-PEO, jak réwniez sieci zmodyfikowanych, z dodatkiem substancji biologicznie aktywnych
(PiPOx-PEO-KC, PiPOx-PEO-KB, PiPOx-PEQ/EU).

Tab. 2. Synteza kowalencyjnych sieci z poli(2-izopropenylo-2-oksazoliny) i poli(tlenku etylenu) (PiPOx-PEO) oraz
zmodyfikowanych sieci zawierajgcych zwigzane substancje aktywne (PiPOx-PEO-KC, PiPOx-PEO-KB) lub wolny
eugenol (PiPOx-PEOQ/EU)

zawartos¢ zelu stopien pecznienia
Siec
(wt. %) (%)
PiPOx-PEO 97 >200
PiPOx-PEO-KC 96 150
PiPOx-PEO-KB 94 140
PiPOx-PEO/EU 90? >200

@ W przypadku PiPOx-PEQ/EU, nizsza zawarto$¢ frakcji nierozpuszczalnej wynikata z wyekstrahowania eugenolu ze

struktury materiatu podczas procesu oczyszczania.
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Oznaczona zawartosc frakcji zelowej dla wiekszosci otrzymanych sieci przekraczata 94 %,
co Swiadczyto o wysokiej wydajnosci procesu sieciowania miedzy reaktywnymi polimerami
w zastosowanych warunkach.

W celu oznaczenia sktadu otrzymane sieci, oczyszczone przez ekstrakcje,
scharakteryzowano za pomocg 3C CP-MAS NMR (Rys. 11.) oraz na podstawie analizy widm

FT-IR.

d) PiPOx-PEO-KC

c) PiPOx-PEO-KB

b) PiPOx-PEO o
c d [ f /
(o]

b . . HN. HN. (o}
a tancuch gtowny
= d
a) PiPOX — \— N L
180 170 160 150 140 130 120 110 100 9% 80 70 60 50 40 30 20 10 /a
Sppm N o
— c b p——1

Rys. 11. Widma 3C CP-MAS NMR dla: a) PiPOx, b) PiPOx-PEO, d) PiPOx-PEO-KB, e) PiPOx-PEO-KC.

W widmie 13C CP-MAS NMR zaobserwowano nowe sygnaty w zakresie 66 ppm i 44 ppm
pochodzace od grup -OCH,CH,0-, powstatych po przytgczeniu tancuchow PEO do pierscienia
oksazoliny. Grupa karbonylowa z nowo utworzonego wigzania estrowego pojawia sie w zakresie
175 ppm. Ponadto, zaobserwowano sygnaty przy przesunieciu 130 ppm pochodzg od pierscienia
aromatycznego wprowadzonych substancji biologicznie aktywnych, KC i KB. W przypadku sieci
(wyekstrahowanych) przygotowanych z EU nie stwierdzono charakterystycznych sygnatéw dla tej
substancji, co swiadczy iz eugenol nie zostat kowalencyjnie zwigzany z siecig, lecz pozostat jako
wolny zwigzek. W pozostatych materiatach nastgpito wtgczenie substancji aktywnej do struktury
sieci. Analiza widm FT-IR wykazata obecnos¢ sygnatéw w zakresie 1520 cm™, przypisanych pasmu
amidowemu (-C-NH), co potwierdza utworzenie wigzan estrowo-amidowych w strukturze sieci
polimerowych. Drgania rozciggajgce grup karbonylowych, zaréwno w nowo powstatych
wigzaniach estrowych, jak i tych pochodzacych z PEO, zaobserwowano przy 1721 cm™.
Analizy 3C CP-MAS NMR i FT-IR potwierdzity skuteczne otrzymanie sieci polimerowych o sktadzie

zgodnym ze sktadem mieszaniny reakcyjne;j.
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Dla otrzymanych sieci oznaczono stopien specznienia w wodzie, ktory jest kluczowym
parametrem dla planowanych, potencjalnych zastosowann biomedycznych, takich jak
kontrolowane uwalnianie substancji biologicznie aktywnych w hydrozelowych materiatach
opatrunkowych. Badane sieci wykazaty stopien specznienia przekraczajacy 140 %, co pozwala na
zaklasyfikowanie ich jako materiaty hydrozelowe. Co istotne, otrzymane hydrozele zachowywaty
stabilnos¢ strukturalng, nie ulegajac rozpuszczeniu w wodzie. Badania mechaniczne i reologiczne
specznionych hydrozeli potwierdzity odporno$é materiatu na niewielkie odksztatcenia
mechaniczne i wykazaty odpowiednig wytrzymatos$é mechaniczng pozwalajgcg na ich praktyczne

wykorzystanie. Przeprowadzone badania i uzyskane wyniki zostaty opisane w publikacji P1.

3.3.2. Otrzymywanie sieci z poli(2-izopropenylo-2-oksazoliny) i poliestrowych blokéw
sieciujacych

W kolejnym etapie pracy do sieciowania PiPOx wykorzystano liniowe taficuchy poliestréw
(PLA lub PCL) odpowiednio sfunkcjonalizowane na korficach faricucha grupami -COOH. Podstawg
doboru reagentéw byta hipoteza, ze potaczenie hydrofilowych blokéw PiPOx z hydrofobowymi
i biodegradowalnymi poliestrowymi blokami budulcowymi pozwoli na otrzymanie materiatu
o wiasciwosciach amfifilowych>®%, ktéry bedzie wykazywat zdolno$¢ do pecznienia zaréwno
w rozpuszczalnikach organicznych, jak i w wodzie. Aby uzyskac sieci o réznorodnej topologii
i sktadzie w roli rozgateziaczy zastosowano bloki poliestrowe o réznej masie czgsteczkowe;j:
My, = 3 000 g/mol i 6 000 g/mol. Dodatkowo zmieniano stosunek grup karboksylowych do
pierscieni oksazolinowych ([-COOH]/[iPOx] = 2, 4, 15%) w celu zmiany stopnia usieciowania.
Proces sieciowania przeprowadzono zgodnie z metodologia zastosowang dla uktaddw
zawierajgcych poli(tlenek etylenu) poprzez rozpuszczenie reagentow w dimetylosulfotlenku
(DMSO) i umieszczenie mieszaniny reakcyjnej w 140°C na czas zalezny od rodzaju jak i dtugosci

tanricucha poliestru (Tab. 3.).
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Tab. 3. Synteza kowalencyjnych sieci z poli(2-izopropenylo-2-oksazoliny) i wybranych poliestrow

% otwartych
. o czas sieciowania zawartosc zawartosc¢ zelu
sie¢ pierscieni
(min) estrow (mol %) (wt. %)

oksazoliny
PLA3000-/-PiPOx-22 2 65 17 95
PLA3000-/-PiPOx-4 4 75 29 94
PLA3000-/-PiPOx-15 15 130 61 92
PLA6o00-/-PiPOXx-2 2 105 29 93
PLA6ooo-/I-PiPOx-4 4 120 46 91
PLAsooo-/-PiPOx-15 15 130 76 85
PCLs000-/-PiPOXx-2 2 65 21 95
PCLsooo-/-PiPOx-4 4 75 34 93
PCL3000-/-PiPOx-15 15 150 66 91
PCLesooo-/-PiPOXx-2 2 105 34 93
PCLsooo-/-PiPOx-4 4 120 51 90
PCLeooo-/-PiPOx-15 15 150 80 85

1

2 Dla czytelnosci przyjeto powszechnie stosowang nomenklature PoliA-/-PoliB, gdzie ,/” oznacza ,potfaczony

przez”’%72, Dodatkowo zawarto informacje o procentowej iloéci otwartych pierscieni oksazoliny oraz masy molowej
segmentu sieciujgcego. Na przyktad kod PLA3g0o-/-PiPOx-2 oznacza sie¢ otrzymang z wykorzystaniem
HOOC-PLA3000-COOH o0 masie molowej Mn» = 3 000 g/mol jako segmentu sieciujgcego PiPOx, przy teoretycznej ilosci

2% otwartych pierscieni oksazoliny w sieci.

Nastepnie oznaczono zawarto$é frakcji nierozpuszczalnej w celu okreslenia wydajnosci
sieciowania w badanym uktadzie. Jak pokazano w Tab. 3, udziat zelu byt wyzszy niz 90%
i wyraznie zalezat od wyjsciowego sktadu mieszaniny reakcyjnej. Najwyzszg zawarto$é frakcji
zelowej (~¥95%) stwierdzono w przypadku poliestréw o M, = 3 000 g/mol stosowanych do
sieciowania PiPOx-u przy zatozonym stopniu otwarcia pierscienia oksazoliny ~2% i 4%. Przy
wzroscie masy molowej rozgateziaczy do 6 000 g/mol i zwiekszaniu stopnia otwarcia pierScienia
oksazoliny do 15%, zawartos¢ frakcji nierozpuszczalnej zmniejszyta sie do 85%. Obserwowany
spadek zawartosci zelu w produktach syntezy moze wynikaé ze zwiekszenia masy molowej
poliestrow, co skutkuje zmniejszeniem liczby reaktywnych grup koricowych oraz ograniczeniem
ich dostepnosci w mieszaninie reakcyjnej. Dodatkowo, wzrost lepkosci uktadu moze znaczaco

utrudniac¢ efektywne tworzenie sie sieci polimerowej.
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Rys. 12. Zalezno$¢ stopnia specznienia sieci w wodzie (ESD) od stopnia otwartych pierscieni oksazoliny oraz
dtugosci taricucha sieciujgcych poliestrow: A) M, = 3 000 g/mol, B) Mn =6 000 g/mol.

Obecnos¢ poszczegdlnych blokow budulcowych w  strukturze wyekstrahowanych
i wysuszonych sieci potwierdzono za pomocg spektroskopii FT-IR (Rys. 13.). W otrzymanych
sieciach polimerowych zaobserwowano sygnat odpowiadajgcy drganiom rozciggajagcym grupy
karbonylowej estru przy 1750 cm™ (C=0), natomiast sygnaty charakterystyczne dla obecnosci
pierscienia oksazoliny pojawity sie przy 1651 cm™ (drgania rozciggajgce -C=N-) oraz 1121 cm™
(drgania rozciggajgce C—0). Dodatkowo, utworzenie wigzan amidowych (C(=O)NH-)
pochodzgcego od otwartego pierscienia oksazoliny potwierdzono na podstawie wystepowania
stabego pasma przy dtugosci fali 1520 cm™. Analiza FT-IR wykazaty skuteczne otrzymanie sieci
polimerowych o skfadzie zgodnym ze sktadem wyjsciowej mieszaniny reakcyjnej.
Zaobserwowano réwniez, ze dla badanych probek intensywnos$¢ sygnatéw pochodzacych od
poszczegdlnych jednostek budulcowych silnie zalezy od sktadu wyjsciowej mieszaniny.
Potwierdzeniem amfifilowego charakteru otrzymanych struktur byty wyniki oznaczen
rownowagowego stopnia pecznienia w rozpuszczalnikach nieorganicznych (woda) (Rys. 12.) oraz

organicznych, takich jak etanol, dimetyloformamid (DMF) i tetrahydrofuran (THF).
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Rys. 13. Widma FT-IR sieci otrzymanych z PiPOx z uzyciem (A) HOOC-PLA-COOH oraz (B) HOOC-PCL-COOH jako
czynniki sieciujgce, zaktadany stopien sieciowania PiPOx wynosi odpowiednio 4% i 15%.
Witasciwosci termiczne otrzymanych sieci PLA-I-PiPOx i PCL-/-PiPOx wyznaczono za
pomocg skaningowe]j kalorymetrii réznicowej oraz analizy termograwimetrycznej. Analiza TGA
wykazata, ze uktad PCL-/-PiPOx charakteryzuje sie wyzszg stabilnoscig termiczng w poréwnaniu
z PLA-/-PiPOx. Zaobserwowane rdéznice w charakterze rozktadu termicznego wynikajg z rodzaju
zastosowanego poliestru, ktéry determinuje temperature degradacji usieciowanej struktury.
W przypadku PLA-/-PiPOx degradacja sieci rozpoczyna sie w temperaturze 250 °C, podczas gdy
termiczny rozktad PCL-/-PiPOx obserwuje sie powyzej 300 °C. Analiza DSC zostata
przeprowadzona w celu okreslenia charakterystyki przemian fazowych badanych sieci. Brak
pikdw topnienia charakterystycznych dla PLA i PCL oraz wystepowanie jedynie temperatury
zeszklenia potwierdzity amorficzng strukturg otrzymanych sieci. Wartosci Ty rdznity sie
w zaleznosci od rodzaju i sktadu sieci, osiggajac nizsze wartosci przy wiekszym udziale poliestrow.
Obnizenie wartosci Ty do temperatur charakterystycznych dla poliestrow wskazuje na mozliwy
efekt plastyfikujgcy otwartych pierscieni oksazoliny (15%) obecnych w strukturze materiatu.
Przeprowadzone badania mechaniczne wykazaly, ze specznione sieci PLA-/-PiPOx
charakteryzujg sie wyzszg sztywnoscig oraz wytrzymatosciag w poréwnaniu z analogicznymi
sieciami do otrzymania ktérych uzyto polikaprolaktonu jako czynnika sieciujgcego. Rdznice te
mogg wynika¢ z odmiennych temperatur zeszklenia oraz wiekszej sztywnosci segmentéw

poliestrowych w strukturze PLA-u. Odnotowany modut sprezystosci dla prébki PLA3go-/-PiPOx-4
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(210 £ 15 kPa) jest zblizony do wartosci typowych dla chrzastki stawowej (0,45 - 0,8 MPa), co
sugeruje potencjalne zastosowanie tego typu materiatéw jako rusztowan w inzynierii tkanki
chrzestnej’.

W kolejnym etapie potwierdzono biokompatybilnos¢ otrzymanych sieci stosujgc test
MTT. Przeprowadzone badania cytotoksycznosci hydrozeli wobec komdrek fibroblastéw mysich
linii L929, wykazaty biokompatybilno$¢ zgodng z normg ISO 10993-5:2009. Otrzymane sieci
polimerowe nie wptywaty negatywnie na zywotnos¢ komorek L929, co stanowito podstawe do
prowadzenia dalszych, bardziej zaawansowanych badan in vitro. Przeprowadzone badania

i uzyskane wyniki zostaty opisane w publikacji P2.

3.3.3. Otrzymywanie porowatych sieci z poli(2-izopropenylo-2-oksazoliny) i poliestrowych
blokéw sieciujgcych

Po opracowaniu warunkéw umozliwiajgcych synteze sieci z reaktywnych prekursoréw
polimerowych podjeto badania ukierunkowane na modyfikacje struktury sieci poprzez
wprowadzenie porowatosci. Przyjeto zatozenie, ze obecnos$¢ pordow, ktére wprowadzajg puste
przestrzenie, wpftynie korzystanie na ostateczne wtasciwosci fizykochemiczne materiatow
i poszerzy ich mozliwosci aplikacyjne. W roli porogenu zastosowano chlorek sodu (NaCl) ze
wzgledu na stabilnos¢ termiczng tej soli w warunkach przeprowadzania reakcji oraz tatwosc
usuniecia poprzez jego wymywanie w wodzie. Synteze prowadzono stosujgc PiPOx, poliestry
0 masie czgsteczkowej My, = 3 000 g/mol (HOOC-PLA3000-COOH lub HOOC-PClL3000-COOH) oraz trzy
rodzaje soli o zréznicowane] wielkosci krysztatéw (A: 50 - 150 pum ,B: 270 - 560 um oraz
C: 3.2 - 6.2 mm). Ocene metody wytwarzania porowatych sieci rozpoczeto od zbadania
efektywnosci wymywania NaCl z otrzymanych materiatow. W tym celu zastosowano metode TGA
oraz metode miareczkowania strgceniowego, polegajgcej na oznaczeniu jonéw chlorkowych
w roztworze za pomocg azotanu (V) srebra. Brak pozostatosci na termogramie TGA
w temperaturze 800°C potwierdzito skuteczne usuniecie porogenu z materiatu. Ponadto,
zastosowana metoda miareczkowania Mohra potwierdzita wyniki otrzymane z analizy TGA
wskazujgc na catkowite usuniecie soli z sieci. Nalezy réwniez zwréci¢ uwage ze, obecnos¢
porogenu w mieszaninie reakcyjnej nie wyptyneta negatywnie na wydajnos$é sieciowania,
a otrzymane materiat charakteryzowat sie zawartoscig frakcji nierozpuszczalnej na poziomie

95%.
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Wyekstrahowane i wysuszone porowate sieci scharakteryzowano za pomoca
spektroskopii 3C CP-MAS NMR. Obecno$¢ charakterystycznych sygnatéw pochodzgcych od
blokéw budulcowych sieci zaréwno w widmie 3C CP-MAS NMR oraz FT-IR potwierdzito skuteczne
otrzymanie porowatych sieci polimerowych o sktadzie zgodnym ze sktadem wyjsciowej
mieszaniny reakcyjnej. Porowate sieci polimerowe wykazywaty nizszg stabilnos¢ termiczng
w poréwnaniu do sieci nieporowatych. Obserwowana réznica moze by¢ spowodowana wiekszg
powierzchnig catkowitg oraz obecnoscig licznych pustych przestrzeni w strukturze materiatu,
ktdére utatwiajg wydzielanie sie lotnych produktéw rozktadu. Proces ten skutkuje obnizeniem
temperatury degradacji’*. Zastosowanie trzech rodzajéw soli o réznej wielkosci krysztatow
(sél A, Bi C) pozwolito na kontrolowanie wielkos$ci porow w otrzymanych materiatach. Morfologie
otrzymanych materiatdw potwierdzono analizujgc mikrografie zarejestrowane przy uzyciu
skaningowego mikroskopu elektronowego (SEM) (Rys. 14.).
PiPOx-PLA PiPOx-PCL

R

‘\
¥

Y

porowate - B porowate - A nieporowate

porowate - C

T

Rys. 14. Obrazy SEM sieci PiPOx-poliester: nieporowate oraz porowate, otrzymane w obecnosci porogenu: A i B.

Zdjecia cyfrowe sieci PiPOx-poliester przygotowanych w obecnosci porogenu C.
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Zastosowanie roznych rodzajow poliestrow umozliwia uzyskanie zréznicowanych struktur
sieci polimerowych, co jest szczegdlnie wyrazne przy materiale otrzymanym z uzyciem soli B jako
porogenu. W zaleznosci od rodzaju poliestru uzytego w sieci, obserwowano zmiany
w architekturze poréw. Sieci PiPOx-PLA, przygotowane z uzyciem soli B, wykazywaty bardziej
otwartg i wzajemnie potgczong strukture poréw, podczas gdy sieci PiPOx-PCL odznaczaty sie
bardziej zamknietg, heksagonalng porowatosciag. Zaobserwowano réwniez wptyw wielkosci
poréw na zdolno$¢ do absorbcji wody. Materiaty przygotowane z zastosowaniem
soli A charakteryzowaty sie stopniem pecznienia przekraczajagcym 2 000%, co kwalifikuje je jako
tzw. superabsorbenty’>. Zamiana soli A na sél B i C, powodowata spadek stopnia specznienia
osiggajac najnizsze wartosci dla materiatdbw o najwiekszych rozmiarach pordéw. Badania
mechaniczne, obejmujace testy odpornosci materiatu na $ciskaniu i rozcigganie potwierdzity, ze
opracowane warunki i metodologia syntezy umozliwiajg otrzymanie stabilnych strukturalnie,
porowatych sieci o dobrych wtfasciwosciach uzytkowych. Materiaty te mozna formowaé w
dowolny ksztatt i wielkos¢, co stanowi istotng zalete przy potencjonalnym zastosowaniu jako
rusztowania do hodowli komérkowych lub jako implanty wspomagajace regeneracje tkanki

kostnej’76. Przeprowadzone badania i uzyskane wyniki zostaty opisane w publikacji P3.

Rys. 15. Elastycznos$¢ i trwatosé specznionych w wodzie porowatych sieci PiPOx-PLA A) i PiPOx-PCL B).

3.4. Zastosowania otrzymanych sieci polimerowych
W ostatnim etapie badan oceniono potencjat wybranych nieporowatych i porowatych
sieci PiPOx-PEO, PiPOx-PLA oraz PiPOx-PCL w réinych zastosowaniach, biorgc pod uwage

specyfike materiatu.

3.4.1. Hydrozele antybakteryjne

Otrzymane nieporowate sieci PiPOx-PEO z dodatkiem substancji biologicznie aktywnych
(kwas benzoesowy, kwas cynamonowy, eugenol) lub bez dodatku, poddano badaniom
mikrobiologicznym w celu okreslenia wtasciwosci przeciwdrobnoustrojowych, stosujgc metode

dyfuzji w agarze i metode dyfuzji w hodowli ptynnej. Do badania wybrano gatunki
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drobnoustrojow, ktore stanowig najczestszy czynnik zakazen skéry i tkanek miekkich: S. aureus,
P. aeruginosa, E. coli, K. pneumoniae oraz E. cloaceae’’-8. Zaréwno zmodyfikowane, jak
i niezmodyfikowane substancjami aktywnymi sieci polimerowe wykazywaty poréwnywalng
aktywnos$¢ przeciwdrobnoustrojowg, ograniczong do strefy bezposredniego kontaktu
z podtozem. Wyjatek stanowit hydrozel zawierajgcy eugenol, ktory wykazywat szersze dziatanie
bakteriostatyczne, hamujgc wzrost drobnoustrojéw réwniez poza strefg kontaktu, co wynikato
z dyfuzji eugenolu. Uzyskane wyniki wskazujg, ze badane hydrozele majg potencjat do
zastosowania jako materiaty w leczeniu ran lub jako opatrunki zapobiegajgce infekcjom.

Przeprowadzone badania i uzyskane wyniki zostaty opisane w publikacji P1.

3.4.2. Podtoza do hodowli komdrek

Porowate sieci PiPOx-poliestry, charakteryzujgce sie modutem sprezystosci zblizonym do
modutu sprezystosci obserwowanego dla chrzastki stawowej, zostaty zastosowane jako
rusztowania do wzrostu komorek kostnych. W tym celu do wnetrza porowatych hydrozeli
wprowadzono hydroksyapatyt (HA) - biominerat, ktérego rolg byto wspomaganie adhezji
i proliferacji ludzkich komdrek kostnych (osteoblastow) linii hFOB 1.19. Materiaty PiPOx-PLA-HA
oraz PiPOx-PCL-HA wykazaty petng biokompatybilno$¢ wzgledem ludzkich osteoblastéw.
Dodatkowo, badania proliferacji komorek kostnych w czasie 7, 14 i 21 dni wykazaty, ze otrzymane
materiaty stymulujg wzrost komérek kostnych na obu rodzajach sieci. Zaobserwowano jednak
istotne réznice w dynamice tego procesu. W przypadku sieci PiPOx-PLA-HA odnotowano wyzsze
tempo proliferacji komérek. Z kolei na powierzchni sieci PiPOx-PCL-HA komorki przyjmowaty
charakterystyczny, wydtuzony i wrzecionowaty ksztatt, co moze wskazywac na lepsze przyleganie
do tego materiatu i potencjalnie korzystniejszy wptyw na ich morfologie. Przeprowadzone

badania i uzyskane wyniki zostaty opisane w publikacji P3.

4. Wyniki nieopublikowane
4.1. Materiatly i metody
4.1.1. Materiaty
4.1.1.1. Odczynniki chemiczne
e 1,6-heksandiol (97%, Merck, Niemcy)
e 25% roztwér amoniaku (Chempur, Polska)

e AIBN (99%, Merck, Niemcy)
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e bezwodnik bursztynowy (99%, Merck, Niemcy)

e bufor Tris-base o pH 8.3 (99%, Merck, Niemcy)

e chloroform (99%, POCH, Polska)

e CuSO4 (99%, Hopkin&Williams, Anglia)

e DABCO (99%, Merck, Niemcy)

e DCM (99%, POCH, Polska)

e DMSO (99%, POCH, Polska)

e eter dietylowy (99%, POCH, Polska)

e FeCl3 (99%, Chempur, Polska)

o fiolet krystaliczny (90%, Merck, Niemcy)

e gentamycyna (BioRad, Polska)

e ibuprofen (98%, Polpharma, Polska)

e iPOx (98%, Merck, Niemcy)

e kwas trifluorometanosulfonowy (99%, Merck, Niemcy)

e kwas walproinowy (98%, Fluorochem, Anglia)

e kwasna fuksyna (70%, Merck, Niemcy)

e kwercetyna (99%, Merck, Niemcy)

o -laktyd (99%, Purac, Holandia)

e NaCl (Cenos, Polska)

e nystatyna 100 IU (Liofilchem, Wtochy)

e podtoze do roslin pokojowych (Geolia, Francja)

e probenecyd (97%, Angene, India)

e 5Ol fizjologiczna (8,5 g/L NaCl, Merck, Niemcy)

e thiuram, (Organika-Sarzyna, Polska)

e tiocyjanian potasu (99%, Merck, Niemcy)

4.1.1.2. Podtoza mikrobiologiczne

e agar tryptozowo-sojowy (TSA, trawiony enzymatycznie kazeinian 15.0 g/L, trawiony
enzymatycznie ekstrakt sojowy 5,0 g/L, chlorek sodu 5,0 g/L, agar 15,0 g/L, pH 7,3
Merck, Niemcy)

e podtoze Sabouraud dekstrozowo-agarowe (SDA, pepton 10 g/L, dekstroza 20 g/L, agar 20
g/L, pH 5,6, Merck, Niemcy)
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e agar Mueller Hinto (MHA, ekstrakt wotowy 2,0 g/L, trawiony enzymatycznie kazeinian
17,5 g/L, skrobia 1,5 g/L, agar 17,0 g/L, pH 7,3, Merc, Niemcy)

e bulion tryptozowo-sojowy (TSB, pepton z kazeiny 17,0 g/L, pepton z soji 3,0 g/L,
D(+)-glukoza monohydrat 2,5 g/L, chlorek sodu 5,0 g/L, wodorofosforan potasu 2,5 g/L,
pH 7,3, Merck, Niemcy)

4.1.1.3. Mikroorganizmy

e Aspergillus brasiliensis (ATCC 16404, Manassas, Wirginia, USA)

e Bacillus subtilis (ATCC 6633, Manassas, Wirginia, USA)

e Enterococcus faecium (ATCC 35667, Manassas, Wirginia, USA)

e Escherichia coli (ATCC 25922, Manassas, Wirginia, USA)

e Pseudomonas aeruginosa (ATCC 15442, Manassas, Wirginia, USA)

e Staphylococcus aureus (ATCC 25923, Manassas, Wirginia, USA)

4.1.1.4. Rosliny

e [epidium sativum L. (Rzezucha ogrodowa) (PlantiCo, Polska)

e Oryza sativa L. (Ryz siewny) (TORSEED, Polska)

e Pisum sativum L. (Groch zwyczajny) (TORSEED, Polska)

e Triticum aestivum L. (Pszenica zwyczajna) (TORSEED, Polska)

4.1.2. Opis metod stosowanych w pracy doktorskiej — wyniki nieopublikowane
4.1.2.1. Otrzymanie PiPOx na drodze polimeryzacji rodnikowe;j

Polimeryzacje iPOx przeprowadzono na drodze polimeryzacji rodnikowej. W tym celu, do
kolby okrggtodennej odwazono 50 mg (0,3 mmol) AIBN, a nastepnie dodano 10 mL (95,5 mmol)
iPOx i odgazowano. Kolbe umieszczono w fazni olejowej w temperaturze 60 °C na 24 godziny az
do catkowitego zestalenia. Po zakonczeniu reakcji polimer rozpuszczono w chloroformie,
wytrgcono do zimnego eteru dietylowego i suszono pod zmniejszonym cisnieniem do osiggniecia
statej masy. Wydajnos¢ procesu wyniosta 74%.
4.1.2.2. Otrzymanie HOOC-PLA3000-COOH, HOOC-PCL3000-COOH na drodze kationowej
polimeryzacji z otwarciem pierscienia L-laktydu

W celu otrzymania HOOC-PLA3000-COOH, w pierwszym etapie przeprowadzono kationowa
polimeryzacje z otwarciem pierscienia L-laktydu. Do kolby Schlenka odwazono 5 g (34,7 mmol)
L-LA, 0,1967 g (1,7 mmol) 1,6-heksandiolu oraz dodano 10 mL destylowanego DCM.

Po rozpuszczeniu L-LA, przez silikonowe septum dodano 0,5 g (3,3 mmol) kwasu
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trifluorometanosulfonowego. Polimeryzacje prowadzono do momentu, az konwersja L-LA
osiggneta 97 % (konwersje kontrolowano za pomocg 'H NMR). Nastepnie do mieszaniny
reakcyjnej dodano 0,74 g (6,6 mmol) DABCO i 0,66 g (6 mmol) bezwodnika bursztynowego, celu
konwersji grup hydroksylowych do karboksylowych. Konwersje oceniono poprzez zanik sygnatu
4,35 ppm, pochodzgcego od grup koncowych bezposrednio potaczonych z grupg -OH. Polimer
wytracano do eteru dietylowego i wysuszono na linii prézniowej. Wydajnos¢ procesu wyniosta

78%. HOOC-PCL3000-COOH otrzymano w analogiczny sposdb z wydajnoscig 80%.

4.1.2.3. Przygotowanie hydrozeli

Hydrozele zawierajgce segmenty poli(2-izopropenylo-2-oksazoliny) oraz alifatycznych
poliestréw (HOOC-PLA3000-COOH, HOOC-PCL3p00-COOH) przygotowano, zaktadajgc 4% otwartych
pierscieni oksazoliny. Do szklanej fiolki odwazono 83 mg (0,75 mmol) PiPOx oraz 44 mg (0,015
mmol) HOOC-PLA3000-COOH, nastepnie cato$¢ rozpuszczono w 1,0 mL DMSO. Po catkowitym
rozpuszczeniu sktadnikow (1 h), mieszanine umieszczono w piecu w temperaturze 140 °C na 75
minut. Dodatkowo, w celu przygotowania porowatych materiatéw, synteze przeprowadzono
w obecnosci rozpuszczalnego w wodzie porogenu (NaCl). Jak przedstawiono w Tab. 4.,
usieciowane materiaty porowate i nieporowate zostaty przygotowane w réznych formach,

dostosowanych do planowanej funkgji.

Tab. 4. Otrzymane hydrozele zastosowane w badanich.

PiPOx-PLA? PiPOx-PLA PiPOx-PLA PiPOx-PLA PiPOx-PCL PiPOx-PCL PiPOx-PCL

Kod H1 H2 H3 H4 H5 H6 H7

Hydrozel
Rozmiar
- ~ 490 um ~ 490 um ~5mm - ~ 350 pm ~5mm
porow
Stopien
~73% ~1878% ~1575% ~1347 % ~99% ~1902 % ~1362%
pecznienia

@ Dla czytelnoSci przyjeto kod: PiPOx-poliester, na przyktadzie kod PiPOx-PLA oznacza sie¢ otrzymang z
wykorzystaniem HOOC-PLA3000-COOH o0 masie molowej Mn» = 3 000 g/mol jako segmentu sieciujgcego PiPOx, przy

teoretycznej ilosci 4% otwartych pierscieni oksazoliny w sieci.
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4.1.2.4. Adsorbenty metali i barwnikow

Ocena przydatnosci badanych hydrozeli do usuwania zanieczyszczen wystepujgcych
w wodach zostata przeprowadzono dla wybranych jonéw metali i barwnikéw. Zbadano zdolnos¢
adsorpcyjng hydrozeli wzgledem jonéw (Cu?* i Fe®') oraz barwnikéw organicznych (fioletu
krystalicznego i kwasnej fuksyny). Wysuszone hydrozele PiPOx-PLA (H1) i PiPOx-PCL (H5) o masie
127 mg umieszczono w 20 mL badanych roztworéw wodnych metali lub barwnikéw o stezeniach:
7,5 mM Fe3*, 7,56 mM Cu?*, 5,2 uM fiolet krystaliczny oraz 17,1 uM kwasna fuksyna. Po 24 h
sorpcji hydrozele zostaly usuniete, a pozostatg objetos¢ roztworu zmierzono w cylindrze
miarowym. Nastepnie stezenia jondw i barwnikéw okreslono za pomocy spektrofotometrii
w zakresie nadfioletu i swiatta widzialnego UV/Vis. W przypadku porowatych hydrozeli PiPOx-
PLA (H2) i PiPOx-PCL (H6), postepowano analogicznie jak z hydrozelami H1 i H5, z tg rdznicg iz,
nie zostaty one wysuszone a jedynie odcisniete z nadmiaru wody, przed umieszczeniem
w badanych roztworach. Po 24 h sorpcji hydrozel wyjeto z roztworu, wycisnieto, a ptyn
zawrocono do badanego roztworu z jonami lub barwnikami. Nastepnie zmierzono objetos¢
roztworu, a stezenie jondéw lub barwnikdw oznaczono za pomocg UV/Vis, poréwnujac
absorbancje $wiatfa roztwordw z krzywymi kalibracyjnymi (Rys. 16.) w odpowiednim zakresie.
Stezenia jonow (mg/mL) i barwnikéw (pg/mL) obliczone zgodnie z rdwnaniem (1). Uwzgledniono
ewentualne rozciefAczenia prébek. Badanie wykonano w trzech powtdrzeniach. Do analizy jonéw
miedzi metoda spektrofotometrii UV/Vis zastosowano 25% roztwdér amoniaku (NHs-H20) jako odczynnik
kompleksujacy. Dla kazdego testu, do 2 mL roztworu jonédw miedzi dodano 2 mL roztworu amoniaku.
Pomiar absorbancji dla jonéw miedzi i barwnikéw prowadzono przy odpowiedniej dtugosci fali: 626 nm
(Cu?*), 590 nm (fiolet krystaliczny) i 542 nm (kwasna fuksyna).

Ze wzgledu na brak mozliwosci otrzymania stabilnego kompleksu zelaza skutecznosé
usuwania zanieczyszczen okreslono na podstawie pomiardéw za pomocga optycznej spektrometrii
emisyjnej z plazmg wzbudzong indukcyjnie (z jezyka angielskiego: measurements performed by
inductively coupled plasma optical emission spectrometry — ICP-OES).

Adsorpcyjng pojemnos¢ policzono z réwnania (1):
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q = (CpV1 — CVz)/m

gdzie;

g (mg/g) —ilos¢ zaadsorbowanego jonu/barwnika na gram adsorbentu w czasie t
Co (mg/mL) — poczatkowe stezenie roztworu

C. (mg/mL) — stezenie w czasie t po zanurzeniu hydrozelu

V; (mL) — poczgtkowa objetos¢ roztworu

V, (mL) — objetos¢ roztworu po usunieciu hydrozelu

m (g) — masa hydrozelu

Rys. 16. Krzywe kalibracyjne: A) Cu?*, B) fiolet krystaliczny, C) kwagna fuksyna.

4.1.2.5. Przygotowanie hydrozeli o wtasciwosciach przeciwgrzybicznych i przeciwbakteryjnych

W celu oceny aktywnosci przeciwdrobnoustrojowej hydrozeli PiPOx-PLA (H3)
zawierajgcych kwercetyne zastosowano metode dyfuzji w podtozu agarowym (metoda
Kirby-Bauera) zgodng z wytycznymi zawartymi w normie: Performance Standards for
Antimicrobial Disk Susceptibility Tests (CLSI, 2024). W celu enkapsulacji kwercetyny (Q)
w hydrozelach przygotowano roztwory o stezeniach: 10 mg, 15 mg, 20 mg Q/(1mL DMSO : H,0)
(1,5 do 1). Nastepnie z hydrozelu odcisnieto wode i dodano po 2 mL wybranego roztworu

kwercetyny za pomocg pipety. W badaniach wykorzystano nastepujgce mikroorganizmy,
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pochodzace z Amerykanskiej Kolekcji Kultur ICP American Type Culture Collection — ATCC),
bakterie Gram-ujemne Escherichia coli ATCC 25922 oraz Pseudomonas aeruginosa ATCC 15442,
bakterie Gram-dodatnie Staphylococcus aureus ATCC 25923, Enterococcus faecium ATCC 35667
oraz Bacillus subtilis ATCC 6633, a takze strzepkowy grzyb Aspergillus brasiliensis ATCC 16404.
Szczepy bakteryjne przechowywano na podtozu TSA. Przed eksperymentem bakterie
aktywowano przez dwukrotne pasazowanie (37°C, 24 h) w bulionie TSB oraz na podfozu TSA.
Aspergillus brasiliensis ATCC 16404 inkubowano na podfozu SDA. Zawiesine komorek
poszczegdlnych szczepdw przygotowano w sterylnej soli fizjologicznej, standaryzujgc do wartosci
0,5 w skali McFarlanda (102 jtk/mL). Nastepnie podtoze MHA zaszczepiono bakteriami metodg
wymazu. Na powierzchni agarowej po zaszczepieniu umieszczono probki sieci PiPOx-PLA
zawierajace 60 % roztwor DMSO z kwercetyng. Ptytki inkubowano w temperaturze 37 °C przez
18 - 24 h (bakterie) lub 28 °C przez 48 - 72 h (strzepkowy grzyb). Po inkubacji zmierzono $rednice
stref zahamowania wzrostu (mm) wokét oraz pod prébkami sieci PiPOx-PLA. Kontrolg dodatnig
byty dyski z gentamycyng oraz nystatyng. Badania przeprowadzono w trzech powtérzeniach.
4.1.2.6. Przygotowanie nos$nikéw lekow

W pierwszym etapie PiPOx poddano sprzeganiu z wybranymi lekami w wyniku reakcji pierscieni
oksazoliny z grupami karboksylowymi wybranych zwigzkéw: ibuprofenu (IBU), probenecydu (PB)
lub kwasu walproinowego (WA). W tym celu, w kolbie kulistej umieszczono 400 mg (3,604 mmol)
PiPOx, a nastepnie dodano odpowiednig ilos¢ leku: 111 mg (0,540 mmol) IBU, 154 (0,540 mmol)
mg PR, lub 78 mg (0,540 mmol) KW. Catos¢ rozpuszczono w DMAc (6 mL) i umieszczono w piecu
w temperaturze 120 °C na 5 h (7 h dla WA), nastepnie mieszanine reakcyjng schtodzono,
a otrzymany zmodyfikowany polimer oczyszczono poprzez wytrgcenie w eterze dietylowym
i wysuszono pod préznig.W celu usuniecia pozostato$ci DMAc, zmodyfikowany lekiem PiPOx
rozpuszczono w chloroformie i ponownie wytrgcono do eteru dietylowego i wysuszono pod
zmniejszonym cisnieniem. Otrzymany zmodyfikowany polimer scharakteryzowano za pomocg
'H NMR (Rys. 20.) w celu okreslenia wydajnosci reakcji sprzegania. W drugim etapie
modyfikowany lekiem PiPOx zostat usieciowany za pomocg HOOC-PLA3000-COOH zgodnie
z wczesniejszg procedurg, uwzgledniajgc czesciowe otwarcie pierscienia oksazoliny przez lek.
Przyktadowo, dla PiPOx-u zmodyfikowanego probenecydem, odwazono 115 mg
zmodyfikowanego polimeru oraz 38 mg HOOC-PLA3000-COOH, nastepnie cato$¢ rozpuszczono w
1,0 mL DMSO w szklanej fiolce. Po catkowitym rozpuszczeniu sktadnikéw mieszanine

umieszczono w piecu w temperaturze 140 °C na 75 minut. Dla sieci modyfikowanych
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ibuprofenem lub kwasem walproinowym reakcje sieciowania przeprowadzono w podobny
sposdb. Otrzymane sieci PLA-PiPOx-lek scharakteryzowano za pomoca *3C CP-MAS NMR (Rys.
22).
4.1.2.7. Badania uwalniania leku

Badanie uwalniania leku przeprowadzono dla nieporowatych i porowatych hydrozeli
PiPOx-PLA (H1 i H2) zawierajacych probenecyd, wykorzystujgc roztwér buforowy Tris o pH 8,3
i stezeniu 50 mM. W przypadku hydrozeli nieporowatych zastosowano wysuszong probke
0 masie 127 mg, ktérg umieszczano w 5 mL roztworu buforowego w szklanej fiolce. Dla hydrozeli
porowatych prébke uprzednio odcisnieto z nadmiaru wody, a nastepnie zanurzano w takiej samej
objetosci buforu Tris. Wszystkie prébki inkubowano w termicznej wytrzgsarce w temperaturze
37 °C, z predkoscig 50 obr./min. Po okreslonym czasie pobierano 2 mL badanego roztworu
i analizowano za pomocg spektroskopii UV/Vis, a hydrozel przeniesiono do $wiezego roztworu
buforu. Zawartos¢ uwolnionego probenecydu okreslano na podstawie krzywej kalibracyjnej
(Rys. 17.). Kazde oznaczenie wykonano w trzech powtdérzeniach. Wyniki przedstawiono jako

skumulowane uwalnianie leku w funkcji czasu.
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Rys. 17. Krzywa kalibracyjna dla probenecydu.
4.1.2.8. Przygotowanie podtozy do hodowli roslin
Przed rozpoczeciem eksperymentow nasiona pszenicy zwyczajnej (Triticum aestivum),
ryzu siewnego (Oryza sativa) oraz grochu zwyczajnego (Pisum sativum) przechowywano
w zamknietych, suchych i ciemnych pojemnikach. Szklane probdéwki napetniono wodg,
a nastepnie umieszczono w nich wktad ze zwezeniem, a na nim hydrozel. Hydrozele PiPOx-PLA

i PiPOx-PCL byty czesciowo zanurzone w wodzie destylowanej, ktdrg codziennie uzupetniano.
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Wszystkie nasiona zostaty wysterylizowane srodkiem grzybobdjczym Thiuram i wykietkowaty na
hydrozelach z PCL i PLA w obecnosci wody destylowanej. Kietkowanie prowadzono przez 14 dni
w pomieszczeniu hodowlanym w statej temperaturze 25 °C i przy ustalonym fotoperiodzie
(16 h swiatta / 8 h ciemnosci), przy natezeniu swiatta wynoszacym 7.7 — 8.4 umol m=2 s™.
Codziennie monitorowano wzrost roslin.

W odrebnym badaniu poréwnaliémy wzrost rzezuchy zwyczajnej (Lepidium sativum) na
podfozu z ziemi uniwersalnej oraz na podtozu ze specznionego hydrozelu PiPOx-PLA (H2).
Do dwdch ptytkich szklanych szalek wprowadzono odpowiednio: do jednej 7,5 g ziemi, a do
drugiej hydrozel H2. Nastepnie kazdg z prébek podlano 8 mL wody destylowanej i na powierzchni

kazdego podtoza rozmieszczono po 150 mg ziaren rzezuchy. Eksperyment prowadzono przez

14 dni, codziennie uzupetniajgc wode destylowana.

4.2. Opis badan
4.2.1. Zastosowanie otrzymanych sieci polimerowych

4.2.1.1. Sorbenty zanieczyszczen

Ocene skutecznosci nieporowatych i porowatych materiatéw PiPOx-PLA (H1 i H2) i PiPOx-
PCL (H5 i H6) w roli adsorbentéw do usuwania zanieczyszczen z wody przeprowadzono dla
roztworéw wybranych jonéw metali (Fe3* i Cu?*) i barwnikdw (fioletu krystalicznego i kwasnej
fuksyny). Jony Fe3* i Cu?* powszechnie wystepuja w wodach na terenie Polski jako
zanieczyszczenie, natomiast barwniki wyselekcjonowano z uwagi na ich czestg obecnosé
w Sciekach generowanych przez przemyst widkienniczy, co odzwierciedla typowe
zanieczyszczenia w ekosystemach®82, Sorpcja jest powszechnie stosowang metoda rozdziatu
fizykochemicznego w procesach uzdatniania wody, ze wzgledu na swojg prostote i tatwos¢
wdrozenia. Do badan przygotowano prébki nieporowatych i porowatych hydrozeli w ksztafcie
cylindréw. Po zakoriczeniu procesu sorpcji zaobserwowano zmiany zabarwienia prébek, co

stanowito prosty, wizualny wskaznik pochtaniania zanieczyszczen (Rys. 18.).
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Rys. 18. Cyfrowe zdjecia ilustrujgce zmiang zabarwienia hydrozeli PiPOx-PLA po 24 h sorpcji w wodnych roztworach

jonéw metali: Cu?* i Fe3* oraz barwnikdw organicznych: fioletu krystalicznego i kwasnej fuksyny.

Skutecznosé usuwania zanieczyszczen z roztworéw wodnych okreslono na podstawie pomiaréw
UV/VIS. W przypadku jondw metali ich wydajnos¢ adsorpcji oceniano za pomocg ICP-OES. Wyniki

przedstawiono w Tab. 5.

Tab. 5. Maksymalne pochtanianie zanieczyszczen wodnych przez hydrozele PiPOx-PLA i PiPOx-PCL.

Hydrozel Zanieczyszczenie wody Adosrpcja® [%] Adsorpcja® [mg/g]
H1 - 1.9
H2 - 8.1"
H5 Fe3* - 1.3°
H6 - 10.1"
H1 34 -
H2 9.8 2.1°
H5 Cu* 6.1 -
H6 9.7 2.5
H1 7.6 0.026
H2 14.9 0.051
H5 Fiolet krystaliczny 8.1 0.026
H6 13.0 0.045
H1 9.0 0.13
H2 17.6 0.31
H5 Kwasna fuksyna 9.5 0.17
H6 18.2 0.32

2 Oznaczono za pomoca UV/VIS, * - oznaczono za pomocg ICP-OES.

Badane hydrozele wykazaty umiarkowang zdolnos$¢ usuwania wybranych substancji
chemicznych z wody, niezaleznie od ich budowy. Sorpcja jonéw metali nie przekraczata 10%,
a w przypadku barwnikdw nie przekraczata 18%. Niemniej jednak porowate hydrozele
charakteryzowaty sie wyzszg zdolnoscig sorpcyjng w poréwnaniu do ich nieporowatych
odpowiednikéw. Relatywnie niska efektywnosé sorpcji zanieczyszczen przez sieci polimerowe

zawierajgce PiPOx i poliestry sugeruje stabe oddziatywania pomiedzy materiatem a jonami metali
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i barwnikami. Zwigzki z grupy 2-oksazolin (szczegdlnie ligandy bis-2-oksazolinowe) mogg tworzy¢
kompleksy z jonami metali przejsciowych, jednakze dostepna wiedza na temat trwatosci tych
kompleksdw jest niewystarczajgca®3. Wczeéniejsze badania innych zespotéw wykazaty, ze sieci
oparte na PiPOx moggy efektywnie wigzac zanieczyszczenia metaliczne, jesli polimer zostanie
zmodyfikowany grupami o wysokim powinowactwie do jonéw metali, takimi jak terpirydyna czy
pillar[5]aren®®. W przypadku PLA, w celu poprawy zdolnosci sorpcyjnych, stosowano
odpowiednie modyfikacje, np. z uzyciem tlenku grafenu®. W zwigzku z tym, aby zwiekszy¢
skutecznosé sorpcji jondw metali przez sieci PiPOx-poliestry, konieczne moze by¢ wprowadzenie
dodatkowych grup funkcyjnych, ktére umozliwig silniejsze oddziatywania z zanieczyszczeniami.

Taki kierunek prac jest przewidziany w dalszych badaniach naszego zespotu.

4.2.1.2. Hydrozele o wtasciwosciach przeciwgrzybicznych i przeciwbakteryjnych

Zbadano witasciwosci przeciwdrobnoustrojowe i przeciwgrzybiczne hydrozeli,
zbudowanych z PiPOx oraz PLA (H3), zawierajgcych kwercytyne, czyli biologicznie aktywny
zwigzek pochodzenia roslinnego. Aktywnos¢ przeciwdrobnoustrojowa hydrozeli zawierajgcych Q
testowano wobec bakterii Gram-ujemnych (E. coli, P. aeruginosa) oraz Gram-dodatnich
(S. aureus, E. faecium, B. subtilis). Wybrane bakterie nalezg do najczestszych drobnoustrojow
patogennych lub saprofitycznych (jak B. subtilis), wystepujgcych w produktach spozywczych oraz
w $rodowisku zaktadéw przetwérstwa zywnosci®. Strzepkowy grzyb z rodzaju Aspergillus
brasiliensis jest uznawany za jeden z gtéwnych czynnikéw psucia sie zywnosci i potencjalnego
Zrodta  mikotoksyn®. A. brasiliensis jest powszechnie wykorzystywanym referencyjnym
mikroorganizmem  w rutynowych kontrolach jako$ci zywnosci, badaniach podtozy
mikrobiologicznych i testach farmaceutycznych. Jak wykazano w literaturze, (ko)polimerowe
podktady mogg stanowi¢ element opakowan przeciwdrobnoustrojowych dla Zzywnosci
niskoprzetworzonej, poprawiajac jej stabilnos¢ mikrobiologiczng i wydtuzajgc okres przydatnosci
do spozycia®’.

Hydrozele PiPOx-PLA bez dodatku Q nie wykazywaty dziatania hamujgcego wzrost
wzgledem E. faecium, natomiast w przypadku pozostatych mikroorganizméw odnotowano
ograniczenie wzrostu w strefie kontaktu w zakresie od 42,0% (B. subtilis) do 64,0% (S. aureus)
(Tab. 6.). Wczesniejsze badania mikroczgstek z homopolimeru PLA wykazaty brak aktywnosci
antybakteryjnej wobec E. coli, K. pneumoniae, P. aeruginosa oraz S. aureus®®. Z kolei PiPOx
w formie hydrozelu wykazywat dziatanie przeciwdrobnoustrojowe jedynie w bezposrednim

kontakcie z patogenami takimi jak S. aureus, P. aeruginosa, E. coli, K. pneumoniae oraz
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Enterobacter cloacae. Wykazano réwniez aktywnos¢ filméw PLA zawierajacych nanoczastki
tlenku cynku wobec patogendw takich jak S. aureus, Bacillus atrophaeus, Bacillus cereus, E. coli
oraz Candida albicans®. Folie z polilaktydu i polibutyleno tereftalanu adipinianu (PBAT)
z dodatkiem ekstraktu z pestek grejpfruta dziataty przeciwdrobnoustrojowo wobec E. coli
i Listeria monocytogenes®®. Aktywno$¢ przeciwdrobnoustrojowa hydrozeli PiPOx-PLA
zawierajgcych kwercetyne byta zalezna zaréwno od stezenia substancji aktywnej, jak i rodzaju
mikroorganizmu. Srednice stref hamowania wzrostu wahaty sie od 17,7 do 44,0 mm. Zwiekszenie
zawartosci kwercetyny z 20 do 40 mg nie wplyneto na wzrost skutecznosci wobec
E. coli, P. aeruginosa i B. subtilis. Najsilniejsze dziatanie przeciwdrobnoustrojowe wobec
S. aureus, E. faecium oraz A. brasiliensis zaobserwowano w przypadku hydrozeli zawierajacych
40 mg kwercetyny — srednice stref wynosity odpowiednio 29,7 32,6 oraz 44,0 mm. Poniewaz
kwercetyne wprowadzono do sieci hydrozelowej w postaci roztworu 60% DMSO,
przeprowadzono réwniez testy z wykorzystaniem hydrozelu PiPOx-PLA zawierajacego wytgcznie
DMSO. W poréwnaniu do wariantu z kwercetyng, hydrozel z DMSO wykazywat silniejsze dziatanie
przeciwdrobnoustrojowe wobec wszystkich testowanych mikroorganizméw. Rdznica
w skutecznosci wynosita ok. 6-12% dla S. aureus i E. faecium oraz 33-39% dla pozostatych
szczepow. DMSO jest powszechnie wykorzystywane jako rozpuszczalnik substancji
przeciwdrobnoustrojowych, przy czym jego aktywnos¢ obserwuje sie zazwyczaj juz przy
stezeniach <3%°1. R6zne mikroorganizmy wykazujg jednak odmienng tolerancje na ten zwigzek
P. aeruginosa toleruje nawet 25%, S. aureus 40%, a E. coli az 70% DMSO. W stezeniach do 7,5%
zwigzek ten moze wrecz dziata¢ ochronnie na komorki bakteryjne, blokujgc dziatanie
antybiotykow®2. Réznice w aktywnosci przeciwdrobnoustrojowej hydrozeli zaobserwowane
w tym badaniu najprawdopodobniej wynikajg z interakcji pomiedzy DMSO, kwercetyng oraz
komponentami sieci hydrozelowej. DMSO jest uznawany za nietoksyczny rozpuszczalnik
organiczny, powszechnie stosowany w przemysle farmaceutycznym i kosmetycznym. Wedtug
WHO (World Health Organization) nie budzi on zastrzezen przy stosowaniu jako nosnik substancji
aromatyzujagcych w przemysle spozywczym?3. Zwigzek ten wykryto réwniez w $ladowych
ilosciach (do 1,8 ppm) w wielu warzywach i owocach, takich jak lucerna, szparagi, fasola, kapusta,
ogorki, owies, cebula, burak lisciowy, pomidory, jabtka czy maliny®*, co wskazuje na jego dobra
tolerancje przez organizm ludzki i istnienie mechanizmdw metabolicznych odpowiedzialnych za

jego rozktad.
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Tab. 6. Strefy zahamowania wzrostu badanych mikroorganizméw wokét hydrozeli PiPOx-PLA a) oraz po usunieciu
dysku hydrozelowego PiPOx-PLA b), okreslone metoda dyfuzji w podtozu agarowym. PiPOx-PLA+DMSO - hydrozel

z dodatkiem DMSO, PiPOx-PLA+40Q - hydrozel zawierajgcy 40 mg kwercetyny.

PiPOx-PLA+DMSO PiPOx-PLA+40Q
a b a b

Mikroorganizm

Escherichia coli

Pseudomonas
aeruginosa

Staphylococcus
aureus

Enterococcus
faecium

Bacillus subtilis

Aspergillus
brasiliensis

Uzyskane wyniki sugerujg, ze hydrozele PiPOx-PLA z dodatkiem kwercetyny lub DMSO
moga by¢ wykorzystywane jako element opakowan o wiasciwosciach
przeciwdrobnoustrojowych, przyczyniajac sie do wydtuzenia trwatosci produktéw spozywczych
dzieki dziataniu przeciwbakteryjnemu i przeciwgrzybiczemu. W dalszych etapach badan nalezy
skupic¢ sie na ocenie aktywnosci takich podktadéw w obecnosci matryc zywnosciowych.
4.2.1.3. Nosniki lekow

Ze wzgledu na swojg unikalng strukture i wtasciwosci hydrozele majg duzy potencjat do

zastosowania jako nosniki do kontrolowanego uwalniania réznych substancji farmakologicznych,
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w tym lekéw oraz innych biologicznie aktywnych i zwigzkéw®>. W celu otrzymania hydrozeli
z kowalencyjnie zwigzanymi lekami, w pierwszym etapie zmodyfikowano PiPOx wybranymi
lekami zawierajgcymi grupy karboksylowe, takimi jak probenecyd (PB), kwas walproinowy (WA)
i ibuprofen (IBU), a nastepnie przeprowadzano proces sieciowania z uzyciem

HOOC-PLA3000-COOH (Rys. 19).
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Rys. 19. A) sprzeganie PiPOx z wybranymi lekami zawierajacymi grupy karboksylowe: probenecydem, kwasem

(o]
g
(o]

walproinowym i ibuprofenem, B) struktura hydrozeli PiPOx-PLA zawierajgcych kowalencyjnie przytgczone leki.

Mozliwos¢ kowalencyjnego  przytaczenia ibuprofenu (niesteroidowego leku
przeciwzapalnego) do liniowego taricucha PiPOx oraz jego uwalniania z nosnikdéw zostata juz
wczesniej wykazana przez zespdt profesora Kronka?®. W przedstawionej pracy doktorskiej
rozszerzyliSmy zakres sprzeganych lekéw o dwa kolejne farmaceutyki o odmiennym dziataniu:
probenecyd, ktdry zwieksza wydalanie kwasu moczowego z moczem, oraz kwas walproinowy,
stosowany w leczeniu padaczki i zapobieganiu migrenom. Wprowadzenie lekédw do liniowych
polimerdw lub sieci polimerowych moze oferowaé istotne zalety w poréwnaniu do stosowania
samych lekéw, m.in. wydtuzony czas poéttrwania leku w osoczu, kontrolowane uwalnianie przy
okre$lonym pH czy zmniejszona cytotoksyczno$¢®®. Modyfikacje PiPOx przeprowadzono przy
molowym stosunku leku do pierscieni oksazoliny rownym 0,15. Nastepnie probki oczyszczono,
wysuszono i skuteczno$¢ przytaczenia leku obliczono na podstawie widm 'H NMR (Rys. 20.),
stosujgc wzory: 17/(l2 + 1a) dla IBU, 12/(l2 + Ia) dla PR i lgo/(l2 + 1a) dla KW, gdzie | to wartos¢ integraciji,
a numer lub litera w dolnym indeksie oznacza dany sygnat pochodzacy od leku (numer) lub PiPOx

(litera).
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Rys. 20. Widma *H NMR PiPOx-u zmodyfikowanego A) ibuprofenem, B) probenecydem i C) kwasem walproinowym

Dane z NMR wskazuja, ze stopien modyfikacji pierscieni iPOx wynidst: 16% dla PB, 14% dla IBU
i 12% dla WA. Zaobserwowane zmniejszenie stopnia modyfikacji PiPOx badanymi lekami

przypisano stopniowemu spadkowi witasciwosci kwasowych: od probenecydu (pKas = 3,4) do
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kwasu walproinowego (pKa = 5,14 ). Na widmach DOSY (Rys. 21.) zaobserwowano sygnaty
pochodzace od PiPOx-u oraz poszczegdlnych lekdéw, posiadajace ten sam wspodtczynnik dyfuzji,

co potwierdza przytaczenie danego leku do tancucha polimeru.
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Rys. 21. Widma 2D DOSY NMR PiPOx-u zmodyfikowanego A) ibuprofenem, B) probenecydem i C) kwasem

walproinowym.

W kolejnym etapie badan hydrofilowe, liniowe tancuchy PiPOx zmodyfikowane lekami
zostaty kowalencyjnie usieciowane z wykorzystaniem HOOC-PLA3000-COOH, M, = 3 000 g/mol,

[-COOH]/[pierscienie iPOx] = 0,04). W zastosowanych warunkach syntezy otrzymano trwate sieci,
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a zawartosc frakcji nierozpuszczalnej wyniosta 95 %, co wskazuje na wydajne usieciowanie
materiatu. Nastepnie oczyszczone i wysuszone probki poddano analizie 3C CP-MAS w celu

oszacowania sktadu.

Rys. 22. Widma 3C CP-MAS dla sieci PiPOx-PLA zawierajacych kowalencyjnie zwigzane leki.

W widmie 13C CP-MAS zaobserwowano charakterystyczne sygnaty pochodzace od lekéw:
przy 127 ppm i 137 ppm dla IBU oraz 89 ppm i 132 ppm dla PR, odpowiadajgce obecnosci
pierscieni aromatycznych. W przypadku KW wystepuje pik przy wartosci 20 ppm ktéry pochodzi
od grup (-CHs) wystepujgcych w jego strukturze. Dla wszystkich badanych sieci zaobserwowano
pik przy przesunieciu 44 ppm, pochodzgcy od grupy (-CHz-) w otwartym pierscieniu oksazoliny.
Dodatkowo zaobserwowano réwniez piki odpowiadajgce poszczegdlnym blokom budulcowym
sieci (PiPOx i PLA), co potwierdza skuteczne witgczenie lekdw do struktury sieci.

W celu zbadania uwalniania leku z przygotowanych hydrozeli (zmodyfikowanych H1 i H2),
przeprowadzono badanie in vitro w buforze (50 mM, pH 8,3, pH jelita grubego) w temperaturze
37 °C. Szybkos¢ uwalniania leku z nieporowatych i porowatych hydrozeli zbadano za pomocag

spektroskopii UV/Vis i przedstawiono na Rys. 23.
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Rys. 23. Uwalnianie probenecydu z nieporowatych i porowatych hydrozeli.

Zaréwno nieporowate i porowate hydrozele charakteryzowaty sie kontrolowanym
profilem uwalniania leku. Porowate hydrozele wykazywaty szybsze uwalnianie leku, po 14 dniach
uwolnieniu ulegto okoto 10% zatadowanego probenecydu. Zwiekszona szybkos$¢ uwalniania jest
prawdopodobnie zwigzana z wprowadzong porowatoscia do struktury sieci, co zapewnia wiekszg
powierzchnie dla dyfuzji leku oraz lepszg dostepnos¢ do S$rodowiska zewnetrznego.
W pordéwnaniu do nieporowatych hydrozeli, ktére wykazywat znacznie wolniejsze uwalnianie,
w czasie 14 dni uwolnieniu ulegto jedynie 3% leku. Brak wyraznie zdefiniowanej struktury
porowatej w tym hydrozelu prawdopodobnie ogranicza dyfuzje leku, prowadzac do jego
wolniejszego, bardziej wydtuzonego w czasie uwalniania. Otrzymane wyniki podkreslajg
mozliwos¢ modyfikacji struktury hydrozeli w celu dostosowania wydajnosci uwalniania leku.
Porowatos¢, obok innych czynnikdw, okazuje sie kluczowym parametrem przy projektowaniu
hydrozelowych systemdéw dostarczania lekéw dostosowanych do konkretnych potrzeb
terapeutycznych, umozliwiajgc uzyskanie zaréwno szybszego efektu dziatania, jak i dtuzszego,
kontrolowanego uwalniania.
4.2.1.4. Podtoza do hodowli roslin

Materiaty wytwarzane jako substraty do uprawy roslin muszg spetniaé szereg istotnych
wymagan, aby umozliwi¢ ich prawidtowy rozwadj. Wymagania te mogag sie rézni¢ w zaleznosci od
gatunku rosliny oraz wybranego systemu uprawy (np. hydroponika, uprawa w doniczkach),
jednak zazwyczaj podtoze powinno zapewniaé odpowiednig porowatos¢, umozliwiajgcg dostep
tlenu i wody do systemu korzeniowego. Dodatkowo, materiat taki powinien efektywnie
zatrzymywac wode, aby odbywato sie odpowiednie nawodnienie korzeni miedzy podlewaniami,
zachowywaé swojg strukture w czasie oraz cechowaé sie niskg masg przy jednoczesnej

wystarczajgce] elastycznosci, ktéra pozwoli roslinie na stabilne zakotwiczenie i rozwdj korzeni.
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Uwzgledniajagc powyzsze wymagania opracowano porowate hydrozele PiPOx-PLA (H4)
i PiPOx-PCL (H7), ktore uksztattowano w forme ptaskich cylindréw i oceniono pod katem
przydatnosci jako tréjwymiarowych podtozy do uprawy roslin. Otrzymane hydrozele
charakteryzowaty sie wzglednie duzymi porami (o srednicy ok. 5 mm). Zatozono, iz tego typu
gabczaste struktury beda spetnia¢ funkcje syntetycznej gleby, nietoksycznej i zdolnej do
dostarczania wody i tlenu oraz stabilnej w dfuzszym czasie.

W pierwszym etapie badan oceniono kietkowanie i rozwdj nasion pszenicy zwyczajnej na
podtozach PiPOx-PLA i PiPOx-PCL. W ciggu 8 dni zaobserwowano wyrazne réznice miedzy
badanymi podtozami, jak to przedstawiono na Rys. 24., korzenie wykietkowanych nasion zaczety

penetrowac podtoze PiPOx-PCL, czego nie zaobserwowano w przypadku podtoza PiPOx-PLA.

PiPOx-PCL PiPOx-PLA
Q0 e
c - <
a
o
-
-
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Rys. 24. Kietkowanie i rozwdj nasion pszenicy zwyczajnej na podtozach PiPOx-PLA i PiPOx-PCL w czasie

8 dni.

Po czterech dniach uprawy pszenicy na ggbce PiPOx-PCL mozna stwierdzi¢, ze korzenie
spenetrowaty strukture gabki i w wiekszosci zanurzyty sie w wodzie. Natomiast w przypadku
roslin rosngcych na podfozu PiPOx-PLA korzenie wyrosty nad powierzchnie ggbki lub przedostaty
sie miedzy ggbke a $cianke probowki. W kolejnych dniach zaobserwowano, ze korzenie przebijaty
sie przez gabki i byly widoczne od spodu w prébkach PiPOx-PCL, podczas gdy w prébkach

PiPOx-PLA korzenie pozostawaty nad powierzchnig lub po bokach gabki. Oprécz rozwoju systemu
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korzeniowego poréwnano réwniez dtugos¢ peddw. Dane wykazaty niewielkie réznice w dtugosci
peddéw miedzy badanymi wariantami — siewki uprawiane na PiPOx-PCL byty srednio o okoto 15%
dtuzsze niz te na PiPOx-PLA. Wieksze rdznice zaobserwowano w rozwoju korzeni. W poréwnaniu
z roslinami rosngcymi na podtozu PiPOx-PLA, korzenie roslin uprawianych na PiPOx-PCL byty
krétsze, ale tworzyly bardziej zwarte wigzki. Uzyskane wyniki sugerujg, ze sztywniejsze podtoze
(PiPOx-PLA) stanowi silniejszg fizyczng przeszkode dla korzeni. Dodatkowo, zwarta struktura
gabki moze wptywac na pobieranie wody i opdznia¢ rozwdj roslin. Z tego wzgledu zdecydowano
sie na przeprowadzenie dodatkowych badan, w ktdrych zastosowano podtoze PiPOx-PLA
w postaci granulek. Podczas 8-dniowej uprawy pszenicy na podtozu PiPOx-PCL i zgranulowanym
PiPOx-PLA nie zaobserwowano istotnych zmian w dtugosci korzeni ani pedow rosliny. Mozna wiec
whnioskowac ze porowatosc ggbek moze by¢ dostosowywana tak, aby odwzorowac rézne rodzaje
gleby, zréznicowane pod wzgledem wielkosci poréw i ich rozmieszczenia, co odpowiada
rzeczywistej zmiennosci porowatosci gleby w réznych miejscach i na réznych gtebokosciach.
Testy wzrostu zostaty powtdrzone z udziatem dwdch innych gatunkéw roslin: ryzu siewnego oraz
grochu zwyczajnego. Wyniki wykazaty, ze porowatos¢ i struktura sztucznej gleby powinny by¢
dobierane eksperymentalnie w zaleznosci od konkretnego gatunku rosliny. Korzenie ryzu byty
w stanie przebic sie przez oba typy gabek i dotrze¢ do powierzchni wody, natomiast w przypadku
grochu nie zaobserwowano penetracji zadnego z porowatych podtozy, co skutkowato

zahamowanym rozwojem systemu korzeniowego (Rys. 25.).
PiPOX-PCL PiPOx-PLA

Ryz siewny
(Oryza sativa)

Groch zwyczajny
(Pisum sativum)

Rys. 25. Kietkowanie i rozwdj nasion ryzu siewnego oraz grochu zwyczajnego na podtozach PiPOx-PLA

i PiPOx-PCL w czasie 8 dni.
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W kolejnym etapie badan poréwnano wzrost rzezuchy ogrodowej uprawianej na
uniwersalnym podtozu glebowym oraz na hydrozelu PiPOx-PLA (H2). W trakcie 14-dniowego
eksperymentu nie zaobserwowano istotnych réznic w rozwoju rosliny pomiedzy tymi dwoma

typami podtozy. Tempo wzrostu roslin byto poréwnywalny w obu przypadkach (Rys. 26.).

PiPOx-PLA-porowate

A) gleba  PiPOx-PLA-porowate gleba  PiPOx-PLA-porowate B) gleba

4 dni
4 dni

1 dni

2 dni

6 dni

3 dni
7 dni

Rys. 26. A) wzrost rzezuchy ogrodowej na uniwersalnym podtozu glebowym i sztucznym podtozu

hydrozelowym, B) poréwnanie systemu korzeniowego.

Zainteresowanie wykorzystaniem hydrozeli w rolnictwie jest uzasadnione, poniewaz materiaty
tego typu mogg by¢ stosowane w warunkach niedoboru wody lub w miejscach gdzie konieczne

jest ograniczenie zuzycia wody oraz optymalizacja gospodarowania zasobami wodnymi

w uprawie roslin.
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5. Podsumowanie

W niniejszej pracy opracowano wydajng metode syntezy sieci segmentowych
zbudowanych z poli(2-izopropenylo-2-oksazoliny) (PiPOx) i roznych blokéw sieciujacych, ktérg
mozna przeprowadzi¢ w prostych warunkach reakcji: z reagentéw niewrazliwych na wode i tlen
oraz bez koniecznosci stosowania specjalistycznej aparatury. Zaleta metody jest réwniez
wytwarzanie ukfadéw usieciowanych bez stosowania katalizatora i powstawania produktow
ubocznych.

Po raz pierwszy wykazano, ze odpowiednio zmodyfikowane zwigzki wielkoczgsteczkowe
(reaktywne oligomery lub polimery) o zréznicowanych cechach fizykochemicznych mogg by¢
stosowane jako rozgateziacze PiPOx. Ta innowacja umozliwia wprowadzanie segmentow
o zdefiniowanej dtugosci taricucha miedzy weztami sieci, co dodatkowo wptywa na finalng
strukture i finalne wtasciwosci sieci.

Zbadano réwniez mozliwos¢ modyfikacji struktury sieci poprzez wprowadzenie
porowatosci. Wykazano, ze stosujgc NaCl (o roznych wielkosciach krysztatéw) jako rozpuszczalny
w wodzie porogen mozna otrzymywac sieci o duzej zdolnosciach do sorpcji wody (hydrozele).

Oceniono potencjat aplikacyjny sieci z PiPOx i poliestréw alifatycznych wykazujac,
iz otrzymane materialy moga znalezé zastosowanie m.in. jako rusztowania do hodowli
komodrkowych, systemy dostarczania substancji biologicznie czynnych (w tym lekéw), sorbenty
do usuwania zanieczyszczen z wody oraz podtoza do uprawy roslin. Rezultaty testéw jasno
wskazujg, ze otrzymane sieci stanowig obiecujgcg platforme materiatowg, ktoérej
multifunkcyjno$¢ pozwala na przeniesienie wynikdw badan podstawowych na konkretne
i uzyteczne rozwigzania o szerokim spektrum zastosowan.

Program badan zrealizowany w ramach pracy doktorskiej przyczynit sie do istotnego
poszerzenia klasy amfifilowych materiatéw zdolnych do pecznienia w rozpuszczalnikach
organicznych i w wodzie. W szczegdlnosci, wykonane badania umozliwity otrzymanie hydrozeli

z biozgodnych komponentow, ktére mogg by¢ stosowane w biomedycynie.
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covalent segmented networks based on poly(2-isopropenyl-2-oxazoline) and biocompatible
polymers, EPF European Polymer Congress, Groningen, 22-27.06.2025

M. Brzezinski, W. Gonciarz, B. Kost, B. Kopka, M. Basko, M. Chmiela, Supramolecular polymer
materials with antibacterial and antifungal properties, EPF European Polymer Congress,

Groningen, 22-27.06.2025

Postery

1.

B. Kopka, B. Kost, M. Basko, Networks based on poly(2-isopropenyl-2-oxazoline) and selected
polyesters - synthesis and characterization, IX todzkie Sympozjum Doktorantéw Chemii,
tédz, 19-20.05.2022

B. Kost, B. Kopka, A. Krupa, W. Gonciarz, M. Brzeziniski, M. Basko, Synthesis and characterization
of amphiphilic, degradable networksa based on polyesters and poly(2-isopropenyl-2-oxazoline),
EPF European Polymer Congress, Praga, 26.06-01.07.2022

B. Kopka, B. Kost, A. Krupa, W. Gonciarz, M. Brzezinski, M. Basko, Networks based on
poly(2-isopropenyl-2-oxazoline) and selected polyesters - synthesis and characterization,
64 Zjazd Naukowego Polskiego Towarzystwa Chemicznego, Lublin, 11-16.09.2022

B. Kopka, B. Kost, A. Pawlak, A. Krupa, A. Tomaszewska, M. Brzezinski, M. Basko, Covalent polymer
networks with tunable properties composed of poly(2-isopropenyl-2-oxazoline) and selected
aliphatic  polyesters, 14th Advanced Polymers via Macromolecular Engineering,

Paryz, 23-27.04.2023
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B. Kopka, B. Kost , A. Pawlak , A. Krupa , A. Tomaszewska , M. Brzezinski, M. Basko,
Segmented networks consisted of poly(2-isopropenyl-2-oxazoline) and selected polyesters as an
amphiphilic material with tunable properties, X tédzkie Sympozjum Doktorantéw Chemii,
tédz, 18-19.05.2023

B. Kopka, B. Kost , A. Pawlak , A. Krupa, A. Tomaszewska , M. Brzezinski, M. Basko, Segmented
networks consisted of poly(2-isopropenyl-2-oxazoline) and selected polyesters as an amphiphilic
material with tunable properties, XIV Sesja Magistrantéw i Doktorantéw tédzkiego Srodowiska
Chemikow, t6dz, 13.06.2023

B. Kopka, B. Kost, M. Brzezinski, M. Basko, Carboxyl-functionalized polyesters as reactive blocks
for graft copolymers and networks synthesis, XXIII Scientific Conference: Controlled

Polymerization, t4dz, 03.06.2024
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8. Oswiadczenia wspétautorow i zatgczone publikacje

Publikacja 1:

Kopka B., Kost B., Rajkowska K., Pawlak A., Kunicka-Styczyriska A., Biela T., Basko M., A simple strategy for
efficient preparation of networks based on poly(2-isopropenyl-2-oxazoline), poly(ethylene oxide), and
selected biologically active compounds: Novel hydrogels with antibacterial properties, Soft Matter, 2021,
17, 10683-10695.

Publikacja 2:

Kopka B., Kost B., Pawlak A., Tomaszewska A., Krupa A., Basko M., Covalent segmented polymer networks
composed of poly(2-isopropenyl-2-oxazoline) and selected aliphatic polyesters: designing biocompatible
amphiphilic materials containing degradable blocks, Soft Matter, 2023, 19, 6987-6999.

Publikacja 3:

Kopka B., Kost B., Pawlak A., Bgk-Sypien I., Brzezinski M., Tomaszewska A., Krupa A., J6zwiak P., Basko M.,
Biocompatible, porous hydrogels composed of aliphatic polyesters and poly(2-isopropenyl-2 oxazoline).
Their application as scaffolds for bone tissue regeneration, Soft Matter, 2024, 20, 6655-6667.

Publikacja 4:

Kopka B., Kost B., Basko M., Poly(2-isopropenyl-2-oxazoline) as a reactive polymer for materials
development, Polymer Chemistry, 2022, 13, 4736-4746.
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1.6dz dn. 04.09.2025

mgr inz. Bartosz Kopka
Centrum Badan Molekularnych
i Makromolekularnych

Polskiej Akademii Nauk

Oswiadczenie wspolautora publikacji

Oswiadczam, Ze w ramach przygotowania nastepujacych artykutéw naukowych:

1.

Kopka B., Kost B., Rajkowska K., Pawlak A., Kunicka-Styczynska A., Biela T., Basko M., A simple strategy
for efficient preparation of networks based on poly(2-isopropenyl-2-oxazoline), poly(ethylene oxide), and
selected biologically active compounds: Novel hydrogels with antibacterial properties, Soft Matter, 2021,
17, 10683-10695.

Kopka B., Kost B., Basko M., Poly(2-isopropenyl-2-oxazoline) as a reactive polymer for materials
development, Polymer Chemistry, 2022, 13, 4736-4746.

Kopka B., Kost B., Pawlak A., Tomaszewska A., Krupa A., Basko M., Covalent segmented polymer networs
composed of poly(2-isopropenyl-2-oxazoline) and selected aliphatic polyesters: designing biocompatible
amphiphilic materials containing degradable blocks, Soft Matter, 2023, 19, 6987-6999.

Kopka B., Kost B., Pawlak A., Bak-Sypieri L., Brzezinski M., Tomaszewska A., Krupa A., J6zwiak P., Basko
M., Biocompatible, porous hydrogels composed of aliphatic polyesters and poly(2-isopropenyl-2 oxazoline).
Their application as scaffolds for bone tissue regeneration, Soft Matter, 2024, 20, 6655-6667.

W wyzej przedstawionych publikacjach wykonalem nast¢pujace zadania:

Ad. 1. Przeprowadzitem synteze poli(2-izopropenylo-2-oksazolina) (PiPOx), otrzymatem sieci polimerowe z
PiPOx i poli(tlenku etylenu) (PEO), zawierajace rézne antybakteryjne zwigzki. Uczestniczylem w badaniach
potwierdzajacych antybakteryjne wlasciwo$ci otrzymanych materiatow. Uczestniczylem w przygotowaniu
manuskryptu.

Ad. 2. Uczestniczylem w przygotowaniu manuskryptu. Przygotowatem rysunki i literature.

Ad. 3. Przeprowadzilem synteze polilaktydow (PLA) oraz polikaprolaktonow (PCL), zawierajacych grupy -
COOH na obu koncach taficucha. Zoptymalizowalem proces wytwarzania sieci polimerowych.
Scharakteryzowatem otrzymane polimery za pomoca spektroskopii rezonansu magnetycznego (‘H NMR, C
NMR, BC CP-MAS), termograwimetrii (TGA), skaningowej kalorymetrii r6znicowej (DSC), spektroskopii
absorpeyjnej (FT-IR), chromatografii zelowej (GPC), oraz sieci za pomocg C CP-MAS, TGA, DSC, FT-IR,
zawartosci frakcji nierozpuszczalnej, stopnia specznienia. Uczestniczylem w przygotowaniu manuskryptu.

Ad. 4. Przeprowadzilem synteze PiPOx oraz poliesttow (PLA i PCL) zakonczonych grupami — COOH.
Otrzymatem porowate sieci polimerowe sktadajace si¢ z PiPOx-poliester i chlorku sodu (NaCl) w roli porogenu,
z dodatkiem hydroksyapatytu (HA). Scharakteryzowalem otrzymane porowate sieci za pomoca *C CP-MAS,
TGA, FT-IR, skaningowego mikroskopu elektronowego (SEM), stopnia pecznienia. Uczestniczytem w
przygotowaniu manuskryptu.

‘ P).{%Z%v/

mgr inz. Bartosz Kopka



1.6dz dn. 08.09.2025

dr hab. Malgorzata Basko
Centrum Badaf Molekularnych
i Makromolekularnych

Polskiej Akademii Nauk

Oswiadczenie wspotautora publikacji

Oswiadczam, ze w ramach przygotowania nastepujacych artykutéw naukowych:

1.

Kopka B., Kost B., Rajkowska K., Pawlak A., Kunicka-Styczynska A., Biela T., Basko M., A

-simple strategy for efficient preparation of networks based on poly(2-isopropenyl-2-oxazoline),

poly(ethylene oxide), and selected biologically active compounds: Novel hydrogels with
antibacterial properties, Soft Matter, 2021, 17, 10683-10695.

Kopka B., Kost B., Basko M., Poly(2-isopropenyl-2-oxazoline) as a reactive polymer for materials
development, Polymer Chemistry, 2022, 13, 4736-4746.

Kopka B., Kost B., Pawlak A., Tomaszewska A., Krupa A., Basko M., Covalent segmented
polymer networs composed of poly(2-isopropenyl-2-oxazoline) and selected aliphatic polyesters:
designing biocompatible amphiphilic materials containing degradable blocks, Soft Matter, 2023,
19, 6987-6999.

Kopka B., Kost B., Pawlak A., Bak-Sypien 1., Brzezinski M., Tomaszewska A., Krupa A., J6Zwiak
P., Basko M., Biocompatible, porous hydrogels composed of aliphatic polyesters and poly(2-
isopropenyl-2 oxazoline). Their application as scaffolds for bone tissue regeneration, Soft Matter,
2024, 20, 6655-6667.

W wyzej przedstawionych publikacjach wykonalam nastepujace zadania:

Ad. 1-4. Prowadzitam mertoryczny nadzér nad wszystkimi badaniami, bytam pomyslodawczynia
konceptdéw prac. Uczestniczytam w interpretacji wynikéw analiz. Uczestniczytam w przygotowaniu i
korekcie manuskryptéw. Bytam kierownikiem Grantu NCN, nr: 2020/37/B/ST5/03302, pt: Amfifilowe
sieci z poli(izopropenylo-2-oksazoliny) i alifatycznych poliestrow jako wielofunkcyjne materiaty o
zadanych wiasciwosciach.

Bl

dr hab./Malgorzata Basko

Oswiadczenie wydane na prosbe mgr inz. Bartosza Kopki w zwiazku z przygotowaniem pracy
doktorskiej.



1.6dz dn. 04.09.2025
dr Bartlomiej Kost
Centrum Badan Molekularnych

i Makromolekularnych
Polskiej Akademii Nauk

Oswiadczenie wspolautora publikacji

Os$wiadczam, ze w ramach przygotowania nastepujacych artykulow naukowych:

1. Kopka B., Kost B., Rajkowska K., Pawlak A., Kunicka-Styczynska A., Biela T., Basko M., A
simple strategy for efficient preparation of networks based on poly(2-isopropenyl-2-oxazoline),
poly(ethylene oxide), and selected biologically active compounds: Novel hydrogels with
antibacterial properties, Soft Matter, 2021, 17, 10683-10695.

2. Kopka B., Kost B., Basko M., Poly(2-isopropenyl-2-oxazoline) as a reactive polymer for materials
development, Polymer Chemistry, 2022, 13, 4736-4746.

3. Kopka B., Kost B., Pawlak A., Tomaszewska A., Krupa A., Basko M., Covalent segmented
polymer networs composed of poly(2-isopropenyl-2-oxazoline) and selected aliphatic polyesters:
designing biocompatible amphiphilic materials containing degradable blocks, Soft Matter, 2023,
19, 6987-6999.

4.  KopkaB., Kost B., Pawlak A., Bak-Sypien L., Brzeziniski M., Tomaszewska A., Krupa A., J6zwiak
P., Basko M., Biocompatible, porous hydrogels composed of aliphatic polyesters and poly(2-
isopropenyl-2 oxazoline). Their application as scaffolds for bone tissue regeneration, Soft Matter,
2024, 20, 6655-6667.

W wyzej przedstawionych publikacjach wykonalem nastepujace zadania:

Ad. 1. Przeprowadzilem synteze poli(tlenku etylenu) (PEO) zakonczonego grupami -COOH na obu
koncach lafncuha. Przeprowadzitem wstgpne badania otrzymywania sieci z PiPOx i PEO. Uczestniczytem
w przygotowaniu i korekcie manuskryptu. Uczestniczytem w interpretacji wynikow analiz.

Ad. 2-4. Prowadzitem merotoryczny nadzér nad badaniami. Uczestniczytem w interpretacji wynikow
analiz. Uczestniczylem w przygotowaniu i korekcji manuskryptu.

dr Bartlomiej Kost

Oswiadczenie wydane na prosbe mgr inz. Bartosza Kopki w zwiazku z przygotowaniem pracy
doktorskiej.



1.6dz dn. 27.05.2025
dr hab. inz. Marek Brzeziniski, prof. CBMiM
Centrum Badan Molekularnych

i Makromolekularnych
Polskiej Akademii Nauk

Os$wiadczenie wspélautora publikacji

Os$wiadczam, ze w ramach przygotowania nastepujacych artykutéw naukowych:

1.  Kopka B, Kost B, Pawlak A, Bak-Sypien I, Brzezinski M, Tomaszewska A, Krupa A, J6zwiak
P, Basko M, Biocompatible, porous hydrogels composed of aliphatic polyesters and poly(2-
isopropenyl-2 oxazoline). Their application as scaffolds for bone tissue regeneration, Soft
Matter, 2024, 20, 6655-6667.

W wyzej przedstawionych publikacjach wykonalem nastepujace zadania:

Ad. 1. Uczestiniczylem w scharakteryzowaniu sieci polimerowych za pomoca skaningowego
mikroskopu elektronowego SEM. Uczestniczylem w przygotowaniu manuskryptu.

dr hab. inz. Marek Brzezinski, prof. CBMiM
Iz s

Os$wiadczenie wydane na prosbe mgr inz. Bartosza Kopki w zwiazku z przygotowaniem pracy
doktorskie;j.



L6dz dn. 27.05.2025
dr hab. inz. Andrzej Pawlak, prof. CBMiM
Centrum Badan Molekularnych

i Makromolekularnych
Polskiej Akademii Nauk

Oswiadczenie wspolautora publikacji

Oswiadczam, ze w ramach przygotowania nastgpujacych artykutéw naukowych:

1. Kopka B, Kost B, Basko M, Poly(2-isopropenyl-2-oxazoline) as a reactive polymer for
materials development, Polymer Chemistry, 2022, 13, 4736-4746.

2. KopkaB, Kost B, Pawlak A, Tomaszewska A, Krupa A, Basko M, Covalent segmented polymer
networs composed of poly(2-isopropenyl-2-oxazoline) and selected aliphatic polyesters:
designing biocompatible amphiphilic materials containing degradable blocks, Soft Matter,
2023, 19, 6987-6999.

3.  Kopka B, Kost B, Pawlak A, Bak-Sypien I, Brzezinski M, Tomaszewska A, Krupa A, Jézwiak
P, Basko M, Biocompatible, porous hydrogels composed of aliphatic polyesters and poly(2-
isopropenyl-2 oxazoline). Their application as scaffolds for bone tissue regeneration, Soft
Matter, 2024, 20, 6655-6667.

W wyzej przedstawionych publikacjach wykonalem nastepujace zadania:

Ad. 1-3. Zbadalem wiasciwosci mechaniczne sieci polimerowych. Uczestniczylem w interpretacji
wynikow badan mechanicznych. Uczestniczylem w przygotowaniu manuskryptow.

dr hab. inz. Andrzej Pawlak, prof. CBMiM

Oswiadczenie wydane na prosbe mgr inz. Bartosza Kopki w zwiazku z przygotowaniem pracy
doktorskie;j.



1.6dz dn. 27.05.2025
dr inz. Irena Bak-Sypien
Centrum Badan Molekularnych

i Makromolekularnych
Polskiej Akademii Nauk

Os$wiadczenie wspolautora publikacji

Os$wiadczam, ze w ramach przygotowania nastepujacych artykuléw naukowych:

1.  Kopka B, Kost B, Pawlak A, Bak-Sypien I, Brzezinski M, Tomaszewska A, Krupa A, J6zwiak
P, Basko M, Biocompatible, porous hydrogels composed of aliphatic polyesters and poly(2-
isopropenyl-2 oxazoline). Their application as scaffolds for bone tissue regeneration, Soft
Matter, 2024, 20, 6655-6667.

W wyzej przedstawionych publikacjach wykonalam nastepujace zadania:

Ad. 1. Scharakteryzowatam porowate sieci polimerowe za pomoca badania adsorpcji gazu na
powierzchnii materiatu metodg Brunauera-Emmetta-Tellera (BET). Uczestniczytam w interpretacji
wynikéw analiz.

dr inz. Iyena Bak-Sypien

Oswiadczenie wydane na prosbe mgr inz. Bartosza Kopki w zwiazku z przygotowaniem pracy
doktorskiej.



1.6dz dn. 27.05.2025

dr hab. Tadeusz Biela, prof. CBMiM
Centrum Badan Molekularnych

i Makromolekularnych
Polskiej Akademii Nauk

Os$wiadczenie wspolautora publikacji

Os$wiadczam, ze w ramach przygotowania nastepujagcych artykuléw naukowych:

1.  KopkaB, Kost B, Rajkowska K, Pawlak A, Kunicka-Styczynska A, Biela T, Basko M, A simple
strategy for efficient preparation of networks based on poly(2-isopropenyl-2-oxazoline),
poly(ethylene oxide), and selected biologically active compounds: Novel hydrogels with
antibacterial properties, Soft Matter, 2021, 17, 10683-10695.

W wyzej przedstawionych publikacjach wykonalem nast¢pujace zadania:

Ad. 1. Uczestniczytem w przygotowaniu i korekcie manuskryptu.

dr hab. Tad@usz Biela, prof. CBMiM

Oswiadczenie wydane na prosbe mgr inz. Bartosza Kopki w zwiazku z przygotowaniem pracy
doktorskiej.



L6dz dn. 30.07.2025
dr hab. Katarzyna Rajkowska, prof. PL
Instytut Technologii Fermentacji
i Mikrobiologii
Wydziat Biotechnologii
i Nauk o Zywnosci
Politechnika Lodzka

Oswiadczenie wspélautora publikacji

Oswiadczam, ze w ramach przygotowania nastgpujgcych artykutéw naukowych:

1. Kopka B., Kost B., Rajkowska K., Pawlak A., Kunicka-Styczynska A., Biela T., Basko M., A
simple strategy for efficient preparation of networks based on poly(2-isopropenyl-2-oxazoline),
poly(ethylene oxide), and selected biologically active compounds: Novel hydrogels with
antibacterial properties, Soft Matter, 2021, 17, 10683-10695.

W wyzej przedstawionych publikacjach wykonalam nastepujace zadania:

Ad. 1. Prowadzitam nadzér nad badaniami dotyczacymi antybakteryjnego dziatania nieporowatych
sieci polimerowych zawierajacych zwiazki o dziataniu biobdjezym. Uczestniczytam w interpretacii
wynikéw analiz. Uczestniczytam w przygotowaniu manuskryptu.

X. e WA{/VQ/
dr hab. Katarzyna Rajkowska, prof. PL

Oswiadczenie wydane na prosbe mgr inz. Bartosza Kopki w zwigzku z przygotowaniem pracy
doktorskiej.



}.6dZ dn. 01.09.2025
dr hab. inz. Alina Kunicka-Styczynska, prof. PL
Katedra Cukrownictwa
i Zarzadzania Bezpieczenstwem Zywnosci
Wydzial Biotechnologii
i Nauk o Zywnosci
Politechnika L.odzka

Oswiadczenie wspdlautora publikacji

Oswiadczam, ze w ramach przygotowania nastepujacych artykutéw naukowych:

1. Kopka B., Kost B., Rajkowska K., Pawlak A., Kunicka-Styczynska A., Biela T., Basko M., A
simple strategy for efficient preparation of networks based on poly(2-isopropenyl-2-oxazoline),
poly(ethylene oxide), and selected biologically active compounds: Novel hydrogels with
antibacterial properties, Soft Matter, 2021, 17, 10683-10695.

W wyzej przedstawionych publikacjach wykonalam nastepujace zadania:

Ad. 1. Uczestniczylam w interpretacji wynikow analiz. Uczestniczylam w przygotowaniu
manuskryptu.

\

\
~
dr hab. inz. Alina Ku cka—Styczc;:;jy:ot PL

Oswiadczenie wydane na prosbe mgr inz. Bartosza Kopki w zwiazku z przygotowaniem pracy
doktorskiej.




16dz dn. 27.05.2025

dr hab. Agnieszka Krupa, prof. UL
Katedra Immunologii i Biologii Infekcyjnej
Wydziat Biologii Ochrony $rodowiska
Uniwersytet Lodzki

O$wiadczenie wspélautora publikacji

O$wiadczam, ze w ramach przygotowania nastepujacych artykutéw naukowych:

1. KopkaB,KostB,PawlakA, TomaszewskaA, Krupa A, BaskoM, Covalent segmented polymer
networs composed of poly(2-isopropenyl-2-oxazoline) and selected aliphatic polyesters:
designing biocompatible amphiphilic materials containing degradable blocks, Soft Matter,
2023, 19, 6987-6999.

2. Kopka B, Kost B, Pawlak A, Bak-Sypien I, Brzezinski M, Tomaszewska A, Krupa A, J6zwiak
P, Basko M, Biocompatible, porous hydrogels composed of aliphatic polyesters and poly(2-
isopropenyl-2 oxazoline). Their application as scaffolds for bone tissue regeneration, Soft
Matter, 2024, 20, 6655-6667.

W wyzej przedstawionych publikacjach wykonalam nast¢pujgce zadania:

Ad. 1-2. Prowadzitam nadzér nad badaniami dotyczacymi cytotoksycznofci porowatych i
nieporowatych sieci polimerowych. Prowadzitam nadzér nad badaniami dotyczacymi proliferacji
komérek kostnych na porowatych sieciach. Uczestniczylam w interpretacji wynikow analiz.
Uczestniczylam w przygotowaniu manuskryptu.

A 7 f 7 ~ & "7 7
dr hab! Agnieszka Krupa, prof. UL

Os$wiadczenie wydane na prosbe mgr inz. Bartosza Kopki w zwigzku z przygotowaniem pracy
doktorskiej.



L6dZ dn. 27.05.2025
mgr Agata Tomaszewska
Katedra Immunologii i Biologii Infekcyjnej
Wydziat Biologiii Ochrony $rodowiska
Uniwersytet Lodzki

Oswiadczenie wspélautora publikacji
Oswiadczam, ze w ramach przygotowania nastepujacych artykuléw naukowych:

1. KopkaB,KostB,Pawlak A, Tomaszewska A, Krupa A, BaskoM, Covalent segmented polymer
networs composed of poly(2-isopropenyl-2-oxazoline) and selected aliphatic polyesters:
designing biocompatible amphiphilic materials containing degradable blocks, Soft Matter,
2023, 19, 6987-6999.

2. Kopka B, Kost B, Pawlak A, Bak-Sypien I, Brzezinski M, Tomaszewska A, Krupa A, J6Zwiak
P, Basko M, Biocompatible, porous hydrogels composed of aliphatic polyesters and poly(2-
isopropenyl-2 oxazoline). Their application as scaffolds for bone tissue regeneration, Soft
Matter, 2024, 20, 6655-6667.

W wyzej przedstawionych publikacjach wykonalam nastepujace zadania:

Ad. 1-2. Uczestniczylam w scharakteryzowaniu nieporowatych i porowatych sieci polimerowych
za pomocg badania na cytotoksyczno$¢. Uczestniczytam w badaniu proliferacji komérek kostych
na porowatych sieciach. Przygotowatam rysunki do manuskryptow. Uczestniczylam w interpretacii

wynikow analiz.
i / /,-\’ ‘
fﬁxg}a Clenagaso
/

mgr Agata Tomaszewska

Oswiadczenie wydane na prosbg mgr inz. Bartosza Kopki w zwigzku z przygotowaniem pracy
doktorskie;j.



L6dz dn. 27.05.2025
dr Piotr J6Zwiak

Katedra Zoologii Bezkregowcdw

i Hydrobiologii

Wydziat Biologii Ochrony srodowiska
Uniwersytet £.6dzki

Oswiadczenie wspolautora publikacji

Oswiadczam, ze w ramach przygotowania nast¢pujacych artykutéw naukowych:

1. Kopka B, Kost B, Pawlak A, Bak-Sypien I, Brzezifiski M, Tomaszewska A, Krupa A, Jozwiak
P, Basko M, Biocompatible, porous hydrogels composed of aliphatic polyesters and poly(2-
isopropenyl-2 oxazoline). Their application as scaffolds for bone tissue regeneration, Soft
Matter, 2024, 20, 6655-6667.

W wyzej przedstawionych publikacjach wykonalem nastepujace zadania:

Ad. 1. Uczestniczylem w scharakteryzowaniu porowatych sieci polimerowych zawierajacych
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Novel polymer networks composed of biocompatible, hydrophilic poly(2-isopropenyl-2-oxazoline)
(PiPOx), poly(ethylene oxide) (PEO), and selected biologically active compounds (cinnamic acid, benzoic
acid or eugenol) were developed for potential antimicrobial applications. The applied crosslinking
method, based on the addition reaction between oxazoline pendant groups and chosen reagents
containing carboxyl functions, is relatively facile, free from by-products, and thus well suited for
biomaterial preparation. The one-step synthesis enabled efficient network formation with high gel
contents (>90%). The chemical structure of the newly synthesized networks was characterized using
Fourier Transform Infrared-attenuated Total Reflection spectroscopy (FTIR-ATR) and *C Magic-Angle
Spinning (MAS) NMR. To evaluate the suitability for biomedical applications, swelling in water and the
mechanical properties of the networks were investigated. The antimicrobial efficacy of the prepared
hydrogels was tested in neutral medium both by the agar diffusion method and in the liquid culture
against Gram-positive and Gram-negative strains: Staphylococcus aureus, Pseudomonas aeruginosa,
Escherichia coli, Klebsiella pneumoniae and Enterobacter cloaceae. All the tested hydrogels showed an
antimicrobial effect in the direct contact zone. Moreover, the eugenol loaded hydrogel expressed a
broader bacteriostatic effect inhibiting microorganism growth beyond the contact zone. These form-
stable hydrogels with antibacterial properties may be of interest for designing materials dedicated to
biomedical applications.
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the ability to hold large amounts of water in their three-
dimensional networks while maintaining their stable tailored

Introduction

Polymer-based materials have received considerable attention
due to the potential of addressing the challenges associated
with our daily life. The broad and versatile use of polymeric
materials results from diversified physico-chemical and
thermo-mechanical properties that allow their adaptation to a
wide range of uses." Hydrogels represent a unique class of
materials, the hydrophilic structure of which renders them
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shape and size.>” The specific properties of hydrogels, such as
hydrophilicity and appropriate flexibility, make them interesting
materials that are used in medicine. The wide range of applica-
tions for hydrogel materials includes drug delivery systems,
temporary soft tissue substituents and wound dressings.*”

For hydrogel preparation, diverse strategies based on chemical
or physical crosslinking methods were elaborated.®® The most
often applied water-soluble polymers used for the construction
of hydrogels include: poly(ethylene glycol), poly(acrylic acid),
poly(vinyl alcohol), poly(vinylpyrrolidone), poly(acrylamide)
and some polysaccharides."® In particular, poly(ethylene glycol)
(PEG), as a commercially available, non-toxic, and non-
immunogenic polymer, is broadly exploited in the biomedical
field.""* However, aiming at network preparation the proper
functionalization of PEG is required prior to the crosslinking

Soft Matter, 2021,17,10683-10695 | 10683
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process. For example, to obtain PEG-based networks by radical
polymerization the presence of unsaturated groups in the
polymer chain is essential."”*'® This kind of crosslinking reac-
tion is very often carried out in the presence of chemical
compounds that are sometimes toxic, so before planned appli-
cation the synthesized gels must be extracted extensively to
remove traces of unreacted compounds. Looking for more
biologically benign processes the gelling systems were elabo-
rated based on crosslinking reactions which can be accom-
plished in situ, with non-toxic residual compounds. In this
regard aldehyde, amine, or succinimidyl glutarate functiona-
lized PEGs have been fabricated and networks with covalent
linkages between polymer chains were obtained by the reaction
of functional groups with complementary reactivity.'”*® Never-
theless, biomedical applications also require laborious purifi-
cation of the synthesized materials.

Recent progress in polymer chemistry opened up new
opportunities for the synthesis of novel water-soluble polymer
types with advanced properties.’® Among them, hydrophilic
poly(2-isopropenyl-2-oxazoline) (PiPOx) can be considered as a
very interesting functional polymer that can be applied in
biomedicine due to nontoxicity.>® Additionally, owing to the
reactive moiety at the pendant groups, PiPOx possesses the
powerful ability for modification with multiple chemical com-
pounds containing suitable functionality (e.g. carboxyl, thiol or
phenyl groups).”’?*> The efficiency of PiPOx functionalization
was investigated using benzoic acid as a model compound.*
By grafting azo-dye with carboxyl groups to oxazoline pendant
groups polymer particles with fluorescence properties were
obtained.** By the post-polymerization modification reaction
of PiPOx with aliphatic carboxylic acids (acetic and propionic
butyric acids) thermoresponsive copolymers with a tuned
hydrophilic/hydrophobic balance were prepared.”>*° In the
case of dicarboxylic acids HOOC-R-COOH (where R = (CH,),,—,
m=2,3,4,5,6,7,8,10) a library of hydrogels was obtained by
chemical crosslinking of PiPOX.>” Chemical crosslinking of a
modified PiPOx polymer containing a terpyridine unit with an
azelaic acid enabled preparation of the supramolecular hydrogels
with ultrahigh mechanical strength and toughness.”® What is
significant is that the post-transformation of PiPOx may be
achieved by the addition reaction that proceeds under simple
reaction conditions (no need of catalysts) without by-product
formation.*® Given the hydrophilic nature of the polymer, it can
be expected that it may be particularly useful in the construction
of biomedical materials intended, among other things, to protect
the skin from dehydration and bacterial contamination.

Superficial skin damage, burns and wounds are often asso-
ciated with bacterial infections, that occur with a wide range of
clinical manifestations. Etiological agents of these infections
vary and may originate from a patient’s natural microbiota
or be transferred from an external environment.*>*' The most
common cause of skin and soft tissue infections (SSTI) is
Staphylococcus aureus, although Pseudomonas aeruginosa,
Enterococcus spp., and Escherichia coli have also been identified
in confirmed SSTI episodes.**** The majority of acute wounds
caused by external damage to intact skin and chronic wounds
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that ultimately compromises the integrity of dermal and
epidermal tissue are polymicrobial, involving S. aureus,
P. aeruginosa, beta-hemolytic streptococci, E. coli, Klebsiella
pneumoniae, Prevotella melaninogenica, and Bacteroides spp.*!
In burn wound infections the principal etiological agents are
S. aureus, P. aeruginosa, Enterococcus spp., and E. coli, however,
K. pneumoniae, Serratia marcescens, Enterobacter spp., Proteus
spp., Acinetobacter spp., and Bacteroides spp. have also been
identified.*°

The latest WHO Global Antimicrobial Resistance and Use
Surveillance System report shows the steadily increasing anti-
microbial resistance that involves all major microbial patho-
gens and antibiotics.** Nowadays, the greatest global threat to
public health is co-trimoxazole-resistant E. coli and K. pneumoniae,
which cause urinary tract infections, as well as resistance to 3rd
generation cephalosporins E. coli and methicillin-resistant
S. aureus in bloodstream infections. Another concern is the high
rates of resistance against carbapenems, found among others in
bloodstream infections causing Acinetobacter strains. The factors
responsible for antimicrobial resistance include overuse of anti-
biotics or their inappropriate prescribing and use, as well as
discontinuation of medication after the disease symptoms have
resolved. Under these conditions, the evolution and dissemina-
tion of resistance within bacterial populations is promoted
through mobile genetic elements such as plasmids, transposons,
naked DNA or bacteriophages.>® The application of novel sub-
stances or those previously rarely used in therapy makes it
possible to overcome these limitations and problems, as it
reduces the probability that microorganisms have already devel-
oped resistance to these compounds. Therefore, the new com-
pounds may provide an important alternative to drugs that are
routinely used in medicine. Recently, inhibitory activity against
methicillin-resistant S. aureus clinical strains, eradications of
pre-established biofilms, and a decrease in the expression of
biofilm- and enterotoxin-related genes have been reported for
eugenol in vitro and in vivo.*® Similarly, high antibacterial proper-
ties have been demonstrated for benzoic acid against multidrug-
resistant K. pneumoniae and E. coli strains, and for cinnamic acid
against multidrug-resistant S. aureus and E. coli clinical isolates.®”
In addition, these compounds also show synergistic interactions
with various antibiotics, enhancing their antimicrobial effects.*®

So far, for wound dressing applications, various hydrogels
with antibacterial performance and good water-maintaining
ability have been fabricated from bio- and synthetic
polymers.**°"*! Different methods allowing the preparation of
antibacterial hydrogels have been applied.**** However, some
disadvantages, such as multi-step fabrication, short existence at
the wound site, inadequate swellability to absorb excess wound
exudations, insufficient strength to overcome stress caused by
skin movement and deficient flexibility properties severely limit
the extensive use of many hydrogels. Therefore, significant efforts
are directed to develop new materials for skin protection.

Below, we present a simple, robust, one-step method that enables
hydrogel formation under conditions that ensure crosslinking
without toxic components in the reaction mixture. For network
construction, di-carboxyl terminated poly(ethylene oxide)

This journal is © The Royal Society of Chemistry 2021
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(HOOC-PEO-COOH) was applied as a hydrophilic macro-
crosslinker for oxazoline side rings in PiPOx chains. Cinnamic
acid, benzoic acid and eugenol were chosen as compounds that
demonstrate antimicrobial action.**™*® The nature of the formed
hydrogels has been investigated regarding swelling and mechan-
ical properties. After the hydrogel characterization the antimicro-
bial activity was widely evaluated.

Experimental part
Materials

2-Isopropenyl-2-oxazoline (iPOx) was purchased from Sigma
Aldrich (99%) and purified by vacuum distillation directly
before use. Azobisisobutyronitrile (AIBN) (Sigma Aldrich,
99%) was crystallized from dried ethanol at 40 °C, dried under
reduced pressure, and stored in a dark vial at 4 °C. Benzoic acid
(BA) (Sigma Aldrich, 96%) was crystallized from water/ethanol
(1:1) directly before use. Poly(ethylene glycol) (PEG, M, =
400 g mol™ "), Candida antarctica lipase B (CALB), cinnamic
acid (CA, 99%), eugenol (EU, 99%), and succinic anhydride
were purchased from Sigma Aldrich and used without further
purification. Chloroform, diethyl ether, acetone, and hexane
(StanLab, Lublin, Poland) were used as received. Dimethyl-
formamide (DMF, 99.8%) (ChemPur) was used as received.
Dimethyl sulfoxide (DMSO) (POCH, Gliwice, Poland) and dis-
tilled water were sterilized before use. Phosphate buffer saline
(PBS) was purchased from Merck in the form of tablets. The
solution of PBS (0.1 M, pH = 7.4) was prepared by dissolution of
one tablet in 200 mL of distilled water.

Synthesis of poly(2-isopropenyl-2-oxazoline) (PiPOx) via radical
polymerization

The radical polymerization of iPOx was performed using a high
vacuum technique. In a typical experiment, 100 mg (0.61 mmol)
of AIBN was placed in a glass ampule, and 10 mL (89.3 mmol)
of iPOx was subsequently distilled under reduced pressure. The
ampule was degassed three times and sealed in a vacuum. The
reaction vessel was placed in an oil bath at 60 °C for 24 h until
the reaction mixture solidified. After cooling of the ampule, the
polymer was crushed, dissolved in chloroform, precipitated to
cold diethyl ether, and dried under vacuum. The obtained
PiPOx was analyzed by "H NMR, "*C NMR, and SEC.

'H NMR (500 MHz, CDCl,): & (ppm) 4.11 (2H, s, -O-CH,-
CH,-N=), 3.70 (2H, s, -O-CH,-CH,-N=), 2.0-1.69 (2H, -CH,-
overlapping, polymer chain), 1.54-1.0 (3H, overlapping, CH;-),
(Fig. S2 in ESIY).

3C NMR (500 MHz, CDCl3): § (ppm) 172.80 (1C, -N=C-0),
66.96 (1C, ~-O-CH,-CH,-N—), 54.29 (1C, -O-CH,~CH,-N—),
52.56 (1C, -C(CHj3))-, 40.13 (1C, -CH,-, polymer chain) 19.91
and 17.92 (1C, CH;-), (Fig. S2 in EST¥).

3C NMR CP MAS (400 MHz), § (ppm)= 170.7 (1C, s -C=0),
66.5 (1C, s, -O-CH,-CH,-N—), 53.5 (1C, s, -O-CH,-CH,-N—=),
39.1 (1C, s, -C(CHj3)-), 28.5-10.6 (1C, main chain) (Fig. 2).

Molar mass determined by SEC with MALLS detector
M, = 62000 g mol " (d,/d.= 0.109 mL g~ ") (Fig. S1 in the ESI¥).
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The value of the refractive index increment (d,/d.) necessary to
determine the absolute molar mass of poly(2-isopropenyl-2-
oxazoline) was determined in our laboratory using the MALLS,
RI detectors and the Astra™ software supporting the chroma-
tographic set.

Synthesis of di-carboxyl poly(ethylene oxide) (HOOC-PEO-
COOH)

The polymeric cross-linker was prepared by converting the
hydroxyl end-groups of poly(ethylene glycol) into the required
carboxyl ones in the enzymatic reaction. In an Erlenmeyer flask,
10 g (0.025 mol) of PEG-400 and 5.25 g (0.0525 mol) of succinic
anhydride were dissolved in 20 mL of acetone. Then, 300 mg of
CALB was added, and the reaction mixture was placed in a
thermal shaker at 40 °C (110 RPM) for 24h. After 24h, the
enzyme was filtered off, and the polymer was precipitated in
cold hexane, decanted, and dried under vacuum. The high
conversion of hydroxyl groups into the carboxyl moiety was
estimated by "H NMR.

'H NMR (500 MHz, CDCl,), § (ppm) = 7.49 (2H, s, -COOH),
4.23 (4H, m, -O-CH,-CH,-O-C(0)-CH,-CH,-COOH), 3.72-
3.56 (4H, s, -(O-CH,-CH,),~0-), 2.60 (8H, m, ~O-CH,~CH,-
0-C(0)-CH,-CH,-COOH).

Preparation of PiPOx-PEO networks

The addition reaction between pendant rings of PiPOx and
carboxyl-end group of poly(ethylene oxide) HOOC-PEO-COOH
was applied to prepare PiPOx-PEO hydrogels. Briefly, 53 mg of
PiPOx and 18 mg of HOOC-PEO-COOH were dissolved in
0.5 mL of DMSO in a glass vial. The mixture was stirred under
reduced pressure to degas the system, and after complete
dissolution of the components was put into an oven at 140 °C
for 45 min. Then, the formed hydrogel was transferred to the
vial with sterilized water for 72 h and kept at 4 °C.

3C NMR CP MAS (400 MHz), § (ppm)= 175.8 (2C, s, PEO
carbonyl), 170.7 (1C, s -C—=0), 68.1 (1C, s, -O-CH,-CH,-O-
and 1C, s, -NH-CH,-CH,-0-C(0)-), 65.5 (1C, s, -O-CH,—-CH,-
N—, oxazoline ring), 52.4 (1C, s, -O-CH,-CH,-N—, oxazoline
ring), 43.3 (1C, s, -NH-CH,-CH,-O-C(O)-), 37.9 (1C, s,
-C(CHj3)-), 28.5-10.6 (1C, main chain), (Fig. 2).

Preparation of networks modified with antibacterial
compounds (PiPOx-PEO-CA, PiPOx-PEO-BA, PiPOx-PEO/EU)

The networks modified with antibacterial compounds were
prepared in the similar manner as PiPOx-PEO networks.
Briefly, 52 mg of PiPOx, 18 mg of HOOC-PEO-COOH, and
appropriate antibacterial agent CA (7 mg), BA (6 mg), or EU
(7.5 mg) were dissolved in 0.5 mL of DMSO in a glass vial. The
mixture was degassed by stirring under reduced pressure, and
after the dissolution of components, was put into the oven at
140 °C for 45 min. Then, the formed PiPOx-PEO-CA, PiPOx-
PEO-BA hydrogels were transferred to the vial with sterilized
water for 72h and kept at 4 °C. The PiPOx-PEO/EU hydrogel
after synthesis was kept in a vial without the introduction of an
additional solvent.

Soft Matter, 2021,17,10683-10695 | 10685
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Fig.1 ATR FT-IR spectra of: (a) PiPOx, (b) HOOC-PEO-COOH cross-
linker, (c) PiPOx-PEO, (d) PiPOx-PEO-CA and (e) PiPOx-PEO-BA
networks.
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Fig.2 CP MAS NMR spectra (500 MHz): PiPOx, PiPOx-PEO, PiPOx—
PEO-CA, PiPOx—-PEO-BA networks.

Prior to the analysis all synthetized networks were extracted:
first with CH,CI, to remove unreacted HOOC-PEO-COOH or
PiPOx, and next with EtOH to remove unreacted antibacterial
compounds. Such purified networks, after drying, were inves-
tigated by FTIR (Fig. 1) and *C NMR CP MAS (Fig. 2).

NMR PiPOx-PEO-CA. >C NMR CP MAS (400 MHz), § (ppm)=
175.8 (1C, s, PEO carbonyl), 170.7 (1C, s -C—=0), 68.1 (1C, s, -O-
CH,-CH,-O- and 1C, s, -NH-CH,-CH,-0-C(0)-), 164 (1C, s,
cinnamic acid carbonyl), 144 (1C, double bond attached to
phenyl ring), 134-123 (6C aromatic carbon) 118 (1C, double
bond), 65.5 (1C, s, -O-CH,-CH,-N=), 43.3 (1C, s, -NH-CH,-
CH,-0-C(0)-), 37.9 (1C, s, -C(CH3)-), 28.5-10.6 (C, main
chain).

NMR PiPOx-PEO-BA. '*C NMR CP MAS (400 MHz), § (ppm)=
175.8 (2C, s, PEO carbonyl), 170.7 (1C, s -C.=0), 164 (1C,s,
benzoic acid carbonyl), 68.1 (1C, s, -O-CH,-CH,-O- and 1C, s,
-NH-CH,-CH,-0-C(0)-), 134-123 (6C aromatic carbon) 65.5
(2C, s, -O-CH,-CH,-N—=), 43.3 (2C, s, -NH-CH,~CH,-0-C(0)-
), 37.9 (1C, s, -C(CH3)-), 28.5-10,6 (4C, main chain).

Determination of gel fraction

Networks were extracted with dichloromethane and next with
ethanol in Soxhlet apparatus over 4h and then dried at room
temperature under vacuum until constant weight. The gel
fraction (GF) was determined as the weight ratio between the
weight of an insoluble dried gel (W,) and the initial weight of
the starting mixture (W;) using the following formula:

1%
GF = Wd x 100%
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where Wy and W; are the weight of dried gel and the initial
weight of material (Table S1 in the ESIt).

Determination of swelling degree

The degree of the network swelling was determined gravime-
trically. Dried discs were weighed (Wy) and then placed in
water. The weight of the swollen gel (W) was measured at
specific time intervals after removal of excessive surface water
using filter papers. The degree of swelling (S) was calculated
using the following formula:

W, — Wy
S=(2=—""9) x 100
( Wi >X %

where W, and Wy are the weights of the hydrogel in swollen and
dried forms, respectively.

Characterization

The average molar masses and molecular weight distribution
were determined by LS measurements using a size-exclusion
chromatography (SEC) system comprising an Agilent Pump
1100 Series (preceded by an Agilent G1379A Degasser), equipped
with a set of two PLGel 5p MIXED-C columns. A Wyatt Optilab Rex
differential refractometer and a Dawn Eos8 (Wyatt Technology
Corporation) laser photometer were used as detectors. Dimethyl
formamide was used as an eluent at a flow rate of 0.4 mL min ™" at
40 °C. The refractive index increment (d,,/d.) value for PiPOx in
DMF was determined at 40 °C. The MALS-RID data were further
analyzed with Astra 5.3 software, from Wyatt Technology.
Fourier-transform infrared spectroscopy spectra were
recorded on a Nicolet 6700 spectrometer equipped with a
deuterated triglycine sulphate (DGTS) detector. Attenuated
Total Reflectance was used for IR measurements. The spectra
were obtained by adding 128 scans at a 2 cm ™" resolution. The
solid-state "*C CP MAS experiments were performed on a BRUKER
Avance III 400 spectrometer operating at 100.613 MHz for *C,
equipped with a MAS probe head using 4 mm ZrO, rotors.

Release of eugenol from a PiPOX-PEO/EU hydrogel

The release of eugenol from a PiPOX-PEO/EU hydrogel was
measured by using the UV/Vis technique. In a typical experi-
ment, the round-shaped hydrogel (11 x 0.4 mm), prepared
according to the described above procedure, was put into the
glass vial containing 5 mL of PBS. The vial was placed into a
thermal shaker at 37 °C under stirring (80 rpm). After the
selected time interval, the released medium (5 mL) was with-
drawn for UV/Vis analysis, and the fresh portion of PBS was
added. The amount of released EU was calculated by using the
calibration curve (Fig. S4, ESIT) measured for the eugenol at
282 nm on a dilution series. Finally, the cumulative amount of
released eugenol was plotted against time (Fig. 10). The analy-
sis was performed in triplicate.

Mechanical properties

The mechanical properties were tested during uniaxial com-
pression using the Linkam TST 350 mini tensile machine. The
tests were carried out at 7= 25 °C. Samples with a diameter of

This journal is © The Royal Society of Chemistry 2021
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11 mm and thickness of 5 mm were placed between two plates,
in a special holder, enabling the conversion of the standard
uniaxial tensile mode to uniaxial compression, with the
measurement of the compressive force as a function of dis-
tance. The deformation rate was 15 um s~ '. Five samples of
each material were measured.

Rheology

Rheological tests were carried out using the Ares rotational
rheometer (TA Instruments), in the plate-plate configura-
tion (25 mm diameter), changing the frequency in the range
0.1-512 rad s~ ', at a temperature of 25 °C, with a strain of 0.5%.
After the sample was taken out of the water, its surface was
gently dried, then the sample was placed between the plates
of the apparatus and before the measurement was lightly
compressed to a thickness of 1.2 mm. This ensured good
contact between the sample and the apparatus and comparable
measurement conditions.

Assessment of antibacterial activity of hydrogels by the agar
diffusion method

To determine the antibacterial activity of four hydrogels PiPOx-
PEO, PiPOx-PEO-CA, PiPOx-PEO-BA, and PiPOx-PEO/EU by
the agar diffusion method, the European Union Standard
PN-EN ISO 20645:2006 assay was adapted. In the test, bacterial
strains of Klebsiella pneumoniae ATCC 4352, Pseudomonas
aeruginosa ATCC 15442, Staphylococcus aureus ATCC 6538,
Escherichia coli ATCC 11229 and Enterobacter cloaceae ATCC
49141 were used. All the bacterial strains originated from
American Type Culture Collection (Manassas, Virginia, USA).
The strains were stored on Tryptic Soy Agar (TSA) medium
(pancreatic digest of casein 1.5%, papain digest of soya 0.5%,
sodium chloride 0.5%, agar 1.5%, pH 7.2; bioMérieux, France)
and prior to experiments activated by the subsequent passaging
(37 °C, 24 h) in Tryptic Soy Broth (TSB) medium (pancreatic
digest of casein 1.7%, papain digest of soya 0.3%, sodium
chloride 0.5%, dextrose 0.25%, dipotassium phosphate
0.25%, pH 7.3; bioMérieux, France) and TSA medium.

The tested hydrogels with a diameter of 11 mm were placed
between two TSA layers. The upper TSA layer was mixed with
the suspension of a specific bacteria strain in sterile saline
(sodium chloride 0.85%) to a density of 105-106 cells per mL.
The plates were incubated at 37 °C for 18-24 h. The inhibition
zone was measured along with the diameter of the hydrogel
disc. The assessment of bacterial growth was also carried out in
the contact zone under the hydrogel discs. The tests were
conducted in triplicates and the results subjected to statistical
analysis. The negative controls were DMSO for PiPOX-PEO/EU
hydrogel and water for the other hydrogels tested.

Assessment of antibacterial activity of hydrogels in liquid
cultures

The effects of the hydrogels (PiPOx-PEO, PiPOx-PEO-CA,
PiPOx-PEO-BA, PiPOx-PEO/EU) on the tested bacteria were
also investigated in TSB medium. 10 mL of TSB medium were
inoculated with a suspension of specific bacteria in saline up to

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

105-106 cells per mL and one hydrogel disc (11 mm in
diameter) was placed in the culture. The cultures were incu-
bated at 37 °C for up to 48 h with agitation (200 rpm). The
bacterial growth in the cultures with and without hydrogel discs
was measured spectrophotometrically at / 540 nm at 0, 4, 8, 24
and 48 h of incubation.

Statistical analysis

All experiments were conducted in triplicates. Statistical analy-
sis (means, standard deviations) was carried out with the use of
the Statistica v.10.0 software package (StatSoft Inc., USA).
In order to compare the means, a One-Way ANOVA test was
performed at p-value = 0.05 significance level (Statistica v.10.0,
StatSoft Inc.).

Results and discussion
Preparation of PiPOx-PEO based networks

For the construction of hydrophilic networks di-carboxyl PEO
was used as a polymeric cross-linker for PiPOx chains. The
covalent crosslinking occurring as the result of the addition
reaction between oxazoline rings and reagents containing
carboxyl groups has been previously demonstrated for aliphatic
organic acids with 4 to 10 carbon atoms.>” As the result short
chains with hydrophobic character were grafted into the hydro-
philic polymer. Our work was aimed at further extending this
approach by employing a hydrophilic polymer terminated with
carboxyl end-groups at both sides of the chain. Additionally,
the reaction of pendant oxazoline rings was performed with
benzoic acid, cinnamic acid, and eugenol to introduce com-
pounds with antimicrobial properties into the network.

Applying simultaneously: low and high-molecular reagents
containing suitable reactive groups, we planned to achieve at
one-step synthesis a covalently crosslinked structure compris-
ing microbiologically active agent.

At the first stage of the research, the crosslinking reaction
was carried out with HOOC-PEO-COOH (M,, = 500 ¢ mol ') and
PiPOx in DMSO, at 140 °C for 45 min. The applied molar ratio
of carboxyl groups to oxazoline rings should allow the network
formation with a theoretical degree of crosslinking equal to
15%. We observed that under these conditions, by simply
mixing the components in the solvent, the stable PiPOx-PEO
networks were successfully formed. The crosslinking reactions
conducted in mixtures with lower PEO content were ineffective
and durable hydrogels were not obtained.

In subsequent experiments, the -crosslinking reaction
between PiPOx and POE was conducted in the presence of
CA, BA, and EU (5 mol% according to iPOx rings). A successful
gelation process was observed regardless of the composition of
the starting reaction mixture. To determine the gel content
obtained networks were extracted with solvents (first with
dichloromethane, and next with ethanol) which allows removal
of unreacted components. Data presented in the Table S1 (ESIT)
show that for the network obtained by crosslinking of PiPOx by
HOOC-PEO-COOH the determined gel content (97%) was very
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close to the total weight of the starting reaction mixture. This
observation is crucial in our research, as it demonstrates the
possibility of efficient crosslinking of biocompatible, hydrophi-
lic polymers in a reactive system that is free from toxic catalysts
and by-products.

In the case of the crosslinking reactions conducted in the
presence of cinnamic acid and benzoic acid, the determined gel
content was equal 96% and 95%, respectively. The observed
very low content of soluble fractions indicated a highly efficient
coupling occurring between the carboxyl-functionalized
reagents under the used conditions. As a result, networks built
from covalently bonded hydrophilic chains (PiPOx-PEO) were
obtained, as well as the modified networks that additionally
contained a covalently attached group of cinnamic or benzoic
acid (designed as PiPOx-PEO-CA and PiPOx-PEO-BA).

In case of the crosslinking conducted in the presence of
eugenol the determined gel fraction constituted 90% of the
total weight of the starting reaction mixture. The soluble
fraction that has been extracted from the network was analyzed
by 'H NMR and it was found that it contains mainly unreacted
eugenol. Thus, this compound was not covalently coupled with
the network but remained as a free component at the cross-
linked PiPOx-PEO structure. To confirm this observation
further experiments were performed with linear PiPOx and
eugenol at the conditions used for the network synthesis. The
"H NMR spectrum of precipitated PiPOx reveled signals typical
for non-modified polymer indicating that the phenol groups
from eugenol do not react with oxazoline pendant groups at the
applied solvent, at 140 °C within 45 minutes.

On the basis of the determined gel contents, it can be
concluded that, depending on the used biologically active
compound, PiPOx-PEO networks can be obtained with an
antimicrobial component that is covalently linked to PiPOx
chains (as a non-leaching agent: Scheme 1a) or is freely loaded
into the network (as a leaching agent: Scheme 1b). Never-
theless, it should be remembered that, when designing the
composition of the network, due to the required elevated
reaction temperature, an appropriate selection of active sub-
stances with good stability at 140 °C is necessary.

To gain insight into the composition of the formed net-
works, ATR FT-IR analysis was conducted for the extracted and
dried samples (Fig. 1).

In the spectrum of the starting, linear PiPOx (Fig. 1, blue
line) characteristic absorptions of the oxazoline ring are
observed at 1651 em™ ' (-C—=N stretching) and 1118 em™"
(-C-O stretching), while other ring skeletal vibrations can be
found at 986 and 951 cm ™ *.*” After partial crosslinking of PiPOx
with HOOC-PEO-COOH, an ester-amide structure is formed
(see Scheme 1, green circle). In all spectra the signal corres-
ponding to the amide band appears at 1520 cm ™' (-C-NH-)
and the carbonyl stretching vibration of the newly generated
ester bonds can be found at 1721 cm ™' (-C=O0) (overlapping
with a PEO carbonyl end-group). Thus for each composition,
FT-IR data indicated the efficient grafting of the polymeric
crosslinker to the PiPOx chain. However, this method cannot be
used to confirm the presence of biologically active compounds in
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Scheme 1 Schematic illustration of the PiPOx—PEO network structures:
(a) with covalently bonded cinnamic and benzoic acid, and (b) with freely
loaded eugenol (R denotes: CgHg—CH,—CH,—, CgHg—, or —(OCH,CH>),,—
in the case of cinnamic acid, benzoic acid and PEO, respectively).

the network, due to their much lower concentration, compared to
the polymeric components and overlapping with other signals.
Thus, to further investigate the material composition the *C
magic-angle spinning NMR technique was used. Fig. 2 shows
CP MAS spectra for the dried networks, along with the PiPOx
spectrum for reference.

The CP MAS NMR spectrum collected for PiPOx enabled the
identification of signals coming from the main polymer chain
in the range 10-30 ppm (—CHj; groups) and at 38 ppm (-CH,-
groups). Signals from carbon atoms in the oxazoline pendant
ring were observed at 53 ppm (-CH,-N=), 68 ppm (-CH,-O-)
and 170 ppm (-O-C—N-). After grafting of PEO chains, a new
signal from -OCH,CH,O- groups is observed at 66 ppm.
A signal from the -CH,CH,- group between amide and ester
linkages are observed at 44 ppm and 66 ppm. A carbonyl group
from the newly formed amide linkage is observed in the range
175 ppm overlapping with the ester carbonyl group. Although
the spectra of the network prepared in the presence of benzoic
and cinammic acids are dominated by the intense peaks from
oxazoline repeating units, characteristic signals from aromatic
rings (130 ppm, BA, CA) and double bonds (CA) are also
detected.

Thus, it can be concluded that IR and CP MAS analysis
confirmed the successful attainment of networks with the
composition determined by the composition of the starting
reaction mixture. The presented results show that by the
applied one-step method antibacterial agents can be efficiently
and simply incorporated into the synthesized PiPOx-PEO net-
works. Importantly, multicomponent networks can be pro-
duced using a controlled and efficient synthesis route that
requires minimal purification of the final product.

Such prepared networks at room temperature maintained
their shape and could be easily manipulated without damage.
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Fig. 3 (A) Physical appearance of fully swollen and dried (after extraction)
hydrogels: (a) PiPOx—-PEO, (b) PiPOx-PEO-CA, (c) PiPOx—PEO-BA. (B)
Using a simple crosslinking procedure hydrogels can be freely molded into
the desired size and shape (note: the yellow color comes from the applied
mold form).

As demonstrated in the video in the ESI,{ the material also well
tolerated mechanical deformation due to motion and reposi-
tion. The physical appearance of the fully swollen and dried
hydrogels is presented in Fig. 3.

The swollen hydrogels containing acids were transparent
and had similar appearances as the non-modified PiPOx-PEO
gel. Furthermore, we checked that the applied method can be
easily upscaled enabling the preparation of hydrogel materials
with larger dimensions and defined shapes. The dried hydro-
gels had good stability and could be re-swollen after placing in
an aqueous environment. From SEM pictures (Fig. S3 in the
ESIY) it can be observed that the dried networks have a rather
compact microstructure.

Swelling properties of hydrogels

The swelling behavior is of special interest in biomedical applica-
tions when the high water content is crucial because it facilitates
the diffusion of drugs or biologically active compounds. To assess
the applicability of the synthetized networks as hydrogels the
dried networks were characterized by swelling experiments con-
ducted in water. Furthermore, the water-retention was investi-
gated. Fig. 4 shows the dependence of the swelling degree in water
(a) and the water retention (b) on network composition.

It can be noted, from Fig. 4a, that the obtained hydrogels
swell in water to a larger extent relatively fast. As the swelling
degree in water is mainly determined by the hydrophilicity,
networks built from PiPOx and PEO reached the highest degree
of swelling (>200%). The swelling abilities of the hydrogels
containing covalently bound cinnamic and benzoic acid are
slightly lower (~150% and 140%, respectively) but these

—e— PIPOX-PEO

—e— PIPOX-PEO-CA
—e— PIPOX-PEO-BA
—e— PIPOX-PEO/EU

Swelling degree [%)]
Water retention [%]

0 0

0 2 4 6 8 10 12 14 16 18 20 2 24 0 2 4 6 8 10 12 14 16 18 20 2 24

Time [h] Time [h]
Fig. 4 Properties of hydrogels prepared from poly(isopropenyl-2-
oxazoline) (PiPOx), poly(ethylene oxide) (PEO) and selected biologically
active compounds: (a) the degree of swelling in deionized water at room
temperature, and (b) the water retention at room temperature.
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materials still are retaining a significant fraction of water
within their structure without dissolving. This observation
indicates that obtained hydrogels have a large water absorption
capacity which is favorable in biomedical and microbiological
applications. In general, the required swelling capacity of
hydrogels depends on the intended function. For comparison,
for poly(ethylene oxide)-based hydrogels prepared for tissue
engineering scaffold application the reported values of swelling
ratio in water were in the range from 1.8 to 12.6%, whereas for
wound dressing they were much higher (310-770%).'**® The
water-retention capacity in the hydrogels is also significant
for biomaterials. Typical profiles of water evaporation from
prepared hydrogels are presented in Fig. 4b. In the initial stage,
after 6h of drying at room temperature, hydrogels with
cinnamic and benzoic acids show a significant reduction in
water loss in comparison to the PiPOx-PEO sample. After 24 h,
all samples still contain water in the structure which indicates
that the prepared hydrogels can retain moisture for a long
period of time in the atmosphere.

Mechanical test

The mechanical properties of hydrogels are an important factor
determining the practical application of these materials.*’
In particular, the elasticity of hydrogels in the wet state is a critical
property that determines the material capability of deformation.”*>*
Therefore, in our work, we have examined the mechanical
properties of hydrogels swollen in distilled water during uni-
axial compression. The tested materials were flexible and easily
bent under the action of force. During the compression experi-
ment, no significant differences in their mechanical properties
were observed. Fig. 5 illustrates the relationship of the force-
compression ratio determined for the examined hydrogels.
The force-compression relationship has a shape typical for
elastomers. After a short range of the linear dependence, at the
compression ratio of 1.02, the character of deformation chan-
ged and from this degree of compression the force gradually
increased with the deformation. The compression ratio (CR) is

Fig. 5 The dependence of the force on the degree of compression for
the tested hydrogels. Representative curves are shown. The differences
between individual samples of one type were negligible.
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Table 1 Elastic modulus of examined materials

Sample Elastic modulus [kPa]
iPOx-PEO 208 + 4
PiPOx-PEO-CA 204 + 4
PiPOx-PEO-BA 212 + 4
PiPOx-PEO/EU 204 + 4

defined here as the ratio of the original thickness of the sample
(H,) to the actual thickness (H). The values of the modulus of
elasticity, characterizing the mechanical properties at small
deformations, are presented in Table 1.

The values of the elasticity modulus of the tested hydrogels
are close to the values reported for hydrogels with good
mechanical properties.’>>® As can be seen, there are no signi-
ficant differences in the modulus between the tested materials.
Fig. 5 shows that the faster increase in the measured force
is observed from the compression ratio 2.4, which resembles
the strain-hardening effect and is associated with limiting
the possibility of further deformation of the network. Finally,
typically at the compression ratio of 2.7, the sample suddenly
breaks. Only the PiPOx-PEO samples, not subjected to addi-
tional modification, achieved a higher compression ratio equal
to approximately 3.0. The forces required to compress the
samples were very small, and their fragmentation occurred at
a force of 6-8 N. The study of the compression behavior of the
materials showed that they retained the structure coherence
(continuity) even with a significant degree of compression. This
means that the tested materials perform well in conditions of
slight deformation, and therefore, for example, they can be
used as external protective means (wound dressing) of the
human body. During the measurements, it was also observed
that the water did not come out of the samples before the
moment of their destruction, which is also a positive factor at
biomedical applications.

To have a deeper insight into the properties of the obtained
materials, we also investigated a stress relaxation of the pre-
pared hydrogels. The relaxation effect is often used to analyze
differences between macromolecular networks, as factors
affecting the relaxation time include chemical crosslinking of
the polymer, physical entanglement of chains and stiffness of
macromolecules.>**® In the performed experiment, after the
sample was compressed to a ratio of 2.3, the compression was
stopped and the force relaxation was measured as a function of
time. Fig. 6 shows how the force F changed with time in relation
to the force F, measured immediately after the compression of
the sample was stopped.

In the first phase, a rapid decrease in force was observed
within the first 20 seconds, and then in the second phase the
changes were much slower. After 300-400 s the relaxation
stabilized and for all tested materials the force decreased
approximately linearly with time. There were differences in
the level of relaxation between samples in the second phase.
The slowest relaxation can be noticed in the non-modified
PiPOx-PEO sample whereas the modified samples relaxed
faster. The differences between them were not large, however
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Fig. 6 Relaxation of force with time after stopping the compression of
samples at CR = 2.3.

the fastest decrease in the stress level occurred in the PiPOx-
PEO-CA sample. By studying hydrogel stress relaxation, it has
been confirmed that tested gels are mainly elastic materials,
due to covalent cross-links.

The rheological investigation provided more information on
the stability of the formed hydrogels. The rheological properties
of the materials were examined in the frequency sweep test and
the results are shown in Fig. 7.

As can be seen from Fig. 8a and b, the loss modules were
much lower than the storage ones, so the curves did not cross
anywhere, for each of the tested hydrogels. This indicates the
stability of the networks during the measurements, without the
effects of the breakdown of chemical bonds. The values of
the storage modules slowly increased with frequency and for
samples (PiPOx-PEO), (PiPOx-PEO-CA), (PiPOx-PEO-BA) appro-
ached the value G’ = 10* Pa at a frequency of 512 rad s~ *. For
comparison, the soft poly(ethylene glycol) based hydrogels
designed for cell culture are characterized by much lower storage
and loss modulus (0.3-3.5 Pa).>® Almost constant values of G’ over

Fig. 7 Rheological properties of materials examined in the frequency
sweep test: (a) storage modulus G, (b) loss modulus G”, and (c) complex
viscosity 7.
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Fig. 8 Bacterial growth around the hydrogel discs (a—d) and under the specimen (al—d1): neat hydrogel (PiPOx—-PEQO), hydrogel containing bounded
cinnamic acid (PiPOx—PEO—-CA), hydrogel containing bounded benzoic acid (PiPOx—PEO-BA), eugenol-loaded hydrogel (PiPOx—PEO/EV), in the agar
diffusion plate test; figures indicate the average diameter of the growth inhibition zone in mm.

awide frequency range are also interpreted as the result of a stable
cross-linked network, and the minimum value at low frequencies
is taken as the equilibrium shear modulus.””*® Sample PiPOx-
PEO/EU with the maximum storage modulus equal to 5.5 10° Pa
demonstrated different rheological properties in comparison to
other analyzed samples. This behavior can be attributed to the
plasticization of the matrix by the presence of free (not attached to
a network) eugenol. Moreover, this influence can also be seen for
other viscosity parameters. For example, the loss modulus for this
sample begins to increase with frequency at the latest, and this
increase, seen from o = 100 rad s, is then the fastest. Fig. 8c also
shows the change in the complex viscosity with frequency. The
relationship for all samples is linear on a logarithmic scale. This
means that the measurement conditions were far from the
termination ones. The results of the rheological studies were
basically consistent with the compression tests and indicated that
the obtained hydrogels showed adequate mechanical strength to
be ensured for their effective use.

Summarizing the results presented in this part of the research,
it can be concluded that applying the addition reaction between
side oxazoline rings in the polymer chain and appropriate
reagents containing carboxylic functions allowed us to obtain
multicomponent networks suitable for practical use as hydrogels.

Microbiological studies

Hydrogels seem to be very attractive carriers of active sub-
stances due to their high surface area to volume ratio and
structural controllability.*>*° To our knowledge the mechanism

This journal is © The Royal Society of Chemistry 2021

of a release of small molecules from the hydrogel has not been
defined and may probably differ according to the compounds
structure. A number of research studies on antibacterial hydro-
gels are focusing on their antimicrobial activity omitting the
mechanistic approach.**®" The release of small molecules
upon acidic hydrolysis of the connecting ester bonds is highly
probable but the rate of the hydrolysis and the antimicrobial
action efficiency may be affected by several factors e.g. a type of
the medium, a microorganism type, a physiological state of
microorganism or mechanism of the resistance likewise the
direct cell-molecule interactions.®>®® Further research will be
necessary to explore the mechanism of the antimicrobial action
of PiPOx-PEO hydrogels loaded with small molecules with
antiseptic activity and herein we present preliminary results
obtained at the first stage of studies.

The assessment of antibacterial activity of the tested hydrogels
was carried out in TSA medium against bacteria considered as
the most common etiological factors in wounds, skin and soft
tissue infections: S. aureus, P. aeruginosa, E. coli, K. pneumoniae,
and E. cloaceae. In the agar diffusion assay, we unexpectedly
found that even the non-modified hydrogel (PiPOx-PEO) inhi-
bited the growth of the tested strains in the direct contact zone
(Fig. 8a and a1). The microbiological activity observed for
hydrogels containing covalently bound cinnamic (PiPOx-PEO-CA)
or benzoic (PiPOx-PEO-BA) acid was comparable to the activity of a
non-modified hydrogel (Fig. 8b, b1 and c, c1). The hydrogel loaded
with eugenol (PiPOx-PEO/EU) expressed the highest antibacterial
activity evidenced by the broad inhibition zones around the
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hydrogel discs ranging from the diameter of 15.0 + 0.5 in
K. pneumoniae and P.aeruginosa cultures to 33.0 £ 0.6 mm in
S. aureus cultures (Fig. 8d and d1). The activity of the PiPOx-PEO/
EU hydrogel against E. coli and E. cloaceae was respectively 31.8 and
25.8% lower compared to its activity against S. aureus (22.5 +
0.4 mm and 24.5 + 0.6 mm inhibition zone diameter). The low
activity of the hydrogel loaded with eugenol against K. prneumoniae
and P. aeruginosa may be attributed to the high drug resistance of
the tested bacterial strains. The differences in antibacterial activity
of the hydrogel loaded with eugenol may be attributed to the
diffusion of this active compound into the medium. Although
according to the PN-EN ISO 20645:2006 standard all the newly
synthetized hydrogels are classified as active against tested bac-
teria, however, one with eugenol expresses the disinfectant effect
beyond the contact zone.

To check the release of active compounds from hydrogels
their antimicrobial activity in the liquid cultures were also
assessed. The obtained results were consistent with those
received in the agar diffusion test. The neat PiPOx-PEO hydro-
gel as well as the ones with cinnamic (PiPOx-PEO-CA) and
benzoic acid (PiPOx-PEO-BA) had no pronounced effect on the
growth dynamics of all the tested bacteria (Fig. 10). Although
statistically significant differences in the bacteria populations
compared to the control culture without hydrogels were found
after 48 h for PiPOx-PEO (S aureus, E. coli) and PiPOx-PEO-BA
(K. pneumonia, E. coli) and PiPOx-Ca (E. coli), they did not
exceed 16.8%. The distinct antibacterial effect was observed
in all growth cultures with eugenol-loaded hydrogel PiPOx-
PEO/EU after 48-hour incubation (Fig. 9), where the bacteria
populations were reduced from 42.3% (K. pneumoniae) to 92.3%
(E. cloackae). This high antibacterial activity of eugenol-loaded
hydrogel PiPOx-PEO/EU in TSB should be attributed to the
release of eugenol from the studied sample.

The release of eugenol from the hydrogel specimen was
evidenced by growth inhibition of the tested bacteria in the
liquid cultures. Eugenol is recognized by its vast biological
activity against a variety of microorganisms. High antimicrobial
activity of this major component of clove essential oil has been
reported against among others antibiotic-resistant S. aureus,
E. coli, Candida albicans, pathogenic E. coli and K. pneumoniae,
and clinical Candida spp. strains.®*"®® The eugenol action is
ascribed to the cell membrane disruption, cytoplasm leakage
and potassium balance disorder, which was proven against
P. aeruginosa, E. coli, and Proteus mirabilis.®”*® Eugenol and its
monomeric derivatives eugenyl methacrylate and ethoxyeu-
genyl methacrylate seem to be the promising compounds for
biologically active copolymeric systems with biomedical appli-
cations since the eugenyl containing copolymer implants
retarded the growth of E. coli and Streptococcus sp.®® Eugenol
may also be considered as the natural phenol serving as the
aromatic building block for the biobased monomer synthesis
with biological activity.”® The antibacterial activity against E. coli
and S. aureus of eugenol-derivative polymer poly(eugenol) was
demonstrated by Prasetya et al.”*

The in vitro release of eugenol from the PiPOx-PEO hydrogel
was analyzed in PBS, at pH = 7.4, at 37 °C. In order to obtain the
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Fig. 9 Dynamics of bacterial growth in the presence of the hydrogel
discs: diamond — neat hydrogel PiPOx-PEO, empty square — cinnamic
acid-bounded hydrogel PiPOx-PEO-CA, triangle - benzoic acid-
bounded hydrogel PiPOx—PEO-BA, asterisk — eugenol-loaded hydrogel
PiPOx—PEO/EU, black square — control cultures without hydrogel discs; *
indicates a statistically significant difference at the 5% level between the
culture with hydrogel and the control culture.

drug release profile, the results expressed as cumulative release
were plotted versus time (Fig. 10). From the obtained curve it is
evident that the steady leaching of a biologically active com-
pound from the network occurs for 70 hours. The obtained
results showed that after 10 hours approximately 80% of
eugenol was released from the gel. It may be assumed that at
the first stage, the fast effect is caused by the diffusion of
eugenol molecules from the surface of the hydrogel disc, and
the slower release occurs from deeper parts of the hydrogel.
Based on the presented results, we can conclude that the
binding of cinnamic and benzoic acids in the hydrogel struc-
ture did not affect considerably the antibacterial properties
of the neat PiPOx-PEO hydrogel. The PiPOx-PEO and both
cinnamic and benzoic acid-containing hydrogels expressed the
antibacterial action in the contact zone. However, the literature
data show both cinnamic and benzoic acids to be active against
Klebsiella pneumoniae and multidrug-resistant Escherichia coli.*’
Cinnamic acid has been also demonstrated to inhibit the growth
of Staphylococcus aureus, Enterobacter aerogenes, andida albicans,
Alicyclobacillus acidoterrestris, Bacillus subtilis, and Aspergillus
niger.*””’* Cinnamic and benzoic acids cause bacterial membrane
perturbation or rupture, which results in nucleic acid and protein
leakage leading to cell inactivation and death.®>”> Benzoic acid is
allowed to be used as a chemical preservative in cosmetic, drug
and food industries. Previously, benzoic acid functional groups
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Fig. 10 Cumulative release of eugenol from the hydrogel.

were successfully incorporated into monomers, providing a mate-
rial with antibacterial activity against S. aureus and P. aeruginosa.*®
Also, the use of cinnamic acid resulted in shape-memory poly-
urethane foams with antimicrobial properties against E. coli and
S. epidermidis.”* In our study no differences in the antibacterial
activity of the neat hydrogel PiPOx and the hydrogels with
cinnamic (PiPOx-PEO-CA) and benzoic acids (PiPOx-PEO-BA)
in the liquid cultures may be presumably driven by the lack of
acid diffusion from the hydrogels. It should be noted that the
strongest antimicrobial activity of benzoic acid was observed at
pH 2.5-4.0.”* Therefore, it cannot be ruled out that the acidity of
TSA and TSB media (close to neutral) used in the experiments may
result in the loss of the antibacterial effect of benzoic acid, as
observed by Kratky.®' Having this in mind, we plan in the future
to carry out much more systematic studies to determine the
suitable conditions for the enhanced microbiological activity of
the obtained networks. As the current research was designed to
evaluate network properties at neutral pH the subject of separate
studies will include antimicrobial efficiency at lower pH.

Taken together the results presented here imply that the
investigated hydrogels, containing crosslinked PiPOx and PEO,
as well as, additionally covalently bounded cinnamic (PiPOx-
PEO-CA) or benzoic (PiPOx-PEO-BA) acids, may be potentially
applied on surfaces requiring the deactivation of bacteria on
the contact zone. Thus, regarding the observed antimicrobial
activity at the defined surface, these gels may be used as a top
wound dressing. The eugenol-loaded hydrogel can be applied
as an effective carrier for in vivo applications when leaching of
the active compound is essential.

Conclusions

In conclusion, we described the synthesis and evaluation of
the antimicrobial properties of multicomponent networks
prepared from poly(2-isopropenyl-2-oxazoline), poly(ethylene
oxide), cinnamic acid, benzoic acid, or eugenol. The efficient
crosslinking of these selected biocompatible and hydrophilic
polymers was demonstrated in a reactive system that was free from
toxic catalysts and by-products, for the first time. The resulting
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hydrogels obtained in the one-step synthesis showed suitable
mechanical properties that allowed easy handling and practical
application. Independently of the network composition the studied
hydrogels present an antimicrobial effect in the direct contact zone.
Additionally, the eugenol-loaded hydrogel expressed a broader
bacteriostatic effect inhibiting microorganism growth beyond the
contact zone. The resulting hydrogels may be of great interest as
antimicrobial materials that can be used in wound healing and
infection prevention dressings.
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Figure 1S. GPC, *H NMR and *3C NMR spectrum of PiPOx



Figure 2S.'H NMR of di-carboxyl poly(ethylene oxide) (HOOC-PEO-COOH)



Figure 3S. SEM micrographs of the dried networks surface.



Figure 4S. Calibration curve
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PiPOx-PEO/EuU 515 18 75 69.5 90
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To promote facile and efficient synthesis of segmented covalent networks, we developed a cross-linking
process with reactive polymeric components in a system without catalysts or side products. To achieve
the direct formation of amphiphilic networks, an addition reaction was performed between the
polyesters containing carboxyl terminal groups with pendant groups distributed along poly(2-
isopropenyl-2-oxazoline) chains. Covalent cross-linking was achieved from predetermined amounts of
components dissolved in DMSO at 140 °C. To tune the properties of the resulting networks, the
composition and length of the polyester segments and the degree of cross-linking were changed in the
feed. The chemical structure of the networks was characterized using Fourier transform infrared-
attenuated total reflection spectroscopy and *C magic-angle spinning NMR. The swelling ability of the

Received 20th July 2023, formed networks was investigated in aqueous and organic media. Moreover, mechanical properties were

Accepted 27th August 2023 tested during uniaxial compression. The cytocompatibility of the scaffolds was confirmed by MTT assay.
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Introduction

Owing to their three-dimensional structure and specific proper-
ties resulting from this architecture, polymer networks are an
essential class of materials in polymer chemistry.* As a
result of crosslinking, this kind of three-dimensional polymer
is insoluble in all solvents; however, depending on the
composition, the polymer can absorb various amounts of
compatible solvent, maintaining a stable shape in the swollen
state. Thus, networks composed of hydrophilic building blocks
can hold large quantities of water, forming hydrogels.®
To construct hydrogels, water-soluble polymers are used, such
as poly(ethylene glycol), poly(acrylic acid), poly(vinyl alcohol),
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Sienkiewicza 112, 90-363 Lodz, Poland. E-mail: malgorzata. basko@cbmm.lodz.pl

b Department of Immunology and Infectious Biology, Faculty of Biology and
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This journal is © The Royal Society of Chemistry 2023

promising for potential biomedical applications.

poly(vinylpyrrolidone), poly(acrylamide), poly(2-oxazoline), and
some selected polysaccharides.® Hydrogels, or water-swollen
polymer networks, are of particular interest in biomedical fields
and are applied, for example, as wound dressings and drug
delivery systems.”® Two-component networks comprising
covalently joined hydrophilic and hydrophobic segments show
a unique capacity for swelling in aqueous and organic
media.”'® The properties of these amphiphilic networks can
be broadly modulated in the desired direction by properly
selecting building blocks."'* To introduce hydrophobic seg-
ments into the network, polybutadiene, polyisobutylene, poly-
dimethylsiloxane or poly(tetrahydrofuran) may be used as
building blocks."®™® In addition, polyesters can be applied as
hydrophobic components with controllable degradation due to
hydrolysable linkages in the backbone."*>* Recently, biodegradable
and biocompatible networks that may undergo chain-cleavage
reactions in specific environments have played a growing role in
the design of materials for tissue engineering.*® It has already been
demonstrated that these exceptional materials can be used in a
wide range of applications, such as drug delivery systems, tissue
scaffolds, and degradable implants for fracture fixation.>*>*
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To obtain amphiphilic networks containing polyester
blocks, different synthetic routes may be used. Typically, ran-
domly crosslinked networks are obtained in the radical copo-
lymerization of telechelic macromonomers containing suitable
functional groups in selected comonomers."”>*® In this
approach, it is often necessary to functionalize the polyester
chain with acryloyl or methacryloyl chloride.>””>° However,
these chemicals are toxic and require special safety conditions,
complicating laboratory work.’® Additionally, networks pre-
pared by radical processes may contain significant levels of
residual reagents or catalysts so these materials must be care-
fully purified before the planned biomedical use. Another
group of methods is based on the covalent end-linking of
building blocks that involve the coupling of polymers fitted
with complementary reactive end groups.’’?* In this case,
using end-functionalized polymer-A as a crosslinker for
polymer-B leads to two-component networks with a topology
that can be altered by varying the crosslinker length and
crosslink density. When looking for methods to introduce
polyesters into cross-linked structures, one should strive to
simplify the preparation process. This is especially important
for intended medical applications in which undesirable resi-
dual compounds must be eliminated.

In this context, extraordinary opportunities offer reactive
polymers containing functional groups that can be used to
construct more complex structures, including polymer net-
works. Recently, poly(2-isopropenyl-2-oxazoline) (PiPOx) has
attracted growing interest as a reactive, hydrophilic polymer
that enables efficient structural transformations and the crea-
tion of polymeric materials with tuned properties.>* > In some
applications, PiPOx can potentially replace the typical hydro-
philic polymers; this is vital because the frequency of observed
allergic reactions against classical PEG is increasing, as high-
lighted in reports.”® The unique advantages of PiPOx result
from the presence of reactive side groups distributed along the
main chain, which enables a highly effective addition reaction
with reagents containing carboxyl groups.’** In addition to
mono-functional compounds, di-carboxyl acids have been used
to prepare covalently cross-linked PiPOx with short carbohy-
drate fragments.** Recently, in our research group, we demon-
strated the efficient crosslinking of PiPOx by a hydrophilic
polymer (dicarboxyl-terminated poly(ethylene oxide) with a
moderate molar mass (M, = 500 g mol ').** On this basis, in
further research, we would like to investigate the potential of
other polymers with carboxyl end groups for designing net-
works from carefully selected building blocks in a system
without catalysts or side products.

In the present work, we have extended our approach to novel
networks that contain covalently bonded polyesters on PiPOx. It
was anticipated that by combining two structurally different
polymers, a new generation of amphiphilic segmented polymer
networks would be prepared in which shorter hydrophobic and
degradable (polyester) chains are grafted with both chain ends
to much longer hydrophilic polymer chains (PiPOx). To the best
of our knowledge, this kind of amphiphilic network with PiPOx
as the hydrophilic component has not yet been reported. To
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uncover a relationship between the chemical structure of the
networks and their final properties, the nature of the ester
repeating unit, the ratio of the carboxyl group to oxazoline rings,
and the molar mass of polyester cross-linker were changed in the
reactive mixture. The network characterization was accomplished
by FTIR-ATR and '*C Magic-Angle Spinning (MAS) NMR. The
thermal and mechanical properties of the networks were investi-
gated in addition to swelling properties. Finally, the cytocompat-
ibility of the networks was confirmed by MTT assay.

Experimental part

Materials

1-Lactide (LA) was purchased from Purac (99%, Netherlands),
recrystallized from dry ethyl acetate, subsequently sublimated
and stored under vacuum. 2-Isopropenyl-2-oxazoline (iPOx,
98%, Merck) was distilled under reduced pressure directly
before use. Azobisisobutyronitrile (AIBN) was purchased from
Merck, recrystallized from ethyl alcohol (40 °C), dried under
vacuum and stored at 4 °C. Hexane-1,6-diol (97%), trifluoro-
methanesulfonic acid (99%), 1,4-diazabicyclo[2.2.2]octane
(DABCO, 99%), and succinic anhydride (99%) were purchased
from Merck (99%) and used without further purification.
Dimethyl sulfoxide, dichloromethane, chloroform, diethyl
ether, ethyl alcohol, and hexane were purchased from POCH
and used as received. For the biological assay, the L-929 (CCL-1™)
cell line of mouse fibroblasts (ATCC, Manassas, VA, USA), Roswell
Park Memorial Institute (RPMI)-1640 medium (HyClone, Cytiva,
MA, USA), foetal bovine serum (FBS) (HyClone), penicillin, strep-
tomycin, trypsin-EDTA solution (Gibco, Waltham, MA, USA)
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were used.

Synthesis of PiPOx

The homopolymer of iPOx was synthesized according to a pre-
viously published paper.** Briefly, 50 mg of AIBN was placed in a
round bottom flask into which 10 mL of iPOX was directly distilled
under vacuum. After that, the flask was filled with argon and placed
into an oil bath at 60 °C for 24 h. Then, the polymer was dissolved
in chloroform, precipitated to cold diethyl ether, and dried under
vacuum until a constant weight was reached. Yield = 74%.

Molar mass determined by SEC with MALLS detector M,, =
140 000 g mol ', M,,/M,, = 1.75 (d,/d. = 0.1320 mL g ') (Fig. S1A
in the ESIt). T, = 171.43 °C.

'H NMR (400 MHz, CDCl;), § (ppm) = 4.16 (2H, s, ~O-CH,~
CH,-N=), 3.76 (2H, s, -O-CH,-CH,-N—=), 2.3-1.65 (2H, ~CH,-,
overlapping, main chain), 1.52-0.95 (3H, overlapping, CH;-),
(Fig. S1B in ESI%).

13C NMR (400 MHz, CDCl,), 6 (ppm) = 172.55 (1C, -N—C-0),
66.67 (1C, -O-CH,-CH,-N=), 53.95 (1C, -O-CH,~CH,-N=),
52.32 (1C, -C(CH3)-), 39.72 (1C, -CH,, main chain), 19.65 and
17.75 (1C, CH;-), (Fig. S1C in ESIY).

3C NMR CP MAS (400 MHz), § (ppm) = 172.79 (1C, s, -C=0),
67.39 (1C, s, -O-CH,~CH,-N—), 55.03 (1C, s, -O-CH,~CH,-N—),
40.53 (1C, s, -C(CH3)-), 28.91-10.74 (1C, main chain) (Fig. 3).

This journal is © The Royal Society of Chemistry 2023
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One-pot synthesis of the dicarboxyl polyesters: HOOC-
polyester-COOH

Polylactide or polycaprolactone fitted with carboxyl end-groups
(HOOC-PLA-COOH or HOOC-PCL-COOH) were prepared by the
modification of the di-hydroxyl terminated homopolymers with
succinic anhydride in reaction catalysed by DABCO, according
to the method detailed elsewhere.** Briefly, for PLA synthesis:
5 g of LA (0.0347 mol), 0.1967 g of hexane-1,6-diol (0.0017 mol),
and 10 mL of distilled methylene chloride were placed in a
Schlenk flask. After the dissolution of LA, 0.5 g (0.0033 mol) of
trifluoromethanesulfonic acid was added via silicon septum.
The polymerization was carried out until the conversion of LA
reached 97% (checked by "H NMR). Then, without polymer
isolation, 0.74 g of DABCO (0.0066 mol) and 0.66 g of succinic
acid (0.006 mol) were introduced to the reaction mixture. The
polymer was precipitated into diethyl ether after complete
conversion of the hydroxyl end groups to carboxyl groups was
achieved. Yield = 78%.

'H NMR (400 MHz, CDCl3), 6 (ppm): = 5.18 (H s, -O—(CH;)-
CH-C(0)-0-), 3.14 (2H, m, -O-CH,-CH,-), 2.73 (4H, m, -O-
(0)C-CH,-CH,-C(0)-OH), 1.71-1.48 (3H, -CH;-, overlapping,
main chain) for HOOC-PLA-COOH, (Fig. S2B in ESIY).

3C NMR (400 MHz, CDCl;), 6 (ppm) = 177.09 (1C, s, HO-(O)C-
CH,-CH,-C(0)-0-), 170.52 (1C, s, HO~(0)C-CH,-CH,-C(0)-0O-),
170.00 (1C, s, -O-CH(CH,)-C(0)-0-), 69.41 (1C, s, -O-CH(CH;)-
C(0)-0-), 65.74 (1C, s, -O-CH,-CH,-CH,-CH,~CH,~CH,-O-),
28.73 (1C, s, -O-CH,-CH,~CH,-CH,~CH,-CH,-O-), 25.73
(1C, s, -0-CH,~CH,-CH,-CH,~CH,-CH,-0-), 17.04 (1C, s, -O-
CH(CH;)-C(0)-0-) for HOOC-PLA-COOH, (Fig. S4B in ESI¥).

3C NMR CP MAS (400 MHz), § (ppm): = 170.16 (1C, s, -O-
(CH,;)CH-C(0)-0-), 67.98 (1C, s, -O-(CH;)CH-C(0)-0-), 16.18
(1C, s, -O—(CH;)CH-C(0)-0-) for HOOC-PLA-COOH, (Fig. 3A)

'H NMR (400 MHz, CDCl;), 6 (ppm) = 4.09 (2H, t, -O-CH,-
CH,-), 2.65 (4H, m, -O-(0)C-CH,-CH,-C(0)-OH), 2.33 (2H, t,
-CH,-CH,-C(0)-0-), 1.66 (2H, m, -CH,-CH,~CH,-CH,~CH,-),
1.40 (2H, m, -CH,-CH,~CH,~CH,-CH,-) for HOOC-PCL-
COOH, (Fig. S3B in ESIf).

3C NMR (400 MHz, CDCl,), § (ppm) = 175.30 (1C, s, HO-(O)C~
CH,-CH,-C(0)-0-), 173.63 (1C, s, ~O-CH,~CH,~CH,~CH,~CH,-
C(0)-0-), 172.26 (1C, s, HO~(0)C-CH,-CH,-C(0)-0-), 64.14 (1C,
s, ~O-CH,~CH,-CH,-CH,-CH,-C(0)-0-), 34.11 (1C, s, -O-CH,~
CH,-CH,~CH,-CH,-C(0)-0-), 29.07 (1C, s, HO-(O)C-CH,~CH,-
C(0)-0-), 2852 (1C, s, —O-CH,~CH,~CH,~CH,~CH,~CH,-O-),
28.33 (1C, s, -O-CH,-CH,-CH,-CH,~CH,-C(0)-0-), 25.52 (1C, s,
-O-CH,~CH,-CH,~CH,~CH,-C(0)-0-), 24.57 (1C, s, -O-CH,~CH,-
CH,-CH,~CH,-C(0)-0-) for HOOC-PCL-COOH, (Fig. S4A in ESIY).

3C NMR CP MAS (400 MHz), § (ppm) = 172.49 (1C, s,
-CH,-CH,-C(0)-0-), 64.28 (1C, s, -CH,~CH,-C(0)-0-), 26.85
(4C, m, -O-CH,-CH,-CH,-CH,-CH,-C(0)-O-, overlapping,
main chain) for HOOC-PCL-COOH, (Fig. 3B)

Synthesis of the PLA-I-PiPOx and PCL-I-PiPOx segmented
networks

The networks were synthetized following the previous proce-
dures reported by our group.** To obtain the PLA-I-PiPOx
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network, 100 mg of PiPOx and 27 mg of HOO-PLA;3,,-COOH
were dissolved in 1.0 mL of DMSO in a glass vial after 1 h of
stirring. After complete dissolution of the components, the
mixture was placed into an oven at 140 °C for 65 min.

3C NMR CP MAS (400 MHz), § (ppm) = 170.99 (1C, s, -C(O)-),
69.29 (1C, s, -O-(CH;)CH-C(0)-0-), 55.08 (1C, s, -O-CH,~CH,~
N=), 40.60 (1C, -(C)CH3-), 29.00 (1C, s, CH,-, PiPOx main
chain), 17.02 (1C, s, CH,~, PLA main chain) for PLA--PiPOx,
(Fig. 3A).

3C NMR CP MAS (400 MHz), § (ppm) = 173.27 (1C, s, -C(0)-),
67.50 (1C, s, -O-CH,~CH,-N—), 64.43 (1C, s, -CH,~CH,-C(0)-0-),
55.02 (1C, s, -C(CH,)-), 40.61 (1C, -CH,, main chain), 34.37 (1C, s,
-CH,-CH,-C(0)-0-), 29.14 (2C, s, -O-CH,~-CH,-CH,-CH,-CH,~-
C(0)-0-), 25.23 (1C, s, -O-CH,-CH,-CH,~CH,~CH,-C(0)-O-),
18.08 (1C, s, CH;-, PiPOx main chain) for PCL--PiPOx, (Fig. 3B).

Characterization

The average molar masses and molecular weight distribution of
the polyesters were determined by obtaining LS measurements
using a size-exclusion chromatography (SEC) system compris-
ing an Agilent Pump 1100 Series (preceded by an Agilent
G1379A Degasser), equipped with a set of two PLGel 5m
MIXED-C columns. A Wyatt Optilab Rex differential refracto-
meter and a Dawn Eos8 (Wyatt Technology Corporation) laser
photometer were used as detectors. Dichloromethane was used
as the eluent at a flow rate of 0.8 mL min~" at room tempera-
ture. The system was calibrated according to polystyrene stan-
dards. PiPOx samples were analysed in water at 26 °C by an SEC
setup consisting of three TSK-GEL columns (G5000 PWXL +
3000 PWXL + 2500 PWXL; 7.8 x 300 mm; Bioscience) with an
Agilent pump and a triple detector system (Viscotek Dual
Detector Refractometer/Viscometer Model 350 and Viscotek
270 Dual Detector). Poly(ethylene oxide) standards (Polymer
Laboratories, USA) were used to determine polymer molar
masses.

Fourier transform infrared spectroscopy spectra were
recorded on a Nicolet 6700 spectrometer equipped with a
deuterated triglycine sulfate (DGTS) detector. Attenuated total
reflectance was used for IR measurements. The spectra were
obtained by adding 128 scans at a 2 cm™ " resolution. The solid-
state ">C CP MAS and "H NMR experiments were performed on
a BRUKER Avance III 400 spectrometer operating at 400 MHz
for *C and 'H equipped with a MAS probe head using 4 mm
ZrQO, rotors.

A DSC Q-20 (Thermal Analysis) apparatus was used to
conduct nonisothermal tests on samples with weights of
8-9 mg. For the test of PLA-[-PiPOx networks, the sample was
heated to 210 °C at a rate of 10 °C min~?, cooled to 20 °C at the
same rate, and then heated to 210 °C. The PCL-/-PiPOx sample
was heated from —100 °C to 210 °C at a rate of 10 °C min %,
cooled to —100 °C at the same rate, and then heated a second
time to 210 °C.

Thermogravimetric analysis (TGA) was performed under
nitrogen flow by heating the samples from ambient tempera-
ture to 500 °C at a heating rate of 20 °C min~" on a Hi-Res TGA
2950 thermogravimetric analyser (TA Instruments). The
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measurements were conducted by placing polymer samples
(5 mg) in a measuring cell.

Swelling measurement

The swelling behaviour of the synthesized networks was deter-
mined by placing weighed dry polymer network disks (Wy) into a
given solvent and equilibrating for 24 hours until the weight of the
swollen networks reached a constant value. The samples were then
gently dried with paper tissue to remove any remaining solvent
from the surface and weighed (W;). The equilibrium swelling
degree (ESD) was calculated using the following equation:

W% - Wd
ESD={—n— 100
( Wa > )

The experiments were performed in duplicate, and the
average value measurements were reported.

Mechanical properties

The mechanical properties of the hydrogels were examined during
uniaxial compression using an Instron 5582 Model tensile machine.
The tests were carried out at 7= 25 °C on selected networks (PLAzqoo-
[-PiPOx-4 and PCLAzy--PiPOx-4) in the swollen state. The samples
for the compression test had a diameter of 16 mm (PCL--PiPOx) or
14 mm (PLA--PiPOx) and a thickness of 7 mm. The deformation rate
was 0.7 mm min " (ie., 10% of initial thickness). In the experiment,
the force and displacement were measured, from which the stress
and compression ratio were calculated. The initial sample area was
used in stress calculations. The compression ratio was defined as the
ratio of the initial thickness to the actual thickness. 3 samples of
each material were measured.

In vitro cytobiocompatibility

The hydrogels were subjected to cytotoxicity tests using a
standard direct contact cytotoxicity assay with 1929 fibroblasts
(CCL-1™) according to ISO10993-5:2009 (Biological evaluation
of medical devices-Part 5: Tests for in vitro cytotoxicity). Briefly,
1929 cells at 80% confluency were detached with 0.25% trypsin
solution, diluted to a density of 2 x 10> mL in culture medium
and transferred into 96-well plates (Nunclon Delta Surface,
Nunc, Rochester, NY, USA) in a volume of 100 pL per well.
After 24 h of incubation at 37 °C in a humidified incubator with
5% CO,, the culture medium was replaced with fresh medium,
and fragments of hydrogels (diameter did not exceed 1/10 of the
well area surface) were seeded onto the cells. Cells incubated in
culture medium only served as a positive control for viability
(PC), whereas cells treated with 0.03% H,O, served as a
negative control - cell lysis (NC). To assess cell viability, after
24 h of incubation with fragments of hydrogels, 10 pL of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
at a concentration of 5 mg mL ™" was added to each well. After
4 h of incubation, the plates were centrifuged (1200 rpm,
10 min), the supernatants were replaced with 200 pL of DMSO
per well to dissolve the formazan crystals, and the absorbance
was measured at a wavelength of 570 nm using a Multiskan EX
microplate reader (Thermo Scientific, Waltham, MA, USA).
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Results and discussion
Preparation of the telechelic dicarboxylic polyesters

As described in the introduction, the aim of the research was
to prepare segmented networks by directly coupling polyesters
containing carboxyl terminal groups with pendant groups dis-
tributed along poly(2-isopropenyl-2-oxazoline) chains. To
obtain polymer networks with the defined length of polyester
segments between the crosslinks, these macromolecular cross-
linkers must exhibit controllable dispersity, functionality and
molar masses. For this purpose, in the first stage of our
research, linear polyesters with different molar masses were
obtained in the cationic ring-opening polymerization of lactide
or caprolactone, employing conditions that were previously
shown to provide well-defined products.*® Next, synthesized
homopolymers terminated with hydroxyl groups were modified
into the corresponding reactive crosslinkers fitted with carboxyl
end-groups by esterification reaction with succinic anhydride.*”
The intended modification was achieved in a “one-pot” system
without the need to isolate the polymeric diols. The molar
masses of the prepared telechelic polyesters were measured by
SEC and calculated from their "H NMR spectra. Data concern-
ing the dicarboxyl polyesters are presented in the ESL.{ The
degree of functionalization (F) was determined from normal-
ized "H NMR spectra considering the integral ratio of the
signals of protons of the end groups and the protons of
the main chain (Fig. S2 and S3 in ESIf). Table 1 presents the
characteristic parameters of the di-carboxyl polyesters that were
prepared.

After hydroxyl end-group modification was performed, a
series of well-defined polyesters terminated with carboxyl
end-groups (HOOC-PLA-COOH or HOOC-PCL-COOH) were
easily prepared (Fig. S5 in ESIT). The synthesized macromole-
cular crosslinkers with different molar masses displayed rela-
tively narrow dispersity (P ~ 1.3). The degree of function-
alization determined was close to 95%, demonstrating that
almost each terminal hydroxyl group was derivatized with the
necessary carboxyl end-group. The obtained reactive polyester
blocks differ in terms of the repeating unit structure, melting
and glass transition temperatures. Thus, these four types of
macrocrosslinkers (Table 1), which are capable of reacting with
oxazoline rings, have been used in synthesizing covalent,
amphiphilic networks to evaluate crosslinking capacity with
respect to the length of the polyester block.

Synthesis of PLA-I-PiPOx and PCL-I-PiPOx segmented net-
works. With the goal of obtaining crosslinked structures,
dicarboxyl polyesters were applied as coupling agents for PiPOx
chains. As depicted in Scheme 1, when part of the 2-oxazoline
rings reacts with carboxyl groups, an amphiphilic network
consisting of hydrophobic polyester and hydrophilic PiPOx
segments with ester-amide crosslinks was formed.

The coupling reaction between polyester carboxyl end
groups and oxazoline rings was performed at 140 °C after
simple mixing of the components with a solvent. The reaction
temperature was chosen according to our previous studies
regarding the most efficient ring-opening addition reaction

This journal is © The Royal Society of Chemistry 2023
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Table 1 Nomenclature, molar mass (M,,), dispersity (D), degree of functionalization, T, T4 of the polyesters used for network synthesis

Ml'l
Sample SEC® (Mj, corr)” NMR® o Degree of functionalization? (%) Tm [°C] Ty [°C]
HOOC-PLA;(0o-COOH 6300 (3600) 3100 1.3 94 130 39
HOOC-PLAg(0,-COOH 12200 (7000) 5500 1.3 95 152 49
HOOC-PCL;00-COOH 5900 (3300) 3200 1.3 93 47 —55
HOOC-PCLg(0-COOH 10000 (5600) 5500 1.4 98 51 —58

@ Measured with SEC, (CH,Cl, as eluent, calibration on polystyrene standards). * The M, values after correction with coefficients determined as
reported previously: 0.56 for PCL and 0.58 for PLA.*® ¢ Calculated with "H NMR spectra from the ratio of the integral of the signals at 5.15 ppm (-O-
(0)C—(CH3)CH-0O-) and 2.73 ppm (-O-(0)C-CH,-CH,-C(0)-OH) for PLA and 4.06 ppm (-(0)C—(CH,),—~CH,-O- and 2.65 ppm (-O-(0)C-CH,-CH,—
C(0)-OH) for PCL. ? Calculated with 'H NMR normalized spectra from the ratio of the integral of the signals at 5.15 ppm (-O-(0)C~(CH;)CH-0-)

and 4.35 ppm (-O—(0O)C—~(CH3)CH-OH) for PLA and 4.06 ppm (-(0)C—(CH,),~CH,-O- and 3.65 ppm (-(0)C—-(CH,),~CH,-OH) for PCL.

Scheme 1 Schematic representation of the network formation obtained by coupling PiPOx with dicarboxylic polyesters.

Table 2 Synthesis of PLA-(-PiPOx and PCL-(-PiPOx segmented networks

Reactive mixture

Network code [-COOH]/[iPOx] x 100 [%]

Ester content® [mol%]

Time® [min.] Insoluble fraction [%]

PLA3000-I-PiPOX-2 2 17
PLA;000--PiPOx-4 4 29
PLA3000-I-PiPOX-15 15 61
PLAgo00-I-PiPOX-2 2 29
PLAg000-I-PiPOX-4 4 46
PLAgo00-I-PiPOX-15 15 76
PCL3000-I-PiPOX-2 2 21
PCL;000-I-PiPOX-4 4 34
PCLsg00--PiPOX-15 15 66
PCLgo00-l-PiPOX-2 2 34
PCLe0oo-I-PiPOX-4 4 51
PCLegoo-I-PiPOX-15 15 80

65 95
75 94
130 92
105 93
120 91
130 85
65 95
75 93
150 91
105 93
120 90
150 85

Conditions: polymer concentration = 10 wt%, DMSO as a solvent, 140 °C. @ Ester content calculated from the reactive mixture composition. ” The

reaction time was optimised based on screening experiments.

between a macromolecular crosslinker based on HOOC-PEO-
COOH with PiPOx.** To vary the chain length between two
crosslinking points and the ester content in the network,
telechelic HOOC-PLA-COOH or HOOC-PCL-COOH with differ-
ent molar masses (M,, = 3000 g mol " and 6000 g mol ") were
used as macrocrosslinkers. Additionally, the ratio of the car-
boxyl groups to oxazoline rings was varied ([-COOH]/[iPOx] = 2,
4, 15%) to change the degree of crosslinking. The target degree
of oxazoline ring opening did not exceed 15 mol% to ensure

This journal is © The Royal Society of Chemistry 2023

that the obtained networks exhibited adequate hydrophilicity
(swelling in water). The network codes and synthesis para-
meters are listed in Table 2.

For clarity, in the following text for a network code, we
adopted the common PolyA-/-PolyB conetwork nomenclature,
where “I” stands for “linked by’ as proposed in earlier
papers.*>®® Additionally, we included information about the
percent of opened oxazoline rings and the molar mass of the
crosslinker. Thus, code “PLAj3yy-l-PiPOx-2” determines networks
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formed by using HOOC-PLA-COOH with M, = 3000 g mol "
as a crosslinker for PiPOx with theoretically 2% opened
oxazoline rings.

The addition reaction between dicarboxylic polyesters and
PiPOx was investigated at various [COOH]: [iPOx] molar ratios
by applying DMSO as a common solvent for both polymers,
keeping the polymer concentration at 10 wt%. We observed
that under the conditions used, for each composition of the
starting mixture, networks with a stable shape were obtained
after a proper reaction time was selected. This parameter was
determined after screening experiments, taking into account
the effect of the reaction time on the cross-linking efficiency
and visual appearance of the network. Very often, extending the
time of crosslinking led to the formation of yellowness on the
top of the samples without increasing the content of the gel
fraction.

In the next step, the obtained products were characterized in
terms of the insoluble fraction content, which was determined
gravimetrically. As shown in Table 2, the content of an inso-
luble fraction depended on the composition of the reactive
mixture and on average was higher than 90%. The highest
content of the gel fraction (~95%) was found in the case of
polyesters with M, = 3 000 g mol " applied for PiPOx cross-
linking with the assumed degree of oxazoline ring opening
~2% and 4%. By increasing the molar mass of crosslinkers to
6 000 g mol ' and increasing the degree of oxazoline ring
opening to 15%, the content of the insoluble fraction decreased
to 85%. The content of the unreacted components might have
increased due to the decrease in the proportion of reactive end
groups in the reaction mixture and their lower reactivity which
influences the efficiency of network formation. The observed
gradual decrease of gel fraction with increasing molar mass of
polyesters may be also caused by the higher viscosity of the
reaction mixture and the lower availability of the reactive end-
groups in the reactive systems due to partially hiding the chain
ends inside the polymer random coils.

The soluble fraction was also analysed in "H NMR spectra to
identify reagents that did not contribute to network formation.
Typically, in the spectra, signals from unreacted polyester
(Fig. S6 in ESIT) were observed.

As presented in Fig. S7 in ESI,{ at room temperature in a
swollen state, the as-prepared networks were flexible and
maintained their shape. The obtained materials could be easily
transferred and manipulated without damage. After drying and
reswelling, the networks easily returned to their original form.
It should be emphasized that the investigated method, based
on the addition reaction between the polyesters containing
carboxyl end-groups with pendant groups distributed along
poly(2-isopropenyl-2-oxazoline) chains, enabled high-yielding
polymer network synthesis and did not require special precau-
tions to exclude moisture or oxygen. In addition, because
efficient cross-linking was achieved without the addition of
any catalysts and without the formation of byproducts, the
presented synthetic approach simplifies the practical aspects of
material preparation, which can be important in industrial
production. Notably, PLA-I-PiPOx and PCL-/-PiPOx networks
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Fig. 1 PLA-[-PiPOx and PCL-(-PiPOx networks were freely moulded into
the desired size using a simple crosslinking procedure.

may be freely moulded into the desired size with the preserva-
tion of stable shape and dimensions (Fig. 1).

Importantly, networks with the required structure were
obtained by coupling dicarboxylic polyesters and PiPOx after a
relatively short time in a system that is easily scalable. Thus, the
proposed strategy enables a quick and convenient synthesis that
is not readily available in other reaction systems. This method is
very flexible for tuning the properties of these amphiphilic net-
works, as the length of the hydrophobic polyester chains can be
predetermined in a very large range because their synthesis and
post-modification is a well-controlled process.

It may be assumed that by the coupling of two different
polymer chains, the formed network exhibits a structure in
which polyester segments at both ends are grafted to a poly(2-
isopropenyl-2-oxazoline) chains by intermolecular reaction,
with the formation of ester-amide bonds. The mechanism for
the addition reaction that proceeds with oxazoline ring-opening
(presented in Fig. S7 in ESIt) has been explained earlier for low
molecular compounds containing a single carboxyl group, and
later for di-carboxylic reagents enabling crosslinking.*'~**>" Typi-
cally, this kind of process yields networks with randomly distrib-
uted junction points.”> However, it cannot be excluded that
obtained structures show topological defects, such as dangling
ends, cyclic defects (loops), and heterogeneity in cross-link
density.>

To confirm the presence of the characteristic building units
in the networks, the extracted and dried samples were studied
by ATR FT-IR (Fig. 2).

In the networks, the signal corresponding to the carbonyl
stretching vibration of the ester can be found at 1750 cm™*
(vc—o), whereas signals of the oxazoline ring are observed at
1651 cm™ ' (-C=N- stretching) and 1121 cm™ " (C-O stretch-
ing). The newly generated amide -C(—O)NH- band may be
observed as a small individual peak at 1520 cm ™" (vc_y). For the
studied samples, the intensity of signals from the individual
building units strongly depended on the composition of the
initial mixture. Thus, FTIR data indicated efficient network
formation from the selected reactive blocks.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 ATR FT-IR spectra of networks obtained from PiPOx using HOOC-
PLA3000-COOH and HOOC-PCLz000-COOH as crosslinkers (the assumed
degree of iPOx crosslinking is equal to 4% and 15%).

Additionally, the CP MAS NMR spectra collected for the
obtained networks enabled the identification of signals origi-
nating from the PiPOx chain and polyester crosslinkers (Fig. 3).
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Therefore, the CP MAS analysis additionally confirmed that
networks containing a differentiated proportion of hydrophilic
and hydrophobic segments were successfully attained. The
content of ester units in the final network can be largely
controlled by the composition of the starting reaction mixture
as the coupling reaction of dicarboxylic polyesters with the
PiPOx chain proceeds with good efficiency (shown in Table 2). It
should be noted that in the studied system, reactive polyesters
differing in the structure of the repeating unit, chain flexibility
and hydrophilicity were used as crosslinkers. Consequently, the
nature of polyester segment/block and the distance between the
two cross-linking points can be varied over wide ranges. As a
result, segmented networks with a very diverse chemical com-
position and topology may be synthetized.

Thermogravimetric analysis

The thermal stability of the obtained materials was evaluated
by performing thermogravimetric analysis on dried samples. A
comparison between the TGA thermograms of the resulting
networks and starting reactive blocks is shown in Fig. 4.

The thermal stability of PLA is lower than that of PCL, which
was confirmed in the DTG analysis by the observed peaks at

Fig. 3 '*C-CP/MAS spectra of starting blocks: PiPOx (1), telechelic polyesters (2) and (3), and resulting network: (4—6)-obtained with HOOC-PLAzq00-

COOH crosslinker, (7-9) obtained with HOOC-PClLzg00-COOH crosslinker.

This journal is © The Royal Society of Chemistry 2023

Soft Matter


https://doi.org/10.1039/d3sm00948c

Published on 05 September 2023. Downloaded by CENTRUM BADAN MOLEKULARNYCH | MAKROMOLEKULARNY CH on 9/5/2023 9:41:08 AM.

Paper

View Article Online

Soft Matter

Fig. 4 Comparison of the thermal stability by DTG thermograms of the PLA-(-PiPOx and PCL-{-PiPOx networks and starting building blocks: PiPOX,

HOOC-PLA3z000-COOH, HOOC-PCL3000-COOH.

292 °C and 421 °C.>* During the degradation of PiPOx, a broad
peak was detected in the thermogram in the 200-470 °C range.
The thermal degradation of the studied networks occurred within
a wide temperature range with degradation profiles alluding to
their composition. In the case of the PLA-I-PiPOx network,
thermal degradation starts above 250 °C, displaying two distinct
degradation steps, with derivative maxima located at approxi-
mately 330 °C and 450 °C. The PCL--PiPOx networks are more
stable and start to degrade above 300 °C, showing a broad
decomposition step with a maximum at approximately 430 °C.

DSC analysis

By coupling two structurally different polymers, the formed
network exhibits a structure in which hydrophobic polymer
chains at both ends are grafted to a hydrophilic polymer chain.
Typically, the forced compatibility of the segmented polymer
networks significantly reduces the crystallinity.'> To examine

the crystallization behaviour of the polyester segments in the
networks, DSC analysis was performed for the extracted and
dried networks. The second heating scan was used to deter-
mine the crystallinity and the glass transition temperature (7y)
of the analysed materials (Fig. 5A and B).

While the starting polyester crosslinkers show melting peaks
(T = 130 °C for HOOC-PLA3(00-COOH, and Ty, = 47 °C for
HOOC-PCL3(,-COOH, see Table 1), no melting endotherms of
PLA or PCL were observed for the networks formed with PiPOx.
The lack of polyester Ty, indicates that the PLA or PCL chains
were distributed throughout the network and were not sepa-
rated into polyester-rich phases. These data on phase morphol-
ogy strongly indicate that the obtained networks exhibit an
amorphous structure in the dry state.

Generally, chemical crosslinking of linear chains within the
network structure restricts the mobility of polymer segments,
influencing the T, of networks. The starting building blocks
exhibit strongly diverse T, as follows: HOOC-PLA-COOH was in
the range 39-49 °C, HOOC-PCL-COOH was in the range of

Fig. 5 DSC thermograms of networks that were obtained by applying in a starting mixture the different ratios of the carboxyl groups (2, 4, 15%) of

PLA3000 and PCLzggo to oxazoline rings (second heating scan).

Soft Matter

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3sm00948c

Published on 05 September 2023. Downloaded by CENTRUM BADAN MOLEKULARNYCH | MAKROMOLEKULARNY CH on 9/5/2023 9:41:08 AM.

Soft Matter

-58 °C, and PiPOx was 170 °C. Typically, if the network
components are immiscible, the material exhibits two T,
values, which can be associated with the presence of different
microphases.'* In general, one T, was detected for our net-
works, but in some runs, the peak of this transition was very
broad and hardly observable. The values of the determined
glass transition temperatures depended on the network com-
position. With higher ester content (networks: PLAz0o-l-PiPOx-
15 and PCL3000--PiPOx-15), the observed T, (70 °C and —53 °C)
was closer to the value characteristic for the used PLA or PCL.
With lower ester content, T, values were higher than 120 °C but
much lower than 170 °C. This may indicate that ring opening
exhibits some plasticizing effect on PiPOx in these networks.

Swelling properties of the segmented
amphiphilic networks

As a result of the covalent junction in the cross-linked structure
of polymer segments with different affinities for water, the
obtained material can swell both in water and in organic
solvents with different polarities. PiPOx is a hydrophilic polymer
that is also soluble in common organic solvents, while high
molecular weight polyesters are insoluble in water and alcohols.
The swelling behaviour of the obtained networks was studied in
water, ethanol, tetrahydrofuran and dimethylformamide.

Graphs showing the equilibrium swelling degree (ESD) in
each solvent are shown in Fig. 6 and Fig. 7. As expected, due to
their amphiphilic character, the obtained PiPOx/PLA and
PiPOx/PCL networks can swell in both aqueous and organic
solvents with different polarities.

The degrees of equilibrium swelling in distilled water for
networks formed with macrocrosslinkers of various lengths are
shown in Fig. 6A and B.
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As expected, the equilibrium swelling degrees in water are strongly
dependent on the composition of the networks. The water uptake is
the highest for networks formed with the lowest degree of oxazoline
ring opening (2%), regardless of the length of the macrocrosslinker.
Moreover, the swellability of the networks in water decreased with
increasing ~COOH/iPOx molar ratio (ESD,¢, >ESD;s,), irrespective
of the type of crosslinker used. This behaviour may have occurred
because for a given crosslinker (M, = 3000 ¢ mol~" or M, = 6000 g
mol "), a larger content of carboxyl groups leads to networks with
more cross-linked structures that absorb less water. Additionally, as
the content of hydrophobic ester units in the structure of the network
increases, the material’s ability to swell in water decreases. The
obtained results indicate that the networks with PCl segments have
a slightly higher capacity to swell in water than the networks
comprising PLA segments. This is a little unexpected observation
concerning higher hydrophobicity of PCL.>> However it should be
remember that the total amount of water sorbed by a polymer
network depends on several factors including hydrophilicity, elasticity
of building blocks, topology, and distance of the polymer chains
between the neighbouring crosslink points.>® These factors can be
expected to have a significant, differentiated effect on the swelling
capacity of the obtained networks. A quantitative understanding of
the correlation between network structure and swelling remains
challenging due to the complexity of the crosslinked system and is
planned in a separate study, in the near future. Summarizing the
results presented in this part of the research, it can be concluded
that the synthesized networks composed of hydrophilic building
blocks cross-linked with polyester chains show differentiated
water absorption capacities, enabling hydrogel formation. Impor-
tantly, we observed that in the swollen state, the hydrogels with
increased dimensions maintained adequate durability, allowing
further manipulation of the material (Fig. S8 in ESIT).

Additionally, we tested the swelling behaviour of networks in
ethanol, tetrahydrofuran, and dimethylformamide and the
results are presented in Fig. 7A-C.

Fig. 6 Dependence of network ESD in water on the number of oxazoline opened rings and the length of the polyester macrocrosslinkers used: (A) M,, =

3000 g mol™, (B) M,, = 6000 g mol ™.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Dependence of network ESD in selected organic solvents on the number of oxazoline opened rings (for macrocrosslinkers with M, =

3000 g mol™): (A) ethanol, (B) THF, (C) DMF

It was found that the equilibrium swelling ratios depend on
the nature of the solvent and segmented network composition.
For ethanol, which is a poor solvent for polyesters, lower
swelling was observed with a higher ester content in the
network. In contrast, for THF and DMF, network swellability
is not dependent on composition, as all components are well
soluble in these solvents. Moreover, for networks swollen in
these solvents, the degrees of swelling were independent of the
degree of the oxazoline opened rings.

In summary, the presented preliminary results indicated
that by selecting the composition of the starting reactive
mixture (type and molar mass of the crosslinker, molar content
of ester units), networks with tuned properties might be
synthetized. After a proper design is chosen, the resulting
network may behave as either a hydrogel or a hydrophobic
gel, depending on the nature of the medium’s philicity. To
obtain amphiphilic networks with a high capacity to swell in
water, the proportion of ester units in the structure should be
low. Thus, to design suitable water-swellable hydrogels, the
length of the polyester blocks must be relatively short com-
pared to the length of the PiPOx blocks.

The ability to swell in both organic and aqueous media is an
attractive feature of amphiphilic networks, which may be
exploited, especially for biomedical applications. For example,
in the proper solution, these materials can be used to immo-
bilize lipophilic or hydrophilic drugs.

Mechanical characterization

The mechanical properties of the networks are an important
factor in determining the practical application of these poly-
meric materials.”” Thus, selected networks (PLAzpgo-l-PiPOx-4
and PCLA;(00-l-PiPOx-4) were preliminary studied in the swol-
len state during uniaxial compression. Fig. 8 illustrates the

Soft Matter

relationship of the stress-compression ratio determined for the
examined networks.

As shown in Fig. 8, the analysed materials have different
mechanical properties. The stress in the hydrated PCL3qq0-l-
PiPOx-4 network increased more slowly, and at a degree of
compression of 2.2, the process of sample destruction began.
On the other hand, for PLA3go-l-PiPOx-4, much higher stress
values were observed at the same degree of compression. The
PLA crosslinked network was also stronger and retained struc-
tural continuity at a compression ratio of 3.0. The elastic
modulus was 80 £ 10 kPa for PCL network and 210 + 15 kPa
for PLA network. Observed differences in mechanical proper-
ties mainly result from the introduction into the network linear
polyester segments that differ according to mechanical proper-
ties and as well as water affinity.”® The two coupling polymers

Fig. 8 Representative stress-compression ratio curves for the PLA3zqg0-(-
PiPOx-4 and PClLzggg-(-PiPOx-4 networks in the swollen state.

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Biocompatibility of tested biomaterials: viability/metabolic activity of mouse fibroblast L929 cell line after 24 h incubation with PLAzq0-(-PiPOx-4
and PClzgoo-(-PiPOx-4 biomaterials assessed using the MTT reduction assay. Cells cultured with medium only served as the positive control (C(+)) for
cell viability (100% viable cells), and cells treated with 0.03% H,O, served as the negative control (C(—), cell lysis).

have significantly different glass transition temperatures (39 °C
for PLA and —55 °C for PCL, see Table 1), meaning that in bulk
at ambient temperature, PLA has rigid chains, while PCL
macromolecules are flexible. Thus, linear PLA behaves like
a glassy material, showing high strength and high modulus
(4-5 GPa), PCL on the contrary, shows low strength and
modulus (400 MPa).>® Of course in the presence of water, some
plasticization of the macromolecules can be observed, reducing
the glass transition and thus the modulus, especially important
in the PLA case.®® The introduction of polyester fragments (PCL
or PLA) modified the properties of the PiPOx network. As found
in DSC studies (Fig. 5) analyzed networks show wide glass
transitions with an inflection point at 93 °C for PCLjgg0-/-
PiPOx and 121 °C for PLAjy,--PiPOx. This means that, as
expected, the PLA-based network is much stiffer than the PCL
network. It was reflected in the recorded Young’s modulus and
stress measured during deformation. Interestingly, the deter-
mined elastic modulus for PLA;(y0-l-PiPOx-4 networks is close
to the articular cartilage modulus (0.45-0.8 MPa).°" Thus, this
initial result from mechanical studies, combined with the
biocompatible and biodegradable nature of the networks,
suggests that the obtained materials can potentially be used
in cartilage tissue engineering. We are currently planning
separate studies to determine the dependence of mechanical
properties on network composition and crosslinking density to
further explore the potential of these materials.

In vitro cytobiocompatibility

Since PiPOx and polyesters are biocompatible polymers and have
been used for biomedical applications, networks that combine
these blocks should show similar properties.> To evaluate the
cytobiocompatibility of the designed hydrogels, PLAzp0-l-PiPOx-4
and PCL30-l-PiPOx-4 networks were chosen for the studies by MTT
assay. We can conclude that both tested hydrogels met the criterion

This journal is © The Royal Society of Chemistry 2023

of ISO 10993-5:2009 and did not affect the metabolic activity of
1929 mouse fibroblasts (reference cell line). According to ISO
10993-5:2009, cell viability/metabolic activity below 70% (cut off)
shows the cytotoxic effect of tested compounds towards eukaryotic
cells.®® Tested hydrogels: PLAz00-PiPOx-4 and PCLygool-PiPOx-4
should be recognized as cytobiocompatible (Fig. 9) and may be
further tested in more complex in vitro experiments.

Conclusions

In summary, we successfully applied a chain coupling strategy
between polyesters containing carboxyl end groups and oxazoline
pendant groups in polymer chains to synthesize a series of novel
polyester-l-PiPOx segmented networks. Efficient linking of hydro-
phobic HOOC-PLA-COOH or HOOC-PCL-COOH degradable blocks
on the hydrophilic polymer was achieved in a reactive system
without catalysts or byproducts. As a result, segmented networks
were prepared with a tremendous advantage, namely, the applied
procedure eliminates the risks posed by the presence of residual
undesired compounds. The obtained amphiphilic polymer net-
works were able to swell in water and in organic solvents. It was
shown that the physicochemical and swelling properties of PLA-I-
PiPOx and PCL--PiPOx networks could be controlled by the content
of hydrophobic polyesters and hydrophilic PiPOx segments as well
as the polymers’ crosslinked nature. As building polymers are
approved as safe biomaterials, these networks may be widely used
in tissue engineering and regenerative medicine, in which flexible
scaffolds are desirable. The applied methodology can be easily
adopted for a large variety of other types of carboxy-functionalized
polyester to build new amphiphilic network structures.
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oxazoline). Their application as scaffolds for bone
tissue regenerationt
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In this study, porous networks were efficiently prepared by crosslinking hydrophilic poly(2-isopropenyl-
2-oxazoline) (PiPOx) with dicarboxylic polyesters (HOOC-PLA-COOH or HOOC-PCL-COOH) in the
presence of sodium chloride as a water-soluble porogen. Importantly, by using a relatively simple
synthetic protocol, the resulting spongy materials were freely formed to the desired size and shape
while maintaining stable dimensions. According to the SEM data, the porous 3D structure can be altered
by the pore dimensions, which are dependent on the porogen crystal size. After porosity
characterization, the mechanical properties were also evaluated via uniaxial compression and tensile
tests. The porous networks formed hydrogels with a high water absorption capacity. Finally, after
showing cytocompatibility by the MTT assay, we also demonstrated the applicability of the porous
hydrogels as scaffolds for cell cultivation. The presented results suggest that this type of hydrogels is a
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Introduction

Covalent polymer networks can provide tuneable materials with
properties controlled by several parameters, such as chemical
composition, the nature of the building chains, or the density
of cross-linking points. As a result of cross-linking of the
polymer chains, these types of materials are characterized by
better dimensional stability (compared to linear analogues) and
have the ability to swell without losing the desired shape and
without losing cohesion or strength.' Due to these specific
features, polymer networks encompass a wide range of useful
materials that are practically applied in many areas of life.”
The properties of network-based materials can also be
modified by introducing porosity, which provides void space

“Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences,
Sienkiewicza 112, 90-363 Lodz, Poland. E-mail: malgorzata. basko@cbmm.lodz.pl
? Department of Immunology and Infectious Biology, Faculty of Biology and
Environmental Protection, University of Lodz, Banacha 12/16, 90-237 Lodz, Poland
¢ BioMedChem Doctoral School of the University of Lodz and Lodz Institutes of the
Polish Academy of Sciences, Matejki 21/23, 90-237 Lodz, Poland
 Department of Invertebrate Zoology and Hydrobiology, Faculty of Biology and
Environmental Protection, University of Lodz, Banacha 12/16, 90-237 Lodz,
Poland
+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4sm00615a

This journal is © The Royal Society of Chemistry 2024

promising material for tissue engineering.

in the material.> Depending on the size, shape, and distribu-
tion of the pores, some possible positive effects can be gained,
including an increase in elasticity and enhanced water sorp-
tion. Porous materials can be applied as sorbents or separation
membranes due to their large surface areas.* In particular,
porous materials are valuable in biomedical applications, such
as bone tissue engineering, where proper porosity of suitable
size and interconnections between the pores are required to
provide an environment to promote cell infiltration, migration,
vascularisation, and nutrient and oxygen flow.”

Polymer networks that comprise two distinct macromole-
cule segments are particularly intriguing due to their ability to
facilitate straightforward adjustment of the end properties of
the material.® Depending on their composition, the networks
may possess the ability to hold large amounts of water (forming
hydrogels) or may show a unique capacity for swelling in
aqueous and organic media.”’®

For hydrogel construction, classical water-soluble polymers
or selected biopolymers must be used.”™" Recently, poly(2-
isopropenyl-2-oxazoline) (PiPOx) has been proposed as a hydro-
philic polymer that can replace typical hydrophilic polymers.
Due to its noncytotoxic nature, biocompatibility and adequate
durability, this polymer can be used in biomedical
applications.”>™"® The undoubted advantage of this polymer is
the presence of many reactive sites located in the side chains,
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allowing further transformations and modifications.'®™* As
already presented, the application of difunctional reagents
enabled the preparation of PiPOx cross-linked structures with
covalent nodes. Initially, the effectiveness of this synthetic
approach was demonstrated with simple dicarboxylic acids
(succinic, glutaric, adipic, pimelic, suberic, azelaic, sebacic,
and dodecanedioic acids), leading to hydrophilic PiPOx
covalently joined by relatively short, aliphatic hydrophobic
linkers.>® Additionally, networks containing rigid nodes from
macrocycles have been proposed to adjust the final properties of
the material. Using dicarboxylic acid pillar[5]arene as a cross-
linker enabled the introduction of covalently bound bulky
macrocycles into PiPOx networks, resulting in hydrogels with
enhanced mechanical properties.>* The partial modification of
poly(2-isopropenyl-2-oxazoline) with terpyridine provided access
to supramolecular hydrogels with self-healing properties.>® Dual-
crosslinked hydrogels (created by both covalent and physical
interactions) were also obtained from PiPOx modified with
terpyridine and crosslinked covalently with azelaic acid.*® Tran-
sient crosslinking was triggered by complexation of the terpyr-
idine units with different divalent transition metal ions. By
applying this methodology, hydrogels with superior mechanical
properties were obtained compared to those of pure covalently
crosslinked PiPOx hydrogels.

Our research group investigated the effectiveness of conju-
gating polymers containing terminal carboxyl groups and
PiPOx to obtain segmented networks. We first demonstrated
the efficient cross-linking of PiPOx by poly(ethylene oxide), a
widely used hydrophilic polymer that is considered the gold
standard for preparing drug carriers with improved physico-
chemical properties and circulation in the body.>”*® Next, we
have extended our approach to select polyesters for the synth-
esis of biocompatible amphiphilic materials containing
degradable blocks.>® Our results confirmed that segmented
networks can be effectively prepared according to a procedure
that eliminates the risk posed by the presence of residual
undesirable catalysts or side compounds.

In this study, we aimed to obtain porous materials with
properties distinct from their non-porous counterparts, particu-
larly in terms of increased water absorption, which allows for the
formation of durable hydrogels. Additionally, we hypothesized
that this type of network would demonstrate potential as scaf-
folds for cell culture, providing access to innovative materials
suitable for tissue engineering. Generally, porous polymer net-
works are important in materials science due to their unique
properties, such as lightness and excellent dimensional stability.
There are many methods for pore generation in materials,
including particle etching, phase separation, gas foaming, melt
blending, spinning, drawing, extrusion, and laser ablation. We
aimed to obtain a porous crosslinked morphology throughout
the network built from biocompatible polyester blocks and
PiPOx using relatively simple and benign chemistry.

A salt leaching technique with appropriate posttreatment
is presented here to prepare spongy materials with specific
porosities and pore sizes. The morphologies of the resultant
networks were examined by scanning electron microscopy
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(SEM), and their porosities and pore volumes were investigated.
The mechanical properties of the PiPOx-polyester porous hydrogels
were then evaluated during compression and tensile tests. Next,
human osteoblasts were seeded within the scaffolds to confirm
biocompatibility and to determine the cell seeding efficiency and
viability.

The results of our research confirmed the possibility of
using a simple method to obtain porous hydrogels composed
of biocompatible elements (hydrophilic PiPOx chains and
polyester connectors). The use of this new type of cross-linked
porous material can be envisaged for tissue engineering, hydro-
gel dressings or removal of contaminants from water.

Experimental section
Materials

1-LA was purchased from Purac (99%, Netherlands), recrystal-
lized from dry iso-propanol, subsequently sublimated and sto-
rage under vacuum. 2-Isopropenyl-2-oxazoline (iPOx, 98%,
Merck) was distilled under reduced pressure directly before
use. Azobis(isobutyronitrile) (AIBN) was purchased from Merck,
recrystallized from ethyl alcohol (40 °C), dried under vacuum
and storage at 4 °C. Hexane-1,6-diol (97%), trifluoromethanesul-
fonic acid (99%), DABCO (99%), succinic anhydride (99%) were
purchased from Merck (99%) and used without further purifica-
tion. Dimethyl sulfoxide (DMSO), dichloromethane, chloroform,
diethyl ether, ethyl alcohol, hexane (analytical grade) were pur-
chased from POCH S.A. (Polish Chemicals Reagents) and used as
received. PiPOX (Myaars= 150000 g mol !, H,0 as eluent,
calibration on poly(ethylene oxide) standards), HOOC-PLAzq0—
COOH and HOOC-PCL;0,~COOH (Mz= 3000 g mol %, CH,Cl,
as eluent, calibration on poly(styrene) standards) were obtained
according previous reported procedure.>® NaCl (Cenos, Poland)
used as received. Hydroxyapatite (Aldrich) was calcinated at

900 °C for 3 hours at a heating rate of 5 °C min™".

Fabrication of the porous PiPOx-PLA and PiPOx-PCL networks

The synthesis of porous networks was carried out according to
the method developed by our research group, and the composi-
tion of the reaction mixture was modified by introducing a
solid porogen.”® In this study, di-carboxyl terminated polyesters
with M, = 3000 g mol ! (HOOC-PLA;,0,~COOH and HOOC-
PCL300o-COOH) were selected for PiPOx cross-linking, assum-
ing 4% oxazoline ring opening. To obtain different porosities of
the material, three sizes of NaCl crystals were used (salt A ~
50-150 pm, B ~ 270-560 pm, C ~3.2-6.2 mm). The porogen
was added to the mixture of polymers in DMSO, and the weight
ratio between the polymers and NaCl was 1:24.

Typically, to obtain the PiPOx-PLA-porous network, 83 mg of
PiPOx, 44 mg of HOOC-PLA;,0,—~COOH, and 1.0 mL of DMSO
were placed in a glass vial and stirred for 1 h. After the complete
dissolution of the components, 3 g of NaCl was added to
the mixture. The resultant paste was placed in a mould for
75 minutes at 140 °C. Next, the obtained solid materials
were washed extensively with distilled water to remove any salt.

This journal is © The Royal Society of Chemistry 2024
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The water was changed every 2 h until a constant weight of the
wet specimen was obtained. The effectiveness of NaCl removal
was confirmed by TGA analysis and by determining the chlor-
ide ions in the solution using a 0.1 M silver nitrate solution.
Finally, the porous networks were kept in water in a closed
container.

The cross-linking efficiency was assessed after washing the
network with water and subsequent extraction with CH,Cl,.
Then, the content of the gel fraction was determined based on
the ratio of the mass of the dried network to the mass of
polymers that were cross-linked. The procedure used allowed
the creation of porous networks with a relatively good gel
fraction, which was 95% for both types of networks. Table S1
in the ESIT shows an example of the composition of the pastes
used for crosslinking.

For comparison, nonporous networks were also prepared
using the same proportion of reactive polymers in DMSO.

Fabrication of PiPOx-PLA and PiPOx-PCL porous networks
with hydroxyapatite particles (PiPOx-PLA-HA and
PiPOx-PCL-HA)

To obtain a porous network containing hydroxyapatite parti-
cles, NaCl was mixed with 14 mg of calcined hydroxyapatite and
added to a prepared reactive mixture. After cross-linking,
further procedures were performed as described above.

Characterization

The average molar masses and molecular weight distribution of
the polyesters were determined by obtaining LS measurements
using a size-exclusion chromatography (SEC) system comprising
an Agilent Pump 1100 Series (preceded by an Agilent G1379A
Degasser), equipped with a set of two PLGel 5m MIXED-C
columns. A Wyatt Optilab Rex differential refractometer and a
Dawn Eos8 (Wyatt Technology Corporation) laser photometer
were used as detectors. Dichloromethane was used as the eluent
at a flow rate of 0.8 mL min~* at room temperature. The system
was calibrated according to polystyrene standards. PiPOx sam-
ples were analysed in water at 26 1C by an SEC setup consisting
of three TSK-GEL columns (G5000 PWXL + 3000 PWXL + 2500
PWXL; 7.8 x 300 mm; Bioscience) with an Agilent pump and a
triple detector system (Viscotek Dual Detector Refractometer/
Viscometer Model 350 and Viscotek 270 Dual Detector).
Poly(ethylene oxide) standards (Polymer Laboratories, USA) were
used to determine polymer molar masses.

Fourier transform infrared spectroscopy (FT-IR) was per-
formed on a Nicolet 6700 spectrometer equipped with a deut-
erated triglycine sulfate (DGTS) detector. Attenuated total
reflectance was used for IR measurements. The spectra were
obtained by adding 128 scans at a 2 cm™ ' resolution. The solid-
state *C CP MAS and "H NMR experiments were performed on
a BRUKER Avance III 400 spectrometer operating at 400 MHz
for >C and "H and equipped with a MAS probe head using
4 mm ZrO, rotors.

Thermogravimetric analysis (TGA) was performed under
nitrogen flow by heating the samples from ambient tempera-
ture to 600 °C at a heating rate of 20 °C min~ ' on a Discovery

This journal is © The Royal Society of Chemistry 2024
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5500 apparatus. The measurements were conducted by placing
polymer samples (5 mg) in a measuring cell.

SEM observation of the prepared porous networks

The dried networks were analysed using a JEOL 6010LA scan-
ning microscope operating in high-vacuum mode at an accel-
erating voltage of 10 kV. The cross-sections of the scaffolds were
obtained by fracturing in liquid nitrogen and coating them with
a thin layer (20 nm) of gold using a gold sputter-coater (Q150R
ES, Quorum Technologies, East Sussex, England).

BET surface area analysis

Before performing the adsorption test, the glass vessel containing
the samples was degassed at 40 °C under vacuum in one of the
degassing stations of an ASAP 2020 Plus (Micromeritics Instru-
ment Corporation, Norcross, GA, USA) device until the pressure
stabilized at 5 um Hg min~". N, and Kr adsorption (Linde HiQ,
99.999% pure) was performed at liquid nitrogen temperature
(77 K) at pressures ranging from 0.05 p/p, to 0.3 p/p, to obtain
surface area data. We processed the captured adsorption data using
MicroActive software (for Windows). BET multipoint analysis (Bru-
nauer-Emmett-Teller) was used to calculate the total area.

Water uptake capacity estimation

The equilibrium water uptake of the porous networks was
determined after NaCl leaching. The specimens (n = 3) were
conditioned in water at room temperature (20 °C) for 7 days.
Then, the samples were gently dried with paper tissue to
remove any remaining solvent from the surface and weighed
(Ws). Next, the network disks were dried and weighed (Wy). The
water uptake was calculated with the following equation:

Wy — Wy
ESD=(— 100
< Wa ) 8

Mechanical properties

The mechanical properties of the hydrogels were examined
during a tensile experiment and during uniaxial compression
using a Linkam TST 350 mini tensile tester. The tests were
carried out at 7= 25 °C. The swollen samples for tensile testing
were 22 x 10 x 4-5 mm in size. The deformation rate during
stretching was 50 pm s™', and the temperature was 20 °C.
Two types of cylindrical samples were tested during com-
pression: swollen with water and after drying for 24 h at room
temperature. The first samples were 10 mm in diameter and
8-9 mm in height, and the second samples were 4.5 mm in
diameter and 3.0-3.5 mm in height. These samples were placed
in a special homemade holder that enabled uniaxial compres-
sion, and the compressive force was measured as a function of
distance. The deformation rates were 15 pm s ' for the wet
samples and 5 um s * for the dry samples, equivalent to an
initial compression rate of 10% min . Three gel samples were
measured in each experiment. The stress was calculated from
the measured force related to the original area of the sample
surface, and the compression ratio was defined as the initial
thickness of the sample divided by the actual thickness.
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A compression experiment was also used to evaluate the
stress relaxation in the samples. Upon reaching a compression
ratio of CR = 8, the compression was stopped, and a change in
stress in the compressed sample was observed over time.

Tests showing the ability of the hydrogels to recover shape
after compression were carried out with the use of an Instron
5582 Model tensile machine. For this purpose, PCL discs with a
height of approximately 10 mm and PLA discs with a height of
12-13 mm were compressed at a rate of 5% min ™" to selected
compression ratios of 2, 4, 6 and 8. After obtaining the desired
compression ratio, the load was released within 1-2 seconds,
allowing the sample to recover its shape.

Biological properties of hydrogels

Sterilization. All hydrogel samples were sterilized in an
autoclave at 121 °C for 15 min before use in biological assays.

Cell culture. To assess the potential use of the tested
hydrogels for bone regeneration applications, the human foetal
osteoblast cell line hFOB 1.19 (CRL-11372™, ATCC, Manassas,
VA, USA) was used in in vitro studies. The cells were cultured in
a 1:1 mixture of phenol red-free Dulbecco’s modified Eagle’s
medium and Ham’s 12-F medium (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% heat-
inactivated FBS, 2.5 mL of L-glutamine (100x) and 0.3 mg mL ™"
geneticin (Sigma-Aldrich, Saint Louis, MO, USA) at 34 °C in a
humidified incubator with 5% CO,. The culture medium was
changed twice a week, and when the cell monolayer reached
90% confluence, the cells were passaged with 0.25% trypsin—-
EDTA solution (Biowest, Nuaillé, France).

Cytobiocompatibility of hydrogels. The cytobiocompatibility
of the hydrogels towards human foetal osteoblasts was assessed
by using the MTT assay. hFOB (1.19) osteoblasts were added to
a 96-well plate at a density of 4 x 10* cells per well in a 200 uL
per well volume and incubated overnight to attach and form a
confluent monolayer. The next day, the hydrogels were cut into
small pieces with a size equal to 1/10 of the well, placed in 96-
well plates containing hFOB 1.19 cells and incubated for 24 h
under appropriate conditions. At the same time, a positive
control for cell viability (PC), which included cells cultured in
medium alone, and a negative control (NC), which included
cells treated with 0.03% H,0, solution, were prepared. After
incubation, 20 pL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) solution (5 mg mL ") was added
to each well, and the mixture was incubated for an additional
4 h. In the next step, the supernatants were replaced with 200 uL
of DMSO to dissolve the formazan crystals formed for 4 hours.
Then, the absorbance was measured spectrophotometrically
using a Multiskan EX plate reader (Thermo Scientific, Waltham,
MA, USA) at 570 nm.

Cell proliferation assay and SEM imaging. The tested hydro-
gels were placed in a 12-well cell culture plate and incubated
overnight with 2 mL of hFOB 1.19 growth medium at 34 °C and
5% CO, in a humidified incubator. The next day, the medium
from the wells was discarded, and 100 pL of a suspension of
human foetal hFOB 1.19 osteoblasts was seeded at the centre of
each hydrogel (1 x 10° cells per hydrogel) following incubation
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for 1.5 h under the appropriate conditions for osteoblast cells.
Next, the cells were supplemented with 2 mL of medium and
cultured for 7, 14 or 21 days at 34 °C and 5% CO, in a
humidified incubator. The growth medium was replaced every
third day during the 21-day incubation period. On Days 7, 14,
and 21, hydrogels with cells were collected for SEM imaging or
proliferation assays.

The number of osteoblasts in the samples was evaluated
using the CyQUANT™ Cell Proliferation Assay (Invitrogen,
Thermo Fisher Scientific) after 7, 14, and 21 days of culture,
as described by Biernat and Kurzyk.>*?" After the cells in the
samples were cultured for 7, 14, or 21 days, they were washed
once with PBS and then kept frozen at —80 °C. Prior to use, the
hydrogel samples were thawed and warmed to room temperature.
The reagents and cell number standard curves were prepared
according to the manufacturer’s protocol for the assay. The
fluorescence of the samples was measured using a SpectraMax®
i3x Multi-Mode Microplate Reader (Molecular Devices, San Jose,
CA, USA) with an excitation wavelength of 405 nm and an
emission wavelength of 520 nm.

SEM imaging was conducted to examine the control hydro-
gel, which did not contain any cells and was incubated for
24 hours with medium. Additionally, the samples were examined
after they were incubated for 7, 14, or 21 days. After the
appropriate incubation times, the hydrogels were fixed for
2 hours using a solution containing 2% paraformaldehyde and
2% glutaraldehyde in 0.1 M cacodylate buffer. The samples were
then washed once in PBS and stained with a 1% solution of
0Os04 for 1 hour. After washing again with PBS, the samples were
dehydrated and dried for imaging using SEM. The first stage of
the dehydration process for the hydrogels was carried out using a
Leica EM TP automatic tissue processor (Leica Microsystems
GmbH, Vienna, Austria). The samples were rinsed in an ethanol
series at concentrations of 10%, 30%, 50%, 70%, 80%, 96% and
99.6% for 45 minutes at each concentration. After that, the
samples were moved to a Leica EM CPD300 critical point dryer
from the same manufacturer. The following protocol was used:
15% CO, was mixed slowly with 120 second delays between
cycles, the CO, exchange speed was set to 1, the gas-out heat was
set to slow, and the gas-out speed was also set to slow (20%). The
process consisted of a total of 35 cycles. Once the hydrogels were
dry, they were mounted on stubs using carbon adhesive tabs.
The samples were examined using a Phenom ProX scanning
electron microscope (Thermo Fisher Scientific, Inc., Waltham,
USA). To install the stubs, a charge reduction sample holder
was used.

Statistical analysis in biological studies. Statistical analyses
and graphs for biological studies were generated using Graph-
Pad Prism version 10.1.2 for Windows (licence number 324;
GraphPad Software, San Diego, CA, USA). For the statistical
analysis of cell proliferation, the Kolmogorov-Smirnov test was
used to assess the Gaussian distribution. The Brown-Forsythe
test was used to verify the equality of group variances. The data
were analysed separately for each hydrogel using Brown-For-
sythe and Welch ANOVA tests following Dunnett’s T3 multiple
comparisons test.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4sm00615a

Published on 07 August 2024. Downloaded by CENTRUM BADAN MOLEKULARNYCH | MAKROMOLEKULARNY CH on 8/19/2024 12:41:37 PM.

Soft Matter

Results and discussion

Synthesis of the PiPOx-PLA and PiPOx-PCL porous segmented
networks

As we recently reported, the grafting of carboxyl-functionalized
polyesters to the PiPOx backbone allows the direct and efficient
formation of amphiphilic segmented networks in a system free
from any catalyst or side products.*® This work aimed to
introduce porosity into networks using a relatively simple tech-
nique that provides access to macroporous polymer sponges
and opens up wider applications of this type of material.>> To
this end, the reactive polymers (HOO-PLA300~COOH or HOO-
PCL300o-COOH and PiPOx) were mixed with DMSO in the
presence of NaCl, which was used as the water-soluble porogen.
The coupling reaction between the carboxyl end groups of the
polyesters and the oxazoline rings was performed at 140 °C,
depending on the mass of the reaction mixture (typically 70-
80 minutes). The theoretical ratio of -COOH groups to iPOx rings
in all cases was 0.04, and the polymer weight concentration was
10%. After washing with water and salt leaching, porous net-
works were obtained, as shown in Scheme 1.

The obtained networks were designed as “PiPOx-PCL” or
“PiPOx-PLA” to show the characteristic material components.
Scheme S1 in the ESIT illustrates the process of fabricating
porous networks in the presence of porogens. The presence of
salt did not disturb the cross-linking efficiency of the reactive
polymers (the content of an insoluble fraction on average was
approximately 95%), and stable networks were easily synthe-
sized under the applied formation conditions. Importantly, in
practice, the prepared materials were easily detached from the
moulds after the crosslinking process, enabling further proces-
sing without damage. By changing the NaCl crystal size (from
several pm to mm, as shown in Fig. S1 in the ESI{), we prepared
a series of porous materials with different morphologies. Even
in the case of the synthesis carried out in the presence of the
largest crystals (salt C in Fig. S1, ESIt), a cross-linked material
was obtained that was largely openwork but retained its con-
sistency, enabling practical use. We selected this type of sponge
for separate, future research aimed at examining the possibility
of using it as a porous substrate for plant growth. The networks
obtained in the presence of salt B (NaCl crystals with a size of
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Fig.1 The physical appearance of the porous materials formed into
selected shapes, as demonstrated by cylinders, strips, and others (swelling
in water, after salt extraction).

~270-560 pum, Fig. S1, ESIT) were characterized by the most
uniform structure. These materials were selected for the pre-
sent study to evaluate the usability of the method and char-
acterize the properties of these novel, porous networks.

As shown in Fig. 1, the moulds of various shapes enabled the
preparation of porous materials formed into the desired, pre-
cisely defined 3D architecture tested in our work for cylinders,
strips, or cuboids with a hexagonal base.

In the wet state, the obtained materials were flexible and
durable and thus could be easily manipulated without damage,
as shown in Fig. 2 and the Supplementary Video (ESIY).

However, during further tests, we observed that after com-
plete drying and reswelling, the material lost some of its primary
durability, which might have been caused by the partial collapse
of the pores. For this reason, after washing, the studied porous
materials were kept in water in closed containers. The collapse of
polymeric networks upon drying can be explained by under-
standing the behavior of the polymer chains and the interactions
between them. When networks are in a wet state, the presence
of water molecules increases the mobility of the polymer chains
which allows the network to maintain a more expanded struc-
ture. With the loss of water, the polymer chains begin to
reorganize and move closer together which results in a more
compact and dense structure compared to the wet state.

Scheme 1 Schematic illustration of the preparation of porous networks by coupling PiPOx with di-carboxy-terminated polyesters in the presence of

NaCl, which is used as a water soluble porogen.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The various forms of deformation tested to demonstrate the elasticity and durability of the water-swollen PiPOx—PLA (A) and PiPOx—PCL

(B) networks.

This reorganization is driven by the reduction in free volume and
the need to minimize the system’s energy which may be achieved
in different ways.**

To confirm the effective removal of NaCl, we performed
TGA, which showed that the contents of the remaining compo-
nents in the porous networks that were not decomposed at the
applied temperature were the same as those in the networks
obtained without salt (Fig. 3).

TGA analysis confirmed that the porous PiPOx-PCL net-
works are more stable (beginning of the decomposition above
300 °C) than the porous PiPOx-PLA networks (the degradation
starts around 275 °C), which was also observed previously for
the non-porous analogues. However, porous networks decom-
pose much faster than non-porous ones (the decomposition
temperature shifts by approximately 40 °C), which may be
related to the presence of pores and a different heat transport
mechanism in the material. As reported, porous polymeric

Fig. 3 TGA analysis of nonporous and porous networks of (A) PIPOx—PLA
and (B) PiPOx—PCL.
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networks generally have a higher surface area and more void
spaces, which can influence their thermal stability. The
presence of pores can facilitate the escape of volatile decom-
position products, potentially leading to a lower decomposition
temperature compared to nonporous networks which tend to
have a more uniform and dense structure and the lack of pores
causes volatile products to be less easily released, which can
lead to a higher decomposition temperature.**

Additionally, total salt leaching was examined by testing the
presence of chloride ions in a solution of silver nitrate. The
obtained results revealed that in all cases, no salt could be
detected after 5 days of leaching. Moreover, SEM micrographs
did not show any visible salt residues, indicating the successful
removal of the porogen from the material. Because the cross-
linking of the reactive polymers used was very efficient, porous,
amphiphilic, segmented polymer networks were relatively
easily obtained, in which shorter hydrophobic and degradable
(polyester) chains were grafted with both ends to much longer
hydrophilic polymer chains (PiPOx). As in previous work, the
presence of the characteristic building segments in the net-
works was confirmed by ATR FT-IR and CP MAS analysis using
purified and dried samples.?® The corresponding, exemplary
spectra are presented in the ESIf as Fig. S3 and S4.

The physicochemical properties of the networks are
expected to result from the properties of the components.*’
As the obtained porous networks comprise covalently joined
hydrophilic and hydrophobic segments, they show a unique
capacity for swelling in aqueous and organic media.”® In the
present study, we focused on the water sorption abilities of the
obtained porous networks. This feature could be crucial for
many potential applications, such as adsorbents for water pur-
ification or scaffolds for cell growth. Previous observations of
nonporous networks synthetized from corresponding polyesters
(M, = 3000 ¢ mol ') and PiPOx (4% opened rings) showed that
networks with PCL segments have a slightly greater capacity to
swell in water than networks comprising PLA segments.”® The
equilibrium swelling degrees in distilled water for these non-
porous networks were 99% for the PiPOx-PCL sample and 73%
for the PiPOx-PLA sample. The present results show that the
introduction of porosity into the PiPOx-polyester network struc-
ture significantly influenced the ability to absorb water (Fig. 4).

The porous networks showed high water absorption capa-
cities of 2130% for PiPOx-PLA and 2222% for PiPOx-PCL

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Swelling of porous PiPOx—PCL and PiPOx—PLA networks in water: (A) equilibrium swelling degree and (B) physical appearance of squeezed

sponges before swelling and stable forms after swelling.

(Fig. 4A). The networks obtained in the presence of salt “A”
showed even a slightly higher degree of swelling (2300% for
PiPOx-PLA and 2295% for PiPOx-PCL) (Fig. S5A in ESIY). Impor-
tantly, by absorbing large amounts of water up to the equilibrium
concentration, these spongy samples undergo a simultaneous
increase in volume without losing stability, resulting in the
formation of durable superabsorbent hydrogels.*® Hydrogels’
ability to maintain a given shape (additionally illustrated in a
video in the ESIt) is further demonstrated in Fig. 4B, which shows
squeezed sponges before swelling and their excellent recovery to
stable forms after swelling.

It should be noted that this is quite a remarkable observation
because the material being analysed consists of approximate
concentrations of 91% water and 9% polymer. The material’s
ability to hold a large amount of aqueous solution is the result of
its three-dimensional structure, the presence of hydrophilic
PiPOx blocks and the occurrence of pores (i.e., void space in
the material).

Determining the porosity of hydrogels is difficult due to
their specific properties, such as their high water content.

Therefore, typical methods used to measure the porosity of
hard porous materials (such as mercury porosimetry or gas
adsorption) are rather ineffective at assessing the porosity of
hydrogels because the network structure of dried and pressure-
compressed samples is significantly distorted.’” With this in
mind, we performed an analysis of dried porous networks to
gain rough insight into the structure of the obtained material.
First, the nature of the pores was studied by SEM. The cross-
sectional morphologies of the dried PiPOx-PCL and PiPOx-PLA
networks obtained in the presence of salt A and B are shown in
Fig. S2 in ESI.{ The SEM technique could not be used to analyse
the networks obtained with salt C due to the large pore size, so
digital photos are presented for illustration. Presented images
clearly show that the porosity of materials can be controlled by
changing the size of the salt particles used as porogen. The size
of the pores was evaluated using SEM image analysis. It was
found that the networks formed in the presence of salt A, show
pores much smaller than networks formed in the presence
of salt B: with sizes of approximately 109 pm (PiPOx-PLA) and
127 pm (PiPOx-PCL), respectively. The PiPOx-PLA networks

Fig. 5 SEM images of the porous PiPOx—PLA network (A) and the PiPOx—PCL network (B) obtained with NaCl powder (salt B), showing the morphology

of the samples after salt leaching (dry samples).

This journal is © The Royal Society of Chemistry 2024
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Table 1 Parameters of the porous structure: specific surface area (Sget),
single point adsorption (sp), and total pore volume Vi of pores at p/po =
0.3 for krypton adsorption

Adsorption parameters

SBETsp()ﬂNZ SperKr Vioto.3KT

Material (m*¢g™) (m*>¢g™) (em® g™
PiPOx-PLA (non-porous) 0.06 0.01 0.000002
PiPOx-PLA salt “B” 0.15 0.14 0.000040
PiPOx-PLA salt “A” 0.32 0.22 0.000074
PiPOx-PCL (non-porous) n.d. n.d. n.d.

PiPOx-PCL salt “B” 0.01 0.03 0.000005
PiPOx-PCL salt “A” 0.02 0.04 0.000009

formed in the presence of salt B exhibited a highly porous
structure with an open, interconnected geometry (Fig. 5A). The
PiPOx-PCL networks exhibited a less interconnected morphol-
ogy than did the PLA networks, but they exhibited more regular
cubic pores (Fig. 5B).

Connections between pores may be important for many
applications, particularly for cell loading in tissue engineering
and cell ingrowth in tissue induction. The PiPOx-PLA networks
had a slightly larger average pore size (490 um) than the PiPOx-
PCL networks (351 um). This pore size (>300 um), according to
the literature, is recommended for biomedical scaffolds
designed to meet the specificity of bone repair needs.>®

Furthermore, we analysed the specific surface area (Sggr) of
the obtained porous networks based on the Brunauer-Emmett-
Teller (BET) method.*® Nonporous networks were also exam-
ined to compare network properties. A single-point measure-
ment of the specific surface area (Sggrsp) carried out using
traditional nitrogen gas showed that the materials had surface
areas of less than 0.5 m> g~ (Table 1). Measuring samples with
this surface area using nitrogen volume adsorption experi-
ments is limited by the detection limit. In such cases, the
recommended alternative is the adsorption of krypton at liquid
nitrogen temperature.*® The results revealed that in the case of
PiPOx-PLA networks prepared in the presence of porogens, the
specific surface areas were considerably greater than those of
nonporous networks. The value of this parameter increased as
the size of the NaCl crystals used for modification decreased.

Fig. 6 Krypton adsorption isotherms for PiPOx—PLA nonporous networks
and porous networks prepared with salt B and with salt A.
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This tendency was also observed when examining the amount
of adsorbed gas (Fig. 6).

In the case of the PiPOx-PCL network, BET analysis did
not provide clear results (Fig. S7 in ESIt). It can be speculated
that in this case, due to the more closed structure of the
pores or their susceptibility to collapse during drying, this type
of research does not reflect the original morphology of the
network.

Mechanical properties

The mechanical properties of synthetic hydrogels are affected
by many factors, including the topology of the network, the
nature of the network nodes, and the crosslink density."' In
the case of biomedical applications, where the main role is
mimicking natural tissues, the required parameters strongly
depend on the planned functions.*” For example, for use in
regenerative medicine, the elastic moduli of various hydrogels
are in the range of 0.18-1000 kPa.*?

The studied PiPOx-polyester porous hydrogels were exam-
ined according to their mechanical properties in the ‘“wet
state”. However, “dry” behaviour is also important to the user,
and the analysis was performed for samples after water
removal. The compression experiments using a mini mechan-
ical tester showed that the examined PiPOx-PLA and PiPOx-
PCL swollen samples were very soft, but after drying, they
became harder and more brittle. During compression, a gra-
dual release of water from the tested hydrated samples was
observed. Fig. 7 shows the stress-compression ratio relation-
ship for the studied materials.

Fig. 7a shows that initially, a very small force was required
for the compression of the PiPOx-PLA specimen. The force and
stress started to increase when the sample thickness was
decreased by half, i.e., the degree of compression exceeded 2.
The experiment was stopped at a high compression ratio, close
to 9. The measured stress was then 25 kPa. Fig. 7a shows the
also the properties of the second material tested, ie., the
PiPOx-PCL hydrogel. The nature of the dependence was similar
to that for PLA, but the stress increased, as lower compression
and higher values of stress were recorded for the same com-
pression. The measured stress was 50 kPa when the compres-
sion ratio was 9. Thus, the results indicate that the swollen
hydrogels can be compressed to 9 times their original height
without failure. These findings are consistent with the beha-
viour observed under manual compression, as shown in Movie
1 (ESIY).

When dried, the PiPOx-PLA material showed different prop-
erties (Fig. 7b). First, a much greater force must be applied to
obtain the desired compression, e.g., when the thickness of the
sample is reduced by half, the stress must increase by two
orders of magnitude. Initially, the stress changed linearly with
compression, but at a compression ratio of 1.2, the dependence
ceased to be linear. After the compression ratio of 2 was
exceeded, local cracking of the sample started, which is visible
in the graph as “saw teeth”. A rough estimate of the modulus of
elasticity for a porous, dry PLA sample is approximately
800 kPa, while for a wet PLA sample, it is only 5 kPa. A similar

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Stress as a function of the compression ratios calculated for the water swollen PiPOx—PLA, PiPOx—PCL, PiPOx—PLA-HA, PiPOx—PCL-HA

samples (A) and the PiPOx—PLA dry sample (B).

measurement was not performed for dry PCL because less
regular shapes of the samples were obtained after drying.

Stress relaxation is another important mechanical property
of hydrogels. Fig. 8 shows the decreases in stress in the PiPOx-
PCL and PiPOx-PLA samples compressed to a CR = 8 with time
after compression. The measured stresses were normalized to
the stress value at the moment of stopping the compression
process. The stress relaxation in both materials was most
intense in the first 60 seconds. In the case of the networks
crosslinked with PLA, the decrease at the end of the observa-
tion, i.e., after 5 min, was significant, and the final stress was
0.65 of the initial stress, which still slowly decreased. However,
in networks with PCL crosslinking, the stress did not change
much, only up to 0.95 of the initial value. The above-described
observations indicate that during compression, the PiPOx-PCL
network offers more resistance and allows less stress relaxation
when it is in a highly compressed state.

The mini tester did not provide a good opportunity to
analyse the return of the compressed samples to their original
shape because the machine action was too slow. Therefore, the
proper experiment was performed using an Instron Model 5582
universal machine. The cylindrical samples were compressed to
compression ratios of 2, 4, 6 and 8. The samples were com-
pressed at two different rates, 5% min~* and 50% min . After
obtaining the desired compression ratio, the load was released
within 1-2 seconds, allowing the sample to recover its shape.
During compression, the release of small amounts of water was
observed. In all tested samples, despite the loss of water during
compression, significant relaxation was observed, and to a large
extent, the original shape was reconstructed. Fig. 9 shows the
changes in shape of the exemplary PiPOx-PCL sample before
the test, in the compressed state, and after the recovery
of shape.

Fig. 10 shows a comparison of sample heights measured
before and after the quick release of applied compression.

The reconstruction of the shape by the sample after the
release of the applied force was fast, and after a few seconds,
further shape changes were insignificant. The final thickness
of the sample depended on the degree of compression and
rate of applied deformation. After the experiment with highest

This journal is © The Royal Society of Chemistry 2024

Fig. 8 Relaxation of stresses in samples compressed to a ratio of CR = 8.

compression, the thicknesses of the samples, Hg, were 0.80 of
the initial thickness for PiPOx-PLA and 0.96 for PiPOx-PCL. When
the compression rate was increased from 5 to 50% min ', the
recovery capacity was even greater, reaching Hy/H, ratios of 0.98
and 0.99, respectively, when the sample was compressed eight
times. These results indicate that some irreversible changes in the
macromolecular network occur, especially in PLA, with a longer
experiment time, such as in the case of a slower compression at a
rate of 5% min~'. These changes were also responsible for the
previously observed more intense relaxation in the PiPOx-PLA
networks (see Fig. 8).

Both porous networks were also tested via tensile testing,
i.e., during uniaxial stretching using a Linkam mini-tensile
tester. The mechanical properties during stretching may not
be fully consistent with the results obtained during compres-
sion because other deformation mechanisms, such as cavita-
tion, may reveal themselves, modifying the stress distribution.
Fig. 11 shows the stress-strain relationship for exemplary
samples of PiPOx-PLA and PiPOx-PCL. Contrary to compres-
sion, low amounts of water were released from the samples
during tensile deformation. The reason is that the volume of
the sample increases during deformation and the “holes” are
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Fig. 9 The compression experiment of the PiPOx—PCL sample was performed with an Instron machine at a rate of 5% min—:

(B) sample compressed to CR = 8, and (C) sample after shape recovery.

Fig. 10 Ratios of the final thicknesses of the PiPOx—PLA and PiPOx-PCL
samples after release of compression (Hg) to the initial thickness (H,)
measured for samples of both materials compressed to the selected
compression ratios with two different compression rates.

formed in its volume, which allows most of the water to be
retained inside the sample.

Stretching a PiPOx-PCL gel requires more force than stretch-
ing a PiPOx-PLA gel. The samples deformed uniformly, without
necking, and the mean levels of strain at break were 35% for
PiPOx-PCL and 49% for PiPOx-PLA. The modulus of elasticity
of PLA measured during the tensile experiment was 60 kPa; for
PCL under similar conditions, it was 70 kPa. These values,
although not high in general, are greater than those when the
materials are compressed. This is probably because during
compression, the rejection of water made the movement of
macromolecular fragments possible, and the necessary force
was not very high. In contrast, during the tensile test, the
stretching of the network of macromolecules requires a greater
applied force.

Based on the results, it can be concluded that the mechan-
ical properties of the obtained hydrogels were satisfactory and
may enable practical use of the materials, including the for-
mulation of scaffolds for tissue engineering purposes.

Fabrication of PiPOx-PLA and PiPOx-PCL porous networks with
hydroxyapatite particles (PiPOx-PLA-HA and PiPOx-PCL-HA)

To prepare hydrogels suitable for cell culture, hydroxyapatite
(10 w%) was also introduced into the networks as an
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1. (A) sample before the test,

Fig. 11 Strain—stress relationship for hydrogels obtained during tensile
deformation.

osteoconductive (hydrophilic) component.** The composite
materials with porous morphologies containing HA particles
embedded in the polymer network structure were analysed via
SEM, IR and TGA.

Fig. 12 shows a fragment of the PiPOx-PLA and PiPOx-PCL
porous networks with HA particles observed by SEM. EDS
examination of the crystals confirmed the presence of hydro-
xyapatite (Ca;o(PO,4)s(OH),) as peaks from corresponding
elements (Ca, P and O) are observed in the spectrum.

The characteristic bands of hydroxyapatite were also clearly
visible in the FTIR spectrum of the composite material (Fig. S3,
ESIT).*> TGA (Fig. S7, ESI}) also showed that the networks
produced with hydroxyapatite contained approximately 10%
permanent residue, indicating that composite hydrogels con-
taining the required biomineral were successfully prepared.

The properties of hydrogels after the introduction of hydro-
xyapatite were also examined. Typical stress-compression rela-
tionships for PiPOx-PLA-HA and PiPOx-PCL-HA are shown in
Fig. 7a. The introduction of the filler strengthened the tested
networks and therefore led to an increase in the measured
stresses. The effect was more visible in the PiPOx-PLA sample,
which was more easily compressed without a filler than PiPOx-
PCL. Hydroxyapatite, which is more difficult to deform than
polymers, proportionally increased the stresses in the more easily
deformed one, ie. in PiPOx-PLA-HA. Hydrogels containing
HA showed a high ability to retain water in their structures (ESD

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 SEM images of porous PiPOx—PLA (A) and PiPOx—-PCL (B) networks with HA particles and their corresponding EDS analysis.

= 2053% for PiPOx-PLA-HA and ESD = 2085% for PiPOx-PCL-HA,
Fig. S5B in ESIt) what is crucial for the proposed application.

Evaluation of the biocompatibility of the PiPOx-PLA-HA and
PiPOx-PCL-HA hydrogels against hFOB 1.19 osteoblasts

Generally, hydrogels with desirable properties, such as low
porosity, high water sorption capacity, and strong mechanical
properties, are well suited for tissue engineering, promoting
cell adhesion and the formation of new bone tissue. To ensure
that the porous hydrogels we obtained would not be harmful to
eukaryotic cells, the first step was to determine cell viability/
metabolic activity. A test was conducted based on specific
in vitro cytocompatibility criteria (ISO 10993-5:2009); however,
the study utilized human hFOB 1.19 osteoblasts.

The MTT reduction test measures mitochondrial dehydro-
genase activity in cells, with 70% of metabolically active cells
being at the lower acceptable safety limit for test formulations

Fig. 13 Biocompatibility of the tested hydrogels towards hFOB 1.19
human osteoblasts. Complete culture medium was used as a positive
control (PC) (100% viable cells), and 0.03% H,O, as a negative control (NC)
(100% dead/metabolically inactive cells). The results are presented as the
mean values + SDs.

This journal is © The Royal Society of Chemistry 2024

against eukaryotic cells. PiPOx-PLA-HA and PiPOx-PLC-HA
biomaterials were found to be biosafe for hFOB 1.19 human
osteoblasts, with cell viabilities of 96 + 3% when cocultured
(Fig. 13).

Colonization of porous PiPOx-PLA-HA and PiPOx-PCL-HA
hydrogels by human osteoblasts

To assess the potential of the porous PiPOx-PLA-HA and
PiPOx-PCL-HA hydrogels to support the growth of bone cells,
we conducted coculturing experiments with human hFOB 1.19
cells over 7, 14, and 21 days. We evaluated the adhesion of
hFOB.1.19 cells to the surface at each time point (via SEM) and
measured the number of cells over time (cell proliferation
assay).

Fig. 14B illustrates a significant increase in the number of
hFOB 1.19 osteoblasts cultured on the PiPOx-PLA-HA hydrogel
after 14 days, with no further changes observed after 21 days.
Moreover, SEM observation of the cells growing on the PiPOx-
PLA-HA hydrogel (Fig. 14A) revealed that the cells populated
the pores of the composite but did not show a morphologically
typical appearance (i.e., spindle-like cells).

On the other hand, the hFOB 1.19 cells cultured with the
PiPOx-PCL-HA hydrogel displayed a typical spindle-shaped
appearance (Fig. 15A). Interestingly, the number of cells signifi-
cantly increased in the presence of the PiPOx-PLC-H test
material; thus, after 21 days of coculture with the test material,
the number of cells present was three times greater than that in
the culture on day 7th (Fig. 15B).

Upon comparison of the PiPOx-PLA-HA and PiPOx-PCL-HA
networks, it was observed that both types of hydrogels exhibited
complete biocompatibility with bone cells at an in vitro level.
Both networks facilitated the colonization and adhesion of
bone cells. However, only the PiPOx-PLC-HA hydrogels pro-
moted the growth of osteoblasts with a typical elongated shape.

Conclusions

In summary, we have demonstrated that porous PiPOx-
polyester hydrogels can be efficiently fabricated using a
straightforward and robust salt-leaching procedure. The result-
ing biocompatible materials exhibited porosity ranging from
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Fig. 14 Colonization of porous PiPOx—PLA-HA hydrogels by hFOB 1.19 human osteoblasts after 7, 14, and 21 days of culture. (A) Representative images
of FOB 1.19 cells visualized by SEM. (B) Proliferation of hFOB 1.19 osteoblasts after 7, 14, and 21 h of incubation with PiPOx—PLA-HA. The results are
presented as the mean values + SDs. Statistical analysis was performed using the Brown—Forsythe and Welch ANOVA tests following Dunnett's T3

multiple comparisons test; **p = 0.0021.

Fig. 15 Colonization of porous PiPOx—PCL-HA hydrogels by human hFOB 1.19 osteoblasts after 7, 14, and 21 days of culture. (A) Representative images
of FOB 1.19 cells visualized by SEM. (B) Proliferation of hFOB 1.19 osteoblasts after 7, 14, and 21 days of incubation with PiPOx—PCL-HA. The results are
presented as the mean values £ SDs. Statistical analysis was performed using the Brown-Forsythe and Welch ANOVA tests following Dunnett's T3

multiple comparisons test; **p = 0.0021, ***p = 0.0002, ****p < 0.0001.

110 pm to 490 pm, determined by the porogen particle size
used during synthesis. Due to their carefully chosen composi-
tion, these porous networks could absorb significant amounts
of water, showing equilibrium swelling degrees of approxi-
mately 2130% for PiPOx-PLA and 2222% for PiPOx-PCL. The
methodology used enabled the production of durable hydrogels
with good mechanical properties, characterized by an elastic
modulus of 60 kPa for the PiPOx-PLA network and 70 kPa for
the PiPOx-PCL network. Our findings indicate that studied
hydrogels can serve as artificial matrices, effectively mimicking
scaffolds to support cell growth.
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Scheme S1. Preparation of porous PiPOx-polyester networks using the NaCl leaching
technique.

Figure S1. NaCl crystals used as a porogen in the preparation of porous PiPOx-polyester
networks: A) 50-150 um (SEM picture), B) 270-560 um (SEM picture), C) 3.2-6.2 mm (digital
picture).

Table S1. Fabrication of porous PiPOXx-polyester networks in the presence of NaCl crystals.

Conditions; T=140 °C, time= 75 min.

Polyestera | PiPOxt | DMSO NaCl
N k
etwork code (mg) (mg) (mL) Ald] Bldl Cldl Shape
44 83 | 10 3 3 -
PiPOx-PLA 3 disc
132 | 249 | 30 11 | cylinder
| 44 83 | 10 3 3 3 disc
PiPOx-PCL g
132 | 249 | 30 11 e | OYHINCE

apolyester: M,= 3 000 g/mol, ® PiPOx: M,= 150 000 g/mol,




Figure S2. SEM images of PiPOx-polyester networks. non-porous (bulky) and porous obtained
in the presence of porogen: “A” and “B”. Digital picturesof PiPOx-polyester networks prepared
in the presence of porogen C.



Figure S3. ATR FT-IR spectra of porous networks (dry state) obtained from PiPOx using
HOOC-PL A300-COOH and HOOC-PCL 3590-COOH as crosslinker.

Figure $4.13C-CP/MAS spectra of porous networks (dry state) obtained from HOOC-PL A 3p00-
COOH and HOOC-PCL 3000-COOH as PiPOx crosslinker.



Figure S5. Swelling of porous PiPOx-PCL and PiPOx-PLA networks in water, A) networks
obtained with salt A, B) networks obtained with salt B and hydroxyapatite.

Figure S6. TGA analysis of PiPOx-PLA and PiPOx-PCL porous networks with hydroxyapatite
particles.



Figure S7. Krypton adsorption isotherms for porous PiPOx-PCL networks prepared with salt
“A” and “B”.
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Poly(2-isopropenyl-2-oxazoline) as a reactive
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Poly(2-isopropenyl-2-oxazoline) has attracted growing interest as a reactive polymer that can be used as
a starting material for the construction of more complex structures containing macromolecular com-
ponents as well as specific molecules or desired functional groups. The unique advantages of this
polymer result from the presence of multiple reactive sites located in the side chains. Taking advantage of
the highly effective ring-opening of the oxazoline pendant rings, the required modification can be
achieved by a simple addition reaction. Additionally, poly(2-isopropenyl-2-oxazoline) belongs to a class of
biocompatible, water-soluble polymers, which makes it a valuable component of many innovative
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materials that can be obtained by post-polymerization modification methods. The presented mini-review
briefly describes the synthetic routes leading to the preparation of a polymer with a carbon skeleton with
preservation of the side oxazoline rings. Furthermore, chosen examples of post-polymerization modifi-

Published on 09 August 2022. Downloaded by CENTRUM BADAN MOLEKULARNYCH | MAKROMOLEKULARNY CH on 9/6/2022 12:45:22 PM.

rsc.li/polymers

1. Introduction

Polymers that contain reactive side-chain groups are very
important in polymer chemistry because by modifying them,
more complex structures can be easily obtained. By coupling
reactions, macromolecules with accurate compositions or
functional group placements can be prepared with structural
control. Thus, post-polymerization modification methods that
enable the transformation of the starting reactive precursors
into structurally new polymers targeted to specific, high-value
applications are widely used for complex material synthesis.' ™
The most well-known robust, efficient, and orthogonal reac-
tions include the Cu-catalysed azide/alkyne cycloaddition,
thiol-ene, oxime, Diels-Alder, and pyridyl disulfide reactions,
as well as Michael addition and activated ester coupling.*®
However, it should be noted that the auxiliary use of catalysts
(in some cases toxic) during the modification process is
necessary. In this regard, more eco-friendly methods based on
improved syntheses using simple and highly efficient chemical
reactions with reduced toxicity are in demand.'>"*

The purpose of this mini-review is to demonstrate the
potential of poly(2-isopropenyl-2-oxazoline) (PiPOx) as a hydro-
philic, reactive polymer with side groups; this polymer further
promotes effective post-polymerization modifications without
introducing poisonous catalysts or byproducts into the system.

Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences,
Sienkiewicza 112, 90-363 Lodz, Poland. E-mail: baskomeg@cbmm.lodz.pl,
kost@cbmm.lodz.pl
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cation allowing for the preparation of advanced materials are highlighted.

The polymer, which exhibits an interesting structure and pro-
perties, can be obtained by a polymerization that proceeds via
the vinylic moiety of 2-isopropenyl-2-oxazoline (iPOx), which is
a heterocyclic monomer from the 2-oxazolines group. In
general, poly(2-oxazolines) have an established role in polymer
chemistry due to the development of synthetic methods based
on a living cationic ring-opening polymerization, which enable
the synthesis of well-defined biocompatible polymers.'>™* As
demonstrated, the variety of 2-oxazoline monomers allowed
for diverse pendant groups to be introduced into the main
chain and altered polymer properties by controlling the archi-
tecture of macromolecules."”® Thus, by simply varying the
lengths of the n-alkyl side chains from methyl to nonyl, a sig-
nificant change in the properties of the resulting poly(2-oxazo-
line)s from hydrophilic (methyl or ethyl) to hydrophobic can
be achieved. The 2-isopropenyl derivative is a specific
monomer that is utilized to synthesize a hydrophilic polymer
with preserved reactive oxazoline side rings. Due to this
feature, the necessary reactions between the 2-oxazoline
pendant groups and the selected reactants can be performed
under relatively simple conditions, without the need for highly
specialized equipment. Even though several research groups
have recently conducted research with the use of PiPOx, to the
best of our knowledge, no comprehensive reviews have
been published that demonstrated the diversity of the
obtained transformations. In this regard, we wrote a mini-
review to illustrate the advantages of this reactive polymer in
the construction of materials with distinctive properties, which
can be tuned by simple post-polymerization modification
reactions.

This journal is © The Royal Society of Chemistry 2022
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First, a short characterization of the monomer is given, fol-
lowed by the presentation of synthetic methods that allow for
the formation of polymers with the desired structure of the
main chain and preserved oxazoline rings. Subsequently, the
post-functionalization of PiPOx by covalent chemistry to con-
struct complex macromolecules with a defined structure is illus-
trated. The discussion demonstrates the ability of the oxazoline
ring to react with various (low- and high-molecular-weight)
reagents and prepare materials with tailored properties.

2. The 2-isopropenyl-2-oxazoline
monomer

2-isopropenyl-2-oxazoline possesses two polymerizable sites:
an iso-propenyl (vinyl) group and an oxazoline ring that
belongs to the bifunctional monomer class. The monomer is
commercially available; however, vinyloxazolines can also be
prepared from the reaction of amino alcohols with acrylic
esters.'® Synthesis by direct condensation of isobutyronitrile
with 2-amino-ethanol has been also reported.'”*® In addition,
it is worth noting that a very efficient synthesis from 2-ethyl-2-
oxazoline via the formaldehyde reaction has been described
previously."’

This type of five-membered heterocyclic compound can
undergo various ring-opening reactions proceeding via an
addition-type mechanism, as presented in Fig. 1."%"°

Most oxazoline ring-opening reactions leading to adduct
formation can be accomplished with the addition of catalysts
at an elevated temperature. However, under suitable con-
ditions, the addition reaction can occur with a good yield
without the use of any catalysts. For example, for the case of
carboxylic acids and thiols, the efficient addition to oxazoline
rings is achieved at high temperature in polar, aprotic solvents
(e.g., N,N-di-methylformamide (DMF)).** According to the
mechanism proposed in the early work of Fry et al, in this
system, at the first stage, a proton reacts as an electrophile
with the electron pair of the 2-oxazoline nitrogen to produce

Fig. 1 Reactivity of the oxazoline ring.*°

This journal is © The Royal Society of Chemistry 2022
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an oxazolinium ion.?° In the second step, the oxazolinium ion
reacts with a nucleophile, yielding an adduct with an ester-
amide structure, as shown in Fig. 2.

The main advantage of this reaction is that the final adduct
can be formed without the formation of any byproducts and
without the need for catalyst use. Moreover, appropriate con-
ditions ensuring high ring conversion can be obtained using a
simple reactive setup, which makes the method very attractive
for modification of high-molecular-weight compounds (homo-
polymers and copolymers) containing reactive oxazoline side
groups.

3. Methods of preparation of poly(2-
isopropenyl-2-oxazoline) with
pendant oxazoline rings in the side
chain

To obtain reactive polymers with a carbon main chain and oxa-
zoline pendant rings, iPOx polymerization proceeding with the

Fig. 2 The mechanism for adduct formation with the ester-amide
structure obtained by ring-opening oxazoline with a carboxylic acid.

Polym. Chem., 2022,13, 4736-4746 | 4737
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participation of vinyl groups was applied. The presence of the
double bond functionality in a monomer molecule allows for
the use of synthetic strategies based on different modes of
polymer growth, as shown in Fig. 3.

In general, it should be remembered that whereas anionic
polymerization leads to products with a narrow molar mass
distribution, and, thus, with better overall control, free radical
polymerization is technically more facile and suitable for
large-scale production. In addition, radical polymerization
allows for the use of reagents without extensive purification
and proceeds under conditions enabling the preservation of
reactive oxazoline side rings in the formed polymer, which is
sometimes difficult to achieve in ionic polymerization.
Ultimately, the final selection of the applied polymerization
method depends on the required molar mass of PiPOx and the
individual needs.

The first report concerning the radical polymerization of
2-isopropenyl-2-oxazoline was presented by Matsuda et al. in
1972.>" As reported, homopolymers and copolymers of iPOx
with methacrylic acid were obtained for polymerization carried
out in bulk in the presence of 1 mol% AIBN at 60 °C. The
authors provided the NMR spectrum of the homopolymer, and
the products were carefully characterized by infrared spec-
troscopy (IR). However, information about the molar masses
as well as the dispersity of the obtained products was not
included in the article. Subsequently, many research groups
have been conducting the radical polymerization of iPOx
under modified conditions with various free-radical initiators,
aiming to prepare reactive polymers for further post-polymeriz-
ation modification.”>>> Depending on the conditions used,
linear polymers/copolymers with moderate molar masses
(ranging from 9000 g mol™* to 37000 g mol™') and rather
broad dispersity (1.8-2.1) were obtained.

The highly cross-linked particles were also obtained by the
conventional nonaqueous dispersion polymerization (heptane,
24 h, 70 °C, argon atmosphere) of iPOx and methyl methacry-
late conducted in the presence of a cross-linker (1,4-butanediol
dimethacrylate) and a stabilizer (polystyrene-b-poly(ethene-alt-
propene)-b-polystyrene).>® The obtained particles with
different oxazoline contents and cross-linking degrees were

View Article Online
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prepared, and their morphology, average diameter, and size
distribution were studied by SEM and DLS techniques. The
particles with diameters ranging from 650 to 750 nm exhibited
a spherical morphology and narrow size distributions.

The radical ~ copolymerization  of  iPOx  with
N-vinylpyrrolidone in an aqueous phase, using potassium per-
sulfate as a radical initiator, was applied to obtain a polymer
matrix for the preparation of nanocomposite silver nano-
particles.”” The main aim of this work was to develop a syn-
thetic method that used a green methodology. Polymerizations
conducted under different conditions with various stoichio-
metric ratios of monomers led to copolymers that were in-
soluble in water or common organic solvents. The copolymer
with adequate swelling behaviour was formed from the reactive
mixture containing 10% iPOx. The incorporation of silver
nanoparticles inside this copolymer by an ecofriendly green
route was achieved using a garden rhubarb stem extract that
acted as a bioreductant of Ag" ions.

Reversible addition-fragmentation chain transfer (RAFT)
polymerization was also employed for iPOx homo and copoly-
merization.?® Different classes of chain transfer agents, includ-
ing dithiobenzoate, trithiocarbonate, and dithiocarbamate,
were applied to gain insight into the RAFT polymerization con-
ditions. It was found that the utilization of dithiocarbamate as
well as trithiocarbonate results in broad molar mass distri-
butions, while polymerization with 2-cyanopropyl dithiobenzo-
ate yields polymers with a high yield and narrow molar mass
distribution (PDI = 1.38). In the kinetic plots, the molar mass
of polymer increased linearly with the conversion of the
monomer; however, the semilogarithmic curve revealed that
the polymerization slows down above 30% monomer conver-
sion, as shown in Fig. 4. This fact is associated with the cre-
ation of intermediate products during the RAFT process,
which are too stable to still reinitiate the polymerization.>®

Reversible addition-fragmentation chain-transfer polymer-
ization was also chosen to synthesize statistical and block
copolymers of iPOx and 2-vinyl-4,4-dimethyl-5-oxazolone
(2-cyanopropyl dithiobenzoate, 60 °C, dioxane). As demon-
strated in both cases, well-defined copolymers with narrow
molar mass distributions (dispersities (P) < 1.3) and equal

Radical Polymerization
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radical polymerization

Anionic Polymerization

n 07 N
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C L
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Fig. 3 The applied polymerization systems for the synthesis of PiPOx.
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Fig. 4 The kinetic plot for the controlled radical RAFT polymerization of iPOx. Reproduced from ref. 28 with permission from American Chemical

Society, copyright 2011.

numbers of repeating units for both monomers were
obtained.*®

The aqueous Cu(0)-mediated reversible-deactivation radical
polymerization of iPOx via double bonds was reported by
Mosnadek et al.>® In this approach, the 2-chloropropionitrile/
CuCl(CuCl,)/tris(2-pyridylmethyl)Jamine system was success-
fully employed to polymerize iPOx in a H,O/NaCl medium.
After fine-tuning of the catalytic system composition, a quanti-
tative monomer conversion was reached, yielding polymers
with low dispersity and MWs of up to approximately 20 000 g
mol ™. The presented synthetic strategy is attractive due to the
applied aqueous polymerization medium, which can enable
the copolymerization of iPOx with polar monomers.

The anionic polymerization of 2-isopropenyl-2-oxazoline
with butyllithium was reported by Tomalia in 1980.%'
Homopolymers with molar masses in the range 1500-2500 g
mol™" were obtained in 85-95% yield as white, friable
powders. More broader studies on iPOx anionic polymerization
were presented later by Kang and coworkers.?* Various initiat-
ing systems (including Dbutyllithium, diphenylmethyl-
potassium, triphenylmethylpotassium, sec-butyllithium/1,1-
diphenylethylene/lithium chloride and diphenylmethyl-
potassium/diethylzinc) were employed to estimate the appro-
priate conditions for the preparation of homopolymers. All
experiments in this work were carried out using high-vacuum
and glass-blowing techniques. It was found that using butyl-
lithium at —78 °C results in a low molar mass polymer with
high dispersity (2.38) due to the termination or chain transfer
reaction. To decrease the contribution of side reactions,
weaker nucleophiles such as diphenylmethylpotassium and
triphenylmethylpotassium were used; however, these changes
did not significantly improve the molar mass and dispersity of
the obtained homopolymers. Well-defined PiPOx with a molar
mass in the range of 9.6 to 100 kg mol™" and low dispersity
(£1.17) were only obtained via anionic polymerization using
diphenylmethylpotassium/diethylzinc in THF at 0 °C. The pre-
sented results show that diethylzinc is an efficient ligand to
reduce the side reaction and enables control of the anionic
polymerization of iPOx.*> However, recent research presented
by Hoogenboom et al. reveals that after proper optimization of
the polymerization conditions, n-BuLi can also be used as an

This journal is © The Royal Society of Chemistry 2022

efficient initiator of iPOx anionic polymerization.>*>* The
undertaken systematic studies were focused on the influence
of the applied temperature and monomer concentration on
the polymerization efficiency and polymer molar mass. The
obtained results show that the well-defined PiPOx with a very
narrow dispersity (1.12) can be successfully synthetized after
decreasing the monomer concentration from 3 M to 1.6 M and
increasing the temperature from —78 °C to —20 °C (Fig. 5). In
addition, it was found that the applied conditions for a small
batch polymerization (0.5 g) are not suitable for the polymeriz-
ation of a larger amount of monomer and homopolymers with
a lower molecular mass than expected, and a slightly higher
dispersity is obtained. The observed effect is correlated with

Fig. 5 Optimization of IPOx anionic polymerization conditions using
BuLi as an initiator. Reproduced from ref. 34 with permission from
American Chemical Society, copyright 2016.

Polym. Chem., 2022,13, 4736-4746 | 4739
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the hindered heat flow in a large batch, and after decreasing
the temperature of polymerization to —40 °C, the polymer with
the desired characteristic was obtained on the scale of 6 g.**

An efficient synthesis of well-defined poly(2-isopropenyl-2-
oxazoline) with a high molar mass and very narrow molar
mass distribution via rare earth metal-mediated group transfer
polymerization was demonstrated by Rieger.>® The polymeriz-
ation conducted at room temperature in the presence of bis
(cyclopentadienyl)methylytterbium (Cp2YbMe) as a catalyst
follows a living character, showing a linear increase in molar
mass with monomer conversion (Fig. 6).

Additionally, bis(cyclopentadienyl)(4,6-dimethylpyridin-2-
yl)methyl lanthanide complexes (toluene, 30 °C) were reported
to be efficient initiators of rare earth metal-mediated group
transfer polymerization of iPOx.>® Surface-initiated group
transfer polymerization leads to the formation of side chains
along the backbone brushes.

The UV-induced photopolymerization of iPOx on hydrogen-
terminated silicon surfaces was demonstrated by Zhang.?” As a
result of the grafting of the hydrophilic PiPOx brushes onto
the silicon substrate, the surface wettability is efficiently modi-
fied, which was confirmed by static water contact angle
measurements (while the bare Si substrate gives a static water
contact angle of 96, for the hydrophilic PiPOx brushes, the
value of the water contact angle is determined to be equal to
34). PiPOx brushes were also prepared on molybdenum di-
sulfide, glassy carbon, and nanocrystalline diamond surfaces
using the same technique.*®*™*' Self-initiated photografting and
photopolymerization onto amino-functionalized silicon sub-

Fig. 6 Control group transfer polymerization of iPOx. Reproduced from
ref. 35 with permission from American Chemical Society, copyright
2013.

4740 | Polym. Chem., 2022,13, 4736-4746
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strates enables the modification of surfaces to control protein
adsorption and cell adhesion.*?

Methods based on low-pressure plasma polymerization of
2-isopropenyl-2-oxazoline were applied to prepare thin
coatings.”>** Depositions were performed in pulsed mode,
exploiting the carbon-carbon double bond of the monomer to
maximize the retention of oxazoline rings in the coatings. In
another work, it was observed that films deposited from iso-
propenyloxazoline are less sensitive to the deposition con-
ditions than those deposited from methyl-2-oxazoline.*> This
kind of polymerization is considered a cost-effective and envir-
onmentally friendly process, which makes minimal use of
monomers, does not require the use of solvents or initiators,
and eliminates liquid organic wastes.

The example of iPOx polymerization by frustrated Lewis
pairs based on Al(CeFs); and N-heterocyclic carbenes has been
reported by Chen et al.*® According to the proposed mecha-
nism, in this type of polymerization, the Lewis acid and Lewis
base work cooperatively to activate the monomer and partici-
pate in polymer chain formation. As shown, the polymeriz-
ation of oxazoline conducted in toluene at room temperature
affords products with a M, in the range of 15000-74 000 g
mol ™" and with a rather high dispersity (P = 2.9-3.2).

The vinyl polymerization of 2-isopropenyl-2-oxazoline via
an activated monomer mechanism was reported by
Miyamoto.?” The polymerization was carried out in dichloro-
methane in the presence of trimethylsilyl trifluoromethanosul-
fonate as a catalyst. The proposed mechanism postulated the
formation of a complex between 2-isopropenyl-2-oxazoline and
trimethylsilyl trifluoromethanosulfonate at the first step, fol-
lowed by the formation of a propagating species having a
ketene silyl aminal structure, as presented in Fig. 7. At room
temperature with 5 mol% of this catalyst, limited conversion
was observed (28%) at 40 °C; with 10 mol% of catalyst, quanti-
tative conversion was reached, and polymers with M,, = 5000 g
mol~" (P = 1.19) were obtained.

As reported in the presented literature, PiPOXx, as a reactive
polymer with a desired molar mass, can be easily obtained in
a controlled manner by applying various synthetic methods.

07N+ Megsiort — Q7 SN—siMe;

—SiMe; O N—=SiMe;

-/

Fig. 7 The vinyl polymerization of 2-isopropenyl-2-oxazoline via an
activated monomer mechanism.
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4. The properties of poly(2-
isopropenyl-2-oxazoline)

The iPOx homopolymer belongs to a class of water-soluble
polymers and can be considered a relatively new hydrophilic
material that can be used to replace poly(ethylene glycol)s,
poly(vinylpyrrolidone), poly(vinyl alcohol) or poly(hydroxy-
ethyl methacrylate) in some applications. Additionally, the
final physico-chemical properties can be modified by copoly-
merization with the selected comonomer. Therefore, PiPOx is
a relevant choice as the building block for the construction of
more complex systems that require hydrophilic properties.
Taking into account the potential biomedical applications, the
hydrolytic stability of PiPOx in various water media was system-
atically investigated as a function of pH."® Studies performed
in different aqueous media show that the polymer is relatively
stable in deionized water (pH 6.9) and has good stability in
basic conditions (pH 8 and 9)."*** Under acidic conditions,
the stability of the polymer decreases drastically with changing
pH from 6 to 1.2. It has been found that the degradation
process occurs via hydrolysis and crosslinking and only affects
the polymer side chains, while the main chain remains intact.
An essential feature of PiPOx is also the biocompatibility
demonstrated in vitro and ex wvivo by Kronek and
coworkers.>**8

What is also interesting is that iPOx homopolymers were
found to show kinetic hydrate inhibitor performance, although
they are not as powerful as some other classes that are used by
the oil and gas industry to prevent plugging of flow lines by
gas hydrates.*® Moreover, PiPOx is also soluble in a wide range
of organic solvents (including methanol, ethanol, chloroform,
DMSO, or DMF), which considerably facilitate post-polymeriz-
ation procedures. Due to its high glass transition temperature
(Ty > 170 °C), PiPOx can be considered an important tool for
modifying the physical properties of other polymers. This
feature is particularly essential, for example, for materials that
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are designed as commodity plastics employed in the amor-
phous state.>®

This reactive polymer is thermally stable and resistant to
moisture and oxygen, so it does not require any special storage
conditions. As presented further, the versatile introduction of
desirable moieties and functions into the PiPOx chain result-
ing in the production of materials with tailor-made properties
can be achieved under simple reaction conditions without the
need for highly specialized equipment.

Considering all the mentioned advantages of PiPOx, with
particular emphasis on its reactivity, hydrophilicity and bio-
compatibility, the potential of this polymer is expected to be
fully exploited in various application areas.

5. Post-polymerization modification
of poly(2-isopropenyl-2-oxazoline)

To demonstrate the possibility of PiPOx chain modification
through pendant oxazoline rings, preliminary studies were
carried out in relatively simple systems using selected low-
molecular-weight compounds containing carboxyl, thiol, or
amine functional groups. The structures of the monofunc-
tional compounds used for PiPOx post-polymerization modifi-
cation are presented in Fig. 8.

In the procedure described by Weber et al., the reaction of
benzoic acid, 4-azidobenzoic acid and thiophenol with PiPOx
was conducted in DMF at 60 °C for 24 h.*® By utilizing 'H
NMR spectroscopy, it was found that the addition reaction
with thiophenol proceeds quantitatively, whereas the observed
conversion reaches 74% and 88% for benzoic acid and 4-azido-
benzoic acid, respectively. The addition reaction of PiPOx with
thiols and carboxylic acids has also been studied in aqueous
solutions.” On the basis of IR and "H NMR spectra analysis, it
was established that the addition reactions with acetic acid
and benzoic acid proceed selectively with 65 and 42% conver-

Fig. 8 Representation of monofunctional compounds used for PiPOx post-polymerization modification.

This journal is © The Royal Society of Chemistry 2022
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sion to give the corresponding modified polymers without
hydrolysis of the pendant oxazoline groups. Systematic studies
concerning PiPOx functionalization with compounds showing
different nucleophilic functionalities (including thiophenol,
benzyl mercaptan, benzylamine, phenylacetic acid, and
benzoic acid) were presented by Kempe.>® Under the applied
conditions (DMF, 80 °C), only 18% conversion is observed for
benzyl mercaptan, and no reaction of PiPOx with benzylamine
is observed. However, the results support the previous obser-
vations of a high reactivity for aromatic acids and thiophenol.

Different chemical compounds containing carboxylic
groups have often been applied for the tailored modification
of PiPOx due to their good reaction efficiency. For example,
acetic, propionic, butyric, or isobutyric acid has been used for
partial opening of the pendant 2-oxazoline side groups,
enabling the synthesis of random copolymers with a large
structural diversity.>® As a result, thermosensitive polymers
that exhibit a lower critical solution temperature were obtained
by the gradual introduction of hydrophobic side chains into
the hydrophilic PiPOx chain. As shown in Fig. 9, depending on
the final copolymer composition and the hydrophobic nature
of the side chain functional groups, the cloud points for the
resulting PiPOx copolymers are controlled over a wide tempera-
ture range, from 4.5 °C to 97.8 °C. The potential utility of copo-
lymers with narrow temperature transitions as temperature
sensors was proposed.

The PiPOx modification using dual, triple, and quadruple
combinations of these four carboxylic acids has been also
demonstrated.>® By mixing the acid functionalities in the copo-
lymers, the cloud point temperatures are modulated between
room temperature and body temperature. It is confirmed that
the hydrophilic/hydrophobic balance of the resulting copoly-
mers can be regulated by varying the acid moiety from methyl
to butyl. In this system, the cloud point temperature of the pre-
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pared copolymers was finely tuned in the range that is relevant
for potential biomedical applications.

The reaction of 2-bromoisobutyric or 2-chloropropionic
acid with pendant 2-oxazoline rings from the polymer chain
was performed to prepare different PiPOx-based ATRP macroi-
nitiators.*® A well-defined functional polymer with a unimodal
SEC trace dispersity of 1.26 and a 20% degree of substitution
was obtained (NMP, 60 °C, 5 h) using 2-chloropropionic as the
modification agent. For the case of 2-bromoisobutyric acid,
the degree of substitution was equal to 42%; however, the SEC
traces showed a multimodal molar mass distribution, which
was ascribed to the side reactions of the 2-oxazoline rings. In
the next step, PiPOx chains fitted with ATRP initiation sites
were used for the grafting of methyl methacrylate or styrene.
The obtained results show that the macromonomer with
2-chloropropionate groups enables the synthesis of highly
defined graft copolymers if the monomer conversion is kept
low to avoid cross-linking reactions.

Taking advantage of the highly effective ring-opening
addition of carboxyl groups to the oxazoline ring, carboxylic
acids with a more complex structure were also used for the
post-polymerization modification of PiPOx (structures shown
in Fig. 10). For instance, 4-(4-hydroxy-3,5-dimethylphenylazo)
benzoic acid, which exhibits fluorescence activity, was used as
a reagent for the preparation of copolymers bearing azo moi-
eties.® The reaction of 4-(4-hydroxy-3,5-dimethylphenylazo)
benzoic acid was also effectively exploited for grafting the fluo-
rescent azobenzene dye onto the 2-isopropenyl-2-oxazoline-
methylmethacrylate cross-linked particles.>® It was found that
the grafting degree of oxazoline-functional particles with dye is
dependent on the crosslinking degree. Nevertheless, it was
observed that the oxazoline rings located inside the particles
are also involved in the reaction with the acid groups, which
confirms the high efficiency of this type of addition reaction.

Fig. 9 Transmittance versus temperature profiles for the second heating (solid lines) and cooling (dashed lines) cycles of PiPOx—propionic acid
copolymers in distilled water (A). The effect of the acid content on the cloud point temperatures (Tcps) for the PiPOx—acid series (B). Reproduced
from ref. 34 with permission from the Royal Society of Chemistry, copyright 2018.
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Fig. 10 Representation of fluorescent compounds used for PiPOx post-polymerization modification.

In another study, 1-pyrenecarboxylic acid and 7-(diethylamino)
coumarin-3-carboxylic acid, as fluorescent probes containing a
carboxylic group, were successfully introduced into the
polymer chain as side groups.>* PiPOx labelled with 7-(diethyl-
amino)coumarin-3-carboxylic acid was further used to visualize
the colocalization of the polymer within cell organelles.

The reaction of oxazoline pendant rings in the polymer
backbone with a methyl triflate was aimed at the preparation
of polycationic macroinitiator.>® In the next step, the synthesis
of molecular brushes was achieved by the grafting-from
method via the living cationic ring-opening polymerization of
2-oxazoline monomers. The presented approach has the
advantage that a robust and very effective macroinitiator is pre-
pared with comparable reactivity to, e.g., moisture-sensitive tri-
flates or tosylates. As outlined by the authors, the accessibility
of the initiation sites along the main chain of the macro-
monomer for the 2-oxazoline monomers (2-methyl-, 2-ethyl-,
and 2-isopropyl-2-oxazoline) is considerably improved due to
the charging of each unit along the PiPOx chain to a polyelec-
trolyte and the induced significant chain stretching. NMR and
FTIR spectroscopy confirm a very high side chain grafting
density and a quantitative reaction. With poly(2-ethyl- and
2-isopropyl-2-oxazoline) side chains, the molecular brushes
display sharp, reversible lower critical solution temperatures in
aqueous solutions.

Along with monofunctional compounds, difunctional
reagents have also been utilized to prepare PiPOx cross-linked
structures with covalent nodes. Their chemical structures are
given in Fig. 11. The effectiveness of this synthetic approach
was initially demonstrated with simple dicarboxylic acids,
including succinic, glutaric, adipic, pimelic, suberic, azelaic,
sebacic, and dodecanedioic acid.”® The methodology used
enables one to obtain hydrogel networks with a controlled
number of ester-amide crosslinks formed in the post-polymer-
ization modification reactions while maintaining a balance
between hydrophilicity and the structural integrity of the
material. For the case of hydrogels with the highest water
absorption, further evaluation was carried out in terms of ther-
moresponsiveness and susceptibility to degradation under
physiological conditions. The noncytotoxic character of the

This journal is © The Royal Society of Chemistry 2022

Fig. 11 Representation of dicarboxylic compounds used for PiPOx
network construction.

PiPOx hydrogels as well as the protein repellent properties
were also demonstrated for selected hydrogels. Additionally,
mineralization studies revealed that such scaffolds do not
promote calcification phenomena. In light of the presented
results, the use of the obtained hydrogels as potential ophthal-
mic materials or drug carriers was proposed.

Although the PiPOx hydrogels cross-linked with aliphatic
dicarboxylic acids showed controlled water uptake, their
mechanical properties were found to be rather moderate.
Therefore, in another work, networks containing rigid nodes
from macrocycles have been proposed to adjust the final pro-
perties of the material.> As demonstrated, a specifically con-
structed dicarboxylic acid pillar[5]arene, used as crosslinker,
enables the introduction of covalently bounded bulky macro-
cycles into PiPOx networks, resulting in hydrogels with
enhanced mechanical properties (i.e., compression and tensile
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modulus, energy dissipation, stress at break and storage
modulus). The obtained hydrogels possessing host-guest com-
plexation ability were tested as adsorbents for water purifi-
cation. Compared to their PiPOx counterparts crosslinked with
linear dicarboxylic acids (azelaic acid), hydrogels with pillar[5]
arene components showed much higher adsorption perform-
ance for phenols and dyes (methylene blue and methyl red)
and were easily regenerated by washing with an organic
solvent for reuse.

In another instance, hydrophobic polymeric coatings were
prepared by cross-linking PiPOx with the ammonium carboxy-
late functional group in perfluoroalkyl polymers.”®” The net-
works were obtained from aqueous formulations after heating
and loss of solvent and ammonia when the carboxylic acid
moieties reacted with the oxazoline group to form amide ester
cross-links. The nonstick surfaces were formed by the self-
assembly of active perfluoroalkyl groups oriented to yield
closely packed, exposed —CF; moieties. As demonstrated, the
surface wettability can be tuned by varying the chemical com-
position, curing conditions, and degree of cross-linking.

Di-carboxyl terminated poly(ethylene oxide) (M, = 500 g
mol ") was applied in another work as a hydrophilic macro-
crosslinker for oxazoline side rings in PiPOx chains.’® In the
presence of selected biologically active compounds (cinnamic
acid, benzoic acid, or eugenol), hydrogels with antibacterial
properties were successfully prepared. The presented results
confirm that by simultaneously applying low- and high-mole-
cular-weight reagents containing suitable reactive groups, the
introduction of desired components into a covalently cross-
linked structure can be achieved in a one-pot synthesis. The
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resulting hydrogels show suitable mechanical properties that
enable easy handling and can potentially be used in wound
healing and infection prevention dressings.

Riccardi and co-workers used, poly(acrylic acid) (pAAc) for
the modification of the plasma deposited coatings.*® It was
found that the amount of grafted pAAc and the quality of the
films depended both on the deposition and on the reaction
conditions.

PiPOx dual-crosslinked hydrogels formed by both covalent
bonds and physical (i.e., metal-ligand coordination) inter-
actions have been also successfully obtained.”® In the first
step, the PiPOx copolymer was obtained by reacting part of the
side oxazoline rings with 2,6-dipyridin-2-ylpyridine-4-car-
boxylic acid. Subsequently, the covalently crosslinked network
was constructed by chemical crosslinking with azelaic acid.
Swelling of the hydrogels in a solution of divalent transition
metal ions (Ni**, Cu**, Zn**, Co®", Fe*") enabled the formation
of dual crosslinks due to the complexation of metal ions with
the terpyridine moieties. It was found that the introduction of
terpyridine units in the structure significantly improves the
mechanical properties of the hydrogels and induces energy
dissipating properties compared to nonmodified PiPOx hydro-
gels. Hydrogels with ultrahigh compression strength and
toughness were obtained upon complexation with Zn>" ions.

The preparation of noncovalent PiPOx-based hydrogels that
can be formed by a metal coordination mechanism have been
also presented.’® In the proposed synthetic strategy, 2,6-dipyri-
din-2-ylpyridine-4-carboxylic acid was applied for the modifi-
cation of the polymer due to its high binding affinity for tran-
sition metal ions. In this system, the reversible autogelation

Table 1 Post-polymerization modification of PiPOx by using different agents

Modifying agents Properties Potential application Ref.

Methyl triflate Polycationic polymer Macroinitiator for preparation of 23
polymer brushes

1-Pyrenecarboxylic acid, 7-(N,N- Fluorescent (co)polymers without toxicity or ~ Functional polymeric materials 24

diethylamino)coumarin-3-carboxylic acid

immunomodulatory properties

accessible for bioconjugation with
drugs, proteins, or saccharides

4-(4-Hydroxy-3,5-dimethylphenylazo)benzoic ~ Fluorescence particles Medical diagnostic 26 and 53
acid

Benzoic acid, 4-azidobenzoic acid, Reactive (azide functionalized) polymer Preparation of graft-copolymers 28
thiophenol

Benzylamine, benzoic acid, thiophenol Amphiphilic block copolymers with ability Biomedical materials 29

phenylacetic acid, benzyl mercaptan

to assemble in narrowly disperse

nanostructures in aqueous media

3,3"-Dithiodipropionic acid
polymers

Acetic acid, propionic acid, butyric acid,

isobutryic acid

3-Chloropropionic acid, 2-bromopropionic

acid

Succinic acid, glutaric acid, adipic acid,

pimelic acid, suberic acid, azelaic acid,

sebacic acid, dodecanedioic acid

Dicarboxylic pillar[5]arene

point temperature
Reactive polymer

Tuneable water uptake

Dicarboxyl-terminated poly(ethylene oxide),
benzoic acid, cinnamic acid
2,2":6',2"-Terpyridine-4'-carboxylic acid,
azelaic acid

Antibacterial hydrogel

elasticity

4744 | Polym. Chem., 2022,13, 4736-4746

Reduction-responsive molecularly imprinted

High compression strength hydrogels

Ultrahigh compression strength or high

Anticancer therapy (injection into the 33
tumor site)

Amphiphilic polymers with modulated cloud Stimuli-responsive copolymers 34 and 52
ATRP macroinitiator for graft 30
copolymers preparation
Hydrogels for drug delivery 54
applications
Water purification and solvent- 55
mediated regeneration
Wound dressing materials 58
Hydrogels with ultra-high toughness, 59 and 60

self-healing materials
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process was triggered by the addition of divalent transition
metal ions (e.g., Fe**, Ni**, Co**, and Zn”"). The rheological
studies show that the obtained hydrogels exhibit rapid self-
healing properties at room temperature. As a result, mouldable
and self-healing supramolecular hydrogels with a transient
network structure are obtained. The developed hydrogels can
be formed into any geometric shape, which enables a wide
range of potential applications from dynamic self-healing coat-
ings to soft robotics.

A summary of various PiPOx modifications, properties of
the obtained materials, and their potential applications are
presented in Table 1.

6. Conclusion

This mini-review highlights the potential of PiPOx as a reactive
platform for the generation of functionally diverse polymers.
The main reason for the unique position of PiPOx is the rela-
tively high reactivity of the oxazoline pendant rings that
enables the efficient introduction of desirable functionalities.
This particular feature, combined with the hydrophilic pro-
perties of the polymer, gives PiPOx a distinct advantage over
other water-soluble polymers. Moreover, PiPOx-based materials
are suitable for biomedical applications due to their biocom-
patibility and noncytotoxic nature. This is a significant benefit
because the frequency of observed immune response for classi-
cal hydrophilic polymers is increasing, which can limit the
application of these polymers as biomaterials. However,
despite these excellent properties, PiPOx has limitations,
which mainly include its poor stability at low pH values and
the need for high temperatures to ensure that the reactants
undergo high conversions during the addition reactions.

Nevertheless, considering the presented literature, it can be
concluded that PiPOx meets the requirements of a universal
precursor that allows for efficient structural transformations
and enables the creation of polymeric materials with tuned
properties. By applying suitably functionalized reagents,
complex macromolecules can be formed that are otherwise
difficult or impossible to produce by direct polymerization. As
presented, the creation of various structures can be achieved
in a predictable manner, without the formation of unwanted
toxic byproducts or the use of highly specialized equipment.
The materials explored in the studies reviewed here range from
thermoresponsive copolymers, polymer particles grafted with
azo dye, cylindrical molecular brushes, hydrogels for bio-
medical applications to self-healing, and mouldable supramo-
lecular hydrogels. The presented progress in the synthesis of
new PiPOx-based materials is promising; however, we believe
that the wider use of this polymer is possible. We hope that by
presenting research mainly conducted in recent years, this
mini-review will inspire the scientific community involved in
the design and preparation of materials that are specifically
engineered to exhibit novel or enhanced properties in the
future.

This journal is © The Royal Society of Chemistry 2022
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