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STEOREG-NET

Fundusze : g Unia Europejska
Europejskie gﬁ;,fg‘””"ta ( FNP ) Fundacia na rzecz el i
Inteligentny Rozwdj - Nauki Polskiej Rozwoju Reglonalnego

Projekt "Wielofunkcyjne kompozyty aktywne biologicznie do zastosowan w medycynie regeneracyjnej
uktadu kostnego” (POIR.04.04.00-00-16D7/18) realizowany w ramach programu TEAM - NET Fundacji
na rzecz Nauki Polskiej finansowanego przez Uni¢ Europejska z Europejskiego Funduszu Rozwoju
Regionalnego.

INKUBATOR
INNOWACYINOSCI

Projekt ,,PioMelaCure — piomelaninowy preparat wspomagajacy terapi¢ powszechnych zakazen H. pylori”
prowadzony w ramach konkursu ,Inkubator Innowacyjnosci +” realizowany w ramach projektu
pozakonkursowego ,,Wsparcie zarzadzania badaniami naukowymi i komercjalizacja wynikow prac B+R
w jednostkach naukowych i przedsigbiorstwach” w ramach Programu Operacyjnego Inteligentny Rozwdj
2014-2020 (Dziatanie 4.4).

INKUBATOR
INNOWACYJNOSCI

4080

Projekt ,,PyoBattery - piomelaniowe elektrolity i elektrody do zastosowan w bateriach elektrycznych”
prowadzony w ramach konkursu ,Inkubator Innowacyjnosci 4.0” realizowany w ramach projektu
pozakonkursowego ,,Wsparcie zarzadzania badaniami naukowymi i komercjalizacja wynikow prac B+R
w jednostkach naukowych i przedsigbiorstwach” w ramach Programu Operacyjnego Inteligentny Rozwdj
2014-2020 (Dziatanie 4.4).
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In Vitro and In Vivo Biocompatibility of Natural and Synthetic Pseudomonas
aeruginosa Pyomelanin for Potential Biomedical Applications
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International Journal of Molecular Sciences, 2023, 24, 7846.

DOI: 10.3390/ijms24097846

IF2023/MNISW = 5,6/140

Can Pyomelanin Produced by Pseudomonas aeruginosa Promote the
Regeneration of Gastric Epithelial Cells and Enhance Helicobacter pylori
Phagocytosis?

Urbaniak M. M., Rudnicka K., Gosciniak G., Chmiela M.

International Journal of Molecular Sciences, 2023, 24, 13911.

DOI: 10.3390/ijms241813911

IF2023/MNISW = 5,6/140

Exploring the Osteoinductive Potential of Bacterial Pyomelanin Derived from
Pseudomonas aeruginosa on Human Osteoblasts Model

Urbaniak M. M., Rudnicka K., Ptocinski P., Chmiela M.

International Journal of Biological Macromolecules, 2024.

Manuskrypt w recenzji

Bioactive Materials for Bone Regeneration: Biomolecules and Delivery
Systems

Szwed-Georgiou A., Plocinski P., Kupikowska-Stobba B., Urbaniak M. M.,
Rusek-Wala P., Szustakiewicz K., Piszko P., Krupa A., Biernat M., Gazinska M.,
Kasprzak M., Nawrotek K., Mira N. P., Rudnicka K.

ACS Biomaterials Science & Engineering, 2023, 9, 5222-5254.
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IF2023/MNISW = 5,8/140
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Measurement Methodology toward Determination of Structure-Property
Relationships in Acrylic Hydrogels with Starch and Nanogold Designed for
Biomedical Applications

Drabczyk A., Kudtacik-Kramarczyk S., Tyliszczak B., Rudnicka K., Urbaniak M.
M., Michlewska S., Krélczyk J. B., Gajda P., Pielichowski K.

Measurement, 2020, 156, 107608.

DOI: 10.1016/j.measurement.2020.107608

IF2020/MNiSW = 3,927/200

Composites Based on Hydroxyapatite and Whey Protein Isolate for
Applications in Bone Regeneration

Stota D., Glab M., Tyliszczak B., Douglas T., Rudnicka K., Miernik K., Urbaniak
M. M., Rusek-Wala P., Sobczak-Kupiec A.

Materials, 2021, 14, 2317.

DOI: 10.3390/mal4092317

IF2020/MNISW = 3,748/140

Dual Modification of Porous Ca-P/PLA Composites with APTES and
Alendronate Improves Their Mechanical Strength and Cytobiocompatibility
towards Human Osteoblasts

Biernat M., Szwed-Georgiou A., Rudnicka K., Ptocinski P., Pagacz J., Tymowicz-
Grzyb P., Wozniak A., Wlodarczyk M., Urbaniak M. M., Krupa A., Rusek-Wala
P., Karska N., Rodziewicz-Motowidto S.

International Journal of Molecular Sciences, 2022, 23, 14315.

DOI: 10.3390/ijms232214315

IF2022/MNISW = 5,6/140

Physicochemical and Biological Analysis of Composite Biomaterials
Containing Hydroxyapatite for Biological Applications
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DOI: 10.1002/jbm.b.35309

IF2023/ MNISW = 3,4/140




Effect of Calcination and lon Substitution on Physicochemical and Biological
Properties of Nanohydroxyapatite for Bone Tissue Engineering Applications
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Scientific Reports, 2023, 13, 15384.
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IF2023/ MNISW = 4,6/140

Clindamycin-Loaded Nanosized Calcium Phosphates Powders as a Carrier of
Active Substances
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Crosslinked Hybrid Polymer/Ceramic Composite Coatings for Controlled
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Manuskrypt w recenzji

Laczny IF oraz sumaryczna liczba punktow MNiSW wszystkich publikacji:
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Wykaz zgtoszen
patentowych



Podloze minimalne PMM d o hodowli bakterii Pseudomonas aeruginosa
i izolacji piomelaniny

Urbaniak M. M., Rudnicka K., Ptocifski P., Chmiela M.

Nr zgloszenia: P.438865

Data zgloszenia: 2 wrze$nia 2021

Sposéb otrzymywania piomelaniny izolowanej z bakterii Pseudomonas
aeruginosa metoda chloroformowa oraz zastosowanie piomelaniny izolowanej
z bakterii Pseudomonas aeruginosa metoda chloroformowa jako s$rodka
immunomodulujacego, bakteriobdjczego, proregenenracyjnego oraz jako
suplementu diety i ZywnoSci specjalnego przeznaczenia medycznego w celu
ograniczenia zakazenia bakteriami Helicobacter pylori

Urbaniak M. M., Rudnicka K., Ptocinski P., Gonciarz W., Chmiela M.

Nr zgloszenia: P.438866

Data zgtoszenia: 2 wrze$nia 2021
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Udziat w projektach
badawczych



Tytul: PyoBattery - piomelaniowe elektrolity i1 elektrody do zastosowan
w bateriach elektrycznych

Rodzaj projektu: B+R

Rola w projekcie: kierownik naukowy, wykonawca

Okres realizacji: 01.10.2022 — 31.07.2023 r.

Jednostka finansujaca: Inkubator Innowacyjnosci 4.0, Konsorcjum
Uniwersytetu Lodzkiego, Uniwersytetu Medycznego w Lodzi 1 Uniwersytetu
Warminsko-Mazurskiego w Olsztynie w ramach §rodkow Ministerstwa Nauki
I Edukacji.

Tytul: PioMelaCure - piomelaninowy preparat wspomagajacy terapi¢
powszechnych zakazen H. pylori

Rodzaj projektu: B+R

Rola w projekcie: kierownik

Okres realizacji: 01.07.2019 — 01.04.2020 .

Jednostka finansujaca: Inkubator Innowacyjnosci +, Konsorcjum Uniwersytetu
Lodzkiego, Uniwersytetu Medycznego w todzi i Uniwersytetu Warminsko-
Mazurskiego w Olsztynie w ramach $rodkéw Ministerstwa Nauki i Szkolnictwa
Wyzszego.

Tytul: Piomelaniowe baterie elektryczne — PyoBattery

Rodzaj projektu: Proof of concept

Rola w projekcie: kierownik

Okres realizacji: 15.03.2022 - 01.01.2023 1.

Jednostka finansujaca: Nowa Ziemia Obiecana Seed Fund, RDS Fund sp. z 0.0
w ramach konkursu Narodowego Centrum Badan i Rozwoju.

Tytul: Wielofunkcyjne kompozyty aktywne biologicznie do zastosowan
w medycynie regeneracyjnej uktadu kostnego

Konsorcjanci: Politechnika Wroctawska, Politechnika Krakowska, Uniwersytet
1.odzki, Sie¢ Badawcza Lukasiewicz

Rodzaj projektu: B+R

Rola w projekcie: doktorant — stypendysta

Okres realizacji: 01.10.2019 — 30.09.2023 r.

Jednostka finansujaca: Fundacja na Rzecz Nauki Polskiej, konkurs TEAM-NET
finansowany z $rodkéw Unii Europejskiej (Dziatanie 4.4 POIR - Zwigkszanie
potencjatu kadrowego, sektora B+R, Inteligentny Rozwj).

Tytul: Kompleksowa ocena biozgodnosci 1 bioaktywnosci piomelaniny
wspierajgcej procesy regeneracji i unaczyniania kos$éca

Rodzaj projektu: B+R

Rola w projekcie: doktorant — stypendysta

Okres realizacji: 16.10.2020 — 30.09.2023 r.
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Jednostka finansujaca: Fundacja na Rzecz Nauki Polskiej, konkurs TEAM-NET
finansowany z $rodkéw Unii Europejskiej (Dziatanie 4.4 POIR - Zwigkszanie
potencjatu kadrowego, sektora B+R, Inteligentny Rozwj).

Tytul: Badanie wplywu biomasy i skladnikow komoérek drozdzy Yarrowia
lipolytica Novel Food na odpornos¢ 1 stymulacje komorek ukladu
immunologicznego

Rodzaj projektu: komercyjny B+R

Rola w projekcie: wykonawca

OKkres realizacji: 01.01.2023 — 15.04.2023 r.

Jednostka finansujaca: SKOTAN S.A.
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Staze badawcze



Rodzaj wyjazdu: staz badawczy

Kraj: Polska, Wroctaw

Instytucja: Katedra Inzynierii i Technologii Polimeréw, Politechnika
Wroctawska

Termin: 09 —30.09.2022 r.

Rodzaj wyjazdu: staz badawczy

Kraj: Polska, Warszawa

Instytucja: Lukasiewicz - Instytut Ceramiki i Materiatéw Budowlanych
Termin: 28.03 — 05.04.2022 r.

Rodzaj wyjazdu: staz badawczy

Kraj: Polska, Wroctaw

Instytucja: Katedra Inzynierii 1 Technologii Polimerow, Politechnika
Wroctawska

Termin: 22.02 — 02.03.2021 r.

Rodzaj wyjazdu: staz badawczy

Kraj: Polska, Krakow

Instytucja: Instytut Inzynierii Materialowej, Politechnika Krakowska
Termin: 17 — 25.02.2020 r.



Streszczenie
w jezyku polskim



Metabolity bakteryjne stanowiag jedno z gtéwnych zrodetl pozyskiwania szerokiej
gamy substancji bioaktywnych o potencjalnych zastosowaniach biomedycznych.
Piomelanina (PyoM) wytwarzana przez bakterie Pseudomonas aeruginosa (P. aeruginosa)
bedaca czarno-bragzowym polimerem kwasu homogentyzynowego (HGA) z racji swoich
unikalnych wlasciwosci fizykochemicznych i biologicznych, jest rozwazana jako substancja
o dziataniu przeciwoksydacyjnym, cytoprotekcyjnym, przeciwbakteryjnym, a takze

stymulujacym regeneracj¢ uszkodzonych tkanek i aktywujacg komoérki odpornosciowe.

W niniejszej rozprawie doktorskiej scharakteryzowano wtasciwosci fizykochemiczne
i biologiczne dwoch wariantéw naturalnej PyoM: rozpuszczalnej (PyoMse) lub
nierozpuszczalnej w wodzie (PyoMinsol), a takze syntetycznego odpowiednika tego polimeru
(sPyoM). Zoptymalizowano sposob ich wytwarzania. W pracy wykazano przydatnosé
podtozy minimalnych PMM I i PMM 1I do hodowli P. aeruginosa i izolacji PyoMsol
i PyoMinsot. W naturalnej i syntetycznej PyoM wykazano obecno$¢ hydroksylowych
1 karboksylowych grup charakterystycznych dla zwigzkéw melaninowych pochodnych HGA
oraz wysoka termoodporno$¢ badanych PyoM. Bakteryjne PyoM w przeciwienstwie do
wariantu syntetycznego cechowaty si¢ wysoka cytokompatybilnos$ciag wzgledem fibroblastow
myszy (L-929), monocytéw (THP-1), komodrek nabtonka zoladka (AGS) i osteoblastow

cztowieka (hFOB 1.19) oraz bezpieczenstwem in vivo na modelu Galleria mellonella.

Na modelu in vitro komorek nabtonkowych zoladka wykazano dziatanie
przeciwbakteryjne naturalnych PyoM wobec pateczek Helicobacter pylori (H. pylori)
wywotujacych zapalenie blony §luzowej Zotadka lub dwunastnicy, zaréwno wobec szczepow
wzorcowych jak 1 klinicznych, a takze zdolno$¢ PyoM do neutralizacji wzbudzanego przez te
bakterie stresu oksydacyjnego, ograniczenia apoptozy i przywracania barierowosci komorek.
Ponadto wykazano, ze PyoMs, nasila aktywno$¢ fagocytarng monocytéw zahamowang przez
komponenty H. pylori i aktywuje czynnik transkrypcyjny NF-kB. Uzyskane wyniki wskazuja
na potencjat PyoM w ograniczaniu zakazenia H. pylori i jego negatywnych skutkéw dla

nabtonka zotadka.

PyoM jako bezpieczny biomimetyk ztogéw ochronotycznych odpowiedzialnych za
nadmierng mineralizacj¢ tkanki chrzestnej w alkaptonurii moze stanowi¢ potencjalny
stymulator dojrzewania osteoblastow, a w konsekwencji przyczynia¢ si¢ do regeneracji
uszkodzonej tkanki kostnej. W przeprowadzonych badaniach wykazano bowiem istotng role

bakteryjnej PyoM we wspomaganiu migracji komoérek kosciotworczych, a takze ograniczaniu
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apoptozy tych komoérek indukowanej doksorubicyng. W srodowisku osteoblastow bakteryjne
PyoM nasilaty aktywnos¢ fosfatazy alkalicznej 1 sekrecj¢ osteokalcyny, inteleukiny (IL)-6,
IL-10 oraz czynnika martwicy guza (TNF)-a, ktore stanowig kluczowe markery osteoindukcji
1 osteokondukcji. W pracy wykazano takze przeciwbakteryjne wtasciwosci PyoM przeciwko

klinicznym szczepom Staphylococcus sp. wyizolowanym z zakazonej tkanki kostne;j.

Prezentowane wyniki stanowig przestanke do dalszych badan in vivo na
dedykowanych modelach zwierzecych z indukowanym zapaleniem nabtonka zoladka
w nastepstwie zakazenia H. pylori lub z ubytkami kostnymi, z uzyciem PyoM wolnej lub
zwigzanej z kompozytami. Wyniki tych badan pozwolg na ukierunkowane zastosowanie
bakteryjnej PyoM jako substancji bioaktywnej bedacej sktadnikiem zywnosci specjalnego

przeznaczenia lub komponentem wyroboéw medycznych do regeneracji tkanki kostne;.
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Streszczenie
w jezyku angielskim



Bacterial metabolites are one of the primary sources of obtaining a wide range
of bioactive substances with potential biomedical applications. Pyomelanin (PyoM) produced
by Pseudomonas aeruginosa (P. aeruginosa), which is a black-brown polymer
of homogentisic acid (HGA) due to its unique physicochemical and biological properties, has
been considered an attractive stimulator of tissue regeneration and an immunomodulator,

as well as an antibacterial, antioxidant, and cytoprotective biomolecule.

This doctoral dissertation characterizes the physicochemical and biological properties
of two variants of natural PyoM: soluble (PyoMs.1) or water-insoluble (PyoMinsol), as well as
the synthetic form of this polymer (sPyoM). The study demonstrated the usefulness of PMM
I and PMM II minimal media for the cultivation of P. aeruginosa and the isolation of PyoM;,
and PyoMinsol. Also, it revealed the presence of hydroxyl and carboxyl groups in PyoMsol,
PyoMinsol and sPyoM molecules, which are representative of melanin compounds derived
from HGA. Moreover, the thermogravimetric analysis showed high heat resistance of the
tested PyoM. Bacterial PyoM, unlike the synthetic variant, exhibited high cytocompatibility
against L-929 fibroblasts, THP-1 monocytes, AGS gastric epithelial cells and hFOB 1.19

osteoblasts and in vivo safety in the Galleria mellonella model.

In an in vitro model of gastric epithelial cells, the antibacterial effect of natural PyoM
against Helicobacter pylori (H. pylori) strains causing gastritis or duodenitis, including the
reference and clinical strains was showed, as well as the ability of PyoM to neutralize the
oxidative stress induced by these bacteria, limit apoptosis and restore the gastric cell barrier.
Moreover, it was demonstrated that bacterial PyoM improve the phagocytic activity
of monocytes inhibited by H. pylori components and activate the NF-kB transcription factor.
These results indicate the potential of natural PyoM in eliminating H. pylori and reversing

negative effects driven by these bacteria in the gastric mucosa.

PyoM, as a safe biomimetic of ochronotic deposits responsible for excessive
mineralization of cartilage tissue in alkaptonuria, may be a potential stimulator of osteoblast
maturation and contribute to the regeneration of damaged bone tissue. The studies
demonstrated the important role of bacterial PyoM in supporting the migration of bone-
forming cells and limiting apoptosis induced by doxorubicin. In the cell cultures
of osteoblasts, bacterial PyoM increased the activity of alkaline phosphatase and the secretion
of osteocalcin, interleukin (IL)-6, IL-10 and tumour necrosis factor (TNF)-a, which are the

key markers of osteoinduction and osteoconduction. The study also presented the antibacterial
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properties of PyoM against clinical strains of Staphylococcus sp. isolated from infected bone

tissue.

The presented results constitute a premise for further in vivo research on dedicated
animal models with H. pylori induced gastritis or with bone defects, using PyoM alone or as
a part of a biocomposite. The results of the above research will allow for the future targeted
use of PyoM as a bioactive substance in food for special medical purposes or as a stimulator

in medical devices for the regeneration of bone tissue.
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Wykaz stosowanych
skrotow



4-HPP
AHC
AKU
ALP
ATP
BabA
Bax
Bcl-2
BMP
BQA
CagA
cAMP
CLR
CcoL1
COX-2
CtsK
DSC
DNA
DOX
eDNA
ELISA
FTIR

HA
HGA
HISS

IL

JAK-
STAT

4-hydroxyphenylopyruvic acid
acyl-homoserine lactone
alkaptonuria

alkaline phosphatase
adenosine-5-triphosphate

blood group antigen—binding adhesin
B-cell lymphoma-2 associated X
B-cell lymphoma 2

bone morphogenetic protein
benzoquinone acetate
cytotoxin-associated gene A protein
cyclic adenosine monophosphate
clarithromycin

type I collagen

cyclooxygenase-2

cathepsin K

differential scanning calorimetry
deoxyribonucleic acid

doxorubicin

extracellular deoxyribonucleic acid
enzyme-linked immunosorbent assay

Fourier-transform infrared
spectroscopy

a-L-guluronic acid
hydroxyapatite
homogentisic acid

Health Index Scoring System

interleukin

Janus kinase-signals tranducer and
activator of transcription

kwas 4-hydroksyfenylopirogronianowy
lakton acylohomoseryny

alkaptonuria

fosfataza alkaliczna
adenozyno-5'-trifosforan

adhezyna wigzaca antygen grupowy krwi
biatko Bax

biatko Bcl-2

biatko morfogenetyczne kosci
benzochinon kwasu octowego

biatko cytotoksyczne CagA

cykliczny adenozynomonofosforan
Klarytromycyna

kolagen typu |

cyklooksygenaza 2

katepsyna K

skaningowa kalorymetria r6znicowa
kwas deoksyrybonuleinowy

doksorubicyna

zewnatrzkomorkowy kwas deoksyrybonuleinowy

immunoenzymatyczny test fazy statej

spektroskopia w podczerwieni z transformacja

Fouriera

kwas a-L-guluronowy
hydroksyapatyt

kwas homogentyzynowy

system punktacji indeksu zdrowia Galleria
mellonella

interleukina

kinaza Janus — przekaznik sygnalow i aktywator

transkrypcji
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Charakterystyka bakterii Pseudomonas aeruginosa oraz biomedyczny
potencjat barwnikow i metabolitow tych drobnoustrojow

Rodzaj Pseudomonas jest jednym z najbardziej licznych i zréznicowanych rodzajow
bakterii Gram-ujemnych, obejmujacym 259 gatunkéw z wylaczeniem podgatunkéw
i gatunkéw synonimicznych opisanych w bazie List of Prokaryotic Names with Standing
in Nomenclature.! Bakterie Pseudomonas aeruginosa (P. aeruginosa) zostaly po raz pierwszy
wyizolowane przez francuskiego farmaceute Louis-Carle’a Gessarda w 1882 r. z rany
zohierza, ktoérego bandaze byty zabarwione na charakterystyczny niebiesko-zielony kolor.
Rodzaj Pseudomonas zostat opisany przez niemieckiego botanika Waltera Migula w 1894 r.,
ktory uznat P. aeruginosa jako gatunek typowy dla tej grupy taksonomicznej.? Nazwa
rodzajowa Pseudomonas pochodzi od dwdch greckich stow: pseudo oznaczajacy ,,falszywy”
I monas oznaczajacy ,jednostke”, natomiast aeruginosa wywodzi si¢ z tacinskiego aeriigo
ttumaczonego jako ,,zardzewiata miedz, grynszpan” i odwotuje si¢ do niebiesko-zielonego
podtoza wzrostowego po namnozeniu bakterii, ktory przypomina barwe hydroksyoctanu
miedzi (IT) powstajacego na skutek korozji plyt miedzianych.> Warto zwroci¢ uwage, ze
najprawdopodobniej Migula nie positkowal si¢ w pelni greckim rodowodem nazwy
Pseudomonas, ale stworzyt ja inspirujac si¢ wielkoscig i ruchliwo$cig tych paleczek i ich
podobienstwem w tym zakresie do komoérek glonow z rodzaju Monas. By¢ moze pierwotnym
zamiarem Miguli byto nazwanie bakterii ,,fatszywymi Monas”, a nie jak czgsto przyjeto sie

tlumaczy¢ ,,fatszywymi jednostkami”.?

Bakterie P. aeruginosa to szeroko rozpowszechnione heterotroficzne,
oksydazododatnie, niefermentujgce Gram-ujemne pateczki nalezace do klasy
Gammaproteobacteria, bedace patogenem oportunistycznym powodujagcym zakazenia
szpitalne oraz infekcje u oséb z obnizong odpornoécia.* Bakterie te naleza do wzglednie
duzych pateczek o dlugosci okoto 1-5 um 1 szerokosci 0,5-1,0 um posiadajacych zdolnos¢
do ruchu w $rodowisku ptynnym dzigki jednej umieszczonej biegunowo rzesce oraz
mozliwoéé poruszania sie na powierzchniach stalych dzieki polarnym pilom typu IV.>®
P. aeruginosa dobrze rosng na podtozach hodowlanych w temperaturze 37°C, ale moga
przetrwaé i namnazac si¢ W Szerokim zakresie temperatur, od 4°C do 42°C. Temperatura
hodowli moze wptywac na zjadliwo$¢ tych bakterii, poniewaz ponizej 30°C niektore szlaki

metaboliczne odpowiedzialne za synteze czynnikoéw wirulencji nie sa aktywne.’
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P. aeruginosa to jedne z najbardziej réznorodnych i tatwo przystosowujacych si¢
do zmian $rodowiska gatunkéw bakterii.® Mikroorganizmy te wykazuja doskonata zdolnosé
do wzrostu w zroznicowanych niszach ekologicznych tj. gleba, woda, $rodowiska o niskich
temperaturach, tkanki roslinne i zwierzgce, a takze kolonizacji szerokiej gamy organizmoéw,
w tym roélin, nicieni, owadow i kregowcow.®® Zdolnoéé adaptacji i plastycznosé
metabolizmu P. aeruginosa pozwalaja przetrwaé tym bakteriom na suchych, abiotycznych
powierzchniach nawet do 6 miesiecy, przyczyniajac sie do sukcesu kolonizacyjnego.l°
Kliniczne izolaty P. aeruginosa cze¢sto wykazuja heterogeniczno$¢ fenotypowa wystepujac
w postaci gtadkich, §luzowatych lub matych kolonii na podtozach statych.!!

Pateczki P. aeruginosa nalezgce do fakultatywnych tlenowcow angazujg do produkcji
energii w postaci adenozyno-5'-trifosforanow (ATP) réznorodne donory i akceptory
elektronéw, w zwigzku z czym charakteryzuja si¢ ztozonymi i elastycznymi $ciezkami
przenoszenia elektrondéw w lancuchu oddechowym.!> W warunkach beztlenowych
P. aeruginosa, dzigki obecnosci reduktazy azotanowej, wykorzystuja alternatywne
zewnetrzne akceptory elektronéw w postaci azotanéw (I11) i azotanow (IV).1® Wykorzystujac
argining jako zrodto energii P. aeruginosa moga rosnaé¢ bez dostepu tlenu i azotanow,
jednakze wzrost ten jest bardzo powolny. Ponadto, fermentacja pirogronianowa warunkuje
dhugotrwale beztlenowe przezycie P. aeruginosa jednakze nie umozliwia wzrostu bakterii
w takich warunkach.’? P. aeruginosa bytuja w $rodowiskach, w ktorych powstaja nisze
beztlenowe, takich jak podmokte gleby, torfowiska i osady rzeczne. W takich ekosystemach
czesto tworzg biofilmy bakteryjne z gradientem stezen tlenu i kieszeniami beztlenowymi.*
Ponadto alginian, wydzielany przez bakterie rosngce w formie §luzowatych kolonii, ogranicza
dyfuzje tlenu i przyczynia si¢ do tworzenia srodowisk mikrotlenowych lub beztlenowych.™
Bakterie te moga wykorzystywa¢ ponad 100 organicznych zrodet wegla i energii, a jako
drobnoustroje prototroficzne wzrastaja na podtozach o minimalnej zawarto$ci soli i substancji

odzywczych.1®

P. aeruginosa posiadajg stosunkowo duzy genom (5,5 — 7 Mbp), w poréownaniu
z innymi bakteriami i charakteryzuja si¢ duza plastycznoscig genetyczna, ktora umozliwia im
tatwo$¢ adaptacji do zmieniajacych si¢ warunkoéw $rodowiskowych, wytwarzanie
réznorodnych czynnikow wirulencji oraz oporno$¢ na wigkszo§¢ obecnie stosowanych
antybiotykow.!” Pateczki P. aeruginosa szybko przystosowuja sie do niedoboru zelaza
i fosforanow, naglych zmian temperatury i stresu oksydacyjnego. Skutecznie konkuruja

z innymi drobnoustrojami o nisz¢ i przezwycig¢zaja dziatanie wybranych mechanizmow
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odpornosciowych gospodarza.'® Glowne zmiany morfologiczne u szczepéw P. aeruginosa
izolowanych z zakazen gornych drég oddechowych, m.in. w przebiegu mukowiscydozy,
obejmujg konwersje do wariantow Sluzowatych, nadprodukcje alginianu i egzopolimerow,
zwickszong synteze barwnikoéw i tworzenie matych kolonii, w konsekwencji czego powstaje

mikrosrodowisko stanowigce bariere dla antybiotykéw i komérek odpornosciowych.®

Jednym z kluczowych metabolitow P. aeruginosa jest alginian - wysokoczasteczkowy
liniowy, organiczny heteropolisacharyd sktadajacy si¢ z kwasu B-D-mannuronowego (M)
i kwasu o-L-guluronowego (G) potgczonych wigzaniami 1 — 4 glikozydowymi.?® Za
polimeryzacj¢, modyfikacje i wydzielanie alginianu odpowiada wielobiatkowy kompleks
zlokalizowany w przestrzeni peryplazmatycznej i btonie zewnetrznej. Biatka tworzace ten
kompleks ulegaja ekspresji w operonie alginianu, ktory zawiera 12 sekwencji kodujacych
(algD, alg8, alg44, algK, algE, algG, algX, algL, algl, algJ, algF i algA ), a takze jeden gen
(algC) zlokalizowany poza operonem. Wyzej wymienione geny sg wysoce konserwatywne
u alginiano-twérczych szczepéw P. aeruginosa.?! Produkcja alginianu jest jedna ze strategii
P. aeruginosa umozliwiajaca adaptacj¢ i przezycie tych bakterii w zmieniajacych si¢
warunkach $rodowiskowych. Alginian zapewnia komorkom bakteryjnym zwigkszong
tolerancje na wysychanie i dziatanie czynnikow utleniajacych oraz ochrone przed reakcjami
odporno$ciowymi gospodarza. W szczepach §luzowatych, izolowanych od chorych na
mukowiscydozg, alginian wydzielany jest do otaczajacego bakterie srodowiska i nie jest
kowalencyjnie zwigzany z ich powierzchnig.?? Alginian uczestniczy w tworzeniu, stabilizacji
1 zapobieganiu erozji biofilmu, jak réwniez ogranicza przenikanie antybiotykow do komorek

bakteryjnych, przyczyniajac sie do sukcesu kolonizacyjnego P. aeruginosa.?®

Bakteryjne alginiany dzigki wysokiej biokompatybilnosci, biodegradowalnosci, braku
immunogennosci, niskim kosztom biosyntezy 1 mozliwosci ich modyfikacji znalazty szerokie
zastosowanie w medycynie regeneracyjnej 1 inzynierii tkankowej. W $rodowisku ptynnym
alginian tworzy hydrozele, dzigki czemu polisacharyd ten jest powszechnie uzywany jako
stabilizator, zageszczacz, S$rodek Zelujagcy, material opatrunkowy 1 skladnik
biokompozytéw.?* Masa czasteczkowa alginianu waha si¢ od 32 do 400 kDa, natomiast wraz
ze wzrostem masy czasteczkowej wzrasta takze lepkos$¢ zelu alginianowego. Alginiany
o wysokiej zawartosci kwasu G tworza sztywniejsze hydrozele, podczas gdy alginiany
o wysokiej zawarto$ci kwasu M tworza hydrozele bardziej migkkie i elastyczne.?® Hydrozele
algninianowe, dzigki utrzymaniu wilgotnego §rodowiska o optymalnym pH 1 przyspieszaniu

procesOw gojenia tkanek, stanowig surowiec do produkcji opatrunkéw na rany skory.
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Wilgotne $rodowisko rany pod hydrozelem alginianowym przyczynia si¢ do efektu
hemostatycznego i pomaga w opanowaniu krwawienia, natomiast wysoka chtonno$¢ pozwala

na absorbowanie wysieku.?®

Alginian jest powszechnie stosowanym polimerem
do projektowania i wytwarzania systemow dostarczania lekow lub substancji bioaktywnych.
Obecnos¢ aktywnych grup funkcyjnych (karboksylowych i hydroksylowych) w jego
strukturze stwarza szerokie mozliwosci modyfikacji biochemicznych, chemicznych lub
strukturalnych. Laczenie bakteryjnego alginianu z innymi polimerami umozliwia
zaprojektowanie komponentéw o okreslonych cechach, takich jak biokompatybilnosc,
porowato$¢, wytrzymato§¢ mechaniczna, szybko$¢ pgcznienia, czas i stopien degradacji,
tadunek elektryczny oraz profil uwalniania czasteczek bioaktywnych.?” Wtadciwosci
przeciwbakteryjne biomateriatow alginianowych sg efektem modyfikacji antybiotykami
(klindamycyna, wankomycyna, gentamycyna, aminoglikozydami), nanoczastkami metali
(tj. srebro, cynk, miedz, ztoto, magnez) lub bakteriobdjczymi olejkami eterycznymi. Posrod
stosowanych modyfikatoréw aktywnosci biologicznej kompozytow alginianowych,
ukierunkowanej na przyspieszenie regeneracji tkanek, nalezy uwzgledni¢ takze czynniki

wzrostowe, substancje przeciwutleniajace i przeciwzapalne.?

Jednym z przyktadow wykorzystania alginianu wydzielanego przez P. aeruginosa
w medycynie regeneracyjnej jest jego sprzeganie z biatkami morfogenetycznymi kosci (BMP,
bone morphogenetic protein)-2 i BMP-7, co zwigksza potencjal réoznicowania komoérek
macierzystych pochodzacych ze szpiku kostnego do osteoblastow. Natomiast jednoczesne
uwolnienie do obszaru gojenia BMP-2 i czynnika wzrostu §rodbtonka naczyniowego (VEGF,
vascular endothelial growth factor) z zeli alginianowych, znaczaco poprawia rekonstrukcje

ubytkéw kostnych.?®

Do cech fenotypowych P. aeruginosa umozliwiajacych wstepng identyfikacje tego
gatunku zalicza si¢ charakterystyczny zapach jasminu lub soku winogronowego, za ktory
odpowiada 2—aminoacetofenon, a takze f—hemolizg, obecnos¢ duzych, sluzowatych kolonii
i zabarwienie agarowego podtoza hodowlanego pod wzrostem kolonii.?® Gtéwnymi
rozpuszczalnymi barwnikami wytwarzanymi przez te mikroorganizmy sg niebieska
piocyjanina, zotto-zielona piowerdyna, czerwona piorubina oraz bragzowo-czarna
piomelanina (Ryc. 1). P. aeruginosa stanowig jedno z najcenniejszych bakteryjnych zrodet

pozyskania barwnikéw o potencjale biomedycznym i przemystowym.
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Wprowadzenie

Piocyjanina Piomelanina

Pseudomonas aeruginosa

Piorubina | Piowerdyna

Ryc. 1. Barwniki produkowane przez bakterie P. aeruginosa.

Piocyjanina (PyoC, pyocyanin) jest niebieskim, fenazynowym, rozpuszczalnym
w wodzie barwnikiem syntetyzowanym w pdznej stacjonarnej fazie wzrostu przez okoto 90—
95% szczepow P. aeruginosa. Jej wytwarzanie podlega regulacji w procesie quorum sensing
przez autoinduktory: lakton acylohomoseryny (AHC, acyl-homoserine lactone) i 2-heptyl-3-
hydroksy-4-chinolon, zwany chinolonowym sygnatem Pseudomonas (PQS, Pseudomonas
quinolone signal).3¥33 PyoC P. aeruginosa jest elektrochemicznie aktywnym metabolitem
spelniajacym funkcj¢ nosnika elektrondéw, dzigki czemu wspiera oddychanie komoérkowe
i wytwarzanie energii w warunkach niedoboru tlenu.®* Ponadto, PyoC kontroluje ekspresje
genow, interakcje migedzy komoérkami bakteryjnymi oraz wielko$¢ kolonii na podtozach
stalych, a takze grubo$é¢ i stabilno$¢ biofilmu tworzonego przez P. aeruginosa.®® Ten
termolabilny barwnik ma znaczacy wptyw na adhezje P. aeruginosa do r6znych powierzchni
poprzez tworzenie kompleksu z zewnatrzkomérkowym kwasem deoksyrybonuleinowym

(eDNA, extracellular deoxyribonucleic acid), dzigki czemu zaburza hydrofobowo$¢ komoérek
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bakteryjnych i sprzyja tworzeniu stabilnych biofilméw.%®3” Ekspresja czynnikow wirulencji
u P. aeruginosa jest wzmacniana przez syntez¢ PyoC, a szczepy wytwarzajace piocyjanine
charakteryzuja si¢ wysoka zjadliwoscia i opornoscia na antybiotyki.® PyoC uwazana jest za
jeden z gtdwnych czynnikow wirulencji P. aeruginosa. Ekspozycja komorek eukariotycznych
na PyoC powoduje powstawanie wewnatrzkomoérkowych reaktywnych form tlenu (ROS,
reactive oxigen species), co prowadzi do oksydacyjnego uszkodzenia DNA, zmniejszenia
syntezy dinukleotydu nikotynoamidoadeninowego (NADH, nicotinamide adenine
dinucleotide) i hamowania aktywnosci enzymow, a w konsekwencji wzbudzania procesu
apoptozy.>®*4% Jedng z gtownych funkcji PyoC jest hamowanie reakcji odpornosciowych
gospodarza. Wykazano, ze PyoC zmniejsza sekrecj¢ interleukiny (IL, interleukin)-2
i ekspresje jej receptor6w na powierzchni limfocytow T, prowadzac do zahamowania
proliferacji tych komorek, a takze zaburza wydzielanie przeciwciat przez limfocyty B. Oprocz
negatywnego wplywu na limfocyty, PyoC wykazuje takze toksyczne dziatanie wzgledem
neutrofili, indukujac szybka i selektywna apoptoze zalezng od wzrostu ROS i zmniejszenia
stezenia wewnatrzkomorkowego cyklicznego adenozynomonofosforanu (CAMP, cyclic
adenosine  monophosphate).*42  PyoC w $rodowisku lipopolisacharydu (LPS,
lipopolysaccharide) P. aeruginosa znaczgco pobudza sekrecje IL-1 i czynnika martwicy
nowotworu-a (TNF-a, tumor necrosis factor-«) przez monocyty, prowadzac do rozwoju
silnej reakcji zapalnej oraz postepujacej kolonizacji tkanek gospodarza.*® PyoC odpowiada
takze za pozyskiwanie zelaza ze $srodowiska zewnatrzkomoérkowego oraz odgrywa istotng
role w metabolizmie tego pierwiastka. Wtasciwosci redukujace tego barwnika ulatwiajg
uwalnianie zelaza z transferryny i jego transport do komérki bakteryjnej.** PyoC jest badana
pod katem wykorzystania jako alternatywnego S$rodka przeciwbakteryjnyego
i przeciwgrzybiczego, a takze barwnika ograniczajacego stres oksydacyjny i hamujacego
rozwdj komorek nowotworowych. Liczne doniesienia wskazuja na zdolnos¢ PyoC
do ograniczenia zywotnosci bakterii patogennych tj. Staphylococcus aureus, w tym szczepow
metycylinoopornych, Escherichia coli, Klebsiella pneumoniae, Enterococcus faecalis,
Salmonella enterica i Bacillus cereus oraz grzybéw patogennych, w tym Aspergillus niger,
A. fumigatus, Cryptococcus neoformans, Candida albicans i C. tropicalis.®***" Ponadto
wykazano, ze PyoC skutecznie redukuje biofilm bakteryjny i wspomaga P. aeruginosa
w zasiedlaniu nablonka ptuc pacjentéw z mukowiscydoza konkurujac z S. aureus.®! Badania
wskazuja takze na hamowanie przez PyoC wzrostu komorek nowotworowych m. in. komorek
migé$niakomiesaka prazkowanokomorkowego, raka watrobowokomorkowego,

kostniakomigsaka, raka okreznicy, czerniaka i raka trzustki.’'*°0 Mechanizmy
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ograniczajagce wzrost komorek nowotworowych przez PyoC obejmuja zwigkszenie
przepuszczalnosci btony komorkowej, interkalacj¢ barwnika z DNA i hamowanie
topoizomerazy, a ponadto indukcje stresu oksydacyjnego i w nast¢pstwie uszkodzenie DNA
oraz aktywacje kaspazy 3, co w konsekwencji prowadzi komoérki nowotworowe na szlak
apoptozy.*®°! Wykazano réwniez hamowanie przez PyoC acetylocholinoesterazy, ktorej

nadmierna aktywnosé jest $cisle powiazana z geneza wielu choréb neurodegeneracyjnych.>

Innym charakterystycznym barwnikiem syntetyzowanym i wydzielanym przez
P. aeruginosa jest fluorescencyjna piowerdyna (PyoV, pyoverdine), ktéra stanowi gtowny
siderofor umozliwiajacy rozpuszczanie zelaza ze zrodet nieorganicznych oraz pozyskiwanie
tego pierwiastka z ferroprotein gospodarza.>® Szczepy P. aeruginosa wytwarzaja trzy rézne
typy PyoV (PyoV I, PyoV Il i PyoV Ill) sktadajace si¢ z peptydu o dtugosci od 6 do 12
aminokwaséw polaczonego z chromoforem begdacym pochodng 2,3-diamino-6,7-
dihydroksychinoliny. Sekwencja aminokwasow i dtugos¢ tancucha peptydowego PyoV jest
zréznicowana.” PyoV jest kluczowym czynnikiem wirulencji, a jej produkcja jest konieczna
dla uzyskania pelnej zjadliwosci P. aeruginosa. Oprocz roli jaka petni w pozyskiwaniu zelaza,
PyoV kontroluje tworzenie biofilmu, komunikacj¢ miedzy komoérkami bakteryjnymi oraz
reguluje ekspresje czynnikow zjadliwosci, w tym egzotoksyny A i egzoproteazy PrpL.*®
PyoV jest jednym z czynnikow nasilajacych antybiotykooporno$é P. aeruginosa, a szczepy
piowerdyno-tworcze cechujg sie¢ wyzszym poziomem opornosci na ampicyling, cefsulodyne,
gentamycyne, norfloksacyne, ofloksacyne, tobramycyne i tygecykline.*®°” Aktualne badania
nad biomedycznym wykorzystaniem PyoV skupiajg si¢ na zastosowaniu tzw. ,,strategii konia
trojanskiego” polegajacej na wykorzystaniu skoniugowanych barwnikéw z antybiotykami,

w celu zwalczania infekcji wywotanych przez wielolekooporne szczepy P. aeruginosa.>®

Bakterie P. aeruginosa produkujg takze rozpuszczalng w wodzie piorubine (PyoR,
pyorubin), a czestos¢ wystepowania szczepow wydzielajacych ten czerwony barwnik szacuje
sie na 2—-3%. PyoR jako siderofor chelatuje jony zelaza umozliwiajac ich translokacje poprzez
bakteryjng blong zewnetrzng i blone cytoplazmatyczna.®® Potwierdzone zostaty takze
fotoprotekcyjne 1 przeciwutleniajgce wtasciwosci PYOR oraz jej zdolnos¢ do utrzymywania

réownowagi redoks w komorkach bakteryjnych.5%6

Ostatnim znanym barwnikiem wydzielanym przez P. aeruginosa jest piomelanina

stanowigca glowny obiekt badan ponizszej rozprawy doktorskiej.
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Charakterystyka  piomelaniny  produkowanej przez bakterie
Pseudomonas aeruginosa

Zwigzki melaninowe stanowig Szeroko rozpowszechniong w przyrodzie heterogenng
grupe amorficznych biopolimerow powstajacych w wyniku polimeryzacji fenoli lub indoli
wywodzacych si¢ z tyrozyny. Greckie stowo melanos 0znacza ,,czarny” lub ,,bardzo ciemny”
I odzwierciedla obserwowalng wtasciwos¢ melanin. Charakterystyczng cecha tych zwigzkow
jest ich ciemnobrazowy lub czarny kolor, cho¢ znane sg takze melaniny o czerwonym lub
zottym zabarwieniu.®2%® Zwiazki melaninowe naleza do polimeréow 0 wysokiej odpornosci
na dziatanie st¢zonych kwaséw 1 $rodkow redukujacych, ponadto charakteryzuja si¢
wyjatkowo wysoka fotostabilno$cia i termoodpornoécia, nawet do temperatury 300°C.5%
Bioragc pod uwage brak rozpuszczalnosci lub niskg rozpuszczalno$¢ melanin w wodzie,
interesujace wydaja si¢ ich wtasciwosci higroskopijne. Melaniny sg w stanie zaabsorbowaé
czasteczki wody nawet do 20% swojej whasnej masy.®®> Pojedyncze monomery melanin sa
wysoce reaktywne chemicznie i niestabilne, natomiast ich polimery charakteryzuja sig
stabilnoscig 1 nizszym stopniem reaktywnos$ci wynikajacym z zawady przestrzennej

i interakcji wewnatrzczasteczkowych. 6667

Melaniny wystepujg u organizméw wszystkich trzech domen taksonomicznych:
Archaea, Bacteria i Eucarya. Barwniki te u mikroorganizméw pehnig réznorodne funkcje
zwigzane z przetrwaniem i adaptacja gatunkow w ich naturalnym $rodowisku. Odpowiadaja
za ochron¢ przed promieniowaniem nadfioletowym (UV, ultraviolet radiation),
termoregulacje 1 termoprotekcje, usuwanie wolnych rodnikow 1 utrzymanie réwnowagi
redoks, chelatowanie i sekwestracj¢ jonow metali i substancji toksycznych. Ponadto petnig
funkcje¢ czasteczki sygnatowej oraz przenosnika elektrondw w szlakach metabolicznych oraz

chronig przed konkurencyjnymi i drapieznymi drobnoustrojami.%-"

Obecnie przyjeta klasyfikacja zwiazkow melaninowych dzieli je na pig¢ gtownych
typow, uwzgledniajac struktur¢ monomeru, prekursor barwnika oraz obecnos$ci azotu 1 siarki
w czasteczce. Do melanin zalicza si¢ eumelaning, feomelaning, allomelaning, neuromelaning

i piomelanine (Tabela 1).586%71
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Tabela. 1. Klasyfikacja melanin ze wzgledu na prekursor oraz zawarto$¢ azotu i siarki.®86971

Typ melanin Prekursor melaniny Azot Siarka
Eumelanina Tyrozyna, lewodopa, 5,6-dihydroksyindole + +/—
Feomelanina Cysteinylodopa, benzotiazyny + +
Neuromelanina Dopamina, katecholaminy + —
) 1,8-dihydroksynaftalen,  katechole,  kwas
Allomelanina - -
kawowy
Piomelanina Kwas homogentyzynowy - -

(+) - obligatoryjna obecno$¢, (+/—) — niska czesto$¢ wystepowania, (—) — brak obecnosci

Struktura indolowa lub aktywne grupy fenolowe w czasteczkach melanin nadajg im
nie tylko charakterystyczne witasciwosci fizyczne i chemiczne, ale odpowiadaja za wiele
aktywnosci biologicznych o potencjalnym zastosowaniu w biologii i medycynie. Aktualne
biomedyczne kierunki badan nad bakteryjnymi melaninami obejmujg wykorzystanie tych
barwnikow jako substancji przeciwutleniajacych, przeciwbakteryjnych, przeciwwirusowych,
fotoprotekcyjnych, immunomodulujgcych i przeciwnowotworowych, a takze jako nosnikow
lekow, modulatoréw regeneracji tkanek, czy srodkdéw kontrastowych do obrazowania metoda
rezonansu magnetycznego.®® 23 Wartym zauwazenia s3 mozliwosci zastosowania melanin
bakteryjnych w przemysle, rolnictwie, ochronie $rodowiska i bioelektrotechnice, gdzie
zwiazki te moga petlié¢ role adsorbentéw metali cigzkich, barwnikow spozywczych
i przemystowych, chemosensoréw, jak roéwniez bioelektrolitow i fotouczulaczy

przeksztatcajacych energie $wietlng w barwnikowych ogniwach stonecznych.®474-"7

Jednym z najlepiej poznanych bakteryjnych zwigzkow melaninowych jest
piomelanina (PyoM) wytwarzana przez P. aeruginosa. PyoM jest ujemnie natadowanym
polimerem kwasu homogentyzynowego (HGA, homogentisic acid) syntetyzowanym
w metabolicznym szlaku przemian L-tyrozyny (L-Tyr).6%"® Termin ,,piomelanina” zostat po
raz pierwszy zastosowany dla bragzowo-czarnego barwnika melaniowego, niezawierajgcego
w swojej strukturze azotu, wyizolowanego z hodowli P. aeruginosa przez Yabuuchiego
1 Ohyam¢ w 1972 roku. Nazwa ta podtrzymata konwencje¢ terminologiczng dodania
przedrostka ,,pio-", charakterystyczng dla pozostatych barwnikéw produkowanych przez te

bakterie.”®
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PyoM powstaje na szlaku degradacji L-Tyr, jednakze w sytuacji braku lub niskiej
podazy tego aminokwasu, L-fenyloalanina moze by¢ przeksztalcana przez hydroksylaze
L-fenyloalaniny do L-Tyr. Biosynteza PyoM zaczyna si¢ od konwersji L-Tyr przez
aminotransferaze tyrozynowa do kwasu 4-hydroksyfenylopirogronianowego (4-HPP,
A-hydroxyphenylopyruvic acid) w obecnosci 2-oksoglutaranu jako kofaktora. Nastgpnie
4-HPP jest przeksztatcany do HGA przez dioksygenaze 4-hydroksyfenylopirogronianu
zalezng od Fe?*.80 Znaczaca wickszo$¢ PyoM powstaje abiotycznie na zewnatrz komorki
bakteryjnej, gdy kwas HGA wydzielany przy udziale transporterow HatABCDE ABC ulega
samoutlenieniu, tworzac kwas benzochinooctowy (BQA, benzoguinone acetate) w obecnos$ci
tlenu i pH od obojetnego do zasadowego. W ostatnim etapie nastgpuje spontaniczna
samoorganizacja BQA w strukture polimerowa tworzac koncowy produkt — PyoM. Na tym
etapie PyoM, podobnie jak chemicznie syntetyzowane polimery HGA, jest rozpuszczalnym
w wodzie barwnikiem, ktéry moze ponownie wniknaé¢ do komorki bakteryjnej, gdzie podlega
dalszym modyfikacjom. Translokacja PyoM do wngtrza komorki oraz jej adsorpcja na
powierzchni $ciany komorkowej przyczynia si¢ do bragzowego zabarwienia komorek

P. aeruginosa.t-8 Schemat biosyntezy PyoM przedstawiono na Ryc. 2.
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Ryc. 2. Schemat biosyntezy piomelaniny u P. aeruginosa.

Postulowana masa czasteczkowa PyoM waha si¢ od 10 do 14 kDa i jest mniejsza
w poréwnaniu do innych zwigzkéw melaninowych. Realna wielkos¢ czasteczek PyoM moze
by¢ wigksza, gdyz zalezy ona od aktywnosci metabolicznej szczepow P. aeruginosa,
dostgpnosci prekursoréw tego zwiazku oraz fazy wzrostu drobnoustroju.®® Struktura
chemiczna PyoM nie jest dobrze scharakteryzowana, jednakze dotychczasowe badania
wskazujg na wystepowanie polimerowych struktur liniowych w tancuchu tego barwnika

(Ryc. 3).%
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Ryc. 3. Prawdopodobne struktury piomelaniny. A. Postulowana struktura chemiczna. B. Struktura

chemiczna zaproponowana na podstawie modelowania matematycznego.?

Dodatkowe trudnosci w scharakteryzowaniu struktury chemicznej PyoM wynikaja
z mozliwosci przylaczania si¢ innych grup funkcyjnych do szkieletu czasteczki wskutek
metabolizmu bakterii, anizeli wynikloby to z polimeryzacji jej prekursora.?® Analizy
z wykorzystaniem spektroskopii w podczerwieni z transformacja Fouriera (FTIR, Fourier-
transform infrared spectroscopy) pozwolily zidentyfikowaé¢ w strukturze PyoM obecnosc¢
grup funkcyjnych charakterystycznych dla HGA, takich jak grupy hydroksylowe —OH,
alifatyczne wigzania C—H oraz aromatyczne wigzania C=C sprzezone z grupami C=0 i/lub
COO—. Najprawdopodobniej grupa —CH,COOH pozostaje nienaruszona podczas
polimeryzacji, a sprzeganie oksydacyjne zachodzi w pozycji orto pierécienia fenolowego.%%
Wystepowanie struktur chinonowych zapewnia czasteczce PyoM zdolnos$¢ przenoszenia

elektronow i odwracalng aktywnos$¢ redoks, co potwierdzaja badania z wykorzystaniem

cyklicznej woltamperometrii.8’

PyoM P. aeruginosa zapewnia bakteriom korzysci zwigzane z dostosowaniem si¢ do
szkodliwych i zmiennych warunkow $rodowiska oraz pelni istotne adaptacyjne role

fizjologiczne (Ryc. 4).8083
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Chelatowanie biogennych jonow metali
Sekwestrowanie metali ciezkich i toksyn
Zmiatanie reaktywnych form tlenu
Fotoprotekcja i termoprotekcja
Wiazanie antybiotykéw i metabolitow
Stabilizowanie struktury biofilmu
Przenoszenie elektronow

Ochrona przed bakteriami drapieznymi

Ryc. 4. Fizjologiczne funkcje piomelaniny P. aeruginosa.

Gléwnym zadaniem PyoM jest ochrona bakterii przed promieniowaniem UV poprzez
ograniczenie wytwarzania toksycznych ROS oraz zwigkszenie odpornosci na swiatto. PyoM
zmniejsza stres oksydacyjny w komorkach bakteryjnych wywotany toksycznymi
substancjami utleniajagcymi znajdujgcymi si¢ w srodowisku wzrostu P. aeruginosa, a takze
ogranicza negatywne dzialanie ROS wytwarzanych przez komorki gospodarza w przebiegu
zakazenia, zapewniajac wysoka tolerancj¢ na nadtlenck wodoru (H202), anionorodnik
ponadtlenkowy (O2) i rodnik hydroksylowy (OH").88%° Unikalne wtasciwosci
elektrochemiczne i neutralizacja ROS przez PyoM wynikaja z jej zdolnosci do stabilizowania
uktadow redoks, magazynowania i przenoszenia elektronow i protonow (2e/2H")

na jednostkach chinonowych tworzacych uktad chinon-semichinon-hydrochinon.®

Uwzgledniajac charakterystyke cykli redoks, PyoM shuzy jako transporter i koncowy
akceptor elektronow, zapewniajac wysoka podaz energetyczng zard6wno w komorce, jak
1 biofilmie bakteryjnym. Co wigcej, biosynteza PyoM moze by¢ mechanizmem mobilizacji
kationéw metali biogennych ze srodowiska zewngtrznego i pozwala na ich magazynowanie.
Wykazano, ze PyoM bierze udzial w przenoszeniu elektronéw poprzez redukcje
nierozpuszczalnego zelaza (Fe), umozliwiajac przejscie tego pierwiastka w forme
rozpuszczalng oraz zapewniajgc homeostaze i odpowiedni stosunek Fe?"’Fed* dla
prawidlowego metabolizmu bakterii.®*® Ponadto aktywne grupy hydroksylowe
I karbohydroksylowe w strukturze PyoM odpowiadaja za chelatowanie i udostgpnianie
komérkom bakteryjnym jonow pierwiastkow biogennych tj. Na*, K*, Mg?*, Ca?*, Zn?*, Fe**,

Cu?*, Mn?" oraz sekwestrowanie toksycznych metali cigzkich (Gd®*, La?*, AI**, Ph?*),94-%
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Ponadto, bakteryjne PyoM wykazuja takze zdolno$¢ do wigzania si¢ z antybiotykami
nalezacymi do aminoglikozydow, tetracyklin, fluorochinolonow, penicylin i cefalosporyn,

ograniczajac ich biodostepnos¢ i zwickszajac szanse bakterii na przezycie.®’

Sekrecja PyoM stanowi takze wazny ewolucyjny mechanizm obronny bakterii
piomelanio-tworczych przed ,,drapieznymi” bakteriami i pierwotniakami, przyczyniajac si¢
do stabilizacji ich niszy kolonizacyjnej.*® Kolejng istotna funkcja PyoM jest zwigkszenie
adhezji P. aeruginosa do powierzchni statych, stabilizowanie biofilmu bakteryjnego oraz jego
ochrona przed degradacja i dziataniem enzymoéw proteo- i hydrolitycznych.%®1% Ponadito,
PyoM pelni funkcj¢ termoprotekcyjna, chronigc komorki bakteryjne przed naglymi zmianami
temperatury i szokiem termicznym oraz zwigkszajac ich przezywalno$¢ w chlodnych

i zimnych §rodowiskach.!

Bakteryjna PyoM, z racji pelienia wielu funkcji biologicznych i przewagi nad
melaninami pozyskiwanymi z innych Zrodetl, na co sktadajg si¢ niskie koszty uzyskania,
fatwos¢ technologiczna biosyntezy 1 izolacji, biokompatybilnos¢, biodegradowalnos¢
i mozliwo$¢ modyfikacji chemicznych, jest szeroko badana pod katem aplikacyjnym. Wraz
z nowa wiedzg i postgpem technologii, bakteryjna PyoM moze znalez¢é zastosowanie
w medycynie, biologii, kosmetologii, inzynierii materialowej, bioremediacji i ochronie

srodowiska, przemysle spozywczym i farbiarskim, a takze elektrotechnice (Ryc. 5).7%72102.103
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Substancja

Fotoprotektant
przeciwdrobnoustrojowa

i absorbent swiatta UV

Immunomodulator

Bioelektrolit i barwnikowe
h i stymulator regeneracji tkanek

ogniwa stoneczne

Substancja
przeciwnowotworowa

Barwnik przemystowy
i kosmetyczny

Zmiatacz wolnych rodnikéw
i przeciwutleniacz

Adsorbent metali ciezkich
i substacji ekotoksycznych

Ryc. 5. Aktualne kierunki badan nad zastosowaniem piomelaniny P. aeruginosa w réznych sektorach

gospodarki i przemystu.

W dobie narastajacej lekoopornosci bakteryjne PyoM moga stanowi¢ alternatywny
srodek  przeciwdrobnoustrojowy  wspomagajacy  eradykacje = mikroorganizméw
chorobotworczych. PyoM wykazuje wlasciwos$ci przeciwbakteryjne przeciwko pateogenom
cztowieka tj. Staphylococcus aureus, Escherichia coli, Aeromonas sp., Citrobacter sp.,
Edwardsiella sp., Vibrio parahaemolyticus, Klebsiella pneumoniae, Enterococcus faecalis,
Listeria monocytogenes, Shigella dysenteriae i Bacillus cereus, jak rowniez ogranicza
zywotno$¢ fitopatogenéw: Erwinia chrysanthemi, E. cartovora i Pseudomonas
fluorescens.l93197 Ponadto, wykazano przeciwgrzybicza aktywno$¢ PyoM przeciwko
C. albicans, Trichophyton rubrum i T. simii.1%31% Qgraniczenie wzrostu in vitro komoérek
raka skory, komorek naskorkowego raka krtani, raka okreznicy, gruczolakoraka piersi i raka
watrobowokomorkowego przez bakteryjng PyoM, czyni ten barwnik wartym uwagi

W opracowywaniu alternatywnych terapii przeciwnowotworowych, 03108109

Wiasciwosci PyoM sprawiajg, ze jest obiektem badan nad opracowaniem nowych

systemOw dostarczania lekow. Jej biokompatybilno§¢, biodegradowalno$¢, wysoka
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wydajnos$¢ taczenia z innymi zwigzkami oraz mozliwos¢ modyfikacji chemicznej PyoM
pozwalaja na uzyskanie optymalnych warunkow wigzania i1 uwalniania substancji
terapeutycznych. Aktywne leki lub proleki mogg by¢ potaczone z PyoM przez wigzania
kowalencyjne lub zamykane w piomelaninowej matrycy polimerowej poprzez wigzania
niekowalencyjne.'’® Ze wzgledu na tak unikalne cechy PyoM mozne sta¢ sig
biomimetycznym nosnikiem antygenoéw szczepionkowych i lekow przeciwnowotworowych,
jak rowniez petni¢ role adjuwanta i immunomodulatora.!'* Wpltyw PyoM na dziatanie
komorek uktadu odpornosciowego jest nadal stabo poznany, co stanowi przestanke
do dalszych, wielokierunkowych badan. Kuriana i wsp. potwierdzili, ze bakteryjna PyoM
wykazuje aktywno$¢ przeciwzapalng poprzez hamowanie aktywnosci trzech kluczowych
enzymow zaangazowanych w rozwoj reakcji zapalnej — cyklooksygenazy, lipoksygenazy

i mieloperoksydazy.!?

PyoM, jako zwiazek naturalny, biodegradowalny i silnie koloryzujacy zwiazek
chemiczny z powodzeniem moze stanowi¢ alternatywe dla ekotoksycznych barwnikéw
syntetycznych stosowanych w przemysle tekstylnym. Bakteryjna PyoM efektywnie barwi
tkaniny welniane, zapewniajac ich wyrazisty kolor, wysoka odporno$¢ na spieranie, oraz
dziatanie potu i $wiatla, a takze aktywno§¢ przeciwdrobnoustrojowa.!*!* Dzigki
wilasciwosciom barwigcym, fotoprotekcyjnym i przeciwutleniajgcym PyoM moze by¢
rozwazana jako sktadnik filtrow UV, preparatow koloryzujacych lub kosmetykow

przeznaczonych do regeneracji skory.!1>110

Rozw¢j urbanizacji 1 industrializacji narazit $rodowisko na dziatanie licznych
substancji ekotoksycznych odktadajacych si¢ w glebie i wodzie. Produkcja przemystowa, jak
rowniez stosowanie nawozow, pestycydow 1 herbicydow w sektorze rolnym generujg
zanieczyszczenie s$rodowiska glinem, miedzig, cynkiem, nikielem, otowiem i arsenem.
Podobnie, nieoczyszczone $cieki z przemystu rolno-spozywczego, odprowadzane do kanatow
rzecznych i zbiornikoéw wodnych, majg szkodliwy wptyw na $rodowisko.'"11® Metody
powszechnie stosowane do usuwania metali cigzkich ze srodowiska tj. ekstrakcja, sorpcja,
lugowanie kwasem i elektrorekultywacja sa kosztowne i wymagaja duzych zasobow
energetycznych.!®® Wiasciwosci chelatujace zwiazkéw melaniowych, w tym PyoM,
zapewniaja wysokg zdolno$¢ wigzania i powinowactwo do réznych jonéw metali cigzkich
(Zn3*, Cd?*, U*, Mn?") poprzez interakcje z licznymi grupami funkcyjnymi, prowadzac do
ich immobilizacji i umozliwiajgc zastosowanie w bioremediacji zanieczyszczonej wody

i gleby.103’120’121

44



Rozwdj zrownowazonych i wydajnych technologii przetwarzania i magazynowania
energii ma kluczowe znaczenie dla ograniczenia antropogenicznego wpltywu na zmiany
klimatyczne i zapobiegania mozliwym niedoborom energii zwigzanym ze wzrostem liczby
ludnosci na $wiecie.”” PyoM, z racji zdolno$ci do absorpcji fotonéw, przewodzenia pradu,
biodegradowalnosci i niskich kosztow produkcji, moze by¢ wykorzystana jako bioelektrolit
lub fotouczulacz w barwnikowych ogniwach stonecznych przeksztatcajacych energie
stoneczng na energi¢ elektryczng, stajac si¢ jednym z biologicznych odnawialnych zrodet

energii elektrycznej.”

Biorac pod uwage wiasciwosci biologiczne PyoM, zwiazek ten jest ciekawym
obicktem do badan nad jego wykorzystaniem do zastosowan medycznych, w eliminacji
przewlektych zakazen z towarzyszaca reakcja zapalng wywotywanych przez patogeny

lekooporne na powszechnie stosowane antybiotyki lub w medycynie regeneracyjne;.
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Helicobacter pylori - fizjologia, czynniki wirulancji i patogeneza

Bakterie Helicobacter pylori (H. pylori) to Gram-ujemne ruchliwe, mikroaerofilne,
katalazo- 1 oksydazododatnie pateczki o spiralnym ksztalcie zdolne do przezycia
w Srodowisku zotagdka i dwunastnicy oraz kolonizacji tych narzadow. Czesto$¢ wystepowania
zakazenia H. pylori w populacji ludzi osiaga od 30% do 70%, w zalezno$ci od regionu §wiata,
przy czym odsetek zakazen bezobjawowych szacuje si¢ nawet na 67%. Kolonizacja tymi
bakteriami prowadzi do przewleklego stanu zapalnego zwigzanego z uszkodzeniem btony
$luzowej zotadka, a dtugotrwate zakazenie moze skutkowaé schorzeniami klinicznymi. 22124
Wiekszos¢ zakazen H. pylori przebiega bezobjawowo, jednak dlugo utrzymujgce sie
I nieleczone infekcje zwigkszaja ryzyko rozwoju petnoobjawowej choroby wrzodowej
zotadka (10-15%), wrzodow dwunastnicy (95%) lub wrzodéw zotadka (80%).1% Zakazenie
H. pylori jest takze czynnikiem zwigkszajacym 3—6 krotnie ryzyko rozwoju nowotworow
zotadka, w tym gruczolakoraka zotadka lub chtoniaka tkanki limfatycznej zwigzanego z btong
$luzowa (MALT, mucosa associated lymphoid tissue lymphoma).t?® Szacuje sie, ze choroba
nowotworowa zotadka rozwija si¢ u 1-3% zakazonych osob, w zwigzku z czym bakterie te
zostaty zaklasyfikowane jako kancerogen grupy | przez Swiatowa Organizacje Zdrowia
(WHO, World Health Organization).t?’

Koewolucja cztowieka i H. pylori przez tysigclecia umozliwita tym pateczkom
adaptacje do niszy kolonizacyjnej w zotadku i unikania odpowiedzi odpornosciowej
gospodarza.t?®129 \W 1983 r. australijscy badacze Robin Warren i Barry Marshall potwierdzili
zalezno$¢ pomiedzy zakazeniem H. pylori a rozwojem zapalenia btony §luzowej zotadka.
Badacze za to odkrycie zostali uhonorowani w 2005 r. Nagroda Nobla w dziedzinie medycyny

i fizjologii.*3013

Pateczki H. pylori sa matymi spiralnie skr¢conymi, ruchliwymi Gram-ujemnymi
drobnoustrojami o dtugosci od 2 do 4 um i szerokosci od 0,5 do 1 um wyposazonymi w 2—6
rzgsek zlokalizowanych na jednym biegunie, ktore zapewniaja szybki ruch w lepkim
srodowisku $§luzu pokrywajacym komorki nabtonka zotadka.'32-13* Bakterie te naleza do
wymagajacych mikroorganizméw pod wzgledem warunkow hodowli. Do wzrostu na
podtozach mikrobiologicznych wymagaja warunkow mikroaerofilnych, przy optymalnym
stezeniu 2-5% Oz, 5-10% CO: i1 wysokiej wilgotno$ci. Wzrost bakterii nastgpuje
w temperaturze od 34°C do 40°C, optymalnie w 37°C. H. pylori zaliczane sg do bakterii

neutrofilnych, pomimo, iz naturalnym $rodowiskiem ich bytowania jest kwasne srodowisko
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zotadka o pH 1-2. Pateczki H. pylori zdolne sa przetrwac¢ krotka ekspozycje na pH ponizej
4 w warunkach hodowlanych, ale ich namnazanie zachodzi wytacznie w waskim zakresie pH
(5,5-8,0).1351% podtoza state do hodowli H. pylori poza agarem Columbia lub Brucella
zawierajg odwlokniong krew konska lub owczag, lub surowicg ptodow cielecych. W rutynowe;j
hodowli stosuje si¢ mieszaniny selektywnych antybiotykéw zmniejszajace ryzyko rozrostu

mikrobioty towarzyszacej.'®> 3

Pateczki H. pylori wyksztalcily szereg procesow adaptacyjnych, w tym mechanizmy
regulujace ekspresje genow oraz odwracalne lub nieodwracalne zmiany w genomie, wskutek
mutacji punktowych, inwersji, transpozycji, translokacji, duplikacji, insercji, delecji, fuzji lub

podziatu genow. 138139

H. pylori kolonizujac powierzchnie blon sluzowych zotadka lub dwunastnicy
penetruja bariere Sluzu, gdzie lokalizujg si¢ w mikroniszach i miejscowo alkalizuja pH.
W takich warunkach bakterie namnazajg si¢ i wchodza w interakcje z komoérkami nabtonka
zotadka lub komoérkami odpornosciowymi gospodarza (Ryc. 6). Wiekszos¢ pateczek
H. pylori pozostaje w warstwie §luzowej zotadka, ale srednio 20% bakterii jest zwigzanych z
komorkami nabtonkowymi zotadka.*? Kluczowymi czynnikami umozliwiajacymi H. pylori
przetrwanie w warstwie sluzowej i rozktad jej komponentéw sg zdolno$¢ ruchu i produkcja
mucynazy zaleznej od jonow cynku, a takze tropizm do czasteczek chemotaktycznych fj.

wodoroweglan sodu, mocznik, chlorek sodu i niektorych aminokwasow. 4!
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Wprowadzenie

Helicobacter pylori
N
SL /— LPS H. pylori
o Mucynaza

Warstwa sluzowa
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Komorki nabtonkowe zotadka

S = e l"u asty

Apoptoza

Unikanie

Migracja monocytow fagocytozy

i makrofagéw

Monocyt Makrofag

Ryc. 6. Przebieg zakazenia H. pylori i interakcji tych bakterii z komérkami gospodarza.

Aby uchroni¢ si¢ przed dzialaniem kwasu zotadkowego, bakterie H. pylori
wytwarzajg ureaze, ktora hydrolizuje mocznik do amoniaku (NHz) i dwutlenku wegla (CO»),
co w konsekwencji prowadzi do miejscowej neutralizacji kwasnego srodowiska i utworzenia
warstwy buforujacej wokot bakterii. Ureaza zmniejsza takze lepkos¢ Sluzu
zotadkowego. 4214 W kolejnym etapie kolonizacji H. pylori przylegaja do komorek nabtonka
zotadka, taczac si¢ adhezynami z receptorami komorek gospodarza. Do najlepiej zbadanych
adhezyn H. pylori nalezy adhezyna BabA (blood group antigen—binding adhesin) wiazaca
fukozylowane antygeny grupowe krwi Lewis® na komorkach nablonka zotadka, oraz
adhezyna SabA (sialic acid-binding adhesin), wigzaca sialowane antygeny Lewis
gospodarza, ktorych ekspresja w stanach zapalnych jest nasilona na powierzchni komorek

nabtonkowych. 144145
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Do gtéwnych biatkowych czynnikéw wirulencji H. pylori naleza biatko cytotoksyczne
CagA (cytotoxin-associated gene A protein) oraz cytotoksyna wakuolizujaca VacA
(vacuolating cytotoxin A).}4® CagA jest biatkiem o masie 128-145 kDa kodowanym na
wyspie patogeniczno$ci cag (cag PAI, cag pathogenicity island), gdzie zlokalizowane sg geny
dla systemu sekrecji typu IV, ktory umozliwia wstrzykniecie CagA do komoérek gospodarza.
Biatko CagA po wniknigciu do komorek nabtonka zotadka przyczynia si¢ do rozregulowania
wielu szlakow sygnatowych, takich jak szlak kinazy aktywowanej mitogenami MAPK
(MAPK, mitogen-activated protein kinases), szlak kinazy 3-fosfatydyloinozytolu i kinazy
biatkowej AKT (PI3K/Akt, phosphoinositide-3-kinase/Akt), $ciezka sygnatowa czynnika
jadrowego kB (NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells),
Sciezka Wnt/B-kateniny oraz szlak JAK-STAT (Janus kinase-Signals tranducer and activator
of transcription). W efekcie dochodzi do patologicznych zmian w morfologii komoérek
gospodarza, ich nadmiernej proliferacji oraz zaburzen adhezji i polarnosci.!’1*® Ponadto
CagA jest prozapalnym biatkiem immunogennym, ktére stymuluje produkcj¢ IL-8 przez
komorki nablonka zotadka, co skutkuje naciekiem neutrofili i makrofagow do obszaru
objetego stanem zapalnym, wytwarzaniem przez te komorki nadmiernej ilosci ROS, co z kolei
zwieksza ryzyko uszkodzenia DNA.* Interakcje CagA z komorkami nablonkowymi zotadka
mogg prowadzi¢ do indukcji procesow zwigzanych z nowotworzeniem, do ktorych naleza:
nadmierna proliferacja komorek, unikanie supresorow wzrostu, nasilenie inwazyjnosci,
odpornos¢ na apoptoze, niestabilnos¢ i zmiennos$¢ genomu, a takze utrwalenie zapalenia. %015
Innym kluczowym czynnikiem wirulencji wigkszosci szczepow H. pylori jest wydzielnicza
cytotoksyna VacA o masie 88 kDa zwigkszajgca przepuszczalnos¢ btony komoérkowej
komorek nabtonka zotadka, co skutkuje zaburzeniem osmozy i wyptywem anionéow oraz
malych czasteczek, w tym chlorkow, mocznika 1 wodorowgglandw do przestrzeni
zewnatrzkomorkowej. Negatywny wpltyw VacA na komorki obejmuje powstawanie duzych
wakuoli wewnatrzkomérkowych, indukcje apoptozy i autofagii, hamowanie proliferacji
limfocytow T i B, hamowanie aktywno$ci makrofagdw, eozynofilow, mastocytow oraz

komorek dendrytycznych przez co ostabione zostaja reakcje odpornosciowe gospodarza.t®?-

1% Ingerencja w przebieg szlakéw przekazywania sygnatu i zaburzenie funkcji
mitochondriow przez VacA prowadza do apoptozy makrofagéw i monocytow. Kumulatywne
efekty wywotane przez VacA hamujg zdolnos¢ tych komorek do pochtaniania i niszczenia
H. pylori. Oprocz dziatania immunosupresyjnego, VacA stymuluje ekspresje prozapalnej

cyklooksygenazy 2 (COX-2, cyclooxygenase-2) w makrofagach i neutrofilach.1>41%
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Pateczki H. pylori wytwarzaja LPS o unikalnych wlasciwosciach biologicznych,
wynikajacych z obnizonej acylacji i fosforylacji lipidu A, w pordwnaniu do typowych
enterobakteryjnych lipopolisacharydow. Zaburzenie rozpoznawania LPS H. pylori przez
receptory Toll-podobne (TLR, toll-like receptors) typu 4 skutkuje ograniczong zdolnoscig do
indukowania wytwarzania cytokin, tlenku azotu i prostaglandyny E. przez makrofagi,
ostabieniem fagocytozy oraz aktywnosci cytotoksycznej limfocytow
T i naturalnych komorek zabijajacych (NK, natural killer) w zwigzku z hamowaniem
prezentacji antygenu przez dojrzate makrofagi.*>®1%8 Uwalnianie LPS z powierzchni H. pylori
do niszy kolonizacyjnej moze odgrywaé¢ wazna rolg we wzbudzaniu zarowno miejscowej, jak
i ogdlnoustrojowej odpowiedzi zapalnej poprzez bezposrednie interakcje LPS-komorka, za
posrednictwem innych receptorow lub posrednio poprzez cytokiny.®%% [PS H. pylori
stymuluje aktywacje szlaku NF-«B i wydzielanie prozapalnej, chemotaktycznej IL-8 zarowno
w komorkach nablonkowych, jak i odpornoéciowych, w sposéb niezalezny od CagA.1®! LPS
H. pylori zwigksza aktywnos¢ oksydazy fosforanu dinukleotydu nikotynamidoadeninowego
i ekspresj¢ TLR4 na powierzchni komoérek nabtonka zotadka, co prowadzi do podwyzszenia
i utrwalenia toksycznego dla komorek gospodarza stresu oksydacyjnego. Ponadto LPS
stymuluje makrofagi do wytwarzania poliamin poprzez indukcje arginazy i dekarboksylazy
ornityny, prowadzac do ich apoptozy.'®? Znana jest takze aktywno$¢ proapoptotyczna LPS
H. pylori wzgledem komorek nabtonka zotadka i fibroblastow zalezna od wzrostu aktywnosci
kaspazy 3 i biatka Bax (B-cell lymphoma-2 associated X), obnizenia wytwarzania
przeciwapoptotycznych biatek Bcl-xL i Bcl-2 (B-cell lymphoma 2), a takze zahamowania
wytwarzania IL-33.163

W $wietle powiktan zdrowotnych wynikajacych z zakazenia H. pylori niepokoj budzi
rosngca opornosc¢ izolatdw na powszechnie stosowane antybiotyki tj. klarytromycyna (CLR),
metronidazol (MET), lewofloksacyna (LEV) i amoksycylina.'®* Profil opornosci H. pylori na
antybiotyki jest uzalezniony od regionu zamieszkania i wieku osoby zakazonej. W Polsce
odsetek szczepoéw lekoopornych na CLR, MTZ i LEV izolowanych od dorostych wynosi
odpowiednio 30,6%, 46,9% i 18,4%, natomiast u izolatéw pochodzacych od dzieci 54,5%,
31,8% i 9,1%.1%

Rosngca antybiotykooporno$¢ H. pylori, w $wietle powaznych konsekwencji
zdrowotnych zakazen wywotywanych przez te bakterie, Stanowi przestanke do poszukiwania
I badania alternatywnych substancji bioaktywnych, w tym metabolitéw bakteryjnych, do

wspomagania eradykacji H. pylori, odwracania efektow immunosupresyjnych
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i cytotoksycznych wywotywanych przez te bakterie i ich komponenty, jak roéwniez
wspomagania proceséw naprawczych nabtonka zotadka.%®1%8 Dotychczasowe wyniki badan
nad aktywnos$cig biologiczng bakteryjnych melanin pozwalajg przypuszczaé, ze PyoM
P. aeruginosa moze spelia¢ powyzsze wymagania. Nie mniej, aktualne doniesienia
literaturowe nie dostarczajg petnych dowodoéw dla modelu zakazenia H. pylori. W zwigzku

Z powyzszym stawiane tezy wymagaja potwierdzenia w badaniach eksperymentalnych.
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Biologia tkanki kostnej i poszukiwanie nowych stymulatorow procesow
osteoindukcyjnych

Ko$¢ to zmineralizowana tkanka taczna odpowiadajaca za kluczowe funkcje i procesy
fizjologiczne w organizmie, takie jak ksztalt ciala i poruszanie, podtrzymywanie i ochrona
narzadow oraz tkanek migkkich, funkcje syntetyczne zwigzane z erytropoeza i limfopoeza,
a takze funkcje metaboliczne, w tym magazynowanie zwigzkow mineralnych, regulacja
metabolizmu wapnia i fosforanéw oraz utrzymanie homeostazy hormonalnej.'®-17
Glownymi komorkami budujacymi tkanke kostng sg osteoblasty, osteocyty oraz osteoklasty.
Pomimo litej i solidnej budowy, tkanka kostna ulega niezwykle dynamicznym procesom
przebudowy zachodzacym z udzialem ko$ciotwdrczych osteoblastow 1 resorbujacych

osteoklastow.!”!

W remodelingu ko$ci konieczne sg stale interakcje osteoblastow
i osteoklastow, ktore musza by¢ skoordynowane w czasie i przestrzeni, aby utrzymac
rownowage przebudowy tkanki kostnej. W wyniku przebudowy, stara lub uszkodzona kos¢

zostaje zastgpiona nowa tkanka kostna, bez jakiejkolwiek zmiany jej ksztattu.!”

Osteoblasty wywodzace si¢ z mezenchymalnych komorek macierzystych stanowig
4-6% calej puli komorek kostnych, ktore w gtownej mierze odpowiadaja za tworzenie nowej
tkanki kostnej. Osteoblasty wykazuja cechy morfologiczne charakterystyczne dla komorek
syntetyzujacych biatka, posiadajg obfitg szorstkg siateczke srédplazmatyczng i rozbudowany
aparat Golgiego. Komorki kosciotworcze wytwarzaja szeroka game pecherzykow
wydzielniczych odpowiadajacych za sekrecje organicznej substancji miedzykomorkowej —

osteoidu, zapewniajacej elastyczno$¢ i wytrzymatosé kosci.!”

Cykl zyciowy komorek kosciotworczych moze prowadzi¢ do ich przeksztatcenia
w osteocyty lub komorki wyscidtkowe, lub apoptozy. Druga $ciezka uruchamiana jest gdy
osteoblasty nie spetniajg kryteriow réznicowania i dotyczy 50-70% populacji komorek
koéciotworczych.! 7117 Zewnatrzkomoérkowa macierz kostna produkowana jest w dwoch
etapach: sekrecji niezmineralizowanego, gestego 1 silnie usieciowanego osteoidu, a nastepnie
jego mineralizacji poprzez akumulacje fosforanu wapnia w postaci hydroksyapatytu (HA,
hydroxyapatite).”® Osteoblasty wytwarzaja szereg biatek zewngtrzkomérkowych, w tym
kolagen typu I (COL1, type I collagen), ktory stanowi ponad 90% biatek macierzy kostnej
oraz bialka niekolagenowe tj. osteokalcyne (OC, ostoecalcin), osteonektyne (ON,
osteonectin), osteopontyng¢ (OPN, osteopontin), fosfataze alkaliczng (ALP, alkaline

phosphatase), sialoproteing kostng 1 ligand aktywatora receptora jadrowego czynnika kB
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(RANKL, receptor activator of nuclear factor kB ligand). Bialka te pelnig role stelaza dla
osteocytow, jak réwniez odpowiadaja za interakcje i sygnalizacj¢ migedzykomorkowa,
modyfikujac aktywno$¢ metaboliczng osteoblastow, osteoklastow i osteocytow.!’® OC
reguluje tworzenie kos$ci, zapewnia wysoka gestos$¢ tkanki kostnej oraz moduluje aktywnos¢
osteoklastow 1 ich prekursoréw. ON i OPN moduluja aktywno$¢ czynnikéw wzrostowych,
wplywaja na adhezje¢ komorek oraz uczestnicza w procesie mineralizacji i depozycji HA.
Sialoproteina kostna wigze jony wapnia biorgc bezposredni udziat w mineralizacji kosci,
natomiast ALP katalizuje hydroliz¢ estrow fosforanowych w $rodowisku zasadowym,
uwalniajac nieorganiczne fosforany bedace prekursorami w mineralizacji macierzy
kostnej.!”*!77 Osteoblasty odpowiedzialne s takze za wydzielanie i odktadanie w macierzy
zewnatrzkomorkowej biatek BMP nalezacych do nadrodziny transformujacych czynnikow
wzrostu B (TGF-B, transforming growth factor [7), ktére regulujac proliferacje, roznicowanie

i $mier¢ komorek osteoprogenitorowych, osteoblastow, osteoklastdw oraz chondrocytow.!”®

Druga, istotng subpopulacja komorek kostnych biorgcych udziat w procesie
przebudowy 1 regeneracji tkanki kostnej sg osteoklasty, bedace wielojadrzastymi komoérkami
pochodzacymi z komorki macierzystej hemopoezy, ktére ulegaja roznicowaniu pod
wpltywem czynnika stymulujacego tworzenie kolonii makrofagow (M-CSF, macrophage
colony-stimulating factor), uwalnianego przez komorki osteoprogenitorowe i1 osteoblasty,
a takze czynnika RANKL wydzielanego przez osteoblasty, osteocyty 1 komdrki wyscidtkowe.
Istotng role w inicjowaniu dziatania resorpcyjnego osteoklastow petnig takze IL-1 1 TNF-
a.7%180 Mimo, ze osteoklasty stanowig stosunkowo niewielki procent ogdélu komodrek
kostnych to odgrywaja istotng role w procesach fizjologicznych kosci. Osteoklasty biorg
udzial w resorpcji tkanki kostnej, procesie ktdry przyczynia si¢ do jej przebudowy
w adaptacyjnej odpowiedzi na wzrost lub zmieniajace si¢ obcigzenie mechaniczne kosci,
a takZe uczestnicza w utrzymaniu homeostazy wapnia we krwi.!®! Osteoklasty, jako
wielojadrzaste komorki fagocytarne, charakteryzuja si¢ metabolizmem, ktéry utatwia
demineralizacj¢ 1 degradacj¢ macierzy kostnej. Resorpcja kosci zalezy od wydzielanych przez
osteoklasty jonéw wodorowych (H") i chlorkowych (CI'), a takze katepsyny K (CtsK,
cathepsin  K), kwasnej fosfatazy opornej na winian (TRAP, rartrate-resistant acid
phosphatase) 1 metaloproteinazy macierzy pozakomorkowej 9 (MMP9, matrix
metalloproteinases 9). Jony H' i ClI” zakwaszajg przedzial resorpcyjny w $rodowisku
osteoklastow rozpuszczajac hydroksyapatyt, podczas gdy CtsK, TRAP i MMP9 trawig

macierz biatkowg.!8-182
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Kos$¢, jako tkanka podlegajaca ciaglej przebudowie dzigki precyzyjnym procesom
tworzenia 1 resorpcji kosci wykazuje wysoka zdolno$¢ do regeneracji, ktora zapewnia
ciaglo$¢ strukturalng i wytrzymato$é mechaniczng po urazie.!®*!8* Naturalna zdolno$¢ do
regeneracji kosci moze zosta¢ zaburzona przez zabiegi chirurgiczne, choroby nowotworowe,
osteopenie, osteoporoze, infekcje tkanki kostnej, a takze podeszty wiek, niecodpowiednig diete
lub zmiany poziomu hormonéw.!'®> W 2019 r. liczbe nowych przypadkéw ztaman kosci na
$wiecie oszacowano na 178 miliondw, co oznacza 33,4% wzrost od 1990 r.'%¢ Wedhg
szacunkow Bone Health and Osteoporosis Foundation do 2025 r. co roku bedzie przybywato
okoto 3 milionéw nowych, trudno gojacych si¢ zkaman osteoporotycznych o koszcie leczenia
wynoszacym 25,3 miliarda dolarow.!®” Wzrastajaca liczba ztaman ko$ci oraz obserwowane
tendencje w zakresie rosngcych kosztow ich leczenia sktaniajg badaczy do poszukiwania
1 charakteryzowania substancji stymulujacych regeneracje tkanki kostnej, o potencjalnym

zastosowaniu w medycynie regeneracyjnej, osobno lub w potaczeniu z biokompozytami.'®”

189

Jedng ze strategii przyjmowana podczas kierunkowania badan w tym zakresie jest
podejcie stosowane m.in. przy opracowaniu szczepionek profilaktycznych, czyli
zastosowanie czynnika szkodliwego w innej postaci lub podawanego na innej drodze w celu
osiggnigcia efektu terapeutycznego. Jako substancja wspierajaca regeneracje tkanki kostnej,
w oparciu o inicjowanie lub nasilenie procesow osteoindukcyjnych (pobudzenie
osteogennego rdéznicowania mezenchymalnych komodrek macierzystych w  kierunku
osteoblastow) 1/lub osteokondukcyjnych (stymulacja adhezji, proliferacji 1 tworzenia
macierzy kostnej przez osteoblasty)'”’, rozwazana jest bakteryjna PyoM, bedaca
bezpiecznym biomimetykiem zlogéw ochronotycznych powstajacych w przebiegu
alkaptonurii (AKU). AKU jest rzadka choroba metaboliczng, dziedziczong w sposdb
autosomalny recesywny, wynikajaca z niedoboru oksydazy HGA w metabolizmie
tyrozyny.’® W przebiegu AKU, HGA nie ulega przeksztalceniu do kwasu
fumaryloacetooctowego, a z czasem polimeryzuje 1 gromadzi si¢ w tkankach kolagenowych
prowadzac do ochronozy. Proces powstawania osadow ochronotycznych nie jest w pehni
poznany. Uwaza si¢, ze HGA polimeryzuje do benzochinonu, zanim przyjmie ostateczng
posta¢ polimeryczng zwigzang z kolagenem.'®+1%2 Jednym z najbardziej typowych objawow
AKU jest przewlekle zwyrodnienie stawow, objawiajace si¢ zmianami strukturalnymi

i nadmierng mineralizacja zachodzaca w tkance chrzestnej.!®® Nagromadzenie polimerow

HGA powoduje odkladanie si¢ HA, mineralu odpowiedzialnego za zwapnienie ko$ci, co
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dodatkowo utwardza tkanke taczna.!®* Powyzsze informacje sktaniajg do podjecia badan dla
potwierdzenia mozliwosci kontrolowanego wykorzystania PyoM, bedacej bakteryjnym

biomimetykiem polimerycznych ztogéw ochronotycznych, jako stymulatora proceséw

regeneracji tkanki kostne;.
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Zatozenia i cele pracy

Niniejsza praca doktorska poswiecona jest fizykochemicznej 1 biologicznej
charakterystyce piomelaniny izolowanej z bakterii P. aeruginosa w konteks$cie interakcji tego
polimeru z komorkami eukariotycznymi i bakteryjnymi, w celu weryfikacji ukierunkowanych
wlasciwoséci tego bakteryjnego barwnika: przeciwbakteryjnych, cytoprotekcyjnych,

przeciwapoptotycznych, immunomodulujacych i stymulujacych regeneracje¢ tkanek.

Zakazenie H. pylori niesie za sobg szereg negatywnych skutkéw wobec komorek
gospodarza. Efekty te obejmujg m.in. dziatanie cytotoksyczne zwigzane z nadmiernym
1 przetrwalym stresem oksydacyjnym, ktory moze powodowaé uszkodzenie materiatu
genetycznego komorek nabtonka zotadka, fibroblastow lub komorek odpornosciowych
i kierowa¢ je na droge apoptozy. Zaburzona zostaje ciagtos¢ bariery nabtonkowej zotadka,
a pateczki H. pylori unikaja odpowiedzi odpornosciowej gospodarza, m.in. poprzez
zahamowanie procesu fagocytozy. Wzrost antybiotkoopornosci pateczk H. pylori,
w powigzaniu z wywotywanymi przez nie powiklaniami poinfekcyjnymi, ukierunkowuje
badania na poszukiwanie nowych substancji biologicznie aktywnych, w tym pochodzenia
bakteryjnego, hamujacych wzrost tych bakterii oraz wykazujacych wlasciwosci
cytoprotekcyjne, m.in. poprzez neutralizacj¢ ROS i nasilajacych procesy regeneracji komorek

nabtonkowych zotadka.

Wozrastajaca liczba trudno gojacych sie zlaman ko$ci, wymagajacych interwencji
chirurgicznych, nasilenie osteoporozy wraz z wiekiem, a takze rosnace koszty leczenia tych
przypadkéw medycznych, sktaniajg badaczy do poszukiwania nowych substancji
stymulujacych regeneracje tkanki kostnej, ktére mozna by byto stosowa¢ samodzielnie lub
jako sktadnik biokompozytéw. Podobienstwo strukturalne PyoM do ochronotycznych ztogéw
powstajacych w AKU, ktore przyczyniaja si¢ do nadmiernej mineralizacji tkanki chrzgstnej,
a takze dostepne dane literaturowe, wskazujace na wihasciwosci przeciwdrobnoustrojowe,
przeciwutleniajace 1 wspierajace regeneracje tkanek przez PyoM, stanowig istotng przestanke
do zbadania tego bakteryjnego barwnika jako stymulatora proceséw osteoindukcyjnych

I osteokondukcyjnych.

Biorgc pod uwage powyzsze, w czeSci eksperymentalnej niniejszej pracy
wyznaczono dwa nadrzg¢dne cele dotyczace zbadania bakteryjnego polimeru jakim jest PyoM

pod katem jego wlasciwos$ci prozdrowotnych i potencjalnego medycznego zastosowania:

— do niwelowania skutkow dziatania cytotoksycznego wybranych komponentow

H. pylori wobec komérek nabtonkowych zotadka, stymulacji procesow odnowy
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Zatozenia i cele pracy

komorek nabtonkowych zZotadka oraz przywrocenia aktywno$ci fagocytarnej
komorek monocytarno-makrofagowych zahamowanej przez te komponenty
na modelu in vitro,

— do ukierunkowanej stymulacji proceséw regeneracji tkanki kostnej na modelu

osteoblastow cztowieka w hodowlach in vitro.
Wyznaczone cele szczegdtowe obejmowaty:

Opracowanie metody izolacji i oczyszczania PyoM rozpuszczalnej i nierozpuszczalnej
w wodzie z hodowli P. aeruginosa na podtozu ptynnym. Charakterystyke otrzymanych
produktow w zakresie wlasciwosci fizykochemicznych, termicznych i biologicznych
zwigzanych z bezpieczenstwem in vitro na modelu referencyjnych fibroblastow myszy
lub monocytow cztowieka oraz z bezpieczenstwem in vivo na modelu Galleria mellonella
—[P.L].

Charakterystyke wlasciwosci przeciwbakteryjnych obu form PyoM przeciwko
referencyjnym i klinicznym szczepom H. pylori, oraz weryfikacje w badaniach in vitro
wlasciwosci cytoprotekeyjnych piomelanin, z uwzglednieniem ograniczenia wytwarzania
ROS i apoptozy komoérek nabtonka zotadka, fibroblastow oraz monocytow cztowieka, jak
réwniez przydatnosci piomelaniny do wspomagania fagocytozy bakterii — [P.11.].
Charakterystyke wtasciwosci osteoindukcyjnych i proregeneracyjnych otrzymanych
wariantow PyoM w badaniach na modelu osteoblastow cztowieka, a takze wlasciwosci
przeciwbakteryjnych  przeciwko  klinicznym  szczepom  Staphylococcus  sp.
wyizolowanym z zakazonej tkanki kostnej — [P.111.].

. Wskazanie potencjalnych stymulatoréw regeneracji tkanki kostnej, z uwzglednieniem
metabolitow bakteryjnych, jako przysztych modyfikatoréw biokompozytéw, w celu

zwigkszenia efektywnos$ci odbudowy kosci po ich implantacji — [P.1V.].
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Materiaty i metody

Materiaty:

1. Linie komérkowe:

— Fibroblasty myszy L929 (ATCC® CCL-1™, Manassas, Wirginia, USA), [P.1-11.]
—  Monocyty cztowieka THP-1 (ATCC® TIB-202™, Manassas, Wirginia, USA), [P.1-11]

— Reporterowe monocyty cztowicka THP1-Blue™ NF-kB (InvivoGen, San Diego, [P.l.]
Kalifornia, USA),

—  Komoérki nabtonkowe gruczolakoraka Zotadka cztowieka AGS (ATCC® CRL-1739™, [P.I1.]
Manassas, Wirginia, USA),

—  Osteoblasty cztowieka hFOB 1.19 (ATCC® CRL-3602™, Manassas, Wirginia, USA). [P.I11.]

2. Szczepy bakteryjne:

— Piomelanino-tworczy szczep P. aeruginosa Mel + (Katedra Immunologii i Biologii [P.1-111.]
Infekcyjnej, Uniwersytet L.odzki, £.6dz, Polska),

— Referencyjny szczep H. pylori CCUG 17874 (Culture Colection, University [P.11.]
of Gothenburg, Gothenburg, Szwecja),

— Kiliniczne szczepy H. pylori M91 i M102 (Katedra i Zaktad Mikrobiologii, Uniwersytet [P.11.]
Medyczny im. Piastow Slaskich we Wroctawiu, Wroctaw, Polska, dzigki uprzejmosci
prof. dr hab. Grazyny Gosciniak),

~  Referencyjny szczep S. aureus 29213 (ATCC® 29213™, Manassas, Wirginia, USA),  [P-111]

— Kliniczne szczepy gronkowcOw wyizolowane z zakazonej tkanki kostnej: [P.111.]
S. aureus MRSA i S. felis (Katedra Immunologii i Biologii Infekcyjnej, Uniwersytet
Lodzki, Lodz, Polska).

3. Model in vivo:

— Galleria mellonella (Katedra Ekologii i Zoologii Kregowcow, Uniwersytet L.odzki, [P.1.]
1.6dz, Polska, dzigki uprzejmosci dr hab. Mariusza Tszydla).
4. Stymulatory:

— Bakteryjna piomelanina rozpuszczalna w wodzie (PyoMso, Katedra Immunologii [P.1-111.]
i Biologii Infekcyjnej, Uniwersytet £.odzki, £.6dz, Polska),
— Bakteryjna piomelanina nierozpuszczalna w wodzie (PyoMinsol, Katedra Immunologii  [P.1-111.]

i Biologii Infekcyjnej, Uniwersytet £.6dzki, £.6dz, Polska),
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— Syntetyczna piomelanina (sPyoM, Katedra Immunologii i Biologii Infekcyjnej, [P.l.]
Uniwersytet L.odzki, L.odz, Polska),
— LPS H. pylori CCUG 17874 (National University of Ireland, Galway, Irlandia, dzi¢gki [P.I1.]

uprzejmosci prof. A.P. Morana),

— LPS E. coli 055:B5 (Sigma Aldrich, Darmstadt, Niemcy), [P.I1]

—  Doksorubicyna (DOX, Sigma Aldrich, Darmstadt, Niemcy). [P.11]
Metody:

1. lzolacja PyoM z hodowli P. aeruginosa Mel+, oczyszczenie oraz uzyskanie PyoM [P.1-111.]

w formie rozpuszczalnej lub nierozpuszczalnej w wodzie.

2. Synteza chemiczna PyoM z prekursora HGA w $rodowisku zasadowym. [P.1]

3. Absorpcyjna spektroskopia w podczerwieni z transformacjg Fouriera (FT-IR) [P.1]
— technika zastosowana w celu scharakteryzowania struktury PyoM i obecnosci
grup funkcyjnych w badanych wariantach PyoM.

4 Termograwimetria (TGA) i skaningowa kalorymetria réznicowa (DSC) — techniKi [P-1.]

uzyte w celu okreslenia termostabilnosci PyoM.

5. Testredukcji MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) [P.I-111]
— test do oceny aktywnosci metabolicznej i zywotnosci fibroblastow 1929,
monocytow THP-1, komorek nabtonkowych Zotgdka AGS i osteoblastow hFOB
1.19, traktowanych PyoM lub PyoM w kostymulacji z LPS E. coli lub LPS
H. pylori.

6. Test aktywacji szlaku NF-kB z wykorzystaniem reporterowych monocytow [P.1]
stymulowanych PyoM.

7.  Test redukcji resazuryny zastosowany do oceny zywotnosci bakterii H. pylori [P.1-111]
lub Staphylococcus sp., traktowanych PyoM.

8.  Test biokompatybilnosci i toksycznosci uktadowej na modelu Galleria mellonella [P.1]
z wyznaczeniem wskaznika HISS (Health Index Scoring System) na podstawie
oceny zywotnosci, ruchliwosci, melanizacji i formowania kokonu po traktowaniu
PyoM.

61



10.

11.

12.

13.
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Materiaty i metody

Sonda fluorescencyjna H>DCFDA (2,7-dichlorodihydrofluorescein diacetate)
zastosowana do ilosciowego oOznaczania wewnatrzkomérkowych reaktywnych
form tlenu w komodrkach nablonka zotadka AGS traktowanych PyoM lub PyoM
w kostymulacji z LPS E. coli lub LPS H. pylori.

Test gojenia rany do oceny tempa migracji komoérek nabtonka zotadka
lub-osteoblastow w srodowisku PyoM.

Test TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labelling) do
oznaczania nasilenia apoptozy w hodowlach komoérek nabtonka zotgdka AGS
traktowanych PyoM lub PyoM i LPS E. coli, lub LPS H. pylori, a takze
w hodowlach osteoblastow hFOB 1.19 traktowanych PyoM lub PyoM
1 doksorubicyna.

Fluorymetryczny test pHrodo™ Green E. coli BioParticles™ lub znakowane
fluorescencyjnie pateczki H. pylori zastosowane do okreslenia aktywnosci
fagocytarnej monocytow stymulowanych PyoM, lub kostymulowanych PyoM
i LPS E. coli, lub LPS H. pylori.

Test CYQUANT™ do oceny nasilenia proliferacji osteoblastow hFOB 1.19
w hodowlach dtugoterminowych.

Test hydrolizy p-NPP (paranitrophenylphosphate) zastosowany do oceny
aktywnosci ALP produkowanej przez osteoblasty hFOB 1.19 stymulowane PyoM.
Immunoenzymatyczny test fazy stalej (ELISA, enzyme-linked immunosorbent
assay) do oceny stgzenia cytokin (IL-6, IL-10 or TNF-a) wydzielanych przez
osteoblasty hFOB 1.19 stymulowane PyoM w dlugoterminowych hodowlach.
Sekwencjonowanie kwasu rybonukleinowego (RNA, ribonucleic acid) i analiza

transkryptomiczna osteoblastow hFOB 1.19 stymulowanych PyoM.
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Abstract: Bacteria are the source of many bioactive compounds, including polymers with various
physiological functions and the potential for medical applications. Pyomelanin from Pseudomonas
aeruginosa, a nonfermenting Gram-negative bacterium, is a black-brown negatively charged extra-
cellular polymer of homogentisic acid produced during L-tyrosine catabolism. Due to its chemical
properties and the presence of active functional groups, pyomelanin is a candidate for the develop-
ment of new antioxidant, antimicrobial and immunomodulatory formulations. This work aimed to
obtain bacterial water-soluble (Pyog,;), water-insoluble (Pyo;,s01) and synthetic (sPyo) pyomelanin
variants and characterize their chemical structure, thermosensitivity and biosafety in vitro and in vivo
(Galleria mallonella). FTIR analysis showed that aromatic ring connections in the polymer chains were
dominant in Pyog, and sPyo, whereas Pyo;,s0) had fewer Cy-Car links between rings. The differences
in chemical structure influence the solubility of various forms of pyomelanins, their thermal stability
and biological activity. Pyog, and Pyo;,s, showed higher biological safety than sPyo. The obtained
results qualify Pyog, and Pyoy,g, for evaluation of their antimicrobial, immunomodulatory and
proregenerative activities.

Keywords: pyomelanin; Pseudomonas aeruginosa; chemical structure; biocompatibility

1. Introduction

Pseudomonas aeruginosa, a nonfermenting Gram-negative bacterium that is widespread
in the environment and is an opportunistic pathogen, produces a variety of pigments,
including pyocyanin, pyorubin, pyoverdine and pyomelanin. Pyomelanin is a nega-
tively charged extracellular polymer of homogentisic acid (HGA) that is produced dur-
ing L-tyrosine catabolism [1]. L-tyrosine is converted to 4-hydroxyphenylopyruvic acid
(4-HPPA) by tyrosine aminotransferase, and then 4-HPPA is biotransformed to HGA by
4-hydroxyphenylpyruvate dioxygenase. Pyomelanin then forms spontaneously when se-
creted HGA autoxidizes to benzoquinone acetic acid, which then undergoes polymerization
to form pyomelanin chains. Similar to chemically synthesized polymers of HGA, pyome-
lanin is a dark brown to black pigment [2,3]. The chemical structure of melanins, including
pyomelanin, determines their oxidizing (quinone groups) and reducing (hydroxyquinone
groups) properties that allow them to accept or donate electrons [4,5].

The primary function of microbial melanins is to protect cells from UV radiation [6].
In addition, pyomelanin increases the effectiveness of bacterial adhesion to surfaces, thus
supporting the formation of biofilms and the extracellular transfer of electrons [7]. The
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production of pyomelanin by bacteria in the marine bacterial genus Pseudoalteromonas is
induced during biofilm formation and under heat stress, suggesting that this pigment is
involved in the adaptation of these bacteria to grow in a hostile ecological niche [8]. Pyome-
lanin is produced by clinical P. aeruginosa isolates from patients with chronic lung infections.
It remains unclear whether pyomelanin is relevant to the pathogenicity of these bacteria; its
production is linked to a reduction in oxidative stress, which may be an important trait to
improve bacterial survival within pulmonary macrophages [9,10]. Additionally, melanins
of Aspergillus fumigatus protect the fungus from host reactive oxygen intermediates [11]. A
study by Fonseca et al. revealed that metal binding and metal reduction by pyomelanin
are necessary for iron acquisition [7]. Due to the antimicrobial and antioxidant activities of
microbial melanins, including pyomelanin produced by P. aeruginosa, they can be used in
the food industry to coat packaging to prolong food expiration dates [5]. Bacterial melanins
can be exploited as dyes and colorants and used in cosmetics as sunscreen and oxidative
stress-reducing substances, whereas in agriculture, they may help to retain metals and
improve iron availability in the soil [12]. These compounds are promising candidates for
the design of new drugs, including antitumor drugs, vaccine antigen carriers, adjuvants
and optoacoustic imaging contrasts [13—15]. The treatment of infections with pyomelanin
with an accompanying inflammatory reaction driven by oxidative stress has also been
considered [16]. The increased sensitivity of several bacterial pathogens to antibiotics in
the milieu of pyomelanin has also been demonstrated, as well as the antimicrobial activity
of melanin itself and its iron ion complexes against Helicobacter pylori, Candida albicans and
human immunodeficiency virus (HIV) [17,18].

Eukaryotic and bacterial melanins may exhibit immunomodulatory properties. Cut-
tlefish melanin is able to activate and polarize dendritic cells, while human neuromelanin
activates the nuclear factor kappa B (NF-«B) signaling pathway resulting with the secre-
tion of pro-inflammatory cytokines: tumor necrosis factor alpha (TNF-o) and interleukin
(IL)-6 [19]. The role of melanin in the regulation of innate immunity in humans is potentially
due to the modulation of phagocytes and complement activity, reduction in the mRNA
translation of proinflammatory cytokines and interaction with effector molecules [20].
Melanization is an important part of the cuticular wound healing process in arthropods
and functions as part of the innate immune system in isopods by encapsulating parasites
with melanin [21]. However, negatively charged melanin isolated from Cryptococcus neofor-
mans diminished fungal cell susceptibility to cationic antimicrobial peptides of phagocytes,
which was correlated with the downregulation of phagocytosis and diminished secretion
of TNF-«, IL-13, IL-6 and IL-12 as well as modulation of complement activities [22]. The
potential wide range of microbial melanin applications drives studies on natural, synthetic
and recombinant melanins [23].

Hypothetically, natural bacterial or synthetic formulations of pyomelanin may vary in
their biological activity. Before studying different applications of pyomelanin formulations,
it seems valuable to verify whether there are differences in physicochemical properties,
cytocompatibility, the ability to stimulate the activation of the NF-«B pathway and in vivo
toxicity between bacterial pyomelanin and its synthetic form.

Considering the potential application of pyomelanin in medicine, the aim of this
study was to characterize the biochemical and physiological properties of natural water-
soluble and water insoluble pyomelanin (Pyos, and Pyo;,s01) isolated from a culture of
P. aeruginosa and synthetic pyomelanin (sPyo), obtained by us under laboratory conditions,
for further biomedical applications. We optimized P. aeruginosa growth conditions for the
effective production of pyomelanin, developed an isolation procedure for natural water-
soluble pyomelanin and a procedure for pyomelanin synthesis. The chemical structure
of the bacterial and synthetic pyomelanin was investigated by Fourier transform infrared
(FTIR) spectroscopy and the thermal properties were characterized by means of differential
scanning calorimetry (DSC) and thermogravimetry (TGA). The cytocompatibility of py-
omelanin from both sources was determined using an in vitro model on reference L-929
fibroblasts and THP-1 human monocytes. Noncytotoxic concentrations were established
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in the reference MTT reduction assay. In our in vivo biosafety study, we used the Galleria
melonella insect model as an alternative to rodents. Larvae of G. mellonella are widely used
in the toxicity assessment of new biopharmaceuticals, bioactive substances and newly
synthesized chemicals [24]. Due to the ability to maintain larvae in a temperature range
from 20 °C to 42 °C, this insect model mimics the physiological conditions of mammals
during in vivo toxicity assessment [25]. In addition, G. melonella larvae provide an inexpen-
sive and convenient way, free from legal or ethical restrictions, to assess the safety of new
biomolecules, and the results generated from this model show a strong correlation with
those obtained from mammalian systems. The use of G. mellonella larvae provides a more
accurate representation of the biocompound’s interactions with the host organism than
studies on cell lines, which allows for the precise selection of concentrations before animal
testing [26]. Furthermore, the ability of pyomelanin to activate the nuclear factor kappa
B (NF-«kB) signaling pathway was determined using the human recombinant monocyte
model THP1-Blue™ NEF-«B.

2. Results
2.1. The Efficiency of the Pyomelanin Biosynthesis and Chemical Synthesis

To determine the application potential of different pyomelanin variants, we first
analyzed the extraction and synthesis efficiencies. We extracted two variants of natural
pyomelanin produced by P. aeruginosa during growth on pyomelanin minimal medium
(PMM) dedicated to these bacteria: PMM I, PMM II and pyomelanin synthesized from
HGA. The efficiency of the extraction of natural pyomelanin formulations vs. the efficiency
of pyomelanin synthesis is shown in Table 1. Both variants of natural pyomelanin, Pyo;sq1
and Pyoy,), were produced more efficiently by P. aeruginosa after 7 days of growth of this
bacterium on PMM II than by PMM I medium (1.79 = 0.18 g/L and 1.22 4 0.10, respectively,
p <0.05) (Table 1). Compared to the high-efficiency bacterial biosynthesis of pyomelanin,
the yield of sPyo production from HGA was equal to 0.077 £ 0.01 g/1 g HGA.

Table 1. Efficiency of the Extraction of P. aeruginosa Pyomelanin from Minimal Growth Media and
the Synthesis of Pyomelanin from HGA.

P. aeruginosa Pyog,1 Py0insol sPyo
Growth Medium [g/LI] [g/L] [g/1g of HGA]
PMM I 1.13 £ 0.12 0.71 4+ 0.04
PMM II 1.79 £ 0.18 1.22 +£0.10 0.077 +0.01

2.2. Identification of the Functional Groups and Linkages in Pyomelanin Molecules

The structure of the pigments was investigated by FTIR spectroscopy, a technique
in which a sample’s absorbance of infrared light at various wavelengths is measured
to determine the structure of molecules. The infrared spectrum includes absorbance
bands corresponding with the various vibrations of the sample’s atoms. Each chemical
molecule will produce a unique infrared spectrum. It should be mentioned that structural
characterization of melanin is elusive due to its complexity and metabolic residues, such as
proteins, amino acids and carbohydrates, in cases of microbial origin. The FTIR spectra
of microbial Pyog, and Pyoy,s, and synthetic sPyo are presented in Figure 1. The FTIR
spectra of bacterial Pyog, and Pyoj,e, were similar at wavenumbers higher than 1600 cm 1.
Between 3700 and 3000 cm ™!, a large absorption band resulted from overlapping -OH
groups and unsaturated carbon or aromatic rings.

At lower wavenumbers, the bands with three maxima assigned to the stretching
vibrations of aliphatic C—-H were at 2953, 2925, and 2855 cm~lin Pyoingor and 2960, 2944,
and 2873 cm ™! in Pyo,,. The band at 1700 cm~! corresponding to carbonyl stretching
(C=0) of the COOH groups was visible in Pyo;s01, Whereas this band was absent in Pyog.
The bands at 1631 and 1613 cm ™! in Pyoinsor and at 1601 cm~lin Pyos,) were typical for C=C
bonds conjugated with C=0 groups (quinones). At wavelengths shorter than 1600 cm ™!,
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the differences between the spectra of Pyog, and Pyo;,s,] Were more considerable. The
bands at 1515 cm ! ascribed to aromatic C,—H bonds, and at 1441 cm ™! from in-plane
aromatic skeletal vibrations of C=C, were only visible in Pyo;s. Similarly, the band of
the phenolic—OH links at 1216 cm ! appeared only in the Pyo;,s, FTIR spectrum. The
band associated with the O-H bonds of hydroxyl groups attached to the ring was strong at
1402 cm~! in Pyo,, and weak at 1385 cm ™! in Pyoy,s01. The strong band at 1082 cm ™! in
Pyog,1 and the shoulder band at 1065 cm™! in Pyo;,s,; could be related to the stretching of
a C-O band of a primary alcohol group (phenolic groups). The strong band at 857 cm~*
in Pyog, and weak band at 828 cm ! in Pyoinso Were related to out-of-plane deformation
vibrations of aromatic C,,—H bonds.

L N LIRS v I v 1 o e I N I

Transmitance

—Pyo
— Pyog,
sPyo
—— HGA

v | B | E— T T T iy T T
4000 3500 3000 2500 2000 1500 1000 500

insol

Wavenumber [cm ']

Figure 1. Fourier transform infrared (FTIR) spectra of the water-soluble pyomelanin (Pyos,), water-
insoluble pyomelanin (Pyo;ns.1), synthetic pyomelanin (sPyo) and homogentisic acid (HGA).

The FTIR spectrum of sPyo in the range of 4000-1600 cm ! was similar to the spectra
of both types of bacterial pyomelanin, except that the band assigned to the O-H stretch had
a narrower range of 3700-3300 cm~!. The bands corresponding to aliphatic C-H bonds
were at 2957, 2924 and 2852 cm ™. The sPyo spectrum also presented a weak shoulder peak
at 1738 cm~! from COOH groups. The bands at 1515 and 1216 cm ! visible for Pyojneo1
were absent, similar to that of Pyog,). There were bands at 1395 and 1062 cm~! from O-H
and C,,—O vibrations of hydroxyl groups attached to the ring, and bands from aromatic
C-H bonds at 835 and 780 cm~!. In the polymer chain of sPyo, there were more C;—Car
linkages between rings, as indicated by the absence of a band at 1515 cm ™.

2.3. The Thermal Stability and Thermal Properties of Pyomelanins

To determine the thermal stability of the pigments, thermogravimetric measurements
in an inert atmosphere were performed. Thermal stability is a key parameter determining
the possibility of processing pyomelanin by thermal processing methods used for the
fabrication of composites and blends with other thermoplastic biopolymers. The TGA
curves and the first derivative of the mass with respect to time (dm/dt = f(T)) curves of
the dyes are presented in Figure 2, and the estimated characteristic parameters of thermal
degradation are collected in Table 2. Based on the shape of the TGA and first derivative
curves, it can be concluded that the dyes differed in degradation mechanism. The common
feature of the dyes was the presence of the first stage of mass loss occurring up to 125 °C.
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The maximum rate of the first stage of mass loss, set as the maximum of the first peak on
dm/dt = f(T) curves, was located at a similar temperature denoted as the Tlstpeak Thig
stage of mass loss could be assigned to the loss of volatile low molar mass species. The
highest mass loss up to 125 °C was exhibited by Pyog,. Only at a temperature range of
mass loss up to 125 °C did the endothermic effect occur for Pyog,), as indicated by the
endothermic peak on the DSC curve of Pyog (Figure 3). The temperature range of the
endothermic effect, the corresponding highest mass loss in the case of Pyog, and the fact
that Pyog, was isolated from the water phase, allows the assuming of the first stage of
mass loss to water loss (Figure 2). The second stage of mass loss could be assigned to
the beginning of pyrolysis of pyomelanin. The temperature of onset of the second mass
loss can be taken as an upper limit of the thermal stability of pyomelanin (Tdegonset). The
highest Tdegonset was observed for Pyoi,so (196.4 °C); for other pyomelanins, TdegonsEt
was lower and was located at 173.0 °C and 158.0 °C for Pyog, and sPyo, respectively.
Moreover, for sPyo, above 125 °C, continuous mass loss occurred up to the onset of the
main degradation. Thus, Pyoy,s, and Pyog, showed superior thermal stability to that of
sPyo. Pyog, had a significantly greater residue at 800 °C (75%) than Pyo;, and sPyo (ca.
40%), indicating a greater proportion of aromatic moieties or other conjugated unsaturated
bonds in polymer chains.

A. B.
100 sPyo 0.01%/s
—Pyoy,
PYOinsol sPyo
80 - .a‘ pyoln50|
£ N Pyog,
2 =
(4] 60 =
= E
40
20 T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature [°C] Temperature [°C]
Figure 2. The thermogravimetry (TGA) (A) and the first derivative dm/dt (B) curves of the pyomelanins.
Table 2. Thermal Stability Parameters of the Polymers Estimated from Thermogravimetry and
Thermal Properties from Differential Scanning Calorimetry.
Mass Loss Residue at
1st peak onset peak
Form of r Upto125°C  ldeg Taeg 800 °C T AH;
Pyomelanin [°C] (%] [°C] [°C] %] [°C] [)/gl
sPyo 64.2 2.90 158.0 176.3 39.55 — —
PyOinsol 72.0 1.60 196.4 233.3 38.85 — —
Pyog 85.6 7.09 173.0 193.7 75.91 78.5 19.8

The TGA results confirmed that the procedures of isolation and purification of the
pigments affect the thermal properties due to differences in the structure and composition
of the final products, as indicated by FTIR analysis.

The first heating DSC curves of pyomelanin are presented in Figure 3, and the esti-
mated thermal parameters are detailed in Table 2. On the DSC curves of the pigments,
an endothermic peak corresponding to degradation was visible. The localization of the
degradation peak maximum (Tdegpeak) was similar for sPyo and Pyog, and that for Pyoins
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started at a lower temperature. For Pyog.|, a weak endothermic peak with a maximum at
78.5 °C was visible. The assignment of the endothermic effect to water loss agreed with the
TGA results. At this temperature range, mass loss occurred for Pyog, with the highest rate
at 85.6 °C, as estimated from the first derivative dm/dt(T) curve. We also observed that
Pyogo exhibited hygroscopic properties.

1Wig
o
g pyosol
Q
=)
=
=
o
=
ﬁ F)yoinsol
Q
i B

sPyo

. ———r— v
40 60 80 100 120 140 160 180 200
Temperature [°C]

Figure 3. The first heating differential scanning calorimetry (DSC) curves of pyomelanin.

2.4. Biocompatibility
2.4.1. Bacterial Pyomelanins Show Higher Cytocompatibility Than the Synthetic Pyomelanin

Looking for new biomedical applications of bacterial polymers, including pyomelanin,
requires characterizing their safety at the in vitro level and determining doses that do not
show toxic effects. Moreover, differences in structure and thermal stability may translate
into interactions of pyomelanin with cells through different ranges of safe concentrations.
The influence of each form of pyomelanin on the viability of eukaryotic cells was assessed
in the MTT reduction assay using the reference L-929 mouse fibroblasts and human THP-
1 monocytes to exclude the cytotoxic effects toward immune cells. The ranges of safe
concentrations of different pyomelanin formulations for eukaryotic cells are shown in
Figure 4. Pyog, and Pyojnso in the full range of tested concentrations (1-1024 pg/mL),
did not decrease the number of viable target cells, which were able to reduce MTT (both
L-929 and THP-1-cell lines), below the 70% cell level, as required by the ISO norm. The
unfavorable effect of reduced cell viability was observed only in the case of sPyo. Less
than 70% of mouse fibroblasts or human monocytes were able to reduce MTT in the milieu
of sPyo used in the concentration range 64-1024 ug/mL (p < 0.05) and 32-1024 pg/mL
(p < 0.05), respectively (Figure 4).

2.4.2. Water-Soluble Pyomelanin Induces NF-kB Pathway Activation

In this study, THP1-Blue™ NF-kB human monocytes were used as biosensors of
the NF-kB-driven signaling pathway in innate immune cells. NF-«B induction in these
transformed cells results in the SEAP secretion. The amount of SEAP is proportional to
cell activation. The levels of induction and activation of NF-«kB in THP1-Blue™ NF-«B
monocytes in response to the tested variants of pyomelanin are expressed as absorbance in
Figure 5.
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Figure 4. The percentage of viable cells after exposure to different concentrations of the tested pyome-
lanin variants. Viability of murine fibroblasts L-929 (A—-C) and human monocytes (D-F) incubated
for 24 h with water-soluble pyomelanin (Pyog,) (A,D), water-insoluble pyomelanin (Pyojnso1)
(B,E) or synthetic pyomelanin (sPyo) (CF), evaluated in the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction assay according to ISO-10993-5:2009. Cells incubated
in the cell culture medium alone, without pyomelanin, served as a positive control (PC) of cell
viability (100%). Cells treated with 3% H,O, were a negative control (NC) (no viable cells). Data
are presented as the mean =+ standard deviation (SD) of five separate experiments (six replicates
for each experimental variant). The green line indicates the minimum level (70%) of viable cells,
which are able to reduce MTT according to the ISO norm. Statistical significance was calculated
using ANOVA analysis, followed by Dunnett’s post hoc test. Significant difference *—p < 0.05): cells
exposed to tested pyomelanins vs. cells in culture medium alone. Statistical significance between
Pyo concentrations was calculated using ANOVA analysis, followed by Tukey’s post hoc test. The
cytotoxicity of all forms of Pyo was dose-dependent in the concentration range 1024-256 pg/mL
(p < 0.05).

Pyog. activated NF-kB in the concentration range of 1-1024 ng/mL (the absorbance
ranged from 0.70 to 1.43, p < 0.05) (Figure 5A). In cell cultures treated with Pyojng1, a
significant induction of NF-«B was observed in the concentration range of 64-1024 ug/mL
(p < 0.05) (Figure 5B). However, the level of activation was lower than that in cell cultures
exposed to Pyog. (absorbance range: 0.30-0.53). Moreover, sPyo induced NF-«B in the
concentration range of 1-64 pg/mL; however, there were no differences between induction
levels in response to different pyomelanin concentrations within this range (the absorbance
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range 0.29-0.41) (Figure 5C). The level of NF-«B activation in response to E. coli LPS shown
as absorbance was equal to 2.07 (p < 0.05) (Figure 5A-C).
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Figure 5. The level of activation of THP1-Blue™ NF-«B monocytes in response to the tested variants
of pyomelanin. Cells were incubated for 24 h with (A) water-soluble pyomelanin (Pyoy), (B) water-
insoluble pyomelanin (Pyojs.1), (C) synthetic pyomelanin (sPyo), or lipopolysaccharide (LPS) of
Escherichia coli as a positive control (PC). Cells in culture medium alone served as the negative control
(NC). The secreted embryonic alkaline phosphatase, which was used as an indicator of nuclear factor
kappa B (NF-«B) activation, was quantified spectrophotometrically (OD = 650 nm) after enzymatic
substrate conversion. Data are presented as the mean + standard deviation (SD) of five separate
experiments (six replicates of each experimental variant). Statistical significance was calculated
using ANOVA analysis, followed by Dunnett’s post hoc test. Statistical significance between Pyo
concentrations was calculated using ANOVA analysis, followed by Tukey’s post hoc test. Significant
difference *, p < 0.05. A (absorbance)—optical density 650 nm.

2.4.3. In Vivo Toxicity of Pyomelanin

In the current study, G. mellonella larvae were used as a nonmammalian insect model
reflecting the biological complexity of live organisms, which is an ethically accepted al-
ternative for the examination of new formulation safety in vivo. By assessing the four
physiological functions of the wax moth larvae after injection with the tested variants of
pyomelanin, the HISS of the insects was evaluated and presented as a heatmap (Figure 6).
Larvae with a total score in the range of 8.5-10.0 points were regarded as healthy, and the
substances tested were considered nontoxic in this in vivo larval model.
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Figure 6. Total Health Index Scoring System (HISS) heatmap for G. mellonella larvae treated with tested
pyomelanin variants. Larvae were injected with water-soluble (Pyog,), water-insoluble (Pyo;s01) OF
synthetic pyomelanin (sPyo) in the concentration range of 1-1024 ug/mL or control solvent solutions:
phosphate-buffered saline (PBS) or 50 mM NaOH. At 0, 12, 24, 48, 72, 96, and 120 h after the injection
of pyomelanin, the health of the larvae was evaluated using HISS and expressed as the total HISS
score. Statistical significance was calculated using ANOVA analysis, followed by Dunnett’s post
hoc test. Statistical significance between Pyo concentrations was calculated using ANOVA analysis,
followed by Tukey’s post hoc test. sPyo toxicity to G. mellonella was dose-dependent in concentration
range 1024-64 ug/mL (p < 0.05).

As shown in Figure 6, no deleterious effects of the two variants of bacterial pyome-
lanin (Pyog, and Pyoiyse) were seen in the G. melonella in vivo model at 0, 12, 24, 48,
72,96 and 120 h after injection of insect larvae with pyomelanin. The total HISS scores
for larvae treated with P. aeruginosa pyomelanins were close to the baseline HISS score,
which was equal to 9.0. The total HISS scores in larvae injected with sPyo in the range of
4-1024 ng/mL were lower (7.79-3.58) than the total HISS scores in larvae inoculated with
natural P. aeruginosa pyomelanin variants. Pyog, and Pyo;,eo; did not affect the viability
of insect larvae, while sPyo used in the range of 64-1024 pug/mL significantly decreased
the number of live larvae (42-83%, p < 0.05) compared to control larvae not injected with
pyomelanin (Supplementary Figure S2).

3. Discussion

In our study, we described for the first time the method of culturing Pseudomonas
aeruginosa on the PMM Il medium and the method of obtaining water-soluble pyomelanin
(Pyogo1). In addition, we compared the physicochemical and biological properties of
bacterial Pyo, to its insoluble form (Pyoy,s1) and synthetic pyomelanin (sPyo).
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We compared our results with several reports on the efficiency of the production of
microbial melanins, which depends on the metabolic abilities of bacteria and culture condi-
tions. Madhusudhan et al. reported a production efficiency of extracellular water-soluble
melanin of Streptomyces lusitanus at the levels of 0.264 g/L and 5.29 g/L [27]. Lagunas-
Mufioz et al. showed that recombinant E. coli expressing the tyrosinase coding gene from
Rhizobium produced 6.0 g/L melanin [28]. The yield of water-insoluble bacterial melanins
showed a wide range for different species of bacteria cultured in bioreactors: 13.7 g/L for
Streptomyces kathirae, 3.76 g/L for Flavobacterium kingsejongi and 0.125 g/L for Streptomyces
glaucens [23,29,30]. Significant differences in melanin production efficiency were also ob-
served within the Pseudomonas species, with 6.7 g/L water-insoluble melanin obtained from
Pseudomonas stutzeri and 0.35 g/L obtained from Pseudomonas putida [31,32]. A high effi-
ciency of bacterial pyomelanin production with limited secretion of undesirable substances
is key to obtaining a bacterial pigment for further physicochemical and biological studies.

The FTIR spectra of microbial Pyog,), Pyoinsol and sPyo exhibit the characteristic bands
of the pyomelanins described in the literature [33,34]. Based on the relatively high degree
of similarity of the spectra of sPyo and Pyog, it can be concluded that the structure of
sPyo is more similar to that of Pyog than that of Pyo;,s01- The carbonyl stretching (C=0)
of the COOH groups was only visible in Pyo;,s01. The lack of this band can be similarly
found in the literature for microbial melanin isolated in acid precipitation [4,35,36]. The
FTIR spectrum of Pyo;,¢,] Was similar to the FTIR spectrum of melanin produced from
a deep-sea sponge-associated Pseudomonas strain [35] and pyomelanin from a culture
of Halomonas titanicae which was produced through the 4-hydroxyphenylacetic acid-1-
hydroxylase route [6]. Lorquin et al. concluded that the presence of the band ascribed to
aromatic C,,—H has a significant meaning in terms of the type of ring linkages. This group
suggested that a pyomelanin that does not have this band has fewer free C,,—H locations
and more Car-Car connections between rings in the chain structure [6]. It may suggest
that Pyog, contained more Car-Car linkages than Pyo;,s,1. Moreover, the comparison of
the FTIR spectra of sPyo and HGA showed that the sPyo did not contain HGA residue
detectable by FTIR measurements. Differences in chemical structure may influence the
solubility of various forms of pyomelanins, their thermal stability and biological activity;
however, further studies are required.

The TGA and DSC results confirmed that the procedures of isolation and purification
of the pigments affect the thermal properties due to differences in the structure and compo-
sition of the final products, as indicated by FTIR analysis. Pyos, showed a significantly
greater residue at 800 °C than Pyo;,s0] and sPyo, indicating a greater proportion of aromatic
moieties or other conjugated unsaturated bonds in polymer chains [37]. This result was in
agreement with the FTIR results revealing a higher content of C,—C,;, linkages between
rings in Pyog, than in the other pyomelanin samples. For Pyog,, we identified a weak
endothermic peak with a maximum at 78.5 °C which is associated with water loss [38]. The
presence of this peak only for Pyoy, was a consequence of the isolation of pyomelanin from
the aqueous phase. Similar to our DSC results for Pyog, the showing of two endothermic
peaks was reported for microbial melanin by Kiran et al. [35]. We also showed that Pyog
exhibited hygroscopic properties. Melanin is known for its hygroscopic character and
strong association with water [39].

The use of bacterial-derived pyomelanin and synthetic pyomelanin as potential im-
munomodulators and bioactive substances for further targeted biomedical applications
requires determining the range of cytocompatible concentrations to avoid negative effects
on cell metabolism and viability. We have shown that bacterial pyomelanins are charac-
terized by high in vitro safety for L-929 fibroblasts and THP-1 monocytes compared to
the synthetic form of this pigment. The high level of Pyoy, and Pyoiso cytocompatibility
resulted from the effective removal of lipopolysaccharide and other bacterial metabolites
that are cytotoxic. The lower cytocompatibility of sPyo compared to Pyosol or Pyog,
against L-929 fibroblasts and human monocytes, as shown in this study, might be due to
polymerization and structural differences between sPyo and Pyoins0 Or Pyog (a lower
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ability to create hydrogen bonds). Interestingly, no residual HGA was observed in the
sPyo samples, which could adversely affect cell viability. However, further studies are
needed to determine the components influencing the biological activity of the studied
pyomelanins. Potentially, the biological activity depends on the complexity of interactions
between various functional groups within each variant of pyomelanin.

Several studies have demonstrated the biosafety ranges of microbial melanins in vitro.
Oh et al. reported that melanin from Amorphotheca resinae in the range of 200-4000 png/mL
did not affect the viability of human keratinocytes HaCaT after 24 h of exposure of cells [40].
Lorquin et al. showed that pyomelanin from H. titanicae and its synthetic form resulting
from HGA polymerization in the milieu of Mn?* were noncytotoxic to human epidermal
keratinocytes [6]. Melanin from Dietzia schimae, which possesses photoprotective activity,
was safe for human fibroblast hFB at concentrations below <500 pg/mL [41]. Pyomelanin
produced by various Pseudomonas species may differ in cytotoxicity toward eukaryotic cells.
In the study by Kurian and Bhat, the highest concentration of melanin from Pseudomonas
stuteri, which was safe for L-929 fibroblasts, was 100 pg/mL [42]. The cytotoxicity of
pyomelanin from P. putida against A-375, HeLa Kyoto, HEPG2 or Caco2 cell lines was
examined by Ferraz et al. and expressed as the cytotoxicity index ICsy, with values of
1770 pg/mL, 2510 pg/mL, 890 pg/mL and 1080 pg/mL, respectively [43].

Monocytes play a key role in the development of inflammatory and immune responses,
which determine the elimination of infectious agents, induction of antigen-specific adaptive
immunity and tissue regeneration; thus, testing new components with medical potential
in humans regarding the effectiveness of monocyte activation is needed [44]. The level
of activation may vary depending on the cell type, the chemical structure of biocompo-
nents and the cell milieu. In response to tissue damage, monocytes and macrophages
deliver proinflammatory cytokines, including chemokines, which facilitate the recruitment
of immunocompetent cells, and the removal of debris, which is a prerequisite for suc-
cessful healing. In subsequent stages of healing, macrophages can reduce inflammation,
through the secretion of anti-inflammatory cytokines, can control the differentiation of
stem cells, and can regulate angiogenesis [45]. It has been revealed that acute inflammation
or low doses of proinflammatory cytokines are necessary for the reconstruction of bone
tissue; therefore, modulation of the NF-«B pathway by pyomelanin may influence bone
remodeling [46].

In this study, we have shown that Pyog is non-cytotoxic in the widest range of
concentrations, which is compatible with NF-«kB induction compared to the activity of
sPyo or Pyoy,go1. However, the poor activation of NF-kB by water-insoluble and synthetic
forms of pyomelanin does not rule them out from further biological studies. Depending on
the application context, the proinflammatory or anti-inflammatory activity of pyomelanin
can be considered. Proinflammatory activity is desirable in fighting against infection
and in the early stages of tissue regeneration, whereas to prevent chronic inflammation,
anti-inflammatory properties of biocomponents are needed. Allam et al. reported that
Streptomyces longisporoflavus melanin improves immune defense against Escherichia coli
infection [47]. The severity of oxidative stress is the result of a strong inflammatory
response due to the activation of monocytes. Langhfelder et al. reported on the ability
of fungal melanins to neutralize such stress [11]. On the other hand, the initiation of
regeneration processes requires the stimulation of monocytes to secrete proinflammatory
cytokines, which was recently reported [19]. The Pyoy, used in this study seems to meet
the highest biological safety, combined with the activation of monocytes, and due to this
may be further tested for immunomodulatory and pro-regenerative properties in different
cell models.

The results from the in vivo model of G. mellonella obtained in this study correspond
to the observations on the safety of various forms of pyomelanin in the in vitro model.
These results are very useful in selecting potential pyomelanin applications. In particular,
Pyogo1 and Pyo;,s01 sSeem to meet the requirements for further studies on potential medical
applications. In contrast, sPyo can be further investigated for nonmedical applications.
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4. Materials and Methods
4.1. Culture of Pseudomonas aeruginosa

To obtain pyomelanin with a limited content of undesirable substances (e.g., alginate,
excess protein products), a new minimal liquid medium for P. aeruginosa cultivation was
developed. Two versions of pyomelanin minimal medium (PMM) were prepared. The
first PMM version (PMM I) contained 2.0 g of KH,POy4, 5.0 g of NaCl, 0.1 g of MgSQOy,
2.0 g of L-tyrosine and 2.0 g of glucose per 1000 mL of distilled water. The second version
(PMM II) was additionally supplemented with 1.5 g of arabinose and 1.35 g of malic
acid. All chemicals were purchased from PolAura, Dywity, Poland. After dissolving
the substrates, the pH of both media was adjusted to 7.0 with 0.5 M NaOH. PMM 1
and PMM II were autoclaved at 121 °C, 2.5 Ba. Luria—Bertani (LB) broth medium was
inoculated with the P. aeruginosa Mel* strain deposited in the collection of the Department
of Immunology and Infectious Biology UL, Poland, and cultured (37 °C, 18 h) to obtain
an initial bacterial suspension. After incubation, 300 mL of PMM II was inoculated with
1.0 mL of a 1.0 McFarland bacterial suspension and grown for 5 days (37 °C, shaking at
120 rpm) when the culture medium changed to a deep black-brown color. To increase the
production of pyomelanin, after cultivation, the bacterial cultures were exposed to sunlight
for 2 days at room temperature.

4.2. Isolation of Pyojysor

To isolate Pyoyng from the cell-free supernatant, 300 mL of bacterial culture was
centrifuged at 3300 x g for 15 min, and then the supernatant was acidified with 6.0 M HCl
(PolAura, Dywity, Poland) to pH 2.0 and stored, protected from light, at room temperature
for 5 days. Thereafter, the supernatant was boiled for 45 min to avoid the formation of
melanoidins after cooling, and the supernatant was centrifuged at 3300 x g for 25 min.
The pellet of Pyo;,s,; was washed three times with 25 mL of 0.1 M HCl and then three
times with double distilled water. Afterward, 10 mL of ethanol (99.9%) (Chempur, Piekary
Slaskie, Poland) was added to the pigment pellet and placed in a water bath (95 °C, 30 min).
After storage in an incubator (50 °C, overnight), for complete evaporation of alcohol, the
pyomelanin was washed twice with ethanol and air dried.

4.3. Isolation of Pyog,

To obtain Pyog,), the postculture bacterial cell-free supernatant was incubated with
chloroform in a 1:1 ratio under shaking conditions for 24 h (room temperature, shaking
at 120 rpm). The aqueous phase containing pyomelanin was then separated from the
chloroform and protein phases using a separating funnel. To remove residual protein
contaminants, the aqueous layer was centrifuged at 5300x g for 30 min. Pyog, was
concentrated and purified from low-molecular-weight soluble substances by centrifuging
the supernatant on an ultrafiltration unit (3300x g, 60 min.,, MWCO 30 kDa) (Sartorius,
Gottingen, Germany). The bacterial pigment was dried at 50 °C overnight.

4.4. Synthesis of Pyomelanin

HGA (TCI, Eschborn, Germany), which is the main precursor for pyomelanin in
P. aeruginosa, was used to prepare sPyo. HGA (1.0 g) was dissolved in 400 mL of distilled
water (heated to 50 °C), and then a solution of 4.0 M NaOH was added to achieve pH
10.5. Autoxidation of HGA to sPyo was carried out for 10 days at 37 °C in the absence of
light. The tube with the HGA solution was opened once a day to provide a new portion of
oxygen. When a dark brown pigment was observed in the tube, sPyo was precipitated with
10.0 M HCl (to pH 6.0), left to sediment for 24 h and centrifuged (3300 g, 25 min). The
pyomelanin pellet was suspended in 2.2 M HCl and left for 2 days to stabilize the pigment.
Then, sPyo was centrifuged (6600x g, 10 min) and washed three times with 0.1 M HCI and
double-distilled water.
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4.5. Purification of Bacterial Pyomelanins

Lipopolysaccharides (LPSs) were removed from P. aeruginosa pyomelanin by affinity
chromatography using Pierce™ High Capacity Endotoxin Removal Spin Columns (Thermo
Scientific, Waltham, MA, USA). The resin and column were prepared and equilibrated
according to the manufacturer’s protocol. Samples of Pyog, and Pyoj,e1 (5 mg/mL) were
applied to the columns, incubated for 3 h with gentle mixing, centrifuged at 500x g, col-
lected into new tubes and dried at 50 °C overnight. The pyomelanin pellet was washed with
chloroform, ethyl acetate, ethanol and water. For further experiments, the pyomelanin was
stored in a dark and dry place at 4 °C. The methodology for the isolation and purification
of bacterial pyomelanins is shown in Figure 7.

Isolation from the
aqueous phase

Water-soluble

- o pyomelanin

SOCH - N (Pyog)

Cultivation on Sterylization Concentration Removal of LPS
PMM Il Medium and pre- and organic impurities

purification
‘ £ ‘

Acid
precipitation  Water-insoluble
pyomelanin
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Figure 7. Schematic representation of isolation and purification of bacterial pyomelanins. Ab-
breviations: water-soluble pyomelanin (Pyog,;), water-insoluble pyomelanin (Pyo;,s01), synthetic
pyomelanin (sPyo), lipopolysaccharide (LPS).

4.6. Fourier Transform infrared (FTIR) Spectroscopy

FTIR spectra in transmission mode were collected from 4000 to 400 cm ! using the KBr
pellet technique on a Thermo Nicolet Nexus FTIR spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) and analyzed with Thermo Scientific Omnic Software ver. 8.3.

4.7. Thermogravimetric Analysis (TGA)

TGA measurements were performed using a TGA /DSC1 Mettler Toledo system (Met-
tler Toledo, Greifenesee, Switzerland) [48]. Samples were heated from 25 °C to 800 °C
at a rate of 10 °C/min under 60 mL/min of nitrogen flow. The evaluation of the TGA
curves was performed using STARe ver. 16.20c software (Mettler Toledo, Greifenesee,
Switzerland). The first derivative of mass over time was calculated with OriginPro ver.
2021 (OriginLab Corporation, Northampton, MA, USA) and plotted against temperature.
The Savitzky-Golay smoothing algorithm was implemented. A 20 point window and a
second-order polynomial was used.

4.8. Differential Scanning Calorimetry (DSC)

DSC measurements were performed using a Mettler Toledo DSC1 system (Mettler
Toledo, Greifenesee, Switzerland) coupled with a Huber TC 100 intracooler (Huber USA,
Inc., Raleigh, USA) [49]. The instrument was calibrated using indium (T, = 156.6 °C,
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AHp = 28.45]/g) and zinc (Trm= 419.7 °C, AHm = 107.00 ]/ g) standards. Samples (~3.5 mg)
were measured in 40 pL aluminum pans under a constant nitrogen purge (60 mL/min)
from 0 °C to 200 °C. The heating and cooling rates were set to 10 °C/min. The recorded
DSC curves were normalized to the sample mass. The evaluation of the DSC curves was
performed using STAR® ver. 16.20c software (Mettler Toledo, Greifenesee, Switzerland).

4.9. Assessment of Pyomelanin Biocompatibility
4.9.1. Cell Cultures

The biocompatibility of pyomelanin was assessed in vitro according to ISO 10993-
5:2009 (Biological evaluation of medical devices—Part 5: Tests for in vitro cytotoxicity)
using two cell lines: the reference L-929 (CCL-1™) mouse fibroblasts and human monocytes
THP-1 (TIB-202™), which were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Prior to experiments, cells were cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium supplemented with 10% heat-inactivated fetal calf serum
(FCS; HyClone Cytiva, Marlborough, MA, USA) and the antibiotics penicillin (100 U/mL)
and streptomycin (100 ug/mL) (Sigma-Aldrich, Darmstadt, Germany). Mouse fibroblasts
and human monocytes were incubated at 37 °C in a humidified atmosphere containing
5% CO; until the formation of the cell monolayer. Before being used in the experiments,
the cell viability and cell density were assessed by trypan blue exclusion assay using a
counting Biirker chamber (Blaubrand, Wertheim, Germany). The cells were used in the
experiments only if cell viability was higher than 95%.

4.9.2. MTT Reduction Assay

The biocompatibility of pyomelanins was assessed in vitro in cell cultures using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, Darm-
stadt, Germany) reduction assay as previously described [50] and as recommended by the
Food and Drug Administration and ISO norm 109935 [ISO 10993-10995:2009. Biological
evaluation of medical devices—Part 5: Tests for in vitro cytotoxicity]. L-929 fibroblasts
or THP-1 monocytes adjusted to a density of 2 x 10° cells/mL were seeded (20,000 cells
per well) in 96 well culture plates (Nunclon Delta Surface, Nunc, Rochester, NY, USA)
and incubated overnight prior to stimulation with pyomelanin. Cell morphology and
confluency were controlled using an inverted contrast phase microscope (Motic AE2000,
Xiamen, China). Stock solutions of Pyoj,s, or sPyo, 10 mg/mL in 50 mM NaOH (Po-
1Aura, Dywity, Poland) in complete RPMI-1640 (cRPMI-1640) were diluted with medium
to concentrations of 1024, 512, 256, 128, 64, 32, 16, 8, 4, 2 and 1 ug/mL. An identical series
of dilutions was prepared for Pyog, starting from a stock solution at a concentration of
2 mg/mL initially dissolved in cRPMI-1640. The pyomelanin solutions were sterilized
by filtration using filters with a 0.22 um pore diameter (Sartorius, Gottingen, Germany).
Suspensions of pyomelanins were distributed to the wells of culture plates (6 replicates
for each experimental variant) containing cell monolayers. After 24 h of incubation, the
condition of the cell monolayers was verified under an inverted contrast phase microscope.
The cell cultures in medium without pyomelanin were used as a positive control (PC) of
cell metabolic activity, whereas the cell cultures in 3% H,O; served as a negative control
(NC). To quantify the metabolic activity of cells, 20 pL. of MTT was added to each well,
and incubation was carried out for the next 4 h. The plates were centrifuged at 450 g
for 10 min, the supernatant was removed, and the formazan crystals were dissolved with
100 pL of dimethyl sulfoxide (Sigma Aldrich, Seelze, Germany). The absorbance was deter-
mined spectrophotometrically using a Multiskan EX reader (Thermo Scientific, Waltham,
MA, USA) at 570 nm. The effectiveness of MTT reduction was calculated based on the
following formula: MTT reduction relative to untreated cells (%) = (absorbance of treated
cells/absorbance of untreated cells x 100%) — 100%.
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4.9.3. Activation of Monocytes

THP1-Blue™ NF-«B monocytes (InvivoGen, San Diego, CA, USA), derived from hu-
man THP-1 monocytes, were used to determine the activation of the NF-«kB signal transduc-
tion pathway, as previously described [51], in response to exposure of cells to sPyo, Pyoinse1
or Pyoy,. THP1-Blue™ NF-«B cells are specific biosensors of the NF-«B pathway, which is
typical for innate immune cells [52,53]. The induction of NF-«B results in secretion of em-
bryonic alkaline phosphatase (SEAP) by these cells. Cell suspensions, 2 x 10° cells/mL in
selective RPMI-1640 supplemented with heat-inactivated 10% FCS (HyClone, Cytiva, Marl-
borough, MA, USA), 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM glutamine and selective antibiotics
(100 pg/mL normocin and 10 pug/mL blasticidin) (InvivoGen, San Diego, CA, USA), at
a density below 2 x 10° cells/mL, were cultured for 5 days in a humidified 5% CO; at-
mosphere at 37 °C. Freshly prepared suspensions of monocytes in culture medium were
distributed to the wells of culture plates (1 x 10° cells/well; 180 pL). Then, 20 uL of tenfold-
concentrated pyomelanin solution was added to selected wells (in six replicates) to a final
concentration of 1024, 512, 256, 128, 64, 32, 16, 8, 4, 2 and 1 ug/mL. Cells were incubated for
24 h in an incubator. Monocytes in selective RPMI-1640 alone served as an negative control
(NC), whereas monocytes stimulated with 10 ng/mL LPS from Escherichia coli O55:B5
(Sigma-Aldrich, Darmstadt, Germany) were used as a positive control (PC) for NF-«B
activation. The level of SEAP secretion was determined in the cell culture supernatants.
Cell-free supernatant (20 L) was mixed with 180 L QUANTI-Blue™ (InvivoGen, San
Diego, CA, USA) and incubated at 37 °C for 4 h. Absorbance was measured at 650 nm using
a Multiskan EX reader (Thermo Scientific, Waltham, MA, USA). The results are expressed
as the mean and standard deviation (SD) of five experiments performed in six replicates for
each experimental variant.

4.9.4. In Vivo Toxicity Assay

Different formulations of pyomelanin were examined for their toxicity in vivo using
the model of last instar Galleria mellonella larvae, which enables real-time cytotoxicity
testing [53-55]. In the assessment of the last instar, the size of the larva, width and degree
of scleritization of the head capsule were analyzed, and the ecdysial line along the middle
of the dorsal side was observed. Before the experiment, the last instar of larvae (purchased
from a local vendor), confirmed by the specialist from the Department of Ecology and
Vertebrate Zoology, Faculty of Biology and Environmental Protection, University of £6dzZ,
Poland, were stored in the dark in a refrigerator at 15 °C to minimize transformation into
adult form. Prior to conducting the assay, each larva was sterilized with a cotton swab
dipped in 70% ethanol. The bioassay was performed in glass Petri dishes. Twelve larvae
(200-300 mg weight) were injected with 10 pL of Pyoj,eo1, Pyose or sPyo into the hemocoel
via the intersegmental membrane near the last left proleg using a microsyringe (Sigma
Aldrich, Darmstadt, Germany). Control larvae were injected with phosphate-buffered
saline (PBS) or 10 mM NaOH (control solvent for Pyoy, and sPyo). The physiological
activities of insects or the number of dead insects were recorded at 0, 12, 24, 48, 72, 96 and
120 h after the injection. The larval health status was evaluated using the Health Index
Scoring System (HISS), which is based on the following symptoms: larval mobility, cocoon
formation, melanization of the body integuments and survival [55] (Table 3). In this system,
the total melanization of the larvae (black larvae) and loss of larval motility correlate with
the death of the larvae [56]. Representative pictures of morphological changes in larvae
injected with Pyog,), Pyoinsel Or sPyo are shown in Supplementary Figure S1.
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Table 3. The Health Index Scoring System (HISS) for G. mellonella Larvae.

Category Description Score
no movement 0
- minimal movement on stimulation 1
Mobility .
movement when stimulated 2
movement without stimulation 3
no cocoon 0
Cocoon formation partial cocoon 0.5
full cocoon 1
black larvae 0
black spots on brown larvae 1
Melanization >3 spots on beige larvae 2
<3 spots on beige larvae 3
no melanization 4
. dead 0
Survival .
alive 2

4.10. Statistical Analysis

The Kolmogorov-Smirnov test was used to test the normality of the data. Intergroup
outcomes were compared for statistical significance using ANOVA (analysis of variance)
followed by Dunnett’s post hoc test. Statistical significance between pyomelanin concentra-
tions was calculated using ANOVA analysis, followed by Tukey’s post hoc test. In all cases,
significance was accepted at p < 0.05. All analyses were performed using GraphPad Prism
9 software (GraphPad Software, San Diego, CA, USA).

5. Conclusions

Taking into account the need to search for biocomponents, including those of bacterial
origin with multidirectional biological activity (antimicrobial, immunomodulatory and
proregenerative), the aim of this study was to obtain natural bacterial pyomelanin from
Pseudomonas aeruginosa, namely, Pyog, and Pyoj,so1, and synthetic pyomelanin (sPyo).
Furthermore, we characterized these three variants of pyomelanin in terms of chemical
structure and biosafety for further targeted biomedical research. The culture medium
increasing the production of pyomelanin was developed as well as the conditions for
the isolation and synthesis of pyomelanin from HGA. FTIR analysis showed that the
most important difference between variants of pyomelanin concerns the connections of
aromatic rings in polymer chains. In the case of Pyog, and sPyo, the Ca-Car connections
between rings dominate the chain structure, whereas Pyoy,s, showed fewer C,-Cyr links
between rings. For Pyo,, the wide band at 3700-3000 cm ! indicated the presence of
condensed double bonds as well as the presence of OH groups involved in hydrogen
interactions, e.g., with water. We observed that Pyog exhibited hygroscopic properties
(atmospheric moisture caused clumping). TGA confirmed the highest water content in
Pyog1. Further chemical research is required to fully define the structural differences in the
molecules of different variants of pyomelanin. A high level of biological safety allows for the
recommendation of Pyog, and Pyoy,g. for further biomedical studies, including research
on their antimicrobial, immunomodulatory, and proregenerative activities. Investigating
the biosafety and modulation of the physiological activity of other cell lines will guide
research on pyomelanin towards the development of pyomelanin bioactive preparations.
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Abstract: Helicobacter pylori (H. pylori) infection is the most common cause of chronic gastritis, peptic
ulcers and gastric cancer. Successful colonization of the stomach by H. pylori is related to the
complex interactions of these bacteria and its components with host cells. The growing antibiotic
resistance of H. pylori and various mechanisms of evading the immune response have forced the
search for new biologically active substances that exhibit antibacterial properties and limit the harmful
effects of these bacteria on gastric epithelial cells and immune cells. In this study, the usefulness
of pyomelanin (PyoM) produced by Pseudomonas aeruginosa for inhibiting the metabolic activity of
H. pylori was evaluated using the resazurin reduction assay, as well as in vitro cell studies used to
verify the cytoprotective, anti-apoptotic and pro-regenerative effects of PyoM in the H. pylori LPS
environment. We have shown that both water-soluble (PyoM,) and water-insoluble (PyoMjps01)
PyoM exhibit similar antibacterial properties against selected reference and clinical strains of H. pylori.
This study showed that PyoM at a 1 ug/mL concentration reduced H. pylori-driven apoptosis and
reactive oxygen species (ROS) production in fibroblasts, monocytes or gastric epithelial cells. In
addition, PyoM enhanced the phagocytosis of H. pylori. PyoMy, showed better pro-regenerative and
immunomodulatory activities than PyoMjpg.

Keywords: pyomelanin; Helicobacter pylori; immunomodulation; apoptosis; phagocytosis

1. Introduction

Helicobacter pylori (H. pylori) is a Gram-negative, helix-shaped, microaerophilic bac-
terium that colonizes the gastric mucosa of approximately half of the world’s population [1].
H. pylori is one of the most successful gastric pathogens causing gastric and duodenal ul-
cers, gastric adenocarcinoma, mucosa-associated lymphoid tissue (MALT) lymphoma, and
potentially other health dysfunctions leading to chronic inflammation, including coronary
artery disease, iron deficiency anemia and autoimmune diseases [2—4]. The co-evolution
of H. pylori within the human host has led to the development of efficient mechanisms for
evading the innate immune response and the ability to colonize a gastric niche [5].

The primary adaptation mechanism of H. pylori is urease production, resulting in the
alkalization of the acidic environment in the stomach and micro-niche formation ideal for
H. pylori colonization followed by disruption of the intracellular tight junctions between
epithelial cells and induction of an inflammatory response. Urease downregulates the
production of arginase II and bactericidal nitric oxide (NO) in macrophages and promotes
the survival of H. pylori within megasomes [6-9]. Other H. pylori virulence factors respon-
sible for the disintegration of the gastric mucosa include vacuolating cytotoxin A (VacA)

Int. . Mol. Sci. 2023, 24, 13911. https:/ /doi.org/10.3390/1jms241813911

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms241813911
https://doi.org/10.3390/ijms241813911
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-2800-2054
https://orcid.org/0000-0002-3412-9000
https://orcid.org/0000-0001-6597-9609
https://doi.org/10.3390/ijms241813911
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms241813911?type=check_update&version=1

Int. . Mol. Sci. 2023, 24, 13911

20f18

and cytotoxin-associated gene A (CagA) protein [10]. VacA inhibits the lysosomal and
autophagic killing of H. pylori, establishing an intracellular niche for bacterial survival
in macrophages [11]. CagA is an oncoprotein that mediates a range of intra-cellular ef-
fects in gastric epithelial cells by affecting several signalling pathways to promote chronic
inflammation and proliferation of gastric epithelial cells that change their polarity and
morphology, contributing to an increased risk of gastritis or neoplasia [12,13].

H. pylori and components of these bacteria, including lipopolysaccharide (LPS), induce
apoptosis of gastric epithelial cells and macrophages [14-16]. Furthermore, H. pylori LPS
mimics the carbohydrate structures—Lewis antigens present in human gastric mucosa,
erythrocytes, and endothelium, which may weaken the host’s immune response towards
these bacteria [17,18]. However, Lewis determinants of H. pylori LPS may drive the produc-
tion of antibodies cross-reacting with the host components, resulting in the elevation of the
complement-dependent inflammatory response [19]. Prolonged exposure of gastric epithe-
lial cells to high levels of reactive oxygen species (ROS) generated during H. pylori-induced
inflammation and subsequent redox imbalance lead to DNA damage, impairment of DNA
repair mechanisms and cell apoptosis/necrosis [20].

The ability of H. pylori to avoid the response of innate immune mechanisms and the
constant increase in antibiotic resistance are significant challenges in treating H. pylori
infections [21]. A meta-analysis of 120 studies evaluating the effectiveness of first-line
anti-H. pylori therapy showed that the eradication rate achieved in patients infected with
resistant strains was only 67.4% [22]. The development of new drugs capable of eradicating
H. pylori is highly recommended. One of the recent strategies concentrates on using bacterial
metabolites, which may contribute to H. pylori eradication and modulation of the effector
immune mechanisms impaired during infection. The potential candidate is pyomelanin
(PyoM), a black-brown negatively charged extracellular polymer of homogentisic acid
produced during L-tyrosine catabolism by Pseudomonas aeruginosa [23,24].

The presence of quinone structures in the PyoM molecule determines its oxidizing and
reducing properties that allow for controlling the level of ROS [25]. The primary function of
PyoM is protecting the bacterial cell from UV radiation [26] and the extracellular transfer of
electrons [27]. The use of PyoM in the treatment of infections associated with excessive ox-
idative stress generated during inflammation is being considered [28]. Increased sensitivity
of several bacterial pathogens to the antibiotics in the milieu of PyoM has been revealed, as
well as the antibacterial activity of melanin against H. pylori has been demonstrated [29,30].

The study aimed to characterize the biological effects of water-soluble (PyoM;,) and
water-insoluble pyomelanin (PyoM;,s01) regarding cytoprotective and pro-regenerative
activity towards gastric epithelial cells. In addition, the antibacterial properties against H.
pylori and the phagocytic efficiency of PyoM-stimulated monocytes, limited by the H. pylori
component, were assessed.

2. Results
2.1. Antibacterial Activity of PyoM towards H. pylori

Both forms of PyoM, PyoMj,so1 and PyoMy, significantly reduced the viability of
reference and clinical strains of H. pylori as examined by the resazurin reduction assay
(Figure 1). The percentage of viable bacteria treated with PyoM formulations at a concen-
tration of 16 pug/mL (p < 0.001) was significantly lower than the percentage of viable bacilli
exposed to PyoM at a concentration of 1 pg/mL. Dose-response curves and MICsg as well
as MICgg of PyoM against the reference H. pylori CCUG 17784 and two clinical isolates,
H. pylori M91 and H. pylori M102 are shown in Figure 2. MICsy and MICgy9 were defined
as the lowest concentration of the PyoM at which 50% and 99% of the H. pylori cells were
killed, respectively. The PyoMg, MICsq towards the reference H. pylori CCUG 17784 strain
was 14.5 pg/mL and 19.5 ug/mL for H. pylori M91 or 18.6 ug/mL for H. pylori M102. The
PyoMinsol MICsg against H. pylori CCUG 17784 was 7.2 pg/mL, while for H. pylori M91
was 18.4 ng/mL and 15.5 pg/mL towards H. pylori M102. The MICy9 of PyoMy,) against
the studied H. pylori strains was in the range 31.7-34.2 ug/mL, while MICg9 of PyoMjp01
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was in the range 19.3-29.0 ug/mL. For all H. pylori strains, the MICqg of clarithromycin or
amoxicillin was significantly (p < 0.001) lower compared to the MIC of both forms of PyoM

(Figure 2).
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Figure 1. Antibacterial activity of pyomelanin against Helicobacter pylori strains. (1) Water-soluble
pyomelanin (PyoMg,;) and (2) water-insoluble pyomelanin (PyoM;;4.) were used at a concentration
of 1 ug/mL or 16 pg/mL. H. pylori strains: (A) CCUG 17784, (B) M91 and (C) M102. Results are
shown as means with standard deviations (SD) of four independent experiments performed in
four replicates for each experimental variant. Statistical significance for * p < 0.05; *** p < 0.001;

NT—untreated bacterial cells.
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Figure 2. Dose-response curves and minimum inhibitory concentration (MIC)59 and MICqg of
pyomelanin and reference antibiotics against Helicobacter pylori strains, clarithromycin or amoxi-
cillin. (1) Water-soluble (PyoMs,)) and (2) water-insoluble pyomelanin (PyoMjys1). H. pylori strains:
(A) CCUG 17784, (B) M91 and (C) M102. Results are shown as means with standard deviations (SD)
of four independent experiments performed in four replicates for each experimental variant. The
green line indicates the 50% level of H. pylori viability.

2.2. PyoM Neutralizes the Cytotoxic Effect of H. pylori LPS towards Gastric Epithelial Cells
and Monocytes

We showed that PyoM,, and PyoM;j .. did not affect the metabolic activity and
thus the viability of reference mouse fibroblasts L-929, human gastric epithelial cells AGS
and human THP-1 monocytes at the concentration of 1 ug/mL or 16 pg/mL (Figure 3).
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In cell cultures exposed for 24 h to H. pylori LPS alone, the percentage of viable cells
significantly (p < 0.001) decreased to 75.1% £ 6.8%, 82.2% + 4.3% and 80.5% =+ 6.8%,
respectively. Similarly, the viability of studied cells in the presence of LPS E. coli significantly
(p < 0.001) diminished. In cell cultures treated simultaneously with PyoM;, or PyoMjpso1
at a concentration of 1 ug/mL or 16 ng/mL and H. pylori or E. coli LPS, the cell viability
was similar to the viability of untreated cells, which suggests that PyoM neutralized the
cytotoxic effect of LPS (p < 0.001).
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Figure 3. Reversion of the cytotoxic effect of H. pylori lipopolysaccharide (LPS) or E. coli LPS
by pyomelanin. (1) Water-soluble (PyoM;,) or (2) water-insoluble pyomelanin (PyoM;nso1) at a
concentration of 1 pug/mL or 16 pg/mL. Cell cultures: (A) AGS gastric epithelial cells, (B) L-929
mouse fibroblasts and (C) THP-1 human monocytes. Cells were stimulated for 24 h with PyoM alone,
lipopolysaccharide (LPS) H. pylori (LPS Hp) or LPS E. coli (LPS Ec) alone or both. Results are shown
as means with standard deviations (SD) of six independent experiments performed in six replicates
for each experimental variant. Statistical significance for *** p < 0.001. NS—unstimulated cells. The
green line indicates the reference viability of unstimulated cells.

2.3. LPS-Induced Apoptosis Is Diminished in the Presence of PyoMs,

The PyoM,,-mediated neutralization of H. pylori LPS-induced cytotoxicity prompted
us to examine whether the inhibition of cell apoptosis accompanies this phenomenon.
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Neither PyoMy, nor PyoMj,s, induced cell apoptosis manifested by the lack of an
increase in the Apoptotic Index (AI) compared to untreated cells (Figure 4). The Al in AGS,
L-929 and THP-1 cells increased significantly (p < 0.001) after cell exposure to H. pylori
LPS compared to untreated cells (Al = 1.00), and was equal to 1.48 £+ 0.09, 1.17 + 0.04
and 1.28 £ 0.08, respectively. E. coli LPS, similar to H. pylori LPS, significantly (p < 0.001)
increased the Al of gastric epithelial cells, fibroblasts and monocytes. In cell cultures carried
out in the presence of PyoMy,), the cell apoptosis induced by H. pylori LPS or E.coli LPS
significantly diminished (p < 0.01) compared to the level of apoptosis after cell stimulation
with H. pylori or E. coli LPS alone. However, PyoMjps.) only at a concentration of 1 ug/mL
(p < 0.05) decreased the Al of AGS and THP-1 cells co-stimulated with H. pylori LPS. By
comparison, for PyoMj,e (16 ng/mL), a reduction in the Al was demonstrated only for
AGS cells co-stimulated with E. coli LPS.
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Figure 4. Diminishing cell apoptosis induced by H. pylori lipopolysaccharide (LPS) or E.coli LPS
in the milieu of pyomelanin in cell cultures in vitro. (1) Water-soluble pyomelanin (PyoM;,)) or
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(2) water-insoluble pyomelanin (PyoM;,s.) were used at a concentration of 1 pug/mL or 16 pug/mL.
(A) AGS gastric epithelial cells, (B) L-929 mouse fibroblasts and (C) THP-1 human monocytes were
stimulated for 24 h with PyoM alone, lipopolysaccharide (LPS) H. pylori (LPS Hp) or LPS E. coli
(LPS Ec) alone or both. The Apoptotic Index was calculated based on the relative fluorescence units
(RFU) of stimulated cells vs. RFU of the control unstimulated cells. Results are shown as means
with standard deviations (SD) of four independent experiments performed in triplicate for each
experimental variant. Statistical significance for * p < 0.05; ** p < 0.01. NS—unstimulated cells. The
green line indicates the reference Apoptotic Index of unstimulated cells.

2.4. PyoM Neutralizes Reactive Oxygen Species Produced by Cells Exposed to H. pylori LPS

The LPS of H. pylori and the reference E. coli LPS induced significantly higher (p < 0.001)
ROS production in AGS cells after 30 min or 24 h as compared to the unstimulated cells
(Figure 5). The AGS gastric epithelial cells after long-term (24 h) exposure to H. pylori LPS
responded by ROS production more effectively than these cells after short-term (30 min)
stimulation. Both forms of PyoM induced a significant (p < 0.001) reduction of ROS in cell
cultures co-stimulated with PyoM and H. pylori LPS or E. coli LPS when compared to cells
stimulated with LPS alone.
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Figure 5. Neutralization by pyomelanin of reactive oxygen species (ROS) produced by AGS gastric
epithelial cells. Cells were stimulated for 24 h with (1) water-soluble pyomelanin (PyoMg,) or
(2) water-insoluble pyomelanin (PyoM;j,s.]) at a concentration of 1 ug/mL or 16ug/mL alone or
with lipopolysaccharide (LPS) of H. pylori (LPS Hp) or E. coli LPS (LPS Ec) in the milieu with or
without pyomelanin (PyoM). ROS production index after (A) 30 min or (B) 24 h of cell stimulation
with (1) PyoMg, or (2) PyoMjuso1- The ROS Index was calculated based on the relative fluorescence
units (RFU) of stimulated cells vs. RFU of control unstimulated cells. Results are shown as means
with standard deviations (SD) of six independent experiments performed in eight replicates for each
experimental variant. Statistical significance for *** p < 0.001. NS—unstimulated cells. The green line
marks the reference ROS Index of unstimulated cells.
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2.5. PyoM;, Promotes the Migration of Gastric Epithelial Cells Affected by H. pylori LPS

The migration of untreated AGS cells increased with time and the average percentages
of cells in the wounded zone were: 28.9% =+ 7.6%, 62.5% =+ 4.5% and 100% after 24, 48 and
72 h, respectively (Figure 6). PyoMs, and PyoMjyg) significantly stimulated the cell migra-
tion within the wound after 24 and 48 h, and the wound healing rate was 60.7% =+ 4.8% and
85.2% =+ 1.8% for PyoM;,; and 60.5 £ 4.9% and 79.3% = 2.2% for PyoMjpso1, respectively.
E. coli LPS significantly affected the cell migration by up to 9.7% =+ 6.6%, 46.8% + 6.0%,
and 66.3% = 4.3% confluence in 24, 48 and 72 h cell cultures, respectively. H. pylori LPS at
the same time points significantly reduced the rate of AGS cell migration to 12.2% =+ 5.3%,
38.2% £ 7.8% and 39.4% = 6.3%, respectively. Co-stimulation of AGS cells with PyoM,, and
H. pylori LPS resulted in an increased wound closure to 29.7% =+ 6.6%, 59.0% =+ 3.1% and
81.0% =+ 2.4% after 24, 48, and 72 h, respectively, when compared to the effect induced by
LPS used separately. Compared to the effect of LPS used individually, co-stimulation of AGS
cells with PyoM;ns01 and E. coli LPS increased the rate of wound closure by 27.2% =+ 5.5%
and 64.2% =+ 3.2% after 24 and 48 h, respectively. We have shown that co-stimulation
of AGS cells with PyoMg, and E. coli LPS did not influence the rate of wound closure
compared to the cells treated with LPS alone. Similar results were shown in AGS cell
cultures exposed to PyoM;,¢o and H. pylori LPS.
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Figure 6. The effectiveness of AGS cell migration in wound healing assay. The cell cultures were
exposed to (1) water-soluble pyomelanin (PyoMy) or (2) water-insoluble pyomelanin (PyoM;s]) alone,
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lipopolysaccharide (LPS) of H. pylori (LPS Hp) or E.coli LPS (LPS Ec) alone or both to pyomelanin
and LPS for (A) 24 h, (B) 48 h or (C) 72 h. Results are shown as means with standard deviations (SD)
of four independent experiments performed in triplicate for each experimental variant. Statistical
significance for * p < 0.05; ** p < 0.01; ** p < 0.001. NS—unstimulated cells. The green line indicates
the reference wound clousure of unstimulated cells.

2.6. PyoM;,; Enhances the Phagocytic Capacity of Monocytes towards Fluorescently Labelled E.
coli or H. pylori

The fluorescently labelled reference E. coli (E. coli pHrodo™) or H. pylori were used in
the phagocytosis assay performed with THP-1 monocytes exposed for 24 h to H. pylori LPS
or E. coli LPS alone, PyoM alone or to LPS and PyoM. The results of the phagocytosis assay
expressed as a Phagocytic Index (PI) are shown in Figure 7. The stimulation of monocytes
with PyoMg,) or PyoMjpg) resulted in a significant (p < 0.001) improvement in the phagocy-
tosis of the reference E. coli pHrodo™. By comparison, H. pylori LPS significantly (p < 0.001)
reduced the ability of monocytes to engulf E. coli pHrodo™ compared to untreated cells.
However, co-stimulation of THP-1 monocytes with PyoMg (1 and 16 pg/mL) or PyoMjpng01
(1 ng/mL) and H. pylori LPS resulted in a reversion of the LPS-induced inhibition of phago-
cytosis. In addition, PyoMy,), but not PyoM;ys1, induced a significant (p < 0.001) increase
in the phagocytic index of THP-1 monocytes co-stimulated with E. coli LPS, compared to
those cells treated solely with LPS alone. In the case of live fluorescently labelled H. pylori,
the PyoM,, at a concentration of 1 pg/mL or 16 pg/mL significantly (p < 0.001) increased
the PI of THP-1 monocytes compared to untreated cells. PyoMj,s,] showed a similar effect,
however, only at a concentration of 1 pug/mL.
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Figure 7. Upregulation of phagocytic activity of THP-1 human monocytes towards a fluorescently
labelled E.coli or H. pylori, in vitro. THP-1 cells were stimulated with (1) water-soluble (PyoMs,) or
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(2) water-insoluble pyomelanin (PyoMj,c1), lipopolysaccharide (LPS) of H. pylori (LPS Hp) or E. coli
LPS (LPS Ec) alone or co-stimulated with the studied formulations of PyoM and H. pylori LPS or E.coli
LPS. (A) Phagocytosis of reference E. coli pHrodo™ and (B) phagocytosis of H. pylori fluorescently
labelled H. pylori with BacLight™. The Phagocytic Index was calculated based on relative fluorescence
units (RFU) of stimulated cells vs. RFU of control unstimulated cells. Results are shown as means
with standard deviations (SD) of four experiments performed in six replicates for each experimental
variant. Statistical significance for ** p < 0.01; *** p < 0.001. NS—unstimulated cells. The green line
indicates the reference Phagocytic Index of unstimulated cells.

3. Discussion

The discovery of H. pylori in 1982 by Warren and Marshall proved that the stomach,
with its acidic pH, can be colonized by these bacteria [5]. Development of gastritis, gastric
or duodenal ulcers, and even gastric cancer due to H. pylori infection depends on bacterial
virulence factors, susceptibility of the host, efficiency of the immune mechanisms, and envi-
ronmental conditions [31]. The increasing antibiotic resistance of this pathogen requires the
search for new therapeutic agents with antibacterial activity [32,33]. Moreover, cytoprotec-
tive and immunomodulatory activity of therapeutic formulations should also be considered.
This study demonstrated that PyoMg, and PyoMj,g. exhibit antibacterial activity against
the reference and clinical H. pylori strains. The antibacterial activity of bacterial melanins
was previously described by Vasanthabharathi et al., who showed that a pigment isolated
from a marine strain of Streptomyces sp. inhibited the growth of E. coli and Lactobacillus
vulgaris [34]. Zerrad et al. reported that melanin isolated from Pseudomonas balearica showed
strong antimicrobial activity against Staphylococcus aureus, E. coli and Candida albicans, as
well as the phytopathogenic Erwinia chrysanthemi and E. carotovora [35]. Xu et al. have
suggested that the toxicity of fungal melanin towards Vibrio parahaemolyticus and S. aureus
is related to the impairment in the bacterial cell membrane of these pathogens [36]. It
was shown that melanin and glucan complexes diminish the viability of C. albicans and
H. pylori [37].

Melanin compounds are known to bind redox active metal ions, including iron ions
(Fe* /Fe®*) [38]. The study of Waidner et al. showed that disturbances in the uptake
of Fe ions by H. pylori result in reduced bacterial activity and the ability to colonize the
stomach [39]. PyoM, by reduction of soluble Fe to insoluble Fe, provides homeostasis
for Fe?* /Fe>* ions, which is necessary for the survival of pyomelaninogenic bacteria [40].
Reducing the solubility of Fe in the H. pylori niche may result in disturbances in ion
metabolism and limit the viability of these bacteria. Further studies are needed to confirm
the iron-dependent mechanism of PyoM antibacterial activity against H. pylori.

We have shown that PyoM has a cytoprotective effect on fibroblasts, gastric epithelial
cells and monocytes, which were primed with H. pylori LPS or the reference E. coli LPS
in vitro. Potentially, in vivo PyoM may protect the gastric epithelium from H. pylori-driven
damage and prevent the infiltration of H. pylori components through the epithelial barrier.
These H. pylori-related effects have been demonstrated in earlier studies [16,41,42].

In this study, we determined the level of cell viability, apoptosis and ROS production to
verify the cytoprotective mechanism of PyoM against H. pylori LPS-driven deleterious effects.

Apoptosis plays an essential role in gastric tissue physiology [43]. Especially, in
H. pylori-induced chronic gastritis, where excessive apoptotic cell loss dominates over cell
proliferation [44]. It has been shown that H. pylori and soluble components of these bacteria,
including LPS, increase ROS generation in the gastric mucosa, which may contribute to
apoptosis of gastric epithelial cells. In a model of primary gastric epithelial cells and
fibroblasts of guinea pig, it was revealed that H. pylori LPS-mediated upregulation of ROS
leads to an increased rate of apoptosis and reduced cell-to-cell integrity [16,45]. In this
study, the percentage of cells undergoing apoptosis in the milieu of H. pylori LPS, in cell
cultures of gastric epithelial cells, fibroblasts or monocytes in vitro, has been diminished in
the presence of PyoM;,,. Further in vivo studies are needed to confirm this effect.
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In H. pylori-infected patients, the increased ROS can be delivered by granulocytes and
macrophages recruited to the gastric mucosa in response to chemotactic signals. Ding et al.
showed that H. pylori may also generate ROS directly and contribute to the accumulation
of ROS in gastric tissues [46]. H. pylori infection also contributes to the production of
reactive nitrogen species (RNS), and this effect is related to nicotinamide adenine din-
ucleotide phosphate oxidase (Nox) and inducible nitric oxide synthase (iNOS) produc-
tion [14]. Moreover, neutrophils and gastric epithelial cells also express iNOS, involved
in the production of NO, which reacts with metal ions and ion superoxide, producing a
strong oxidant—peroxynitrite [14,47]. Patients infected with H. pylori have elevated levels
of ROS along with increased activity of NO-derived metabolites, indicating the activation
of iNOS [48].

Lorguin et al., using a human keratinocyte model, showed that PyoM effectively sup-
presses ROS activity in cells exposed to UVA light [26]. Our studies have shown that both
PyoMg, and PyoMjpso) neutralized the short-term and long-term activity of intracellular
ROS induced by H. pylori LPS in a model of gastric epithelial cells, which was correlated
with diminishing the number of cells undergoing apoptosis. These cytoprotective proper-
ties of PyoM are very promising since the leakage of the gastric epithelial barrier due to
uncontrolled ROS production and excessive apoptosis may facilitate the systemic distribu-
tion of H. pylori components [41]. In the present study, we showed that PyoM,; selectively
improved the cell migration affected by H. pylori LPS, while PyoM;,s, upregulated the
cell migration inhibited in the presence of E. coli LPS. A different profile of cell migration
in cell cultures exposed to H. pylori LPS or E. coli LPS and PyoM may result from some
differences in the chemical structure of PyoMg, and PyoM;,s1, as well as their ability to
bind individual bacterial LPS, H. pylori LPS or E. coli LPS.

Professional phagocytes remove pathogenic microorganisms and apoptotic cells and
initiate an adaptive immune response by presenting antigens to lymphocytes [49]. It
has been shown that in the presence of H. pylori LPS, the engulfment of these bacteria
by phagocytes is diminished [50-52]. Also, surface haemagglutinins of H. pylori and
urease may downregulate the ability of phagocytes to ingest these bacteria [6,53]. We have
shown that PyoM,, and PyoM;;41 at a concentration of 1 pg/mL or 16 pug/mL effectively
stimulated monocytes to increase phagocytosis of the reference E. coli pHrodo™. PyoMgg
in both concentrations enhanced the ingestion of fluorescently labelled H. pylori, while for
PyoMipso, only at 1 pug/mL. PyoMy, also upregulated the engulfment of E.coli particles,
which was diminished in the milieu of LPS E. coli or LPS H. pylori. In contrast, PyoMjps,
only upregulated the phagocytic activity of monocytes diminished in the presence of H.
pylori LPS; however, less effectively than PyoM,,. Moreover, PyoMy, upregulated the
ingestion of H. pylori, which was inhibited by H. pylori LPS. These results indicate that
PyoMg, possesses better immunomodulatory potential towards monocyte phagocytic
activity than PyoM;ns01- Alviano et al. reported that soluble melanin isolated from Fonsecaea
pedrosoi activated macrophages and neutrophils, resulting in increased phagocytosis and
oxidative burst during incubation with F. pedrosoi and C. albicans [54].

H. pylori has developed a set of antioxidant proteins, including superoxide dismutase,
catalase and arginase, which protect these bacteria from oxidative destruction during
phagocytosis [55]. The question arises about the possible cellular mechanisms involved in
upregulating E. coli or H. pylori engulfment by monocytes in the presence of PyoM, omitting
antioxidative PyoM properties. PyoM possibly activates monocytes extracellularly through
the cell surface receptors and induces metabolic reprogramming of phagocytes. A recent
study by Chen et al. showed that fungal melanin of Aspergillus fumigatus may function
as a pathogen-associated molecular pattern molecule. This fungal component induces
in macrophages the activation of hypoxia-inducible factor 1 subunit alpha (HIF-1c) and
phagosomal recruitment of mammalian target of rapamycin (mMTOR)—Akt/mTOR/HIF1e
axis resulting in a metabolic shift towards glycosylation, i.e., metabolic reprogramming of
macrophages. As a result, the antimicrobial activity of macrophages was increased [56].
The study by Goncalves et al. revealed that by remodelling the calcium sequestration inside



Int. . Mol. Sci. 2023, 24, 13911

12 0f 18

the phagosome and impairing signalling via calmodulin, fungal melanin drives the above
glycosylation pathway [57]. In the case of gastric mucosa, the antioxidative properties of
PyoM may improve the protection of epithelial cells and immune cells from deleterious
oxidative stress generated in the H. pylori-driven inflammatory milieu. Protective properties
of PyoM against monocyte death in the milieu of H. pylori components (including LPS)
may result in more effective eradication of this pathogen.

In conclusion, PyoM seems to be a promising candidate for diminishing the negative
effects caused by H. pylori in the gastric mucosa. The in vitro gastro-protective activity of
PyoM is related to its anti-oxidative properties in conjunction with the control of cell apop-
tosis. PyoM also possesses pro-regenerative activity since it stimulates the cell migration
affected by H. pylori LPS. We showed that the ability of monocytes to engulf fluorescently
labelled E. coli or H. pylori is significantly enhanced in the presence of PyoM. From two
studied PyoM formulations, PyoM, better stimulated the migration of gastric epithelial
cells and phagocytic activity of monocytes, which were affected by LPS H. pylori than
PyoMinsol, and due to this, PyoMg is promising for further study in an in vivo model of
H. pylori infection in Caviae porcellus (guinea pigs), which previously was characterized by
us in terms of inflammatory and immune responses [52,58].

Despite the description of the antibacterial activity of PyoM, its bactericidal mechanism
remains unknown, which is a limitation of this study. Further studies are required to
determine the potential molecular targets for PyoM and the specificity of the antibacterial
activity against Gram-negative and Gram-positive bacteria. Further research will be carried
out to define the molecular basis underlying PyoMs, / PyoMjnso-mediated cellular effects.

4. Materials and Methods
4.1. Growth Conditions of Pseudomonas aeruginosa

When starting a strain from a frozen stock, the P. aeruginosa Mel+ strain (Collection
of Department of Immunology and Infectious Biology University of L.6dz, Poland) was
streaked out onto a Luria Broth (LB) agar plate, and a subsequent liquid culture started
the next day. The LB broth was then inoculated with the single colony exhibiting Gram-
negative rod-shaped morphology, positive oxidase test and a presence of pigmentation
and incubated in aerobic conditions (37 °C, 18 h) to obtain an initial log-phase bacterial
suspension. To isolate PyoM with the reduction of undesirable substances, the Pyomelanin
Minimal Medium II (PMM II) (patent application number: PL438865) was used [24]. PMM
II was inoculated with 1.0 mL of a 1.0 McFarland bacterial suspension and grown for
five days in the microbiological incubator (37 °C, shaking at 120 rpm). When the colour
of the medium changed from honey-like to black, the cultures were transferred to room
temperature and exposed to sunlight, which stimulated the production of the pigment
(48 h).

4.2. Isolation and Purification of PyoM;y,so; and PyoM;gy;

The isolation and purification of two variants of pyomelanin were performed as previ-
ously described [24]. To isolate the water-insoluble pyomelanin (PyoMjys1), the bacterial
culture was centrifuged (6600 x g), and supernatant was acidified to pH 2.0 with 6.0 M HCl
(PolAura, Dywity, Poland). The PyoM;pg,) pellet was washed with HCI and double-washed
with distilled water. Finally, the Pyo;so) pellet was suspended in pure ethanol (Chempur,
Piekary Slaskie, Poland), and placed in a water bath (95 °C, 30 min.). PyoMjs,] was washed
twice with ethanol and air-dried. In order to obtain water-soluble pyomelanin (PyoMg)),
the bacterial cell-free supernatant was incubated with chloroform in a 1:1 ratio under
shaking conditions for 24 h (room temperature, shaking at 120 rpm). The aqueous phase
containing the PyoMg,) was separated from the chloroform and protein phase using a sepa-
rating funnel. To remove residual protein contaminants, the aqueous layer was centrifuged
(6600% g), and then PyoMy, was purified from low molecular weight soluble substances
by ultrafiltration (MWCO 5 kDa) (Sartorius, Gottingen, Germany). The PyoMg, was dried
overnight at 50 °C. Endotoxin was removed via affinity chromatography using Pierce™



Int. . Mol. Sci. 2023, 24, 13911

13 0f 18

High Capacity Endotoxin Removal Spin Columns (Thermo Scientific, Waltham, MA, USA).
The resin and column were prepared and equilibrated according to the manufacturer’s
protocol. The samples of PyoMy,; and PyoMiuso1 (5 mg/mL) were applied to the columns,
incubated for 3 h with gentle mixing, centrifuged at 500x g and pellets were collected in the
new tubes and dried at 50 °C overnight. PyoMj,,¢o1 and PyoMg, pellets were washed with
chloroform, ethyl acetate, ethanol and water. For further experiments, the PyoM variants
were stored in a dark and dry place at 4 °C.

4.3. Cell Cultures

The reference L-929 mouse fibroblasts, human AGS gastric adenocarcinoma epithelial
cells and human THP-1 monocytes purchased from the American Type Culture Collection
(ATCC, Rockville, MD, USA) were used and propagated as previously described [24,41].
Prior to experiments, L-929 and THP-1 cells were cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium supplemented with 10% heat-inactivated foetal calf serum
(FCS; HyClone Cytiva, Marlborough, MA, USA), and the antibiotics penicillin (100 U/mL)
and streptomycin (100 pg/mL) (Sigma-Aldrich, Darmstadt, Germany). AGS cells were
grown in Dulbecco’s Modified Eagle Medium /Nutrient Mixture F-12 (DMEM/F-12; Biow-
est, Nuaillé, France), containing 10% heat inactivated FCS, and standard antibiotics. Cell
cultures were incubated at 37 °C in a humidified atmosphere containing 5% CO,. The
cells were passaged with 0.25% trypsin in 0.02% ethylenediaminetetraacetic acid (EDTA)
(Biowest, Nuaillé, France). The cell viability and density were assessed using trypan blue
(Blaubrand, Wertheim, Germany) exclusion assay. The cells were used in the experiments
when cell’s viability was higher than 95%.

4.4. Cell Stimulators

The reference Helicobacter pylori strain CCUG 17874 (purchased from Culture Collec-
tion, University of Gothenburg, Gothenburg, Sweden), positive for vacuolating toxin A
(VacA) and cytotoxin associated gene A (CagA) protein, was grown under microaerophilic
conditions (76 h, 37 °C). LPS from the reference H. pylori strain was prepared by hot phenol-
water extraction, purified by proteinase K and RNA-se treatment and ultracentrifugation as
previously described [59]. Escherichia coli (E. coli) LPS O55:B5 (Sigma-Aldrich, Darmstadt,
Germany) was used as positive control. The stock solution of PyoMj,,s, was prepared in
50 mM NaOH and then diluted in phosphate-buffered saline (PBS), pH 7.4. The detrimental
effect of the solvent, diluted in PBS, has been excluded in the preliminary study as previ-
ously described [24]. The concentration of PyoM was equal to 1 and 16 pug/mL for PyoM,
and PyoMj,so1, while the H. pylori LPS and E.coli LPS were used at a concentration of
25ng/mL as described previously [16]. In cell-based assays, all components were dissolved
in a cell culture medium dedicated to the appropriate cell line and sterilized by filtration
using 0.22 pm pore size membrane filters (Sartorius, Gottingen, Germany).

4.5. Antibacterial Activity of PyoM,so1 and PyoMgy;

The antibacterial activity of PyoMj,s, and PyoMg, against the reference H. pylori
CCUG 17874 and two clinical isolates, H. pylori M91 (metronidazole-resistant strain) and
H. pylori M102 (metronidazole and levofloxacin-resistant strain), was determined as the
minimum inhibitory concentration (MIC) by the resazurin reduction assay [60]. The bacteria
were cultured in Brucella Broth with 10% FCS to mid-log phase, and the inoculum was
adjusted to 0.5 McFarland (1.5 x 10 CFU/mL) scale. Next, the bacterial suspension was
diluted 100-fold in the medium. PyoMj,so1 and PyoMs, were distributed into wells of
a 96-well plate (Nunc, Rochester, NY, USA) containing 100 pnL Brucella Broth with 10%
FCS to form a series of 2-fold dilutions in the range of 1-1024 pg/mL. Then, the bacterial
suspension (100 uL) was added to each well, and plates were incubated for 72 h at 37 °C.
Control wells containing bacterial culture alone (positive control of bacterial growth),
wells with bacterial medium alone (negative control) and wells with reference antibiotics
(clarithromycin or amoxicillin) were included. To assess MIC, 20 pL of 0.02% resazurin
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in sterile PBS was added to each well and left for 3 h. Fluorescence was measured at an
excitation wavelength of 560 nm and emission wavelength of 590 nm using a SpectraMax®
i3x Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA, USA).

4.6. Cell’s Viability Assay

The viability of cells treated with PyoM, LPS or co-stimulated with PyoM and bacterial
LPS was assessed using a 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide—MTT
(Sigma Aldrich, Darmstadt, Germany) reduction assay as previously described [24]. L-929
fibroblasts, AGS gastric adenocarcinoma epithelial cells or THP-1 monocytes adjusted
to a density of 2 x 10° cells/mL (100 pL) were seeded in 96-well culture plates (Nunc,
Rochester, NY, USA) and incubated overnight prior to stimulation. Cell morphology and
confluency were controlled using an inverted contrast phase microscope (Motic AE2000,
Xiamen, China). The solution of tested PyoM was distributed to the wells of cell culture
plates (6 replicates for each experimental variant) containing cell monolayers. After 24 h of
incubation, the condition of the cell monolayers was verified under an inverted contrast
phase microscope. The cell cultures in the medium alone were used as a positive control
(PC) of cell viability (100% viable cells). To quantify the cell viability, 20 uL. of MTT was
added to each well, and incubation was carried out for the next 4 h. The plates were
centrifuged (450x g, for 10 min), and the formazan crystals were dissolved with 100 pL
of dimethyl sulfoxide (Sigma Aldrich, Seelze, Germany). The absorbance was measured
spectrophotometrically using a Multiskan EX reader (Thermo Scientific, Waltham, MA,
USA) at 570 nm.

4.7. Reactive Oxygen Species

Intracellular ROS were determined in AGS cells after 30 min and 24 h incubation with
PyoM or LPS alone or in a combination of both stimulators, using the 217 -dichlorodihy-
drofluorescein diacetate (HDCFDA) fluorescent probe (Thermo Scientific, Waltham, MA,
USA) as recommended by the manufacturer. The AGS cell suspension in the culture
medium (5 x 10° cells/mL) was distributed in 96-well black plates and left for 24 h
(37 °C, 5% COy). Afterwards, cells were treated for 30 min or 24 h with PyoMj,s, or
PyoMy,, in the presence or absence of H. pylori LPS or E. coli LPS, and then centrifuged
(200x g, 5 min). After stimulation, the supernatants were replaced with 200 uL 10 uM
H,DCFDA, and incubated for 30 min (37 °C, 5% CO,). Next, the cells were washed with
Hanks’ Balanced Salt Solution (HBSS) and suspended in 5 mM glucose solution in HBSS
(200 pL/well). Fluorescence was measured at 495 nm (excitation) and 525 nm (emission)
using a SpectraMax® i3x Multi-Mode Microplate Reader (Molecular Devices, San Jose,
CA, USA). The ROS Index was calculated based on relative fluorescence units (RFU) of
stimulated cells versus RFU of control cells in the cell culture medium alone.

4.8. Apoptosis

The cell apoptosis was assessed using the commercial terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL) assay (Cell Meter TUNEL Apoptosis Assay
Kit, AAT Bioques, Sunnyvale, CA, USA), as recommended by the manufacturer. Cells
(5 x 10° cells/mL) after stimulation for 24 h with PyoMj,,s,] or PyoM, alone, with H. pylori
LPS or E. coli LPS alone, were treated with fluorescent red dye that passively enters cells
and selectively targets the nicks in DNA that form during apoptosis. The fluorescence of
cells undergoing apoptosis was measured at 550 nm (excitation) and 590 nm (emission)
using a SpectraMax® i3x Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA,
USA). The Apoptotic Index was calculated based on the relative fluorescence units (RFU)
of treated cells versus the RFU of control cells in the cell culture medium alone.

4.9. Wound Healing Assay

AGS cells” migration ability was assessed in a “wound healing assay”, as previously
described [16]. Cells were seeded in six-well plates at the density of 5 x 10° cells per
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well in DMEM/F-12 medium with 2% FCS, penicillin (100 U/mL) and streptomycin
(100 pug/mL), and incubated in a humidified cell incubator (37 °C, 5% CO;) until reaching
optimal confluency. The cell monolayers were scratched with a sterile 200 pL pipette
tip and designated as the start (time 0 h) of wound repair. Next, the culture medium
was replaced with a solution of PyoM alone, bacterial LPS alone or both in a volume of
1 mL. Non-exposed cells in a culture medium alone were used as a control, exhibiting
the spontaneous cell migration capacity. Wound images were taken at 0, 24, 48 and
72 h using a digital camera combined with an inverted contrast phase microscope (Motic
AE2000, Xiamen, China), and the wound area was measured using the software Motic AE
(version Motic Images Plus 2.0ML) (Xiamen, China). The wound healing in the milieu of
tested formulations was expressed as the percentage of cells migrating to the wound zone
compared to untreated cells.

4.10. Phagocytosis

The suspension of THP-1 monocytes in RPMI-1640 culture medium (5 x 10° cells/mL)
was applied to the wells of a 96-well plate (100 uL/well), and cells were stimulated for
24 h with PyoMj,¢o or PyoMy,), with or without H. pylori LPS or E. coli LPS. Before the
experiment, live H. pylori rods were stained with the commercial LIVE/DEAD BacLight
(TermoFisher, Waltham, MA, USA) for 30 min at room temperature, then added into the
wells containing the monocytes at a multiplicity of infection (MOI) of 50:1 and incubated
for another 30 min. Next, the cells were washed five times with 5 mM glucose solution in
HBSS, and the fluorescence (excitation wavelength of 485 nm and emission wavelength of
498 nm) was measured using a multifunctional reader SpectraMax i3 (Molecular Devicesat,
San Jose, CA, USA). Phagocytic activity of THP-1 cells was also assessed using the reference
fluorescently labelled bioparticles, pHrodo™ Green E. coli BioParticles™ Conjugate for
Phagocytosis Kit (ThermoFisher Scientific, Waltham, MA, USA), as recommended by the
manufacturer. Fluorescent E. coli were suspended in HBSS supplemented with glucose to a
concentration of 1 mg/mlL, sonicated for 10 min and transferred to plates (100 puL/well)
containing monocytes. Following the 30 min incubation, the cells were washed three times
with 5 mM glucose solution in HBSS, and the intensity of fluorescence was measured using
a SpectraMax® i3x Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA, USA)
at 509 nm (excitation) and 533 nm (emission). The Phagocytic Index was calculated based
on relative fluorescence units (RFU) of stimulated cells versus RFU of control cells in the
cell culture medium alone.

4.11. Statistical Analysis

The Kolmogorov-Smirnov test was used to test the normality of the data. Intergroup
outcomes were compared for statistical significance using ANOVA (analysis of variance)
followed by Dunnett’s post hoc test. In all cases, significance was accepted at p < 0.05.
All analyses were performed using GraphPad Prism 9 software (GraphPad Software, San
Diego, CA, USA).

5. Conclusions

Our findings suggest that PyoM isolated from Pseudomonas aeruginosa exhibits an-
tibacterial properties against selected reference and clinical antibiotic-resistant strains of
H. pylori. In this study, we showed that the cytotoxicity of H. pylori LPS towards the refer-
ence mouse fibroblasts, human monocytes and gastric epithelial cells was reduced in the
presence of PyoM. This phenomenon was related to diminished oxidative stress and apop-
tosis. In addition, our study also demonstrated that PyoM upregulated the phagocytosis of
H. pylori, however, PyoM,, showed better properties than PyoM;,s, in terms of enhancing
the phagocytic activity of monocytes and increasing migration of gastric epithelial cells.
PyoM may represent an interesting biomolecule in further studies of the immune response
modulation during H. pylori infection.
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Alkaptonuria (AKU) is a rare autosomal metabolic disorder resulting from a deficiency
in tyrosine metabolism. In AKU, the deposition of homogentisic acid polymers
contributes to the pathological ossification of cartilage tissue. The controlled use of
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ABSTRACT

Alkaptonuria (AKU) is a rare autosomal metabolic disorder resulting from a deficiency in
tyrosine metabolism. In AKU, the deposition of homogentisic acid polymers contributes to the
pathological ossification of cartilage tissue. The controlled use of biomimetics similar to
deposits observed in cartilage may result in the development of an effective therapy that
increases the mineralization and maturation of osteoblasts necessary for the regeneration of
damaged bone tissue. One of the potential biomimetic candidates is pyomelanin (PyoM) - a
polymeric biomacromolecule synthesized by Pseudomonas aeruginosa. This work presents
comprehensive data on the osteoinductive, pro-regenerative and antibacterial properties, as well
as the cytocompatibility of water-soluble (PyoMso1) or water-insoluble (PyoMinsol) PyoM. Both
variants of PyoM support osteoinductive processes as well as the maturation of osteoblasts due
to the upregulation of osteocalcin (OC), alkaline phosphatase (ALP), interleukin (IL)-6, IL-10
and tumour necrosis factor (TNF)-a production. PyoM are cytocompatible in a wide
concentration range and limit doxorubicin-induced apoptosis towards osteoblasts. This
cytoprotective PyoM activity is correlated with pro-regenerative properties expressed as
osteoblasts migration. Moreover, PyoM;, and PyoMinsor €xhibit antibacterial activity against
staphylococci isolated from infected bones. The omnidirectional osteoinductive, pro-
regenerative and antiapoptotic effects achieved through the PyoM stimulation of osteoblasts
create new opportunities for designing biocomposites modified with this bacterial-origin
biopolymer with tailored properties, offering novel prospects for various biological and medical

applications.
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1. INTRODUCTION

Regeneration of damaged bone is a multi-stage cascade of repair reactions that depend on the
activity of bone-forming cells (osteoblasts) and osteoclasts along with inflammatory,
endothelial and hematopoietic cells. Bone repair consists of three primary phases:
inflammation, bone production, and bone remodelling [1]. Osteoblasts derived from
mesenchymal stem cells constitute approximately 4-6% of the total bone cell population and
are largely responsible for forming, growing and remodelling bone tissue[2]. Mature osteoblasts
synthesize extracellular type I collagen (COL1) - and non-collagen proteins including
osteocalcin (OC), osteopontin (OPN), and alkaline phosphatase (ALP). The extracellular matrix
is first secreted as an unmineralized osteoid and then mineralized by the accumulation of
hydroxyapatite[3]. Bone remodelling consists of four sequential phases: the activation phase,
during which osteoclast progenitor cells are recruited to the damaged bone surface; the
resorption phase, in which mature osteoclasts resorb damaged bone; a reversal phase, in which
osteoclasts die, and osteoblast progenitor cells are recruited; and formation phase in which

mature osteoblasts produce new bone osteoid [4,5].

In the physiological microenvironment of bone tissue, there is a balance between bone
formation by osteoblasts and bone resorption by osteoclasts, ensuring the maintenance of
normal bone mass and mineral density [6]. Many proteins and cytokines secreted by osteoblasts,
osteoclasts and immune cells involved at various stages of bone turnover are responsible for
maintaining the balance between the process of bone formation and resorption [7]. The key
modifiers responsible for maintaining the balance in bone remodelling include OC, ALP,
osteoprotegerin (OPG), bone morphogenetic proteins, receptor activator of nuclear factor
kappa-light-chain-enhancer of activated B cells (RANK) ligand (RANKL), interleukin (IL)-1,
IL-6, IL-10, and tumour necrosis factor (TNF)-a [8—10]. Injuries, fractures, metabolic diseases,

osteoporosis or cancer can cause bone defects that are difficult to heal. This is a significant
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problem in the case of large bones, where the missing tissue resulting from pathology is greater
than the ability of spontaneous bone healing dependent on the osteoblast's activity [11]. The
process of bone repair in connection with a fracture, osteoporosis or implantation procedure
may be even more limited if a bacterial infection accompanies it. Therefore, searching for new
compounds with multidirectional pro-regenerative, osteogenic and antibacterial activity is
crucial [12—-14].

Alkaptonuria (AKU) is a rare autosomal recessive metabolic disorder resulting from a
deficiency of homogentisate 1,2-dioxygenase in tyrosine metabolism [15]. As a consequence,
homogentisic acid (HGA) does not undergo metabolic transformations, and over time, it
polymerizes and accumulates in collagen tissues, which leads to ochronosis. The process of
ochronotic deposits formation is not fully understood. HGA is believed to polymerize into a
benzoquinone intermediate before assuming its final polymeric form in collagen tissues [15,16].
One of the most typical symptoms of AKU is chronic joint degeneration, manifested by
structural changes and mineralization occurring in cartilage tissue [17]. The accumulation of
HGA polymers causes hydroxyapatite deposition, a mineral responsible for bone calcification,
which further hardens the connective tissue [18].

In this study, by mimicking the pathological ossification induced in AKU, we are aiming to
support osteoinductive processes and increase ossification, which is crucial during bone healing
and tissue repair. By using pyomelanin (PyoM) produced by Pseudomonas aeruginosa,
previously shown to be cytocompatible biomimetic of ochronotic deposits we recreate the
mechanisms accompanying AKU, including the local accumulation of HGA polymers [19-21].
PyoM is a dark brown to black negatively charged extracellular polymeric pigment of HGA
produced during L-tyrosine catabolism [22]. Two forms of this bacterial pigment are known:
water-soluble (PyoMso1) and water-insoluble (PyoMinsol) pyomelanin, which are obtained

depending on the isolation procedure from the post-cultured supernatants [23]. The chemical
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structure of PyoM determines their oxidizing (quinone groups) and reducing (hydroxyquinone
groups) properties, which are responsible for the elemental functions in the bacterial cell related
to protection against reactive oxygen species and UV light, electron transport and binding of
metal ions [24,25]. It has been shown that PyoM possesses antibacterial activity against various
bacterial species and supports the regeneration of gastric epithelial cells in vitro by
neutralization of reactive oxygen species [23,26,27]. PyoM also stimulates the activation of the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B), which is one of the
essential protein complex necessary to initiate the processes of tissue reconstruction and
regeneration [23,28].

The study aimed to determine the cytocompatibility of PyoMgo and PyoMinsol towards human
osteoblasts and assessment of cell apoptosis. Furthermore, biological activities of PyoM
towards human osteoblasts have been tested regarding the role of PyoM as a biomimetic
polymer of ochronotic deposits in osteoinduction by assessment of the production of OC, ALP,
IL-6, IL-10 and TNF-a, and bone regeneration by evaluation of cell migration in wound healing
assay as well as cell proliferation. In addition, the antibacterial activity of PyoM against
staphylococci, the leading cause of bone infections accompanying medical interventions, was

assessed by resazurin reduction assay.

2. MATERIALS AND METHODS

2.1. Growth Conditions of Pseudomonas aeruginosa

The growth conditions of P. aeruginosa have been established as previously described [23,26].
Briefly, P. aeruginosa Mel+ strain (Collection of Department of Immunology and Infectious
Biology University of Lodz, Poland) was inoculated after thawing onto a Luria Broth (LB) agar
plate and incubated for 24 h at a microbiological incubator (37°C). Next, the LB broth was
inoculated with the single colony exhibiting Gram-negative rod-shaped morphology, positive

oxidase test and a presence of pigmentation and incubated in aerobic conditions (37°C, 18 h)
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to obtain an initial log-phase bacterial suspension. To isolate PyoM with the reduction of
undesirable substances, the Pyomelanin Minimal Medium II (PMM II) (patent application
number: PL438865) was used [23,26]. PMM II was inoculated with 1.0 mL of a 1.0 McFarland
bacterial suspension and grown for 5 days in the microbiological incubator (37°C, with shaking
at 120 rpm). When the color of the medium changed from honey-like to black, the cultures were
transferred to room temperature and exposed to sunlight, which stimulated the production of

the pigment.
2.2. Isolation and purification of PyoMso and PyoMinsol

The isolation and purification of water-soluble pyomelanin (PyoMs.) and water-insoluble
pyomelanin (PyoMinsol) were performed as previously described [23,26]. Briefly, to isolate the
PyoMinsol, the bacterial culture was centrifuged, and the supernatant was acidified to pH 2.0
with 6.0 M HCI (PolAura, Dywity, Poland). The PyoMinsol pellet was washed with HCI and
double-washed with distilled water. Finally, the PyoMinso1 pellet was suspended in pure ethanol
(Chempur, Piekary Slaskie, Poland) and placed in a water bath (95°C, 30 min.). PyoMinsol Was
washed twice with ethanol and air-dried. To obtain PyoM;o1, the bacterial cell-free supernatant
was incubated with chloroform in a 1:1 ratio under shaking conditions for 24 h (room
temperature, shaking at 120 rpm). The aqueous phase containing the PyoM;o was separated
from the chloroform and protein phase using a separating funnel. To remove residual protein
contaminants, the aqueous layer was centrifuged, and then PyoMso was purified from low
molecular weight soluble substances by ultrafiltration (MWCO: 30 kDa) (Sartorius, Gottingen,
Germany). The PyoM;o was dried overnight at 50°C. Endotoxin was removed by affinity
chromatography using Pierce™ High Capacity Endotoxin Removal Spin Columns (Thermo
Scientific, Waltham, MA, USA). PyoMinsol and PyoMsol pellets were washed with chloroform,
ethyl acetate, ethanol and water. For further experiments, the PyoM samples were stored in a

dark and dry place at 4°C.
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2.3. Osteoblast Growth Conditions

The hFOB 1.19 osteoblasts were cultured in DMEM/Nutrient Mixture F-12 Ham (Gibco, Zug,
Switzerland), supplemented with inactivated bovine serum and geneticin (0.3 mg/mL; Gibco,
Zug, Switzerland), in cell incubator conditions (33°C, 5% CO,), as previously described [29].
For the test, 1 mL of cell suspension (5x10°/mL) was transferred to a 6-well cell culture plate
(Thermo Fisher Scientific, Waltham, MA, USA) and incubated overnight in incubator
conditions to allow cells to adhere. Following the initial incubation, the medium was aspirated,
and 1.5 mL of osteogenic medium containing DMEM/Nutrient Mixture F-12 Ham
supplemented with 1% heat-inactivated fetal bovine serum, 0.3 mg/mL geneticin (Gibco, Zug,
Switzerland), 50 ug/mL ascorbate-2-phosphate (Sigma Aldrich, Darmstadt, Germany), 1 uM
dexamethasone (Sigma Aldrich, Darmstadt, Germany), and 10 mM B-glycerophosphate (Sigma
Aldrich, Darmstadt, Germany) was added to the control cell wells, and 1.5 mL of PyoMgso1 or
PyoMinsol (1 pg/mL) dissolved in osteogenic medium was added to the test cells. Next, the
osteoblasts were cultured at 39°C, 5% COx, and the osteogenic medium with or without PyoM
variants was replaced every three days. The cell culture supernatants were collected after 4, 7,
11, 14, 18, 21, 24, and 28 days of incubation and stored at —80 °C for further evaluation of the
osteogenic differentiation markers. Cell lysates were collected on 7, 14, 21, and 28 days for
proliferation assessment and alkaline phosphatase (ALP) activity quantification, while cell

culture supernatants were collected to evaluate the level of selected cytokines.
2.4. Determination of PyoMso and PyoMinsoi Cytocompatibility towards Osteoblasts

Studies on cytocompatibility of PyoMse or PyoMinsot Were carried out using human fetal
osteoblasts hFOB 1.19 (ATCC, Rockville, MD, USA) according to ISO-10993-5-2009 norm
for testing components for potential biomedical application. The viability of control cells or

cells treated with PyoM variants was evaluated in 3-(4,5-dimethylthiazol-2-yl)-2,5-
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diphenyltetrazolium bromide salt (MTT, Sigma Aldrich, Saint Louis, MO, USA) reduction
assay [23,29]. hFOB 1.19 osteoblasts were cultured in DMEM/Nutrient Mixture F-12 Ham
(Gibco, Zug, Switzerland) supplemented with inactivated bovine serum and geneticin (0.3
mg/mL; Gibco, Zug, Switzerland) in incubator conditions at 33°C, 5% CO2, >90% humidity.
For the test, 100 uL of cell suspension (4x10°/mL) was transferred to a 96-well cell culture
plate and incubated overnight in incubator conditions to allow cells to adhere. The solutions of
tested PyoMso or PyoMinsol were distributed to the wells of cell culture plates (6 replicates for
each experimental variant) containing cell monolayers. After 24 h of incubation, the condition
of the cell monolayers was verified under an inverted contrast phase microscope. The cell
cultures in the medium alone were used as a positive control (PC) of cell viability (100% viable
cells). After the incubation, 20 mL of MTT (5 mg/mL) was added to each well and incubated
for 4 h. Following the incubation, plates were centrifuged (1200 rpm, 10 min), and supernatants
were replaced with 100 mL of DMSO per well to dissolve formazan crystals. After dissolving
formazan crystals, the absorbance was measured at 570 nm (Multiskan EX, ThermoFisher,

Waltham, MA, USA).
2.5. Cell Apoptosis

The cell apoptosis was assessed using the commercial terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay (Cell Meter TUNEL Apoptosis Assay Kit, AAT
Bioques, Sunnyvale, CA, USA), as previously described [26]. The hFOB 1.19 osteoblasts
(4x10° cells/mL), after 24 h exposed to PyoMsol or PyoMinsol in the concentration of 1 pg/mL,
were treated with fluorescent red dye that passively crosses a cell membrane and selectively
targets the nicks in DNA that form during apoptosis. Doxorubicin (DOX, Sigma Aldrich,
Darmstadt, Germany) in the concentration of 50 pM was a positive control for the induction of
osteoblast apoptosis. The level of osteoblast apoptosis exposed simultaneously to PyoM

variants and DOX was also verified. The fluorescence of cells undergoing apoptosis was
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measured at 550 nm (excitation) and 590 nm (emission) using a SpectraMax® 13x Multi-Mode
Microplate Reader (Molecular Devices, San Jose, CA, USA). The Apoptotic Index was
calculated based on the relative fluorescence units (RFU) of stimulated cells versus the RFU of

control cells in the cell culture medium alone.

2.6. Wound Healing Assay

3

The ability of hFOB 1.19 cells to migrate was assessed in a “wound healing assay”, as
previously described.[26,30] Cells were seeded in six-well plates at the density of 5x10° cells
per well in DMEM/Nutrient Mixture F-12 Ham (Gibco, Zug, Switzerland) supplemented with
inactivated bovine serum and geneticin (0.3 mg/mL; Gibco, Zug, Switzerland), and incubated
in humidified cell incubator (33°C, 5% CO3) until reaching optimal confluency. The cell
monolayers were scratched with a sterile 200 pL pipette tip, which was designated as the start
(time 0 h) of wound repair. Next, the culture medium was replaced with solutions of PyoM;
or PyoMinsol. Non-exposed cells in a culture medium alone were used as a control, exhibiting
the spontaneous cell migration capacity. Wound images were taken at 0, 24, 48 and 72 h using
a digital camera combined with an inverted contrast phase microscope (Motic AE2000,
Xiamen, China), and the wound area was measured using the software Motic AE (version Motic

Images Plus 2.0ML, Xiamen, China). The wound healing in the milieu of tested PyoM was

expressed as the percentage of cells migrating to the wound zone compared to untreated cells.
2.7. Osteoblast Proliferation

The fluorescence CyQUANT Cell Proliferation Assay (Invivogen, San Diego, CA, USA) was
used to assess cell proliferation reflecting the cell regeneration capability as previously
described [29,31]. The proliferation of osteoblasts was evaluated after 7, 14, 21, and 28 days of
stimulation with PyoM. At the selected time points, cells were washed with phosphate buffered

saline (PBS) and frozen at —80 °C. After thawing at room temperature, cells were lysed in a
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buffer containing CyQUANT-GR dye prepared according to the manufacturer’s instructions.
Fluorescence was measured at an emission wavelength of 480 nm and excitation wavelength
of 520 nm using a SpectraMax i3x Multi-Mode Microplate Reader (Molecular Devices, San
Jose, CA, USA). The standard curve was prepared for quantifying cell proliferation using

known cell number reference suspensions.

2.8. Whole Cell Transcriptomic Analysis by RNA Sequencing

hFOB 1.19 cells grown at 33°C (proliferative conditions) or at 39°C (osteoinductive conditions)
were subjected to lysis using one volume of RNAse-free water mixed with three volumes of
TRIzol LS Reagent (Thermo Fisher Scientific, Waltham, MA, USA), and the total RNA was
isolated using Direct-zol™ RNA Miniprep Plus (Zymo Research, CA, USA) following the
manufacturer's guidelines. To eliminate DNA contamination in the RNA samples, a TURBO
DNA-free™ Kit (Thermo Fisher Scientific, Waltham, MA, USA) was utilized in accordance
with the manufacturer's protocol. The integrity and quantity of RNA were assessed using
Agilent RNA 6000 Nano Kit Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara,

CA, USA).

The preparation of total RNA sequencing libraries was performed following the protocol
described in Kawka et al., 2023 [32]. RNA isolation, library generation, and RNA sequencing
were performed independently in triplicate. In brief, 2 ug of RNA purified with AMPure XP
(Becton Dickinson, Burlington, NC, USA) beads underwent rRNA depletion using a Ribo-off
rRNA Depletion Kit (Human/Mouse/Rat, Vazyme, Nanjing, Jiangsu, China) to remove
cytoplasmic and mitochondrial rRNAs, from human total RNA. The sequencing libraries were
prepared according to the manufacturer's instructions for the KAPA Stranded RNA-Seq Kit
(KAPA Biosystems, Roche, Basel, Switzerland). The quantity and quality of the libraries were
assessed using an Agilent 2100 BioAnalyzer with a DNA 1000 chip. Subsequently, the cDNA

libraries were sequenced using a NextSeq 550 System (Illumina) with a NextSeq 500/550 Mid

10
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Output v.2 Sequencing Kit (150 cycles, 2x75bp) (Illumina, San Diego, CA, USA), ensuring a
yield of 5 to 10 million paired-end reads per sample libraries. For the analysis of RNA-Seq data,
Cutadapt version 2.8 was exploited to eliminate sequencing adapters, followed by quality
trimming using Sickle version 1.33, allowing for a minimum quality threshold of 30% and a
minimal read length of 20 base pairs. Reads that met the preset quality criteria were aligned to
human genome GRCh38 (retrieved from the gencode database, downloaded on December 1,
2018) with STAR RNA-seq aligner version 2.7 [33]. The sequencing counts were calculated by
the STAR script. In order to estimate transcriptional changes, we utilized the Degust RNA-Seq
analysis platform with default parameters (originally designed by D.R. Powell) [34]. In the
current study, transcripts exhibiting a log2 fold change greater than or equal to an absolute value
of 1.585 (representing a change of threefold or more) and a false discovery rate (FDR) of less

than 0.05 were considered differentially expressed.

2.9. Determination of Alkaline Phosphatase Activity

The alkaline phosphatase (ALP) activity was measured in cell lysates based on para-
nitrophenylphosphate (p-NPP) hydrolysis assay as previously described [29,31]. The 100 puL of
p-NPP in the concentration of 4 pg/uL were added to 100 pL of cell lysates in a 96-well plate
and incubated at 37 °C for 30 min. Next, a 2 M NaOH solution was added to stop the enzymatic
reaction. The standard curve ranged from 0 to 10 IU/mL of ALP (Thermo Scientific, Waltham,
MA, USA), which was used to calculate the enzyme activity in the samples, shown as
international units (IU). The absorbance at 405 nm was measured using the Multiskan EX reader

(Thermo Scientific, Waltham, MA, USA).

2.10. Cytokine Release Profile Characterization

The concentration of interleukin IL-6, IL-10 or TNF-a in the osteogenic culture media of

osteoblasts incubated for 4, 7, 11, 14, 18, 21, 25 or 28 days with PyoMso or PyoMinsol, were

11
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determined using specific enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems,
Minneapolis, MN, USA), following with the manufacturer’s instructions. The wells on a 96-
well half area plate (Greiner Bio-One GmbH, Kremsmiinster, Austria) were coated overnight at
room temperature with cytokine-specific capture antibodies in PBS, then washed three times in
washing buffer (PBS/0.05% Tween 20), and blocked for 1.5 h with PBS containing 1% bovine
serum albumin (BSA). After washing the wells, tested cell culture supernatants or serial
dilutions of the reference recombinant human cytokines (50 pL), used for standard curve
establishing, were added and incubated overnight at 4°C. Then, wells were washed and
incubated for 2 h with a biotinylated monoclonal antibody diluted 1:60 in PBS/1% BSA.
Following washing, an enzyme streptavidin—horseradish peroxidase solution (diluted 1:40) was
added for 20 min. at room temperature. After washing, a mixture (1:1) of tetramethylbenzidine
(TMB) and hydrogen peroxide was applied. The colorimetric reaction was stopped with 1 M
H2S0O4. Absorbance was measured at 450 nm using the Multiskan EX reader (Thermo

Scientific, Waltham, MA, USA).
2.11. Antibacterial activity of PyoMso and PyoMinsol

The antibacterial activity of PyoMso or PyoMinsol against the reference Staphylococcus aureus
ATCC 29213 and two clinical strains isolated from bone infection, S. aureus resistant to
methicillin (MRSA) and S. felis, was determined as the minimum inhibitory concentration
(MIC) by the resazurin reduction assay [35]. The bacteria were cultured in Mueller—Hinton
Broth (MHB) to mid-log phase, and the inoculum was standardized to 5x10° CFU/mL as
recommended by European Committee on Antimicrobial Susceptibility Testing (EUCAST)
guidelines [36,37]. PyoMso or PyoMinsol were distributed into wells of a 96-well plate (Nunc,
Rochester, NY, USA) containing 100 uL MHB and the 2-fold PyoM dilutions were made in the
range of 1 — 1024 pg/mL. Then, the bacterial suspension (100 uL) was added to each well, and

plates were incubated for 24 h at 37 °C. Control wells contained bacterial culture alone (positive

12
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control of bacterial growth), and wells with bacterial medium alone (negative control) were
included. To assess MIC, 20 pL of 0.02% resazurin (Sigma Aldrich, Darmstadt, Germany) in
sterile PBS was added to each well and left for 3 h. Fluorescence was measured at an excitation
wavelength of 560 nm and emission wavelength of 590 nm using a SpectraMax® i3x Multi-

Mode Microplate Reader (Molecular Devices, San Jose, CA, USA).

2.12. Statistical Analysis

Statistical analyses and graphs were performed using GraphPad Prism version 9.1.0 for
Windows (GraphPad Software, San Diego, CA, USA). Data were compared using ANOVA with

Dunnett’s post-hoc test.

3. RESULTS

3.1. Bacterial Pyomelanin is a Cytocompatible Biomacromolecule towards Human

Osteoblasts and Diminishes DOX-induced Dell Apoptosis

In this study, we demonstrated that bacterial pyomelanin (PyoMso and PyoMinsol form) was
cytocompatible towards hFOB 1.19 human osteoblast in a wide concentration range (Fig. 1A).
PyoMsol did not reduce the viability of the tested cells in the range of 1-1024 ug/mL and met
the requirements (>70.0% of viable cells) for cytocompatibility resulting from the ISO 10993-
5-2009 norm. A similar effect was demonstrated for PyoMinso, however, at a concentration of
1024 pg/mL, this PyoM variant caused a significant (p<0.01) decrease up to 54.7% =+ 5.0% in

the human osteoblasts viability compared to the untreated cells (100% viable cells).

Neither PyoMso nor PyoMinsol alone induced cell apoptosis. There was no increase in the
Apoptotic Index (Al) established for PyoM-treated cells vs untreated cells (Fig. 1B). The Al for
hFOB 1.19 osteoblast increased significantly (p < 0.001) after cell exposure to proapoptotic
DOX (positive control in apoptosis assay) compared to untreated cells (Al = 1.00), and was

equal to 1.96 + 0.17. We have shown that both PyoM variants diminished the apoptotic effect

13
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of DOX. After 24 h of co-stimulation of osteoblasts with DOX and PyoMjso1 or PyoMinsol, the
Al was significantly (<0.001) lower than in cells treated with DOX and amounted to 1.09 +
0.08 and 1.37 + 0.10, respectively. Moreover, PyoMs. abolished the proapoptotic activity of

DOX more effectively (p<0.01) than PyoMinsol.
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Fig. 1. A. The percentage of viable hFOB 1.19 osteoblasts after 24 h exposure to different
concentrations of the water-soluble (PyoMso) or water-insoluble pyomelanin (PyoMinsol).
Osteoblasts incubated in the culture medium alone (NC) served as a positive control of cell

viability (100%). B. Diminishing cell apoptosis induced by doxorubicin (DOX) in the milieu
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of PyoMso1 or PyoMinsor at the concentration of 1 pg/mL. The Apoptotic Index was calculated
based on the relative fluorescence units (RFU) of cells stimulated with PyoM vs RFU of the
control unstimulated cells (NS), in cell culture medium alone. Data are presented as the mean
+ standard deviation of four separate experiments (four replicates for each experimental

variant). Statistical significance for ** p <0.01; *** p <0.001.

3.2. Pyomelanin Promotes the Migration of Damaged Osteoblasts

PyoMso significantly stimulated the cell migration within the wound after 24, 48, and 72 h, and
the wound healing rate was 63.1% = 9.2%, 72.2% =+ 11.7% and 95.1% + 7.6%, respectively
(Fig. 2A). Similar results were shown for osteoblasts exposed to PyoMinsol. PyoMinsol at the
same time points significantly promoted the cell migration by up to 44.7% % 9.6%, 69.4% +
6.4% and 93.2% + 6.7% confluence, respectively. Only after 24 h cells exposed to PyoM;oi
showed a significantly (p < 0,05) higher percentage of wound closure compared to cells treated
with PyoMinsol. The migration of untreated hFOB 1.19 osteoblasts increased with time and the
average percentages of cells in the wounded zone were 32.7% + 9.5%, 58.0% + 10.6% and
82.8% + 6.7% after 24, 48 and 72 h, respectively. Representative images of hFOB 1.19

osteoblast migration after 24, 48, and 72 h of PyoM stimulation are shown in Fig. 2B.
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Fig. 2. A. The effectiveness of hFOB 1.19 osteoblasts migration in wound healing assay. The
cell cultures were exposed to water-soluble (PyoMs,) or water-insoluble pyomelanin
(PyoMinsol) at the concentration of 1 pg/mL for 24 h, 48 h or 72 h. Results are shown as mean
+ standard deviation of five independent experiments (four replicates for each experimental
variant). Statistical significance for * p<0.05; ** p<0.01; *** p<0.001. NS - cells not stimulated
with PyoM. The green line indicates the reference wound closure of unstimulated cells in the
cell culture medium alone. B. Representative images of hFOB 1.19 osteoblast migration after
24, 48, and 72 h of water-soluble (PyoMs,) or water-insoluble pyomelanin (PyoMinsol)

stimulation. In the microscopic images, the arrows indicate the width of the overgrown crack.
3.3. Pyomelanin Increases Differentiation and Maturation of Human Osteoblasts

Transcriptomic analyses revealed that PyoMsol-treated osteoblasts differentiate more efficiently
than the untreated cells when judging by the number of differentially expressed transcripts.

Nontreated cells revealed 1307 transcriptional changes and PyoM;i-treated cells exhibited
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1431 significant changes (Supplementary Table 1). Relative changes in expression were also
more pronounced in the case of pyomelanin-treated cells. A selection of transcripts relevant to
osteoblasts differentiation is presented in the Fig. 3. Transcriptomic changes associated
specifically with hFOB 1.19 differentiation upon PyoMso treatment include significant
upregulation of bone morphogenic protein (BMP)-2 and tendency to increased expression of
liver/bone/kidney — tissue nonspecific (TNSALP) form of alkaline phosphatase related to the
bone maturation, in conjunction with upregulation of phosphatidylinositol 3-kinase —
serine/threonine kinase (PI3K-Akt) and calcium dependent signaling pathways involved in cell

proliferation and differentiation.

Despite cell migration in this study, the ability of cells to proliferate was determined since cell
expansion is an essential step in the cell regeneration process. The assessment of cell
proliferation was made based on DNA quantification using a fluorescence assay in which the
fluorescence intensity of DNA corresponds to the number of cells. In cell cultures stimulated
with PyoMso1 or PyoMinsol, the number of cells was higher within cultivation period (p<0.05)
compared to unstimulated cells (Fig. 4A). The mean number of cells after 28 days of stimulation
with PyoMoi (3.67 x 10°+ 0.16 x 10°) or PyoMinsol (3.49 x 10° +0.15 x 10°) was significantly
higher (p<0.05) than number of cells in untreated cultures (2.85 x 10° £ 0.09 x 10°). PyoM;ol
promoted efficient osteoblast proliferation on the 7™ day of osteogenic culture compared to the

number of cells on the first day of the experiment.
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Fig. 3. Transcriptomic changes associated with hFOB 1.19 differentiation upon treatment with
soluble pyomelanin (PyoMso) A. Ontology analysis of differentially expressed genes,
overexpressed in hFOB1.19 osteoblasts during differentiation in osteoinductive media utilizing
ShinyGo 0.77 online platform.[38] B. List of transcripts relevant to osteoblastic differentiation
of hFOB cells in comparison between proliferative and differentiation conditions for PyoMsoi
and nontreated cells. B. A summary of transcriptomic changes observed between hFOB 1.19

cells differentiating under standard conditions versus cells differentiating in media

18




©CO~NOOOIA~AWNPE

supplemented with PyoMs,. RNA was isolated from cells incubated in proliferative or
differentiation conditions for 14 days. The change in BMP-2 expression between nontreated
and treated cells (marked in red) exceeded the Log 2 FC of 2, preset as threshold for our
analysis. ALPL, liver/bone/kidney or tissue nonspecific (TNSALP) ALP form, ALPP, placental
ALP form; BMP, Bone Morphogenic Protein; CGMP-PKG (cyclic guanosine monophosphate
protein kinase G), COL (collagen), OCN (osteocalcin), OPG (osteoprotegrin), RUNX (runt-
related transcription factors), TGF-Beta (transforming growth factor beta), PI3-Akt (PI3-Akt,
phosphatidylinositol 3-kinase — serine/threonine kinase (protein kinase B)), Rapl (Ras —

proximate -1 or Ras-related protein-1).

Moreover, stimulation of osteoblasts with PyoMso1 or PyoMinsol led to a significant increase in
ALP expression compared to the activity of this osteoblastic marker detected in unstimulated
cell cultures (Fig. 4B). On the 28™ day of culture, ALP concentration reached 6.67 + 0.35

IU/mL, 5.61 £ 0.26 IU/mL, and 4.70 = 0.29 IU/mL, respectively (p<0.05).

5 -
X105 o 8o ns
61054 % PyoMy * 7- 4% PyoM;, *
" - PyoMineal -~ PyoMiso
2
2 5x105- &
a2 —
a J 54
£ ax1054 §
o
= 41
S 3%1054 o
@ 2 3-
£
£ 5.
E 2x10 24
Z
1%105+ 1
0 T T T T T 0 T T T T
1 7 14 21 28 7 14 21 28
Time [days] Time [days]

Fig. 4. The influence of pyomelanin (PyoM) on cell growth and alkaline phosphatase
production. A. Number of hFOB 1.19 osteoblasts after 1, 7, 14, 21, or 28 days of incubation
with the water-soluble (PyoMs.1), water-insoluble pyomelanin (PyoMinso) or culture medium

alone — unstimulated cells (NS). B. The activity of alkaline phosphatase (ALP) produced by
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hFOB 1.19 osteoblasts cultures exposed to PyoMsol, PyoMinsol or culture medium alone (NS)
after 7, 14, 21 or 28 days showed in international units (IU). Results are shown as mean +
standard deviation of four independent experiments in four replicates for each experimental

variant. Statistical significance for * p<0.05.

The secretion of osteocalcin (OC), the critical marker of osteoblast differentiation, was
increasing in culture supernatants of hFOB 1.19 osteoblasts exposed to PyoM;,l throughout the
entire culture period (Fig. 5A). The level of OC increased to a concentration of 901.0 = 85.3
pg/mL and 668.1 + 117.7 pg/mL on day 7", and 2440.2 + 128.3 pg/mL and 961.2 + 97.7 pg/mL
on day 28", respectively. Significant differences (p<0.05) in OC secretion were also shown for

cell cultures containing PyoMinsor vs unstimulated cell cultures, only for the 21 day of culture.

As shown in Fig. 5B, the production of interleukin IL-6 increased significantly (p<0.05)
throughout the entire course of the experiment in osteoblasts culture treated with PyoM;o
reaching 291.5 + 6.0 pg/mL on day 28, compared to unstimulated cultures (58.0 + 10.4 pg/mL).
The increasing trend in IL-6 secretion was also demonstrated for cell cultures treated with

PyoMinsol; however, the difference was statistically significant from the 14™ day of culture.

A similar secretion profile was found for IL-10. The maximum concentration of IL-10 in hFOB
1.19 osteoblast cultures exposed to PyoMsol or PyoMinsol was demonstrated on the 14™ day of
the experiment and were 849.1 & 82.3 pg/mL and 471.2 + 47.5 pg/mL, respectively (Fig. 5C).
Then, the concentration of IL-10 was decreasing over time in cell cultures exposed to PyoMixsol,
while in cell cultures treated with PyoMsol there was a second peak of IL-10 elevation from 25
day to 28" day of culture. In the endpoint, on the 28" day, the concentration of IL-10 in the
osteoblast culture supernatant after stimulation of cells with PyoMs, or PyoMinsot Was
significantly higher (p<0.05) compared to the culture of osteoblasts propagated in culture

medium alone, 740.9 + 79.8 pg/mL, 252.6 = 37.7 pg/mL or 174.6 = 20.5 pg/mL, respectively.
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The level of TNF-o was significantly (p<0.05) higher in cell culture supernatants after

stimulation of cells with PyoM;oi or PyoMinsol on the 28" day, amounting to 391.2 +28.2 pg/mL

and 517.0 + 38.5 pg/mL, respectively, compared to unstimulated osteoblasts, 55.5 + 14.7 pg/mL

(Fig. 5D).
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Fig. 5. Secretion of A. osteocalcin (OC), B. interleukin (IL)-6, C. IL-10, and D. tumor necrosis

factor (TNF)-a in cell cultures of hFOB 1.19 exposed to water-soluble (PyoMso1), water-

insoluble pyomelanin (PyoMinsol) or culture medium alone — not stimulated cells (NS), after 1,

4,7, 11, 14, 18, 21, 25, and 28 days. Results are shown as mean + standard deviation of four

independent experiments in four replicates for each experimental variant. Statistical

significance for * p<0.05.
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3.4. Antibacterial Activity of PyoM towards Staphylococcus spp.

Dose-response curves and MICso of PyoM against the reference S. aureus ATCC 29213 and
two clinical isolates (S. aureus MRSA and S. felis) are shown in Fig. 6. MICso was defined as
the lowest concentration of the bacterial PyoM at which 50% of the bacterial cells were killed.
Both forms of PyoM significantly (p<0.001) reduced the viability of reference and clinical
strains of Staphylococcus spp. as examined by the resazurin reduction assay. The lowest MICsg
(57.6 ng/mL) for PyoMs, was observed for the clinical S. aureus MRSA strain, while the
highest MICso (153.1 pg/mL) was identified for the reference S. aureus ATCC 29213. Similar
inhibition of the metabolic activity was shown for PyoMinsol, where the lowest MICso (93.3
pug/mL) was for S. aureus MRSA, and the highest MICso (200.9 pg/mL) was demonstrated for
S. aureus ATCC 29213. PyoM;a effectively limited the metabolism of the tested bacteria

compared to the PyoMinsol, Which resulted in a significantly (p<<0.001) lower MICso.
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Fig. 6. Dose-response curves and minimum inhibitory concentration (MIC)so of pyomelanin.
(1) Water-soluble (PyoMso1) or (2) water-insoluble pyomelanin (PyoMinsol). Staphylococcus
strains: (A) reference S. aureus ATTC 29213, (B) clinical S. aureus MRSA and (C) S. felis.
Results are shown as mean + standard deviation of five independent experiments performed in
four replicates for each experimental variant. The green line indicates the 50% level of bacterial

viability.
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4. DISCUSSION

Bone is a dynamic tissue that undergoes continuous remodelling due to precisely tailored bone
formation and bone resorption processes carried out by osteoblasts and osteoclasts. After an
injury, bone tissue can self-repair, restoring the damaged part to its original structure and
mechanical strength [39,40]. In 2019, the global number of new cases of bone fracture was
estimated to be 178 million, an increase of 33.4% since 1990 [41]. The increasing number of
bone fractures, including those related to osteoporosis, and the observed trends in the rising
costs of treating these diseases prompt researchers to look for new substances stimulating the
regeneration of bone tissue, which can be used individually or as part of biocomposites [42—
44]. One of such substances may be polymers of HGA responsible for the excessive ossification
in AKU, and pyomelanin, which is a biomimetic of ochronotic deposits produced by

Pseudomonas aeruginosa [19-21].

Pyomelanin derived from P. aeruginosa is a promising macromolecular metabolite that
upregulates osteoblast maturation with simultaneous antibacterial and migration-promoting
effects. This study demonstrated that PyoMsol and PyoMinso are cytocompatible biopolymers
for human hFOB 1.19 osteoblast cells in a wide range of concentrations. In previous studies,
we have shown that PyoMsor and PyoMinsot do not reduce cell viability of reference L-929
fibroblasts, THP-1 monocytes, and AGS gastric epithelial cells [23,26]. Ferraz et. revealed that
PyoM isolated from the Pseudomonas putida bacteria is not toxic to the A-375 skin epithelial
cells, Hep G2 liver epithelial-like cells, and Caco-2 colorectal epithelial cells [45]. Moreover,
PyoM isolated from Halomonas titanicae and Pseudomonas stutzeri showed a high level of
cytocompatibility with human HaCeT keratinocytes and L-929 fibroblasts, respectively [24,46].
In vitro studies on the insect Galleria mellonella larvae model also confirmed the

biocompatibility of both forms of PyoM isolated from P. aeruginosa [23].
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In this study, PyoM;so1 and PyoMinsol did not induce apoptosis in human osteoblasts and partially
limited DOX-induced programmed cell death in bone-forming cells. Importantly, co-
stimulation of osteoblasts with PyoMs, led to a complete abolition of DOX apoptotic activity.
These data are consistent with the results obtained using gastric epithelial cells AGS co-
stimulated with PyoM and lipopolysaccharide (LPS) of Escherichia coli or Helicobacter pylori,
where PyoM reversed the LPS-induced apoptosis [26]. The potential mechanism of PyoM-
related antiapoptotic effect may result from the anti-oxidative properties of this bacterial
polymer [24]. PyoM-mediated neutralization of reactive oxygen species (ROS), increasing the

frequency of DNA breaks, may prevent apoptotic cell death [26].

Osteoblasts, which are bone-forming cells, play indispensable roles in the formation and
remodelling of bone tissue. Osteoblast progenitor cells undergo proliferation and are
responsible for secretion and maturation of extracellular matrix and then matrix mineralization
[47]. Proliferation of progenitor cells in conjunction with the production of collagen,
fibronectin, OPN and transforming growth factor-f (TGF-P) receptor 1 are early steps in bone
development. Later on, cell proliferation is downregulated, and immature osteoblasts
differentiate into mature bone-forming cells that secrete COL1 and produce ALP to mature the
extracellular matrix. The final step in bone development is matrix mineralization, which occurs
through the expression of osteoblastogenic markers such as OPN, OC and bone sialoprotein,
with continued expression of ALP and COL1 [47]. Coordinated and precise secretion of
cytokines, including IL-6, IL-10, TNF-a or TGF-f, and activation of transcription factors of

osteoblasts and osteocytes ensure controlled regeneration and remodelling of bone tissue [9,47].

Cell migration is an essential marker of early cell pro-regenerative activity. In this study, we
showed that both PyoM variants promoted a migration of osteoblasts in wound healing assay.
The effectiveness of bone tissue development and its remodelling depend on progenitor cells'

replication effectiveness and mature osteoblasts' lifespan [48]. In this study, we showed that the
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number of cells exposed for 28 days to PyoMso or PyoMinsot Was higher than the number of
cells in cultures without PyoM. Interestingly, PyoMso on the 7% day of culture promoted
osteoblast proliferation. These result suggest that PyoM;o potentially can play a role of
osteoblast growth-like factor, and both PyoM;, and PyoMinsor are able to drive the cell
maturation. The transcriptomic studies may indicate the potential role of PyoM in the
maturation of bone cells due to upregulation of PI3-Akt and calcium channel related signaling
pathways and an increased production of some proteins involved in the bone cell maturation

[49-51].

This study revealed that PyoMso1 or PyoMinsol led to a significant increase in ALP expression in
osteoblasts compared to the activity of this osteoblastic marker detected in unstimulated cell
cultures. ALP is an extracellular, membrane-bound enzyme hydrolyzing the ester of
monophosphate at alkaline pH that is highly expressed in the cells of mineralized tissue [52].
In bones, ALP plays an essential role in mineralization, extracellular dephosphorylation, and
vitamin B6 metabolism and may be involved in regulating DNA synthesis and intracellular
protein production. ALP is also an early marker of osteoblastic activity and bone formation

[53].

One of the key protein hormone involved in bone formation is the non-collagenous protein OC
expressed and secreted only by osteoblasts [54]. We have shown that bacterial PyoM
significantly increased the secretion of OC by osteoblasts, which can be used as bacterial
metabolites for targeted reconstruction of bone tissue. It has been shown that OC, which is
secreted into the bone microenvironment, binds to calcium ions in hydroxyapatite and also

provides mechanical bone strength due to complexing with collagen via OPN [55].

The bone remodelling is facilitated by different cytokines produced by osteoblasts and
inflammatory cells, including neutrophils, macrophages and T lymphocytes [9]. It is known that

IL-6 promotes bone formation by increasing the differentiation of osteoblast precursors and
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protecting osteoblasts from apoptosis [56,57]. IL-6-type cytokines can increase osteoblast
markers expression such as ALP, OC, and bone sialoprotein to enhance bone nodule formation
and extracellular matrix mineralization[58]. This cytokine may protect bone tissue against
resorption by downregulation of RANKL expression in osteoclasts and by stimulating the
production of the anti-osteoclastogenic cytokines IL-4 and IL-10 [59]. In this study, we
demonstrated that PyoM;o and PyoMinsol significantly stimulated osteoblasts to secrete IL-6. It
seems noteworthy that treating osteoblast cultures with PyoMse resulted in higher
concentrations of this cytokine than the insoluble form. Moreover, the higher number of viable
osteoblasts during osteoinduction culture and more effective abolition of DOX-induced
apoptosis in the co-stimulation osteoblasts with PyoM;s, observed in this study may be

dependent on a higher level of IL-6 secretion than in the case of co-stimulation with PyoMipsol.

Our results indicate that stimulation of human osteoblasts with bacterial PyoMso1 or PyoMinsol
significantly upregulated the level of IL-10 secretion. It is known that IL-10 indirectly induces
bone formation through the p38 mitogen-activated protein kinase (MAPK) signaling pathway
[60]. Moreover, IL-10 inhibits the early phase of osteoclast progenitor cell differentiation into
osteoclast precursors and also downregulates osteoclast differentiation by increasing OPG to
suppress RANKL expression [61,62]. The bacterial PyoM may be beneficial in controlling
excessive osteoclastogenesis through IL-10-dependent inhibition of nuclear factor of activated
T-cells (NFATC1) expression and nuclear translocation by suppressing c-Fos and c-Jun activity.
However, future studies are needed confirm the role of IL-10 in driving this activation cascade
[63]. Animal experiments have proven that IL-10-deficient mice exhibit reduced bone mass,

increased mechanical fragility, and inhibition of bone formation [64,65].

TNF-a induces bone resorption and promotes osteoclast formation from bone marrow-derived
macrophages and osteoclast differentiation through numerous mechanisms, some of which are

autonomous of the RANKL/RANK axis [66]. TNF-a initiates and activates osteoclasts to resorb
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bone, which may benefit bone repair during bone healing. However, the influence of TNF-a on
osteoblast function might be dose-dependent. It has been shown that this cytokine in low
concentrations stimulates mesenchymal precursor cells to differentiate into osteoblasts,
whereas, in high concentrations, TNF-o inhibits bone formation [67,68]. In this study, the
concentration of TNF-a in the cultures of osteoblasts exposed to tested PyoM variants was
higher than in control cell cultures. The level of TNF-a was higher in cell cultures of osteoblasts
exposed to PyoMinsol than PyoMsor. This may result from different ligand — TNF-a receptor
interactions, however, the explanation of this suggestion needs further study. The observed
elevated TNF-a secretion in response to PyoM may suggest the role of this cytokine in
remodelling bone tissue. Considering the role of TNF-a in driving inflammatory response, the
lower activity of PyoMse than PyoMinsol in TNF-a induction may be beneficial for the bone
formation process. Further studies are necessary to deepen knowledge about the possible

mechanisms differentiating the PyoM variants as TNF-a stimulators.

The increasing number of antibiotic-resistant bacterial species has become a significant
problem worldwide in medical practice. This situation requires the development of new
substances with antibacterial potential that can be part of new therapies, including the usage of
biocomposite for bone regeneration, reducing the risk of infection [69]. In this study, PyoMsoi
and PyoMinsol exhibited antibacterial activity towards clinical Staphylococcus strains isolated
from bone infections. The bacterial killing was more effective after treatment of tested strains
with PyoM;, than with PyoMinsol. Other researchers have also demonstrated the antibacterial
and antifungal properties of PyoM. Zerrad et al. reported that melanin isolated from
Pseudomonas balearica successfully reduced the viability of pathogenic S. aureus, E. coli, and
Candida albicans [70]. Xu et al., based on experiments with Vibrio parahaemolyticus and S.
aureus, suggested that PyoM damages bacterial cell membranes [71]. PyoM has also been

shown to inhibit the growth of H. pylori [26,72].
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5. CONCLUSIONS

Many innovative biomolecules are being tested worldwide to develop advanced bone
regeneration strategies. The “perfect biomolecule” for the regeneration of bone defects would
support not only the growth and differentiation of osteoblasts, minimizing cell apoptosis, but
also reduce the risk of bacterial infections. A novel approach seems to be the controlled
imitation of pathological processes dependent on the deposition of HGA polymers occurring in
AKU to enhance the osteoinduction, mineralization and regeneration of bone tissue. The data
presented in this study indicate that the polymeric PyoM isolated from P aeruginosa is
cytocompatible for osteoblasts, promotes cell survival and differentiation, as also limits the cell
apoptosis. The results presented in this study lead to considering PyoM as a stimulator of
osteoinductive processes and osteoblast maturation. The stimulation of osteoblasts with PyoM
provided appropriate conditions to promote in vifro bone regeneration by increasing the cell
migration and production of essential ossification markers, including ALP, OC, IL-6, IL-10,
and TNF-a. Although both PyoM variants display quite similar properties, PyoMso appears to
have greater osteoinductive and pro-regenerative potential due to the upregulation of cell
proliferation. PyoMso showed weaker ability to stimulate the production of pro-inflammatory
TNF-a by osteoblasts. This difference may also vote for PyoMsor rather than PyoMinsor due to
diminishing the risk of deleterious inflammatory response as a result of medical intervention.
The comprehensive activity of PyoM in the processes of renewal, growth and maturation of
bone cells gives the opportunity to develop PyoM-modified biocomposites for therapeutic
applications in regenerative medicine. The antibacterial properties of PyoM reinforce this idea.
The omnidirectional osteoinductive effect achieved through the PyoM stimulation of
osteoblasts creates new opportunities for designing biocomposites modified with this bacterial-
origin biomacromolecule with tailored properties, offering novel prospects for various

biological and medical applications.
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Exploring the Osteoinductive Potential of Bacterial Pyomelanin Derived from Pseudomonas aeruginosa On
Human Osteoblasts Model

Mateusz M. Urbaniak, Karolina Rudnicka, Przemystaw Plocinski, Magdalena Chmiela

ABSTRACT

Alkaptonuria (AKU) is a rare autosomal metabolic disorder resulting from a deficiency in tyrosine
metabolism. In AKU, the deposition of homogentisic acid polymers contributes to the pathological
ossification of cartilage tissue. The controlled use of biomimetics similar to deposits observed in cartilage
may result in the development of an effective therapy that increases the mineralization and maturation of
osteoblasts necessary for the regeneration of damaged bone tissue. One of the potential biomimetic
candidates is pyomelanin (PyoM) - a polymeric biomacromolecule synthesized by Pseudomonas aeruginosa.
This work presents comprehensive data on the osteoinductive, pro-regenerative and antibacterial properties,
as well as the cytocompatibility of water-soluble (PyoMso) or water-insoluble (PyoMinssl) PyoM. Both variants
of PyoM support osteoinductive processes as well as the maturation of osteoblasts due to the upregulation
of osteocalcin (OC), alkaline phosphatase (ALP), interleukin (IL)-6, IL-10 and tumour necrosis factor (TNF)-
a production. PyoM are cytocompatible in a wide concentration range and limit doxorubicin-induced
apoptosis towards osteoblasts. This cytoprotective PyoM activity is correlated with pro-regenerative
properties expressed as osteoblasts migration. Moreover, PyoMs. and PyoMinsol exhibit antibacterial activity
against staphylococci isolated from infected bones. The omnidirectional osteoinductive, pro-regenerative
and antiapoptotic effects achieved through the PyoM stimulation of osteoblasts create new opportunities for
designing biocomposites modified with this bacterial-origin biopolymer with tailored properties, offering
novel prospects for various biological and medical applications.
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ABSTRACT: Novel tissue regeneration strategies are constantly S ——
being developed worldwide. Research on bone regeneration is
noteworthy, as many promising new approaches have been
documented with novel strategies currently under investigation.
Innovative biomaterials that allow the coordinated and well-
controlled repair of bone fractures and bone loss are being designed
to reduce the need for autologous or allogeneic bone grafts
eventually. The current engineering technologies permit the
construction of synthetic, complex, biomimetic biomaterials with
properties nearly as good as those of natural bone with good =~~~
biocompatibility. To ensure that all these requirements meet, > o s s

Matrix Froteing, & Proleins 9
i Hommone % 7. Stermls | y
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bioactive molecules are coupled to structural scaffolding constitu- =)
ents to form a final product with the desired physical, chemical, and

biological properties. Bioactive molecules that have been used to promote bone regeneration include protein growth factors,
peptides, amino acids, hormones, lipids, and flavonoids. Various strategies have been adapted to investigate the coupling of bioactive
molecules with scaffolding materials to sustain activity and allow controlled release. The current manuscript is a thorough survey of
the strategies that have been exploited for the delivery of biomolecules for bone regeneration purposes, from choosing the bioactive
molecule to selecting the optimal strategy to synthesize the scaffold and assessing the advantages and disadvantages of various
delivery strategies.

£ binactive compounds
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Growths Factors; F A
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. Thysical adsorption;
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scaffolds

Bl INTRODUCTION

Advanced strategies for the regeneration of various tissue
defects continue to emerge in plastic and reconstructive
medicine and in dentistry. Millions of individuals suffer from
bone loss each year; and although bone tissue naturally
possesses high regeneration potential, its capacity to repair
itself can be limited by secondary factors such as the extent of
bone loss, the age and sex of the individual, and comorbidities.
Bone defects typically resulting from extensive trauma, tumors,
infections, inflammation, or degenerative disorders can be
healed with advanced treatments.

The need for hard tissue regeneration biomaterials has
substantially increased as the world’s population ages. Bone
fractures, defects, and nonunions are a global healthcare
problem. Moreover, fragility fractures, typically occurring in
osteoporosis, located in wrists, hips, and vertebrae, can often
be debilitating, put patients at an increased risk for a
subsequent fracture, and can even be fatal among older

© XXXX The Authors. Published by
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adults." Worldwide, women over S0 years old have a 9.8—
22.8% risk of fragility fractures.” The Bone Health and
Osteoporosis Foundation estimates that 3 million fractures and
$25.3 billion in direct healthcare costs will arise annually by
2025. The total cost of care associated with osteoporotic
fractures and nonunion fractions will reach $95 billion in
2040.°

The gold standard—allografts—is impeded by potential
infection, limited availability, and a high nonunion rate with
host tissues. Biomaterials that mimic bone tissue are becoming
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Figure 1. Types and examples of biomolecules used to support the regeneration of bone tissue.

critical components of reconstructive approaches for cases
where autogenous bone grafts are not obtainable. There are
currently a large variety of bone matrices that can be used to
treat bone loss. Among them, there are materials delivering
natural or synthetic materials that are compatible with
regenerative medicine. New matrices are being developed
each year, and these are commonly coupled with growth
factors (GFs) and other bone growth stimulants and infused
with antibiotics to lower the risk of infection. On the other
hand, the World Health Organization identifies antibiotic
resistance as one of the biggest threats to global health, and
their overuse in prophylaxis for bone should be limited.* The
search for composites with optimal biocompatibility and
osteointegrative, osteoconductive, and osteoinductive proper-
ties is ongoing. Expectedly, such new generation of
biomaterials must also allow the efficient recruitment of
mesenchymal stem cells (MSCs) that will colonize the scaffold
and differentiate into bone tissue with the desired shape, form,
and durability.

This paper reviews recent developments in using bio-
materials and constructs for hard tissue repair and regeneration
(Figure 1). The multidisciplinary group of chemists, material
engineers, molecular biologists, biotechnologists, and micro-
biologists worked together to explore recent advances in vitro
and in vivo research on the efficiency of bioactive molecules,
their delivery platforms, and methods to produce polymeric
materials. The first section of this review concentrates on
bioactive components that support biocompatibility and bone
regeneration using bone extracellular matrix (ECM), hor-
mones, plant-derived flavonoids and sterols, peptides, amino
acids, and microbial polymers. In the second section, we
explore selected methods and pathways to produce materials
and scaffolds, including polymers, inorganic fillers, and solvent-
free techniques. Finally, we present the delivery methods that

ensure the activity of the biomolecules, e.g., obtained by
surface functionalization, controlled and stimuli-driven deliv-
ery, and gene-delivery systems. The last sections discuss recent
advances, highlighting challenges and possible solutions in the
design and application of biomaterials in bone tissue
engineering.

B BIOMOLECULES USED FOR BONE REGENERATION

Bone Extracellular Matrix (ECM) Proteins. Bone tissue
mainly comprises cells mounted in a biomineral matrix.” The
extracellular matrix (ECM) is a complex and constantly
changing biological environment with specific mechanical and
biochemical properties. The ECM plays a crucial role in
regulating cell adhesion, proliferation, responses to growth
factors, and differentiation, ultimately affecting the mature
bone’s functional characteristics. Osteoblast-lineage cells,
including MSCs, osteoblasts, and osteocytes, can produce
new bone when stimulated by the bone ECM, whereas
osteoclasts can absorb bone.” The structure of bone’s
biomineral scaffold consists of around 70% of inorganic
calcium hydroxyapatite (HA) crystals—Ca;,(PO,)s(OH),.
The remaining 30% comprises organic elements, with collagens
being the predominant proteinaceous components followed by
noncollagenous proteins (NCPs), lipids, proteoglycan mole-
cules, and other bone matrix proteins.” Bone ECM proteins are
vital factors in bone tissue’s mechanical strength and adhesive
characteristics of bone tissue.® Moreover, ECM mineralization
is an essential and critical step in bone repair and
reconstruction. Matrix mineralization, and the synthesis and
secretion of type I collagen and NCPs by osteoblasts, are
hallmarks of bone formation. The scaffold frame formed by the
deposition of collagen fibers constitutes the structural basis of
bone mineralization, whereas NCPs are involved in HA
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deposition. The ECM also plays a critical role in regulating cell
adhesion, movement, and migration.

As said above, collagens are the main structural proteins
present in the ECM of bone tissue, constituting over 20% of
bone mass and up to 90% of bone’s organic matrix.'’ Type I
collagen is the main collagen type implicated in bone
mineralization; however, small quantities of type V collagen
bound to HA crystals typically found in bone tissue. Collagen
type III alongside with type V are thought to influence
fibrillogenesis and fiber diameter of type I collagen. Collagen
matrix organization is critical to maintain the optimal
mechanical properties of the bone, and abnormalities in
collagens hierarchical structures are associated with serious
conditions, including osteogenesis imperfecta and Paget’s
disease.'" Collagens, especially type I, are often used in bone
replacement composites to improve their structural and
functional properties.

Osteocalcin (OC) is among the most abundant NCPs in the
bone matrix. OC is a relatively small matrix protein dependent
on vitamins D and K. Each OC molecule contains three y-
carboxyglutamic acid molecules with a strong affinity for Ca>".
The y-carboxyglutamic acid moieties are responsible for the
high affinity of OC for HA.'>"® Mature osteoblasts produce
the 49 amino acids long OC protein, which is directly involved
in the regulation of bone density. Moreover, OC promotes
bone mineralization and formation and attracts osteoclast
progenitors.' "> OC is believed to influence the early stages of
bone healing and regulate the activity of osteoblasts and
hydroxyapatite binding,'*™"® Previous studies demonstrated
that OC could successfully enhance the adhesion of osteoblast-
like cells on the surface of HA/collagen I containing materials
in vitro."” A study by Rammelt et al.”® noted the significantly
faster replacement of woven bone by lamellar bone when HA/
collagen I implants were enriched with OC compared to
unmodified implants. This result indicates that OC accelerates
de novo bone formation rather than increasing the formation of
new bone.”

Another important NCP that can be used to tune the bone
regeneration process is osteonectin, also known as secreted
protein, acidic and rich in cysteine (SPARC) or BM-40."**
Osteonectin has a high affinity for collagen I and HA.*’ Like
OC, osteonectin is involved in bone matrix mineralization.”* It
is also a modular protein that regulates cell behavior and can
influence tissue remodeling, repair, development, and cell
turnover.”” A study by Zhu et al.”>° provided evidence that
osteonectin regulates the mineralization process in osteoblasts
and is a crucial component of the p38 signaling pathway.
Osteonectin can also modulate bone density. Thus, it holds
tremendous potential as a point for bone reconstruction and
regeneration interventions.”

Osteopontin (OPN) is another ECM NCP that can be used
in the bone regeneration process. OPN is a member of the
small integrin-binding ligand family N-glycosylated proteins,
along with bone sialoprotein (BSP), dentin matrix protein 1,
and matrix extracellular phosphoprotein. OPN mediates the
attachment of bone cells to the mineral crystal structure and
regulates bone resorption and calcification. Moreover, OPN is
active in biological processes, such as wound healing,
immunological reactions, tumorigenesis, atherosclerosis, and
angiogenesis.27 McKee, Pedraza, and Kaartinen® suggested
that OPN may have an essential role in bone regeneration
processes after surgical cutting when bone debris (powder) is
cleared by macrophage phagocytosis after OPN opsonization

and a cement line (plane) is formed at the margins of the
wound that integrates the newly repaired bone with the
existing drilled bone.?® Furthermore, other studies have shown
that the so-called “glue” effect of some NCPs (OPN, OC,
osteonectin) plays a significant role in promoting the
integration of collagen fibrils and apatites.””’

Sun et al.’® indicated that NCPs could be extracted from
bone ECM and successfully coupled to the surfaces of
nanofibrous (NF) gelatin scaffolds. In vitro studies revealed
that NF-gelatin-NCP scaffolds promoted the osteoblasts’
proliferation, differentiation, and mineralization. Importantly,
in vivo calvarial bone defect experiments demonstrated that the
scaffolds containing NCPs could recruit more host cells to the
defect and regenerate more bone than the control scaffolds at 6
weeks postimplantation. Thus, integrating NCPs into scaffolds
is a promising strategy for improving the bone regeneration
process.”

Other important protein components of ECM include
positive (e.g., Periostin) and negative (matrix Gla protein,
bone Gla protein) regulators of bone formation, mineraliza-
tion, and remodeling (thrombospondins and R-spondins);°
however, their potential application in functionalization of
bone replacement scaffolds has yet to be fully investigated.

Peptides. Bone tissue engineering (BTE) and research on
peptides have expanded significantly in recent years. The
outcomes of these extensive studies have shown that several
peptides can support and stimulate the bone healing
response.” The practical advantage of using peptides over
proteins is that they can be produced with precise control of
their chemical structures. Moreover, compared to proteins,
peptides are also more resistant to denaturation caused by
temperature or pH variations than proteins and are easier to
manipulate during grafting. Bioactive peptides that can
promote the regeneration of local bone defects can be mainly
divided into ECM-derived peptides, and bone morphogenetic
protein (BMP)-derived peptides.’”

The most-studied ECM-derived peptides contain signaling
domains, as they can connect to receptors on the surface of the
cell membrane.” Selected examples of ECM-derived peptides
that have been used in bone repair and regeneration studies are
shown in Table 1.

Another group, the BMP-derived peptides (BMPs), are
mostly GFs, which are responsible for inducing the formation
of bone or cartilage.”* BMPs that promote the bone healing
response are mainly derived from BMP-2, BMP-7, and BMP-9.
Studies have shown that BMP-derived peptides induce the
osteogenic differentiation of hMSCs and bone regeneration.
Moreover, BFP-1 enhanced the Ca 2p content in cells and
induced their alkaline phosphatase (ALP) activity.”> Selected
examples of BMP-derived peptides that have been used for
bone repair and regeneration studies are shown in Table 1.

In addition to ECM- and BMP-derived peptides, other
peptides like calcitonin gene-related peptide (CGRP), para-
thyroid hormone, osteogenic growth peptides, or cell-
penetrating peptides have also been studied concerning their
potential to induce bone regeneration (Table 1.

Traditional bone graft can be substituted with injectable self-
healing hydrogel loaded with peptides: osteogenic KP and
angiogenic QK, which were designed from BMP2 and VEGF,
respectively, to improve osteogenic differentiation and
vascularization. Both peptides: KP and QK seemed to act
synergistically by promoting bone formation in rat calvaria.*®
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Although biomaterials support healing processes, their
modification with peptide sequences can improve antimicro-
bial, proangiogenic, and immunomodulatory properties. New
peptides with biofunctional activities are being discovered.””
Thus, various scientific groups® "' employed genomics to
identify new short peptides, indicating their immunomodula-
tory properties toward keratinocytes, periodontal ligament
cells, or endothelial cells in the context of regeneration,
cytokine secretion, cell apoptosis, or viability. Also, peptides
are frequently incorporated into biomaterials to improve the
repairing of cardiovascular tissue.”’

Amino Acids. Amino acids are the building blocks of
proteins. Polar and charged amino acids (AAs) are abundant in
NCPs and involved in bone HA mineralization. The acidic
domains of NCPs (e.g,, OPN, bone sialoprotein, dentin matrix
protein 1, and dentin phosphophoryn) are rich in negatively
charged AAs, such as aspartic acid (Asp), glutamic acid (Glu),
and phosphoserine (PSer). Such negatively charged AAs play a
critical role in controlling HA nucleation and growth, and they
also take part in bone and dentine HA mineralization.
Positively charged AAs, such as arginine (Arg) and lysine
(Lys), are involved in HA nucleation within ECM proteins
such as collagen."””** Moreover, Arg and Lys may accelerate
the process of bone fracture healing by improving collagen
synthesis and local blood supply and supplementing GFs. In
addition, Glu, Arg, and Lys boost bone mineral density (BMD)
by stimulating growth hormone (GH) production.**

Since amino acids containing amino groups can be used as
aminolysis agents for biomaterials, three amino acids such as
Ser, Gly, and Lys can be used to modify PLLA by surface
modification to obtain nanofiber scaffolds. As shown by Zhang
et al,* a modification of PLLA nanofiber scaffolds with Ser,
Gly, and Lys helped to improve the hydrophilic properties of
such biomaterials, as well as to lower the pressure resistance of
modified scaffolds.

GFs. The role of GFs has been widely recognized in the
bone repair process. GFs are released by cells in the inflamed
area. Those pol e7ptides regulate the events that occur during
wound healing.”**” The term growth factors refers to a class of
polypeptide hormones that stimulate a wide range of cellular
events, such as cell proliferation, chemotaxis differentiation,
and ECM protein production. GFs can act locally and
systematically to stimulate cell growth and function in several
ways. Their activity is mainly regulated by binding to ECM
receptors. Tissue repair animal model studies have provided
evidence that GFs, such as epidermal growth factor (EGF),
transforming growth factor (TGF)-a, TGF-f, platelet-derived
growth factor, and fibroblast growth factor (FGF), are the key
agents involved in the wound healing process. More
importantly, studies have shown that a lack of any of these
mediators at the injured site hampers the healing process.
Thus, exogenous GFs are considered potent supplements in
wound healing, serving as the foundation for upcoming
regenerative therapies.48

One of the families of growth factors that have been well-
studied in bone regeneration is the family of BMPs. These
proteins belong to the TGEF-f superfamily and have been
extensively studied in preclinical and clinical investigations of
bone regeneration, including bone defects and spinal fusion.
BMPs have been shown to be closely related to the processes
of bone formation and regeneration.49 In the human genome,
20 genes encode functional BMPs.”’ Bone regeneration is, in
part, a recapitulation of embryonic development. Key steps

during bone morphogenesis are progenitors/stem cell chemo-
taxis and their proliferation and differentiation. The mecha-
nism of action of BMPs involves signaling in all of these steps
(chemotaxis, proliferation, and differentiation of osteoproge-
nitor cells) and, thus, the induction of bone formation by these
cells. Thus, recombinant BMPs 2 and 7 have been approved by
the Food and Drug Administration (FDA) for spine fusion,
fracture healing, and oral surgery.’**’

FGF2, or basic FGF (bFGF), is the most common FGF
used in regenerative medicine, including bone regeneration,’1
and its levels are increased in acute wounds. FGF2 plays a role
in granulation tissue formation, re-epithelialization, and tissue
remodeling. It may also regulate the synthesis and deposition
of various ECM components, increase keratinocyte mobility
during re-epithelialization, promote fibroblast migration, and
stimulate collagenase production.”” In addition, FGF2 was
shown to promote angiogenesis.53

One of the most essential parts of the fracture healing/bone
regeneration process is the state of the local vasculature. Thus,
VEGF substantially stimulates local vascular regeneration in
the fracture area. It has been shown that VEGF can increase
MSC chemotaxis and stimulate osteoblast differentiation and
proliferation. Therefore, VEGF plays a crucial role in new bone
formation. In vitro studies have reported that VEGF stimulates
the growth of vascular endothelial cells, which are the basic
units of arteries, veins, and lymphatic systems. Notably,
angiogenesis plays a critical role in endochondral ossification
and, thus, the transformation of avascular cartilage tissue into
vascular bone tissue. VEGF is released during this process by
hypertrophic chondrocytes and causes the ingrowth of
metaphyseal blood vessels through cartilage tissue and the
formation of new bone.”*

Chen and Wu et al.”> showed that applying stromal-derived
factor-la (SDF-1a) and TGF-§1 to damaged cartilage can
promote the migration and chondrogenic differentiation of
MSCs. SDF-la is a chemokine and the ligand of C—X—C
chemokine receptor type 4 (CXCR-4) that induces stem cell
recruitment and migration. TGF-f1 is a critical regulator of the
chondrogenic differentiation of MSCs. Studies have reported
that combining SDF-1a and TGF-p1 has a synergistic effect on
enhancing in vitro chondrogenic potential and in vivo cartilage
regeneration.55

Hormones (Cofactors). The proper functioning of the
endocrine system sustains skeleton development. Hormones
are signaling molecules that act distal to their production site
(the endocrine effect). They also regulate the synthesis and
action of local factors, which directly affect cellular metabolism
(autocrine and paracrine effects). Among the most critical
hormones in bone formation-related processes are thyroid
hormones, parathyroid hormone (PTH), calcitonin, calcitriol,
androgens, estrogens, progesterone, insulin, glucocorticoids,
and GH;"® and among these, the most important are GH and
calciotropic hormones (PTH, calcitonin, and metabolites of
vitamin D).

Thyroid hormones have opposite effects on bone. They
stimulate the synthesis and mineralization of the osteoid matrix
by osteoblasts and stimulate resorption by increasing the
number and function of osteoclasts. The clinical outcome of
the latter effect is bone loss in hyperthyroidism.*®

Calcium homeostasis is controlled by PTH through its direct
actions on the bone and the kidneys and indirect actions on
the intestine.”” PTH is a signaling molecule shown to have the
potential to enhance bone regeneration in significant bone
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defects. The potential of PTH lies in its anabolic effect on
bone. The FDA has approved a treatment for osteoporosis that
encompasses daily injections of PTH, which increases BMD
and bone volume. Therefore, PTH may promote bone
regeneration and be an alternative to autografts and BMPs to
treat large segmental defects and nonunions.’® In a human case
study documenting treatment with internal fixation, external
fixation, and autograft combined with BMP-7 administration,
the nonunion persisted unless the patient was supplemented
with PTH 1-84.>

Calcitonin is an inhibitor of bone resorption that reduces the
number and activity of osteoclasts. Nonetheless, calcitonin
appears to have only a transient effect, as osteoclasts seem to
become nonresponsive to calcitonin within a few days.”” In
vivo studies have shown that CGRP also plays a role in bone
development, metabolism, and repair. CGRP is a 37 residue
peptide generated in specific neurons by alternative splicing of
the calcitonin gene. In vitro studies have demonstrated that
CGRP may stimulate osteoblast proliferation, differentiation,
and maturation in osteoblast cell lines and bone marrow
MSCs."!

Calcitriol is a steroid hormone that promotes bone
mineralization. It increases the intestinal absorption of calcium
and phosphate; thus, its activity is beneficial for the growth of
the skeleton.*>>

Sex hormones can also affect bone in numerous ways.
Among others, androgens have an anabolic effect on bone by
stimulating osteoblast receptors. Androgen deficiency has been
associated with lower BMD, and testosterone administration to
younger individuals was found to increase overall bone mass.
Consistent with these findings, women with excess androgens
also have higher bone densities than women with low/average
levels of these hormones. Estrogens have a dual effect on bone
metabolism. They favor bone formation by increasing the
number and improving the function of osteoblasts; however,
they also reduce resorption. Studies have shown that estrogens
can increase the level of osteoprotegerin (OPG), which
inhibits resorption. Thus, estrogens may play an essential
role in the regulation of osteoclastogenesis. Moreover,
progesterone has an anabolic effect on bone tissue. This effect
may be direct, through the osteoblasts that possess hormone
receptors, or indirect, through competition for the osteoblastic
receptors of glucocorticoids.””** Scientific evidence has shown
that high doses of glucocorticoids may have a catabolic effect
on bone. This effect may be due to the inhibition of insulin-like
growth factor (IGF-I) synthesis by osteoblasts and direct
suppression of BMP-2 and Cbfal, critical factors in
osteoblastogenesis. In contrast, it has been demonstrated that
glucocorticoids have an osteogenic capacity at physiological
doses that promotes osteoblastic differentiation.

Another hormone that might be involved in the bone
regeneration process is insulin. It has been proposed that
insulin could stimulate osteoblast differentiation, which would
enhance the production of OC, and subsequently, OC may be
able to stimulate pancreatic f§ cell proliferation and skeletal
muscle insulin sensitivity. It is still uncertain whether insulin
stimulates bone directly or indirectly by increasing muscle
work and, therefore, skeletal loading.és’66

Flavonoids. New strategies are constantly being developed
to promote the natural healing of bone lesions or regeneration.
Medicinal plants are essential sources of compounds such as
phytochemicals, vitamins, and other nutrients, and such
compounds derived from plants may enhance bone healing.

Phytochemicals, especially flavonoids, may improve bone
health due to their antioxidant and anti-inflammatory proper-
ties. Moreover, due to their inhibition of osteoclast cells and
increased proliferation of osteoblasts, these compounds might
help prevent bone loss and reduce inflammatory processes
without producing the undesirable side effects of allopathic
drugs.”’

Flavonoids can be divided into various classes based on their
chemical structure.”® Recent reports have shown that the
flavonols quercetin and kaempferol can reduce bone resorption
in vitro by directly targeting mature osteoclasts via the estrogen
receptor (ER). Quercetin has anti-inflammatory properties and
has been found to inhibit the proliferation of human adipose
tissue-derived stromal cells and promote their differentiation
into osteoblasts. Thus, quercetin can promote osteoblast
differentiation and inhibit osteoclastogenesis, so it might be
considered a potential drug for bone diseases and regener-
ation.”’

In traditional Chinese medicine, another flavonoid, naringin,
is commonly used to treat osteoporosis and bone disorders.
Studies have shown that naringin may promote the
proliferation of bone marrow stromal cells (BMSCs), enhance
the levels of BMPs, and increase the expression of bone
markers (ALP, OCN, and OPN). It has also been
demonstrated that naringin can abolish osteoclastogenesis
and bone resorption by inhibiting RANKL-induced NF-«B and
ERK activation”*~"*

Hesperidin, whose effect on bone metabolism has been
studied in rats, has been shown to improve femoral strength in
adult rats and the total metaphyseal and diaphyseal BMD at
the femur in young rats. However, poncirin (a flavanone
glycoside) enhances the gene expression of the osteogenic
transcription factor Runx2 and a transcriptional coactivator
with a PDZ-binding motif (TAZ) and upregulates the
expression of bone markers such as ALP and OCN in
C3H10T1/2 cells. Hesperidin also promotes bone mineral
deposition in BMSCs.*

Silymarin (Smn) is another active polyphenolic flavonoid
that has been used primarily due to its antioxidant and anti-
inflammatory properties. By regulating the bone formation,
Smn has been shown to be effective in treating bone fractures
and osteoporosis. In in vitro and in vivo models, Smn directly
affected cell adhesion, proliferation, and matrix secretion and
the expression of osteogenic markers such as Col I, OCN, and
Runx2. Notably, an enhanced regenerative process that
provides more significant bone matrix deposition and tissue
organization has been observed in in vivo models testing the
activity of Smn.”?

Plant Sterols. It has been suggested that phytosterols may
affect osteoblast proliferation and differentiation. Cissus
quadrangularis (Vitaceae family, plant kingdom) is a plant
species indigenous to southern Asia and Africa that has been
widely studied in bone regeneration research.”* Cissus
quadrangularis extract (CQE) contains steroids that are
considered positive stimulants of osteoblasts and bone growth
and is used as a composite modification designed for bone
healing. To date, alginate O-carboxymethyl chitosan (O-CMC)
or poly(e-caprolactone) PCL/HA composites have been
modified with CQE to study their effect on osteoblasts.
Composites with CQE cause a significant increase in peptide
absorption; peptides are absorbed by the composite due to the
electrostatic interactions between the protein and composite
surface. Cellular research indicates that these biomaterials
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enhance cell attachment to the composite surface and cell
spreading throughout the composite. Cell proliferation
increased significantly after only 72 h of stimulation, but it
was suggested that CQE further enhances cell proliferation as
the contact time increases. ALP, a marker of osteoblast
differentiation, was significantly increased compared to that in
the unmodified composite, and the effect grew over time.
Moreover, the increase in ALP over time correlates with the
significant increase in biomineralization by osteoblasts in the
presence of a composite containing CQE compared to an
unmodified composite (hydroxyapatite was detected by
chemical analysis).”~’” However, the mechanism of CQE
has yet to be determined, and more research is needed.

Seaweeds are marine plants that are widely present in Asian
diets. Seaweeds have been studied for several years due to their
bioactivity and potential use as pharmaceutical agents. One
compound found in seaweed that has been studied is
fucosterol, which is thought to affect bone regeneration.78
Studies have investigated the use of fucosterol in osteoblast cell
culture and ovariectomized female rats (an animal model of
osteoporosis). Interestingly, the obtained results indicated that
fucosterol increased ALP activity, mineralization, and bone
density and significantly increased bone cell proliferation. On
the other hand, it was suggested that fucosterol might decrease
osteoclast differentiation and affect bone resorption, maintain-
ing bone homeostasis, which is the balance between bone
mineralization and resorption. Fucosterol can also enhance the
production of OC and the reduction in CTx. Moreover, the
effect of fucosterol was compared to that of estradiol, which
has been presented as a postmenopausal osteoporosis therapy
factor, and in many cases, fucosterol was superior.””

Studies have shown that phytohormones may play a role in
bone regeneration. }-Ecdysterone is a steroid hormone found
in plants such as Achyranthe bidentata. f-Ecdysterone-mediated
stimulation of osteoblasts results in significantly increased ALP
levels and OPN activity. Moreover, f-ecdysterone may
enhance mineralization and bone tissue formation in vitro.
Gene sequencing analysis showed that genes involved in the
BMP pathway were upregulated by p-ecdysterone. In vivo
studies on the effect of f-ecdysterone on bone regeneration
were performed using rat femurs. Four and eight weeks after
bone defect initiation and fB-ecdysterone injection, micro-CT
imaging showed changes in the bone that were typical of
healing; moreover, the bone density had significantly increased.
Finally, a significant increase in the level of BMP-2 expression
was detected, and this result was confirmed by an
immunohistochemistry assay.”'

Oxysterols. Oxysterols are small, cholesterol-derived
molecules naturally occurring in human and animal tissues
and blood circulation that have been reported to be
osteoinductive factors.”

20S-Hydroxycholesterol and 22S-hydroxycholesterol are
compounds formed during the oxidation of cholesterol. Studies
indicate that these compounds may affect the differentiation of
osteogenic cells both in vitro and in vivo.*” In the context of
alveolar bone regeneration, oxysterols were shown in vitro and
in vivo to significantly enhance ALP activity, mineralization,
and calcium ion levels needed for proper regeneration.
Oxysterols also promote increased osteogenic gene and protein
(OCN or Runx2) expression. In addition, oxysterols stimulate
an increase in Hedgehog pathway activation in which proteins
such as Smo (a Hh receptor) or Glil (a transcription factor)
are involved. In vivo studies performed on rats showed

progressive bone formation 10 and 1S5 days after extraction
using micro-CT imaging and histological analysis; however,
immunohistochemical analysis showed increased expression of
ALP and OCN. In these studies, the promotion by oxysterols
was at a level comparable to that of BMP-2.** The above-
mentioned studies align with the in vitro research performed by
Kwon, Lee, Hwang, and Heo.** Additionally, Aghaloo et al.®
performed in vivo studies on rats with poly(lactic-co-glycolic
acid) (PLGA) scaffolds coated with oxysterols, and Johnson et
al.”” performed studies on rats with collagen sponges
containing various types of oxysterols (Oxy34 and Oxy49).
All of the above-mentioned studies indicated that treatment
prompted increased factors involved in bone regeneration.

Oxy49 is an oxysterol examined as a potential factor that can
promote bone regeneration. In vivo studies performed using a
rabbit cranial bone defect model and a collagen sponge
containing Oxy49 showed increased expression of the
osteogenesis markers COL1, OSX, OPN, and OCN. Addi-
tionally, the activity of ALP, the level of OC, and the
mineralization process significantly increased. Finally, micro-
CT analysis showed precise bone regeneration and density
intensification after a collagen sponge containing Oxy49 was
implanted into the cranium.

Oxysterols are still being examined as relatively new
compounds in bone regeneration. In addition to 20S-
hydroxycholesterol, 22S-hydroxycholesterol, Oxy34, and
Oxy49, studies on oxysterols have also included Oxy4, Oxy
18, and Oxy21, and all of these compounds may successfully
promote osteogenesis. Notably, the potential of oxysterols is
comparable to or even better than that of BMP-2.*

Liposomes. Liposomes are lipid-based biocompatible
vesicles widely used in therapies for bone healing to deliver
drugs/bioactive particles and act as stimuli-responsive factors.
Scaffolds containing liposomes have been proven to enhance
bone regeneration. They help with the delivered molecule’s
solubilization, bioactive stabilization, or bioavailability. Lip-
osomes combined with factors that promote bone healing
enhance osteogenesis. Liposomes can deliver oxysterols, and
the combination of these two factors enhances osteoregener-
ative processes both in vitro and in vivo.*” Recently, novel
liposomal nanocarriers, stereosomes, were developed and
examined as agents to improve molecular stability. Lee et
al”® produced and studied stereosomes containing 20S-
hydroxycholesterol and purmorphamine coated on PLGA
and polydiacetylene (PDA) layers that can activate bone
regeneration by enhancing the Hedgehog signaling pathway,
which is crucial for effective osteogenesis. Applying this
stereosome resulted in a synergistic increase in ALP activity
and level of mineralization in cells. Moreover, the studied
biomolecules caused significant increases in the expression
levels of genes involved in osteogenesis (ALP, Runx2, OCN,
OPN, Coll, and Glil). In vivo research performed on mice
confirmed the cell study results, and micro-CT and histological
analysis showed an increase in bone regeneration and
mineralization in stereosome-treated animals compared to
that in controls. Immunohistochemical analysis indicated
enhanced expression of the osteogenic markers Runx2 and
OCN. Research by Lee and colleagues” is in-line with that of
Cui et al.*’ on stereosomes containing 20S-hydroxycholesterol
and sterylamine.

Liposomes were formerly studied as effective agents to
deliver the bone morphogenetic protein BMP-2 gene to the
bone fracture site, which resulted in enhanced bone
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regeneration.”’ Currently, liposomes are successfully being
used both as individual carriers of biomolecules and as
additions to scaffolds.”

Statins. Statins are well-known drugs used to lower LDL
cholesterol levels and prevent the development of athero-
sclerosis. Almost 20 years ago, it was reported that hyper-
cholesterolemic patients undergoing statin therapy had a
reduced risk of bone fracture. Researchers have thus started
investigating how BMD and turnover change after statin
therapy and how statins may affect bone regeneration.
Montagnani et al.”® examined 30 women suffering from
postmenopausal hypercholesterolemia. The studied group was
treated with simvastatin daily for 1 year. During that time, the
group did not receive any treatment that would affect bone
metabolism (calcitonin, calcium, and vitamin D). Blood
samples were collected every 3 months, and serum calcium,
phosphate, and ALP levels were measured. Moreover, bone
resorption and mineral density were assessed. The obtained
results indicated that the treated patients had significant
increases in total and bone ALP levels over time and BMD in
the lumbar spine and femoral neck. In the same year, Ayukawa,
Okamura, and Koyano’* performed a study on rats in which
titanium implants were installed in the tibias, and a daily dose
of simvastatin was given. The bone contact ratio and bone
density measurements showed significant increases in the
experimental group compared to that in the control group,
which was not treated with simvastatin. Histological analysis
showed newly formed bone and abundant bone trabeculae in
the treated animals. Wong and Rabie”® investigated whether
adding statins accelerates osteogenesis in rabbits. After
implantation of a collagen sponge combined with simvastatin
into the calvarial fracture, the expression levels of VEGF, BMP-
2, and Cbfal were enhanced and resulted in earlier
osteoinduction and neovascularization. Wong and Rabie”
also performed histological analysis to identify new bone
formation that occurred S days after implantation of a
simvastatin-modified collagen sponge.

Importantly, simvastatin is not the only statin compound
studied in the context of bone regeneration. Moriyama et al.””
investigated whether local fluvastatin application promotes
osteogenesis after PLGA implantation into rat tibiae. Tibias
were used for histological analysis 1, 2, and 4 weeks after
implantation, indicating a significant amount of osteoid bone
and increased mineralization. Masuzaki et al.”® showed by
histological analysis that, after fluvastatin-modified PLGA
microsphere implantation into rat tibiae, bone formation was
amplified, and the bone implant contact significantly increased.
Additionally, the level of OCN, a bone metabolism marker,
was significantly higher 2 and 4 weeks after implantation.
Research by Rakhmatia, Ayukawa, Furuhashi, and Koyano®”
aligns with previous studies. Rats implanted with fluvastatin-
modified carbonate apatite showed enhanced bone formation
and bone volume by micro-CT analysis. Moreover, histological
analysis confirmed these results and indicated significant
intensification of bone mineralization.

In addition, in vitro research indicated that statins regulate
the OPG/RANKL/RANK pathway. Statins can inhibit bone
resorption, ROS generation, or osteoclastogenesis. Addition-
ally, statins may affect osteogenesis promoters, such as BMP-2,
TGF-f, or ALP. Statin-stimulated cells exhibited increased
expression of the osteogenic genes Runx2 and OCN and the
osteogenic proteins Runx2, OCN, and OPN.'°

Microbial Biopolymers. Bacteria and microscopic fungi
produce natural polymers as part of their intrinsic physiology
to create a mechanical protective layer that surrounds their
cells. These polymers store molecules necessary for proper
metabolism functions and create a biofilm that protects their
cells from the harmful effects of the environment. Micro-
organisms can synthesize various types of biopolymers with
different monomer compositions, molecular weights, 3D
configurations, and cross-linking arrangements that can be
tailored for specific applications in BTE."”" Microbial polymers
are synthesized from enzymatic reactions that link monomers,
such as sugars, amino acids, or hydroxy fatty acids, to create
high molecular weight molecules. Microorganisms can produce
various classes of biopolymers with potential biomedical
applications, such as golysaccharides, polyamides, polyesters,
and polyphosphates.'’

Bacterial cellulose (BC) is a linear homopolysaccharide
biopolymer produced by many Gram-negative bacterial genera,
such as Komagataeibacter (formerly Gluconacetobacter), Agro-
bacterium, Acetobacter, Burkholderia, Erwinia, Pseudomonas, and
Rhizobium.'*>'®* BC is synthesized from glucose in the
periplasmic space of bacterial cells by cellulose synthase, and
its chemical structure is composed of f-D-glucopyranose units
linked by p-1,4 glycosidic bonds. The biocompatibility,
biodegradability, high crystallinity, porosity, and tensile
strength with mechanical robustness make BC an interesting
biopolymer that can be used in designing modern biomaterials
for the targeted regeneration of bone tissue.'”

Bassi et al.'">® showed that intracranial implantation of a BC
membrane led to bone neoformation and vascularization at the
defect site and confirmed the activity of key ossification
markers such as OC and OPN 60 days after biomaterial
implantation.'” BC is used by itself and in combination with
other bioactive factors in designing biomaterials for bone
regeneration. Hydrogels made from BC modified with gold
nanoparticles significantly increased the activity of ALP, OC,
and OPN in cell culture models and led to the formation of
apatite deposits. In contrast, in a rabbit model, these hydrogels
showed that new bone tissue with high mineral density had
been formed."” Similar conclusions were drawn by Kheiry et
al,,'” who showed that modifying BC with fisetin contributes
to the increase in ALP activity and the concentrations of OC
and OPN in mesenchymal cells subjected to osteogenic
differentiation.'®” Nanocomposites of BC modified with
hydroxyapatite (HA), the main inorganic compound respon-
sible for the mechanical properties of bones, promoted the
proliferation and maturation of mesenchymal cells into
osteocyte precursors and effectively contributed to the
neoformation of bone tissue after implantation.'”® Unmodified
BC does not have antibacterial properties; however, its
porosity and good ability to biofunctionalize with molecules
such as antibiotics, silver nanoparticles, lysozyme, or cationic
surfactants can be used to design biomaterials that reduce the
risk of postimplantation infections.'*""°

Another example of microbially produced polymers with
potential for use in bone regeneration are f-glucans. -Glucans
are heterogeneous groups of polysaccharide polymers
composed of D-glucose monomers linked by (1 — 3), (1 —
4), or (1 — 6) glycosidic bonds. The cell walls of grains,
bacteria, fungi, and yeast are a natural source of this
biopolymer. The most well-known f-glucans synthesized by
microbes are the linear (1 — 3) and branched (1 — 3;1 — 6)
P-glucans found in Saccharomyces cerevisiae. The physiochem-
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ical and biological properties of -glucans strongly depend on
the source, extraction method, polymer chain length, and
extent of purification.' "

One of the fundamental problems in achieving an
appropriate level of osseointegration with an implant is the
excessive bone resorptive activity of osteoclasts. There is
substantial scientific evidence to conclude that polycan, a -
glucan derived from Aureobasidium pullulans, reduces the
number of active osteoclasts and inhibits the secretion of pro-
osteolytic cytokines such as interleukin-1 (IL-1/) and tumor
necrosis factor-a (TNF-a). f-Glucan, which is part of the S.
cerevisiae cell wall, contributed to the downregulation of
receptor activator for nuclear factor kB ligand (RANKL) and
the upregulation of OPG, which resulted in the inhibition of
bone loss in a mouse model."'> The suppressive activity of f-
glucan derived from baker’s yeast against RANKL has also
been demonstrated by Hara et al.''" Stimulation of mouse
bone marrow cells with S. cerevisiae f-glucan inhibited
differentiation from maturing osteoclasts by downregulating
the nuclear factor of activated T cells 1 (NFATC1), which was
caused by the suppression of NF-«B signaling and c-fos
expression.''* f-Glucan can not only inhibit osteoclast activity
but also be used as a polymer when designing biocomposites
modified with a ceramic phase. Biocomposites composed of (1
— 3) p-glucan and HA meet important physicochemical
requirements, such as the ability to undergo thermal
sterilization without damaging the polymer structure, good
porosity, flexibility, and self-adaption to the defect shape.''
Modifying such composites by adding HA-containing carbo-
nate ions (CHA) increased the solubility and decreased the
crystallinity of the ceramic phase, as well as intensified the
attachment, proliferation, and differentiation of osteoblasts. In
rabbit models, 6 months after implantation, the CHA/f-glucan
composite contributed to the increased formation of new
cortilcl?l bone and intensified mineralization at the implantation
site.” *

An example of a linear bacterial (1 — 3) f-glucan that has
aroused interest in the design of new biocomposites for
targeted bone tissue regeneration is Curdlan, which is
produced by Alcaligenes faecalis.""” Curdlan limited osteoclast
differentiation by suppressing NFATC1 activation via down-
regulation of the Syk kinase signaling pathway, which is
responsible for osteoclast differentiation, maturation, and bone
Iytic activity."">"'® Curdlan can be modified to make highly
elastic and biocompatible hydrogels or biocomposites.
Curdlan/whey protein isolate/hydroxyapatite biomaterials
showed a high cytocompatibility level and promoted OC
production in an in vitro model of human osteoblasts."'” The
addition of Curdlan to a chitosan/HA scaffold improved the
porosity, water uptake capability, and biocompatibility of the
composite and enhanced human osteoblast survival and
proliferation on the scaffold, which are crucial to start the
implant osseointegration process.'”’ Toullec et al.'*' reported
that Curdlan—chitosan scaffolds were not cytotoxic and
improved cell migration on the surface of the biocomposite;
however, further studies are required to demonstrate the
positive effect of this biomaterial on bone tissue regener-
ation.”’

Bacterial exopolysaccharides (BEPSs), such as gellan and
alginate, are classified as high molecular weight carbohydrate
polymers and are secreted by cells into the external
environment. BEPSs perform various physiological functions
and can be adapted to the needs of regenerative medicine due

to their unusual physicochemical properties.'*” Gellan isolated
from Sphingomonas paucimobilis was incorporated into a
composite in the form of a gum, and the addition of HA
increased the adhesion of human adipose-derived stem cells to
the surface.'”’ Alginate secreted by Pseudomonas aeruginosa is
being studied for use in bone tissue regenerative medicine as a
carrier of GFs. The delivery of BMP-2 and BMP-7 using an
alginate biomaterial enhanced the differentiation of bone
marrow-derived stem cells to osteoblasts, and codelivering the
BMP-2 and VEGEF released from the alginate gels improved the
reconstruction of bone defects.'”*

Another interesting biopolymer produced by P. aeruginosa is
pyomelanin, a black—brown pigment formed by the oxidative
polymerization of homogentisic acid.'*® The use of melanin
polymers, such as pyomelanin, seems to be an economical and
affordable way to improve the physicochemical and osteoin-
ductive properties of newly designed biocomposites.'*
Important premises indicating the need to investigate the
role of pyomelanin as a modulator of bone tissue regeneration
processes are the studies of Yoo et al,'”” who showed that
melanin isolated from Gallus gallus domesticus promoted the in
vitro proliferation and differentiation of osteoblastic MG-63
cells throu%h BMP-2 signaling and inhibited osteoclast
formation.'”

B METHODS TO PREPARE POLYMERIC MATERIALS
AND SCAFFOLDS FOR BTE

The structure of human bone is complex and capable of
bearing mechanical loads and resisting deformation.'** Bone is
also involved in multiple vital processes, including maintaining
homeostasis and regulating blood pH.'”” Taking into
consideration the complexity of bone structure, materials
suitable for BTE should be capable of bearing mechanical
loads, biocompatible, osteoconductive (allowing cells to move
along the scaffold and slowly produce new bone),"*’
osteogenic (stimulating bone growth),130 and osteoinductive
(stimulating stem cells to differentiate toward osteoblasts)."*’
A novel biomimetic approach to designing a biodegradable
scaffold that propagates osteoconductivity for bone and
cartilage tissue applications includes replicating the ECM"*"
and providing suitable conditions for tissue regeneration.

There is a diverse range of materials that are applicable for
BTE. These materials include polymeric materials, bioceram-
ics, and preferably tailored composite materials that meet the
requirements for the above-mentioned properties. Currently,
several methods are known for producing polymer scaffolds,
polymer—ceramic scaffolds, and multicomponent materials
used in BTE. Methods of producing materials for BTE can be
divided into two main groups: those obtained by solvent
techniques and those obtained by techniques involving
plasticization of the polymer material. This paper considers
the most important and popular techniques for manufacturing
three-dimensional scaffolds with potential applications in BTE,
emphasizing polymer and composite scaffolds.

Polymers, Inorganic Fillers, and Composites. Poly-
meric materials are promising structural materials for scaffold
preparation in BTE and usually act as a composite matrix and
an active compound carrier (at least two ingredients). These
macromolecules can be divided into those that are naturally
derived and those that are synthetic. The former group
includes polysaccharides, such as alginate,'* chitosan' ~>'**

L i1133,134 . 135,136
and hyaluronic acid, protein-based collagen, > ~° and
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gelatin,"*>"*” which are capable of forming hydrogels as well as

a variety of cellulose-based biofibers."*®

The application of natural polymers in bone regeneration
systems minimizes the negative immunololgical response
resulting from their high biocompatibility.'”> The main
disadvantage of this group of materials is their low mechanical
resistance, especially considering the load-bearing require-
ments in BTE, as concluded by Swetha et al.'*’

Synthetic polymers are more amenable to chemical
modification. For example, the presence of functional groups
can allow the facile binding of cellular proadhesive ligands such
as arginine—glycine—aspartic acid (RGD)."*' On the other
hand, natural collagen has an RGD sequence already
incorporated into its structure. Synthetic polymers generally
have higher mechanical resistance than natural polymers.
Significant representatives of this group in BTE include poly(L-
lactic acid) (PLLA),"**'** poly(e-caprolactone) (PCL),"**'**
poly(ethylene glycol) (PEG), *® and the emerging polymer
poly(glycerol sebacate) (PGS).""

The role of inorganic ceramic materials has been significant
in developing BTE since the 1990s."**'*" Among the most
important compounds are crystalline hydroxyapatite (HA), f5-
tricalcium phosphate (f-TCP), and amorphous bioglasses. The
modern approach to using ceramics in BTE involves their
stimulation of osteogenesis by releasing active ions"’ (e.g,
Ca’" in the case of HA) and the ability to act as a mechanical
support in the composite with a high compressive modulus."”’
Such compounds should be resorbable over time.

HA and f-TCP are composed of calcium phosphate and
therefore resemble the inorganic phase of human bone.
Calcium phosphate-based substances play a vital role in
biomineralization, which is essential to strengthen the
osteogenic capability of the scaffold.'”>'*® Bioglasses con-
stitute the other class of ceramics in BTE, which are materials
composed of Si,0, Ca,0, and P,O; and can enhance
osteogenesis more rapidly than calcium phosphates.'>*

Composite materials are based on at least two constituents
and possess properties from each phase. Basic BTE composite
materials are made of a polymeric matrix and an inorganic
filler. Preparing composites aims to combine the desired
features of both materials.

Pathways to Obtain BTE Composite Scaffolds. There
is a broad array of techniques to manufacture and form BTE
scaffolds. These techniques depend on the desired geometry,
presence, and distribution of the filler, and most importantly,
the chemical characteristics of the substrates. In terms of
biodegradability, porosity is of vital importance. The
degradation medium (e.g, water) can infiltrate scaffolds
more freely if voids (pores) are present compared to water
infiltration into the bulk material. Moreover, in thermosetting
polymers such as PGS,"* the degradation time can be adjusted
by altering the curing time of the polymer bulk."*® Porous
scaffolds naturally promote osteoconductivity toward the inner
layers of the scaffold. Therefore, the synthesis of porous
materials is an important subject in BTE.

Electrospinning. The most facile method to manufacture
highly porous nonwoven fibers in BTE is electrospinning."’
This technique utilizes an electric current to deposit the
polymer solution on the substrate to form a fiber. Electro-
spinning has attracted attention due to its ability to mimic the
tissue ECM and the wide range of materials that are applicable
for spinning. The components of electrospinning systems for
BTE include a thermoplastic polymer solution, such as PLA or

PCL, with a combination of collagen, chitosan, silk, gelatin,
hydroxyapatite, or f-TCP. The significance of such systems in
terms of bone regenerative medicine is comprehensively
described in a review paper by Jang, Castano, and Kim."®

The electrospinning method can produce two-dimensional
fiber networks. However, there are more effective methods for
creating three-dimensional structures that can mimic the
complexity of bone tissue. In bone tissue engineering, creating
porous and hierarchical structures is important, which is
difficult to achieve with electrospinning. Electrospinning
requires optimizing many parameters, such as voltage, solution
flow, and distance between the needle and collector.'>® The
need to experiment and adjust these parameters can take time
and lead to trial and error. In addition, electrospinning is a
manufacturing process that is not highly repeatable. The
electrospinning process uses organic solvents and/or chemicals
that can be potentially toxic to cells and the body.'® It is
necessary to ensure adequate elimination of these substances
to avoid negative effects on the biocompatibility and
functionality of scaffolds. Fiber produced by electrospinning
often has a very low density and mechanical strength compared
to natural bone tissue. This can lead to poor structural stability
of the scaffold and limit its use in stressed areas. Manufacturing
homogeneous composite materials is also a challenge for
electrospinning.

Thermally Induced Phase Separation (TIPS). TIPS is
one of the most popular methods to obtain three-dimensional
scaffolds for BTE. In this technique, the polymer needs to be
homogeneously dissolved in a solvent with a high melting
temperature (T,,) due to the subsequent freeze-drying process
(1,4-dioxane is one of the most popular solvents in TIPS with
T, = 11.8 °C'®"). Afterward, a ceramic filler such as bioglass or
apatite can be introduced to the polymer solution'®* and
dispersed by stirring or ultrasonication.'®® After a suitable
solution is obtained, a freeze-drying process is performed to
remove the solvent from the composite matrix and generate
pores. The main limitation of this method is the thermolability
of the solvent used for scaffold preparation. On the one hand,
the solvent should dissolve the polymer, and on the other
hand, the solvent should be easily removed from the scaffold
by lyophilization.

In the TIPS technique, an additional porogen, such as
NaCl'*>'** or a sugar,'® can be introduced to increase pore
size by more than 100 ym. The porogen can subsequently be
removed (washed away) from the matrix after lyophilization
(e.g, TIPS followed by salt leaching (TIPS-SL)). This method
gives the possibility of obtaining highly porous scaffolds (up to
98%)'®> with an interconnected pore morphology.'®® The
porosity and internal structure can be tuned by altering the
polymer solution concentration, filler content, amount of
porogen, and particle size.'®” There are a variety of polymer/
filler compositions that have been fabricated by TIPS and
reported for BTE applications. For example, PLLA/B-TCP
nanocomposite scaffolds'*’ or PGS-based scaffolds'®® can be
fabricated by TIPS-SL.

The TIPS (TIPS-SL) process requires the use of organic
solvents, which can affect the scaffold’s biocompatibility.'®”
Some of these solvents can be toxic to cells, which can limit the
use of scaffolds in the context of tissue engineering. The TIPS
process can be time-consuming (at least a few days) and
requires precise control of temperature, time, and other
parameters. This can lead to longer production times and
increased costs. Producing scaffolds with adequate porosity
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and interconnected pores is crucial for bone tissue
regeneration.170 However, the TIPS process can be difficult
to control in terms of the porosity. It can be difficult to achieve
uniform pore sizes and shapes, which can affect the scaffold’s
effectiveness in regenerating bone tissue. The use of the TIPS-
SL technique only partially solves the problem, as the pore size
is increased, but at the same time, a material with lower
strength parameters is obtained."”"

Solvent-Free Techniques. 3D Printing (3DP). 3DP
techniques consist of slicing a computer-aided design (CAD)
model into layers and its subsequent manufacture. This paper
will cover only the method by which BTE scaffolds can be
obtained, including techniques such as selective laser sintering
(SLS),"”* fused de}/)osition modeling (FDM)/fused filament
fabrication (FFFE),'” and stereolithography (SLA),"”* which
are based on different operation principles. However, these
methods are additive manufacturing techniques, which are,
among other techniques, used to prepare scaffolds or implants
for bone regeneration. There are a variety of biodegradable
polymer/ceramic systems for BTE that have been manufac-
tured by means of 3DP (Table 2). The major advantage of
3DP when manufacturing scaffolds for biomedical applications
is the possibility to obtain a reproducible and well-defined
architecture that meets the needs of patients.

3D printing processes are most often conducted at high
temperatures (SLS, FFF/FDM) due to thermoplastic materials
being processed at temperatures as high as 160—200 °C.'”
For this reason, the introduction of bioactive particles, which
are often sensitive to temperature, is difficult. The use of UV
irradiation for cross-linking during the 3D printing (SLA)
process degrades the polymer from which the scaffold is
made.'”

FDM/FFF. An operating principle of FDM/FFF is extrusion
on a thermoplastic filament (usually 1.75, 2.85, or 3.0 mm in
diameter) through a nozzle, followed by deposition on the
printing bed. After a layer is delivered, the extruder moves
upward, and the next layer is laid. The resolution of the
printout is mainly affected by the extrusion rate, motor speed,
and nozzle diameter. The main advantages of FDM are the
simplicity of the process and high printing efficiency. On the
other hand, the main limitation involves the thermoplastic
characteristics of the material with the existence of a molten
phase. Additionally, the process is relatively slow and has low
accuracy. Moreover, complex geometries require auxiliary
supports, which are removed during postprocessing. The
filament for FFF is produced by means of melt extrusion.

Polymers for BTE applications include thermoplastic
materials such as PCL, poly(vinyl alcohol) (PVA), and
polylactides. This technique provides the possibility of
introducing a ceramic phase into the blend'”’ for superior
osteoconductivity. Furthermore, the infill architecture of the
FDM printout affects the in vivo behavior of the scaffold, as the
honeycomb internal structure of the FDM scaffold has been
indicated to increase bone ingrowth.'”®

SLS. The SLS operation principle is based on layer-by-layer
fusing/sintering of particles on a powder bed by heat generated
from a laser beam.'”” By means of rollers, the printing bed is
coated with a preset layer of powder, which is sintered
according to the CAD model. The printing bed moves
downward incrementally, and the process repeats until the final
printout is completed.'””

The SLS technique is limited by the ability of the particles to
absorb the wavelength of laser light as well as the laser energy

density. System optics and resolution also affect the final
structure and porosity of the material. Particle size, sphericity,
and chemical characteristics are of vital importance for
materials submitted for SLS. Usually, microspheres with a
defined size (20—80 pm) for use in the SLS process are
produced by emulsion solvent evaporation.lgo’181 However,
one can purchase presynthesized SLS powders, such as PCL
(CAPA 6501, Solvay Caprolactones, Warrington, Cheshire,
UK), poly(hydroxybutyrate—cohydroxyvalerate) (PHBV)
(ICI, UK), or PVA (Nippon Synthetic Chemical Industry
Co. Ltd., Japan). Among the wide array of biodegradable
materials for SLS, PVA is of particular interest due to its
flexibility and semipermeability, which can allow oxygen and
nutrient exchange, which is necessary for the cellular culture on
the scaffold to thrive.'®

The SLS process requires the material to have a low melting
point and be able to form intermolecular bonds after exposure
to a laser."®® The main advantage of using SLS scaffolds for
BTE is the possibility of obtaining a porous structure that
mimics the bone ECM. The overall porosity of the SLS
printout can be higher than anticipated due to the formation of
micropores in the scaffold.'®* On the other hand, this
technology is expensive and requires a complex modeling
procedure.

SLA. The SLA approach in additive manufacturing utilizes
ultraviolet (UV) light to trigger selective photopolymerization.
The printing procedure involves submerging the printing bed
in the photopolymer reservoir with subsequent layer-by-layer
exposure to UV radiation in accordance with the CAD model.
The SLA method is comparable to SLS; however, SLA uses a
liquid prepolymer. After the layer is photocured, the printing
bed slides down, and the process is repeated until the last layer
is irradiated.'® SLA material diversity is limited by the
requirements of biodegradability and lack of cytotoxicity.
Materials for SLA scaffold-based tissue engineering include
derivatives of PEG acrylate, PEG methacrylate, PVA, and
modified polysaccharides, such as hyaluronic acid and dextran
methacrylate, in addition to poly(propylene fumarate) (PPF)
and PCL-based resins.'*

For biomedical applications, the properties of SLA resins can
be adjusted; for example, reducing the percentage of DEF in
the PPF resin increases the viscosity of the solution and
promotes cross-linking, which results in a final product with
superior mechanical properties.'®” However, a higher degree of
polymer cross-linking affects the degradation rate. Lower cross-
linking degree facilitates degradation. It is a vital parameter
considering the resorption of biomaterial in vivo.

Melt Mixing. Melt mixing is the most important continuous
method by which polymer/filler composites are obtained. One
type of melt mixing is the twin-screw co-rotating extrusion
(TSCE). TSCE is the most effective means to distribute filler
in the polymer matrix and enables even filler distribution, even
on the nanoscale.'® TSCE utilizes an instrument that consists
of a motor, heated cylinder, screws, hopper, die, and control
equipment (thermocouple, pressure sensor). Two screws are
installed inside the cylinder on a shaft and rotate in the same
direction. These screws are made of configurable sections
(mixing and conveyin% sections) that can be arranged in
various configurations.'” A preprepared material in the form
of a granule or powder is dosed into the first zone of the
extruder (feeding zone). Screws, rotating with speeds usually
ranging from several dozen to a few hundred, plasticize,
transport, and homogenize the material to the extruder head.
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Figure 2. Strategies for the delivery of bioactive agents in bone regeneration.

After this process, the material in the form of a filament is
allowed to cool down (using a water bath or in air) and
pelletized. The advantages of this method are the fast
homogenization and good dispersion of the filler. Disadvan-
tages of this method include thermal degradation of the
polymer during the process, the need for a relatively high
amount of the polymer for extrusion, and large losses during
processing. Extrusion is not actually a scaffolding manufactur-
ing method, but is a preliminary method used to homogenize
composite components. The material is obtained in the form
of pellets or filaments and in this form is used for 3D printing.

B METHODS TO DELIVER BIOACTIVE MOLECULES

Bone Regeneration Biomolecule Delivery Platforms
and Release Strategies. Bone regeneration involves multiple
stages, including the inflammatory phase, callus formation
phase, callus removal/bone deposition phase, and bone
remodeling.® Each phase is driven by different biochemical
signals, which have to be delivered at a specific time in a
coordinated and sequential manner."” To achieve the best
therapeutic outcome, orthopedic implants loaded with
bioactive factors should release these factors at a dose and
time that reflects this physiological pattern. Biomolecule
dosing should also be tailored to the patient’s clinical status,
i.e, cause, location, and severity of bone defect, age, and
presence of coexisting conditions. A number of biomolecule
delivery platforms and release strategies have been proposed to
provide treatment options customized to different types of
biofactors and for different types of bone defects. The
platforms developed to date provide a wide range of dosing
profiles that depend on the implant material, structure and size,
biomolecule immobilization technique, and amount and spatial
distribution of the biomolecules. Biomolecule delivery plat-
forms can be categorized into five main types: surface-
functionalized, controlled/sustained release, preprogrammed

release, stimuli-responsive, and those for gene delivery, as
depicted in Figure 2.

Surface-Functionalized Delivery Platforms. Surface-
functionalized implants are being intensively explored in bone
regenerative medicine'”'~'?? as delivery platforms for
BMPs,'”*7'%¢ platelet-derived growth factor (PDGF),""”
TGF ﬂ %% and vitamins D and K.'"”” During the fabrication
of surface-functionalized implants, biomolecules are introduced
onto the implant surface by physical adsorption,”*”*!
chemical conjugation,'”""*> or ligand—receptor binding.

Physical adsorption (Figure 3A) occurs when biomolecules
attach to the scaffold material via electrostatic, hydrophobic,

@
[ %9
@ a. AL @A S
.'o': & & AR
A B Cc

Figure 3. Physical and chemical strategies to immobilize bioactive
compounds on biomaterials: (A) physical adsorption, (B) covalent
binding, and (C) entrapment in a polymer matrix.

van der Waals interactions, or hydrogen bonding.200 The
release kinetics of biomolecules immobilized by physical
adsorption depends on their affinity for the implant material
and can be controlled by environmental conditions such as
temperature and pH. To enhance biomolecule adsorption to
biomaterials, their surface can be pretreated with charged
molecules such as amino acids (eg, serine, asparagine) or
acids (e.g., pyrophosphoric acid, mercaptosuccinic
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acid**"). Charged biomaterial surfaces can selectively attract
molecules of interest (e.g., lysozyme, " BMP-27%), while
oppositely charged molecules are repulsed. Physisorption has
been widely used to immobilize osteoinductive biomolecules
(e.g, BMP-2,""*'"> PDGF,"”” TGF-$198]) in a variety of
scaffolds, including collagen and gelatin sponges,”” poly-
(glycolic acid) meshes, poly(p,i-lactide) scaffolds,”*® hydrox-
yapatite,”*>**” tricalcium phosphate ceramics, and others. This
technique has also been used to fabricate INFUSE Bone Graft
from Medtronic (an absorbable collagen sponge soaked with
BMP-2) for recombinant BMP-2 delivery, which is currently
the only FDA-approved BMP-2 product that is commercially
available. However, the major limitations of materials function-
alized via physisorption include poor drug retention and
limited control over the biomolecule release rate due to weak
biomolecule bonding. This type of materials typically suffer
from burst release,”’’ which is defined as a sudden initial
release of a drug bolus resulting from its rapid desorption from
the material surface. The main risk of burst release is the
overdose of a therapeutic molecule in the immediate
postimplantation period, which is usually associated with
reduced drug absorption and rapid drug depletion. Supra-
physiological doses of BMP-2 have also been shown to cause
serious side effects such as spine swelling, neck edema, tumor
formation, osteolysis, and ectopic bone formation,”'' which
remain among the biggest challenges of the current clinical
approaches to bone healing based on BMPs.”"'

More stable attachment of biofactors to the scaffold surface
can be achieved by chemical conjugation.”’”™*'* Chemical
conjugation methods are based on the formation of covalent
bonds between biomolecules and biomaterials (Figure 3B)
through the course of chemical reactions such as carbodiimide-
mediated amidation, esterification, or click reactions.*'>™*'”
Since the majority of osteoinductive biomolecules are proteins,
the most commonly used covalent coupling methods are based
on carbodiimide-mediated reactions between the protein
amine groups and carboxyl groups of the biomaterial."”> Due
to the inert nature of many materials used in regenerative bone
therapies (e.g., polyesters), these materials require surface
functionalization prior to biomolecule attachment. Material
surface functionalization aims to add or expose reactive
functional groups (e.g, amines, carboxyls, hydroxyls) that
can form covalent bonds with the functional moieties of the
biomolecules. Functionalization can be attained by plasma
treatment,”*® chemical etching,214 and oxidation.”'* Biomole-
cules can be grafted either directly onto functionalized material
surfaces”'” or via linker molecules (spacers), such as silane**’
or PEG molecules.””’ The role of spacer molecules is to
increase the distance between the biomolecule and the
biomaterial surface, which preserves the proper conformation
and spatial orientation of the biomolecule and prevents its
denaturation, which can be caused by direct contact with a
solid surface.””” Spacer molecules may also provide a wide
range of properties that facilitate bone regeneration or implant
integration. For example, heparin,”'#*** a key protein involved
in tissue repair, is often introduced onto a material surface to
act as both a spacer and anticoagulation and anti-inflammatory
factor.””* Similarly, PEG,”*' known for its ability to reduce
nonspecific protein binding, can be used as a spacer molecule,
providing an antifouling effect in vivo. Chemical conjugation
methods have been broadly employed for bone implant surface
functionalization with biomolecules such as BMP-2,>"?
VEGF,”” the adhesion peptide RGD,”*° and TGF-4.'* This

immobilization strategy allows prolonged biomolecule pre-
sentation compared to physical adsorption.””” The main
disadvantage of biomolecule chemical conjugation lies in the
harsh conditions required for many coupling reactions (e.g.,
the use of toxic or denaturing reagents such as organic
solvents) that may lead to reduced biomolecule activity.”** To
minimize the loss in activity, an array of bioconjugation
reactions that can be performed in aqueous solutions under
mild conditions have been developed (e.g., conjugation via a
hydrazone and oxime formation reactions™>” or alkyne—azide
coupling™).

The bonding of biomolecules to the biomaterial surface can
also be achieved by biomimetic ligand—receptor pairing. The
most popular conjugation method relies on the interaction
between biotin and avidin, which is the strongest known
noncovalent bond.'”> This bond remains stable even under
harsh conditions, including extreme temperatures and pH
values, organic solvents, and other denaturing reagents. Due to
the wide variety of commercially available biotinylated
biomolecules, this approach has gained much attention in
bone implant functionalization.™" It has been successfully
applied to immobilize biomolecules such as BMP-2,>****
fibroblast growth factor-2 (FGF-2),”** and fibronectin®** on
the surface of biomaterials including gelatin/hydroxyapatite
composites,”*” hydroxyapatite-coated nanofibers,”** and tita-
nium implants.”**

The key benefit of biomolecule surface presentation is the
direct exposure of immobilized factors to the host body fluids
and cells infiltrating the biomaterial/tissue interface. This
implant design may significantly accelerate the recruitment of
immune cells and mesenchymal progenitor cells involved in
the early stages of bone repair (inflammation and revascula-
rization), which are considered the most critical for successful
healing.

Controlled/Sustained Release Delivery Platforms.
Biomolecules used in bone regeneration often suffer from
low stability and a short halflife in vivo.”*> These issues are
particularly prevalent in the case of protein biomolecules (e.g.,
BMPs, OPN, OC), the bioactivity of which depends on their
3D structure, and can be easily lost in vivo due to hydrolysis,
proteolysis, and endocytosis.”*° Disrupted protein structure
not only leads to the loss of biological activity but also
increases immunogenicity and the risk of implant rejection by
the host.”*> One approach to prolong the biological activity of
biomolecules in vivo is to immobilize them in controlled/
sustained release delivery systems. The most straightforward
strategy to attain the sustained release of biomolecules is to
physically encapsulate them within a matrix material (Figure
3C),* eg, a PEG hydrogel,Bg gelatin,238 or collagen—
hydroxyapatite matrix.”*” In this approach, the biomolecule is
added to the polymer solution prior to scaffold fabrication,
which may be followed by the covalent cross-linking of
biomolecules to the polymer matrix.”** The simplicity of this
method has contributed to its widespread use in BTE to entrap
biomolecules such as BMPs,*** PDGF, and VEGE.**®
Biomolecules immobilized directly in the matrix are released
by diffusion and polymer degradation. The biomolecule release
rate depends fundamentally on the matrix porosity and
degradation rate, as well as the affinity of the released
molecules for the polymer molecules (e.g., chemical affinity, or
affinity based on electrostatic interactions). Release kinetics
can be controlled by properly selecting the matrix material
(with the desired degradation rate and charge) and scaffold
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fabrication technique. However, this immobilization strategy
offers relatively poor control over the biofactor delivery rate.
Another drawback lies in the fact that biomolecules typically
need to be added to the polymer solution prior to scaffold
fabrication. Since scaffold manufacturing procedures often
involve the use of toxic reagents (cross-linking agents, organic
solvents) and nonphysiological conditions such as elevated
temperature or UV irradiation, they can significantly diminish
biomolecule activity.”*’

These limitations have driven research toward the develop-
ment of protective micro- and nanocarriers that shield the
immobilized biomolecules from unfavorable external con-
ditions. Due to the simplicity of the fabrication, the most
popular biomolecule delivery vehicles are spherical polymeric
carriers such as microspheres,”*' microcapsules, and nano-
spheres.”**~*** Among spherical carriers, micro- and nano-
spheres made of biodegradable polymers such as poly(lactic
acid) (PLA), PLGA,”* and alginate have found the broadest
use in bone reconstruction.””>*” The kinetics of protein
release from these carriers can be adjusted to a specific
application by tailoring the particle size, porosity, and
degradation rate, which can be attained by proper selection
of the carrier material and fabrication method.”** An important
disadvantage of biodegradable nano- and microspheres is the
limited control over the biomolecule delivery rate and initial
burst release.”*” These issues can be resolved by coating the
nano- or microspheres with a semipermeable membrane,
which creates a significant barrier to biomolecule transport.
Biomolecule release from core—shell microcapsules relies on
molecular diffusion through membrane pores. The rate of
diffusion is dictated by the size and distribution of the pores
and membrane thickness.””" These properties can be
modulated by altering the microcapsule manufacturing
method, >’ composition of the membrane-forming solution,™
and process parameters.””

Another type of biomolecule carrier used for controlled/
sustained delivery of biomolecules facilitating bone regener-
ation is liposomes.”>”*** Liposomes exhibit a high affinity for
cell membranes, which ensures their easy uptake by cells.”>
However, liposomes are highly susceptible to changes in pH
and temperature, enzymatic degradation, oxidation, and
hydrolysis,”*® contributing to their relatively low stability in
physiological environments. Another major drawback of
liposomes is their tendency to aggregate, fuse, and leak the
encapsulated molecules. Due to these limitations, the use of
liposomes in bone regeneration is much less widespread than
the use of polymer carriers.

Spherical biomolecule carriers can be introduced directly
into bone defects”’~>*” or embedded in a polymer matrix,
e.g,, an injectable hydrogel’***® or a solid scaffold,**>**" prior
to implantation. Solid implants can be fabricated by
suspending biomolecule carriers in a polymer solution that is
subsequently molded'”® or 3D-printed”® into the desired
shape, followed by matrix solidification. Alternatively, the
particles may be installed onto the implant surface; for
example, via a solvent annealing technique based on seeding a
carrier suspension in a volatile solvent onto the scaffold surface
and solvent evaporation.”** Numerous studies have shown that
incorporating biomolecule-loaded carriers into polymer
matrices significantly prolongs the biomolecule release
duration.”** As a result, bioactive agents can be released over
extended periods ranging from weeks”>”**® to months,***
greatly improving their capability to induce bone forma-

tion.”>”~**” Scaffolds containing spherical particles also exhibit
considerably higher mechanical resistance than implants
composed solely of a polymer matrix.”*’~>%*

Scaffolds incorporating polymer carriers loaded with
biomolecules hold great promise for the development of
biomimetic tissue constructs. To create a tissue construct,
biomolecule carriers can be incorporated into a scaffold seeded
with cells (e.g., progenitor cells). Biomolecules released from
the carriers modulate cell behaviors, including their migration,
adhesion, differentiation, and proliferation. For example,
microspheres loaded with BMP-2 or IGF-1 incorporated into
hydrogel scaffolds induce osteogenic differentiation of MSCs
entrapped in a gel.”** Microspheres loaded with proangiogenic
factors (e.g, VEGF and FGF) have been utilized to promote
scaffold vascularization in the fabrication of prevascularized
bone implants.***>%

Significant progress in biomimetic bone construct engineer-
ing has been made since the introduction of 3D printing. 3D
printers can precisely control the spatial distribution of the
biomolecule-loaded carriers within the scaffold and recreate
the tissue-specific 3D organization of biochemical cues.”*” In
addition, multiple types of carriers (made of materials that
degrade at different rates or carry different biomolecules, such
as those that can act synergistically) can be combined into a
single construct.”®” This type of design can provide the
sequential release of various biochemical signals in a spatially
and temporally controlled manner that mimics the physio-
logical release of biofactors during osteogenesis.

Preprogrammed Release Delivery Platforms. Recreat-
ing the precise timing of biomolecule release during
physiological bone healing remains one of the biggest
challenges in bone regenerative medicine. To address this
issue, preprogrammed release delivery platforms have been
introduced. This type of platform is designed to deliver
biomolecules at specific time points corresponding to their
physiological release pattern. Among preprogrammed release
delivery platforms, the pulsatile delivery systems*®*~*"" have
emerged as a promising approach to achieving precise
temporal control over biomolecule release. These systems
deliver therapeutic agents in pulses at predetermined intervals
over an extended period (usually several months).””%*”"
Pulsatile release platforms may be based on multilayer or
multicompartment constructs, where each compartment
contains and releases the biomolecule at its own unique rate.
Particular compartments can be made of different matrix
materials (e.g, biodegradable polymers such as PLGA,”’
gelatin,””" poly(4-vinylpyridine), alginate,””>*”* PLLA*"*) with
different degradation rates. The degradation of each compart-
ment leads to a burst (pulse) of bioactive agents. The lag time
between pulses can be precisely tuned by varying the molecular
weights of the polymers, combining materials with different
degradation rates in various proportions (e.g, glycolic and
lactic acid in a PLGA copolymer),””" or adjusting the size/
thickness of particular compartments. Another approach to
pulsatile release is based on implantable microchip devices
made of several reservoirs containing discrete doses of
bioactive agent(s). The sequential release from each reservoir
may be attained by sealing the reservoir with biodegradable
PLGA membranes with various compositionszm or preprog-
ramming the chip to open particular reservoirs at predeter-
mined time points. Reservoir openings can also be triggered
remotely using wireless communication.”’
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Preprogrammed delivery devices can be employed to
provide accurate doses of single or multiple bioactive
molecules. Single biomolecule dosing is particularly useful in
the case of biofactors, the effect of which depends strongly on
administration frequency. An example of such a biomolecule is
PTH, which is used to stimulate bone formation in the
treatment of osteoporosis. PTH can act anabolically (promot-
ing bone formation) when administered intermittently’’® and
catabolically (leading to bone degradation) when administered
continuously.””” For pulsatile PTH delivery, devices composed
of multiple layers of biodegradable polymers have been
proposed.”******* For example, Dang et al. developed a
pulsatile PTH delivery device consisting of alternating alginate
layers loaded with the drug (PTH) and polganhydride (PA)
isolation layers that did not contain the drug.”®’ Such a device
can release daily PTH pulses, upon the gradual degradation of
its subsequent layers, for up to several weeks, after which the
body completely resorbs the device without the need for
implant removal. This system has been demonstrated to have a
superior ability to induce new bone formation and much fewer
side effects than conventional therapy that relies on daily
systemic PTH injections. Another platform for PTH delivery,
an implantable silicon microchip that releases drugs by wireless
control, has successfully passed safety and efficacy evaluations
in clinical studies.””> This type of device may provide a
valuable alternative to the current FDA-approved PTH
therapies in the near future.

The second goal of preprogrammed delivery systems is to
allow the sequential release of multiple biomolecules involved
in natural bone regeneration, including osteogenic, immuno-
modulatory, and proangiogenic factors such as BMPs,>”>*78
IGF-1,""° VEGF,”>**%*!" PDGF, TGF-$1,"*° interferon-y,
and interleukin-4 (IL-4).”**7*** Sequential delivery of
biomolecules has been shown to improve osteogenic outcomes
in a number of in vitro and in vivo studies.”’>*’%**?% Based
on the accumulating evidence that the current clinical
approaches based on high biomolecule concentrations cause
numerous side effects,”*" the preprogrammed devices that are
currently under development have been designed to release
bioactive agents at much lower doses (e.§., 6.5 pig of BMP-2 vs
6—12 mg in INFUSE Bone Graft).””’ Low-dose devices,
therefore, can potentially resolve the safety concerns of the
regenerative bone therapies currently employed in clinical
practice.

Stimuli-Responsive Delivery Platforms. Another group
of biomolecule delivery platforms is stimuli-responsive
systems.'”***” These systems are able to deliver biomolecules
on demand in response to specific stimuli, which can be
categorized as physiological signals coming from the patient’s
body (e.g., temperature, pH, body fluid composition, oxygen
concentration, etc.”*¥**”) and external stimuli such as exposure
to ultrasound,”***°! near-infrared light,292 or electric®® or
magnetic fields.””* The main aim of stimuli-responsive release
is to achieve time- and site-specific drug delivery, which can
effectively eliminate the systemic side effects of therapy.

Delivery platforms triggered by physiological stimuli do not
require exposing the patient to external factors and are
therefore considered safer and more convenient. For this
reason, physiological stimuli-responsive platforms have been
more extensively explored in bone regeneration than external
stimuli-responsive platforms.”” An example of a system
triggered by a physiological stimulus is polyelectrolyte
microbeads (dextran methacrylate-AMPS microbeads) that

release PTH in response to an increase in the Ca’’
concentration, which occurs in patients with osteoporosis
due to bone loss.”’° A different strategy for physiological
stimuli-mediated release is based on the cleavage of the
material encapsulating the biomolecule by enzymes naturally
occurring in the bone ECM, such as metalloproteinases
(MMPs) or collagenases.”””**® Since most synthetic bio-
materials are not susceptible to enzymatic degradation, to
create enzyme-sensitive delivery systems, the matrix material
needs to be functionalized with enzyme cleavage sites. This can
be achieved by chemically modifying the matrix with molecules
containing specific amino acid sequences that can be
recognized by enzymes, such as cleavable oli_cPropeptideszgg"?’00
or cross-linkers (e.g,, bis-cysteine peptides).””” In the presence
of proteases secreted by host cells at the implantation site, the
cross-linker is cleaved, which results in cell-mediated
degradation of the polymer matrix and release of the entrapped
biomolecules. Enzyme-sensitive systems used in BTE mainly
employ PEG derivative hydrogels’”" and hyaluronic acid
hydrogels.””” These systems have been utilized for the local
delivery of GFs (e.g, BMP-2,”*® VEGF*®) and chemokines
e.g., stromal cell derived factor-l1a (SDF-1a).*”*

The next group of stimuli-responsive systems is temperature-
sensitive delivery platforms. These platforms typically employ
thermoresponsive polymers’ ™" that undergo gel—sol or
sol—gel transitions at body temperature. Gel—sol transition
leads to the release of biomolecules immobilized in hydrogel
implants or microspheres””” upon implantation. Materials that
transition from a sol to a gel at 37 °C are being used as in situ
forming injectable hydrogels that remain liquid at room
temperature but rapidly solidify into a gel upon injection,
allowing long-term drug release. The most widely used
thermo§elling polymers are based on poly(N-isopropylacryla-
mide)*"” and polyester block copolymers.”"'~*'* Due to their
injectability and gelation under physiological conditions, these
polymers have been broadly apzplied to deliver biomolecules
such as VEGF’'? and BMP-2.>'

Among the platforms that are sensitive to physiological
stimuli, pH-sensitive systems have elicited much interest in
bone regeneration. These platforms are based on materials that
undergo a sol—gel transition, degradation, or volume change
(swelling/shrinking) in response to changes in pH. For
instance, at the desired pH, polymers may transition from a
tightly packed to an expanded state,” which leads to polymer
swelling, liquefaction, and drug release. The pH range that
triggers phase transition can be tailored to a specific target site
by incorporating ionizable groups with specific pK values, that
match the desired pH, into the polymer molecules.>"> pH-
sensitive materials employed in BTE include, among others,
poly(NIPAAm-co-AAc) hydrogels,** al§inate/ chitosan poly-
electrolyte complexes,”’” and chitosan’'®*'? and transition
either at physiological pH (~7.4) or under the acidic
conditions (pH 5—6) found in healing tissues.””’ Numerous
pH-responsive platforms have been developed for the on-
demand delivery of biomolecules such as BMP-2,>"” VEGEF,
EGF,”” and dexamethasone.*'® For greater control over
biomolecule delivery, temperature- and pH-sensitive polymers
can be combined into dual stimuli-responsive platforms that
are sensitive to both pH and temperature.””’ pH- and
thermosensitive hydrogels can be fabricated by adding pH-
responsive end groups to thermosensitive block copolymers.
Such an approach has been employed to generate dual-
responsive poly(e-caprolactone-co-lactic acid) (PCLA)/PEG
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hydrogels for BMP-2 delivery.””' Combining two mechanisms
to control drug release ensures highly specific dosing within a
narrow range of physiological conditions.

Gene Delivery Platforms. With advancements in genetic
engineering, gene delivery platforms have been proposed as a
new approach to release biomolecules accelerating bone
regeneration.”””*>> Gene delivery aims to upregulate the
synthesis of biofactors involved in bone regeneration or silence
signaling pathways that inhibit osteogenesis®>**** locally in the
bone defect. The most common strategy for gene delivery is
transfection of the target cells, which can be either host cells
infiltrating an osseous defect or foreign cells transplanted into
the lesion. Introducing genes encoding osteoinductive factors
into cells allows their continuous expression and sustained
release for extended periods, which may resolve the issue of the
short halflife of biomolecules. Moreover, biofactors synthe-
sized directly at the regeneration site in their native form
display higher activity than exogenous recombinant proteins.
Gene transfection is performed using vectors (viral or
nonviral) that carry the foreign gene into the cell. The key
advantage of viral vectors is their high transfection efficiency.
Viral vectors (mostly adenoviral and retroviral vectors) have
been broadly used for the local delivery of genes encoding
osteoinductive agents such as BMPs,*****”7 VEGF,****° LIM
mineralization protein-1 (LMP-1),>** and cyclooxygenase-2.*’
Viral vectors can be introduced into the bone defect directly by
injection of a viral particle suspension®”® or by implantation of
a polymer matrix incorporating the vector.”””>** It has been
shown that gene delivery using viral vectors leads to high gene
expression levels in bone defects over a period of several weeks
(typically 4—6 weeks),”*" which accelerates bone healing
considerably.>***>%3° However, viral vectors raise serious
safety concerns regarding the activation of the host immune
response as well as tumor formation due to the risk of random
insertion of the transferred gene into the host genome.””’

To overcome these issues, nonviral vectors have been
proposed as safer alternatives to viral vectors. Nonviral vectors
may take the form of plasmids,>*® which are small circular
pieces of free DNA carrying the transgene or other forms of
nucleic acids such as cDNA,”' siRNA*** or microRNAs,***
(miRNA), which are small noncoding RNAs able to post-
transcriptionally regulate pathophysiological signaling path-
ways via degradation of mRNA or inhibition of translation.**”
Plasmids have been demonstrated to effectively deliver the
PTH,**° VEGF,**' and BMP-4*** genes into host cells and
successfully induce new bone formation. However, since naked
DNA is easily degraded by nucleases, high doses are typically
required to exert relevant therapeutic effects. To preserve the
integrity of the transferred genes, plasmids,”*’ or other forms
of nucleic acids such as cDNA,”" miRNA,*** and siRNA*** can
be incorporated into protective polymer matrices called gene-
activated matrices (GAMs, e.g, colla§en sponges,3 2345
collagen/calcium phosphate scaffolds,”™ and triacrylate/
amine-gelatin constructs®*®) or gene delivery vehicles such as
liposomes™*”*** or polycation-based nanoparticles. Liposomes
used for gene delivery are usually based on cationic lipids,
which spontaneously form complexes with nucleic acids due to
the electrostatic interactions between the positively charged
lipids and negatively charged nucleic acid molecules. The
resulting lipoplexes protect DNA from degradation and are
easily taken up by cells via endocytosis.”*” Liposomal vectors
have been demonstrated to effectively deliver biomolecule
genes (e.g, VEGF and BMP-2) into bone defects.”**" In vivo

studies have shown that the host cells surrounding an osseous
lesion take up liposomes carrying BMP-2 cDNA and effectively
express the transgene for up to 4 weeks, leading to enhanced
bone formation. Nonetheless, the significant drawbacks of
liposomes are the poor stability of lipoplexes in physiological
fluids, their rapid clearance from the target site, and their
tendency to aggregate.’”>' A variety of strategies have been
developed to improve the performance of liposomes as gene
carriers. Modifications of the liposome physicochemical
properties, including size, charge, lipid composition, lipid-to-
DNA ratio, and chain length, have been shown to increase
liposome stability and cellular uptake.”>® To allow tissue-
specific gene delivery, liposomes have been modified with
functional groups with a high affinity for bone (e.g,
pyrophosphate®* or bisphosphonate groups*) or ligands
that bind to specific receptors on the surface of the target cells
(e.g, peptides, antibodies, or aptamers™"*>*). To prolong the
retention of liposomes at the implantation site, liposomes have
also been encapsulated in hydrogels,”* core-shell nano-
fibers,”>> and microspheres.

Another type of nonviral vector is polycation-based
nanoparticles. Polycations such as polyethylenimine (PEI),
poly-L-lysine (PLL), and chitosan®***” have the ability to
form complexes with nucleic acids due to their positive charge.
During complex formation, the genetic material is condensed
into nanostructures called polyplexes. The cationic regions of
the polyplexes easily bind to negatively charged cell
membranes, which promotes their uptake and contributes to
the increased transfection efficiency compared to naked
plasmids.”>® However, the polycationic regions of polyplexes
can disrupt the integrity of cell membranes, resulting in
cytotoxicity toward host cells.”*” To reduce this effect, the
surface properties of polyplexes may be altered by chemical
modifications, such as acetylation®® or carboxyalkylation.*"

Each biomolecule delivery platform described above has its
advantages and disadvantages. Current research has focused on
combining the advantages of the systems developed to date
into a single platform. The field of tissue engineering is
currently progressing toward multicomponent systems com-
prising multiple types of biomolecule delivery vehicles.”** An
interesting example of such a platform is a two-stage delivery
system for the local delivery of miRNA (microRNA) that
activates the osteoblastic activity of endogenous stem cells.”**
This platform is composed of nanosized core—shell miRNA/
polyplexes encapsulated in biodegradable polymer micro-
spheres attached to an NF polymer scaffold. Such a design
ensures high transfection efficiency due to the use of
polyplexes. Encapsulating polyplexes within microspheres
allows their release to occur in a controlled and sustained
manner, while the attachment of microbeads to the NF scaffold
enables their proper spatial distribution and effective fixation at
the implantation site. This combination translated to greatly
improved therapeutic effects in osteoporotic mice. The volume
of the new bone formed upon implantation of this scaffold was
six times higher than that in the group treated with naked
miRNA.>** To allow further advancements in the field, the
most recent studies aim to combine multicomponent scaffolds
with different classes of signaling molecules and cells
(particularly stem cells) that perform diverse biological
functions during osteogenesis into a single biomimetic bone
construct.”*® To drive the progress of bioactive bone implants
toward clinical translation, future research will need to resolve
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the issue of recreating the bone-specific spatial organization of
biomolecules and cells within such constructs.

B CHALLENGES AND SOLUTIONS IN THE
DEVELOPMENT OF BIOACTIVE MATERIALS FOR
BONE REGENERATION

Bioactive materials designed to deliver biomolecules to bone
defects have contributed to significant progress in the field of
bone regeneration and reconstruction. Multiple studies have
confirmed that these materials can effectively accelerate new
bone formation and, more importantly, engage in a complex
biochemical dialogue with the host cells. Over the last several
decades, the materials applied in bone regeneration have
evolved from simple bioinert bone substitutes to highly
advanced bioartificial systems able to both provide the
mechanical support and respond to signaling factors secreted
by the surrounding tissues. Currently researched bioactive
implant materials have the potential to address key safety
concerns of the current FDA-approved clinical approaches to
bone healing based on BMP-2, ie. the adverse side effects
caused by supraphysiological BMP-2 concentrations.”"!

The limitations of current strategies for the treatment of
bone defects have driven research toward the development of
the biomolecule delivery platforms that would contain lower
doses of biomolecules'®® and provide a more precise control
over their release. Despite promising results from research
studies, so far only a few systems have reached the clinical
setting. INFUSE Bone Graft from Medtronic, which is a
collagen sponge soaked with recombinant BMP-2, is currently
the only FDA-approved BMP-based product used in clinical
practice. The vast majority of bioactive materials for bone
regeneration applications remain at in vitro or animal testing
stage, as they suffer still from relatively limited control over the
biomolecule release rate. One of the approaches to resolving
the issue of rapid biomolecule release (e.g, burst release) relies
on multicomponent composite materials 1ncorporat1ng bio-
molecule-loaded carriers such as microspheres,”*' core—shell
mlcrocapsules,  or nanospheres.242 24 Biomolecule carriers
provide much more precise control over the release kinetics of
the therapeutic agent and can greatly prolong the duration of
biomolecule release.”** As a result, multicomponent materials
can deliver biomolecules gradually over extended periods
ranging from weeks*>”**® to even months,>** which consid-
erably improves their capability to induce bone forma-
tion. 257259

Another key challenge in the field of bioactive bone implant
materials is tailoring the timing and order of biomolecule
release to release patterns occurring in the physiological bone
healing. This challenge can be addressed by the stimuli-
responsive delivery platforms,'”® which release the biomole-

cules on-demand in response to specific stimuli (e.g., host cell-
driven degradation of the polymer matrix) or preprogrammed
delivery platforms secreting biomolecules at specified time
intervals (e g., implants releasing therapeutic agents by wireless
control”’*).

An important factor hindering further advancements in
bioactive materials for bone regeneration is low stability and
the short half-life of biomolecules in vivo. The direction of
research that seems the most promising in overcoming this
problem is developing gene delivery platforms that allow in situ
expression of factors promoting bone healing.”****” These
systems can effectively eliminate the problem of rapid loss of
biomolecule activity at the target site by providing its

continuous e )gpresswn and sustained release locally in the
bone defect.”*7>*

More studies are also necessary to improve control over the
spatial distribution of the biomolecules or/and immobilized
cells within the bioactive materials. The technology that can
contribute to significant progress in this area is 3D
bioprinting.*** This technology may enable manufacturing of
personalized bone grafts combining multiple types of cells and
materials loaded with different bioactive factors into a single
platform. It is expected to allow us to recreate tissue-specific
3D organization of biochemical cues and cells within
biomimetic bone tissue constructs in the near future. The
development of cell-loaded bioactive materials able to
sequentially deliver multiple biomolecules in a spatially and
temporally controlled manner would represent a significant
milestone in our progress toward smart biomaterials for bone
regeneration applications.

As mentioned above, bone is a very complex multifunctional
connective tissue whose properties allow it to perform several
highly specialized functions in the human body. To serve its
structural purposes and protect the vital organs (e.g., rib cage
or braincase), bone has to be resilient. On the other hand,
bones need to be stiff to provide the proper reaction to muscle
contractions and withstand the applied forces (load). More-
over, bone remains a reservoir of minerals, particularly calcium
and phosphate, and it provides niches for many cell types,
including crucial progenitor and multipotent cells. To
effectively carry out all of these tasks, the skeleton exists in a
dynamic equilibrium characterized by continuous osteoclast-
mediated bone resorption and osteoblast-mediated bone
deposition. These highly orchestrated and simultaneous
processes result in an 1mg)ercept1ble change in a bone mass
called bone remodeling.®

Recently, the majority of studies on bone remodeling at the
cellular level have focused on the roles of mature osteoblasts
and osteoclasts and their respective precursor cells. It is worth
noting that when mediating bone remodeling, there is growing
recognition of the roles of two other types of cells found in
bone, namely, osteocytes and bone lining cells. Osteocytes are
mechanoreceptors derlved from osteoblasts that remain
trapped in the matrix.** It has been proposed that osteocyte
programmed cell death initiates the bone remodeling.’®” The
role of bone lining cells remains quite unclear and requires
future investigation. However, it has been postulated that these
cells play a role in the coupling of bone resorption to bone
formation.**® It has also been confirmed that immune cells are
capable of producing factors that both aid and suppress
osteoclastogenesis. An altered balance between the expression
of stimulating or suppressing factors will have an impact on
bone homeostasis.*®”

Despite the unique capacities of self-regeneration and self-
remodeling, several musculoskeletal diseases, such as osteo-
genesis imperfecta, osteoarthritis, osteomyelitis, and osteopo-
rosis, can affect the physiological functions of bone tissue,
which may have consequences on the quality of life of a
patient. Furthermore, such diseases, combined with traumatic
injuries, orthopedic surgeries, or primary tumor resection, may
result in the damage and degeneration of tissues.**”

One condition that comes with an increased risk of fracture
in response to minimal or low velocity force and impaired bone
regeneration is osteoporosis. Osteoporosis is defined by a
decrease in bone strength due to lower bone density. In
general, the areas most prone to fractures are the nonvertebral
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areas. These sites are characterized by bone that is composed
of mainly compact or cortical tissue that accounts for 80% of
the total bone mass in an adult skeleton, while trabecular tissue
makes up the remaining 20%.””° Peak bone mass is reached at
the end of the third decade of human life. After this point, the
balance between bone formation and bone resorption is
impaired, with a relative increase in bone resorption that leads
to net bone loss. According to recent research, after the age of
65, the majority of bone loss is cortical bone loss. Nonetheless,
the postmenopause bone loss observed in women is mainly
trabecular bone loss. The consequence of the imbalance
between bone formation and resorption and the subsequent
deterioration of the skeletal microarchitecture will result in the
loss of bone tissue and bone strength.””*

The basic diagnostic techniques that determine bone
strength and lead to targeted intervention strategies in
osteoporosis treatment include BMD measurements, bone
geometry determinations, evaluations of bone microstructure,
extent of bone mineralization, and examinations of the
properties of the bone matrix or the presence of a fragility
fracture.””” Osteoporotic fractures are associated with serious
consequences, such as a diminished quality of life, decreased
functional independence, and increased morbidity and mortal-
ity. Therefore, there is a great need to improve diagnostic
strategies and optimize the prevention and treatment of
osteoporosis.367

Taking these factors into consideration, an improved
understanding of the pathophysiology of osteoporosis will
result in better therapeutic and diagnostic procedures for this
disease. It is worth noting, in light of the growing prevalence of
osteoporosis and its association with the danger of trauma,
discovering factors that can modulate the risk of osteoporotic
trauma would significantly increase the number of people that
qualify for treatment.*®”

Recently, the role of the immune system in the pathogenesis
of osteoporosis has increasingly been recognized, prompting
the emergence of the field of osteoimmunology. The immune
system has been postulated to play an essential role in the
etiology of bone disease by unbalancing the actions of bone-
resorbing osteoclasts and bone-forming osteoblasts.””**”*

Clinical examinations of autoimmune disease samples have
demonstrated that autoantibodies can induce the differ-
entiation and activation of osteoclasts and alter bone mineral
content. The immunological causes of bone destruction appear
to stem from inflammation and autoimmunity. For instance,
independent risk factors for the development of bone erosions
and osteoporosis in rheumatoid arthritis (RA) are autoanti-
bodies such as rheumatoid factor (RF) and anticitrullinated
protein (ACPA).340’374’375

RA is a chronic autoimmune inflammatory disease that is
characterized by local bone erosion, joint space narrowing, and
extra-articular manifestations caused by the production of two
main autoantibodies, RF and ACPA, against common
autoantigens that are widely expressed outside the joints.
Severe cases of RA may result in periarticular osteopenia,
systemic osteoporosis, and systemic bone erosion. Elevated
inflammatory cytokines (such as TNF-a, IL-1, IL-6, IL-7, and
IL-17) in RA are involved in bone destruction through the
recruitment of osteoclast precursors to the bone environment,
where they differentiate into mature cells. These inflammatory
cytokines induce the overexpression of RANKL and decrease
the levels of OPG (an alternate receptor of RANK), and this
perturbation leads to increased osteoclastogenesis. Never-

theless, significant amounts of anti-inflammatory cytokines
have also been reported to be present in RA joints. Cytokines,
such as IL-10, IL-13, and TGF-§, negatively affect joint
destruction and the inflammation associated with RA. In
summary, chronic inflammation of the synovium and thus
bone destruction in RA is caused by a complex network of
inflammatory cytokines. Thus, therapies aimed at inflammatory
cytokines and/or lymphocyte activation may modify RA
treatment by blocking local and systemic inflammatory
cascades and supporting the beneficial effects against bone
and joint destruction.”’®~*"*

RA along with other inflammatory autoimmune diseases
(systemic lupus erythematosus (SLE), ankylosing spondylitis
(AS), and inflammatory bowel disease (IBD)) continue to be
increasing public health problems worldwide. A better
understanding of the mechanisms by which the inflammatory
cytokine network induces chronic inflammation in auto-
immunity will provide new therapeutic approaches to reduce
bone destruction in inflammatory autoimmune diseases.’”®
Even though primary bone cancers are rare, bone often
becomes a plausible niche for the metastatic spread of various
cancers. Surgical, irradiation, or chemotherapy-based cancer
removal does not generally guarantee complete clearance of all
cancer cells. On the other hand, several cancer treatment
options may induce bone loss, causing or enhancing
osteoporosis in these patients. Remnant tumor tissue promotes
the release of inflammatory cytokines and osteoclast activation,
which in turn, drive the excessive degradation of transplanted
bone tissue or bone-mimicking implants. Traditional resection
and reconstruction cannot provide adequate bone healing and
regeneration in such cases.’’” Recently, magnetic field-
responsive nanoparticles containing Fe;O, were developed to
kill cancer cells in response to external magnetic field sources
by elevating the temperature of the tissues in contact with
nanoparticles. The magnetic field application is safe for the end
user and leaves the normal surrounding tissue untouched.
Intriguingly, the application of Fe;O, nanoparticles and
application of magnetic hyperthermia enhanced bone regen-
eration by an unclear mechanism.”*>**" Other types of
intelligent, tumor-killing materials were developed based on
the controlled release of cytotoxic butyrate or Fe-CaSiO;,
which can be further enhanced by photothermal therapy.**>***
Such therapies are characterized by noninvasiveness and high
controllability, showing great promise in bone tissue
regeneration applications.

Before planning a therapeutic strategy aimed at treating
specific diseases, it is important to recognize that bone
regeneration is highly dependent on the formation of a new
blood vessel network. The efficiency of the formation of new
bone broadly depends on the growth rate and the extent of the
blood vessels. Thus, when reconstructing large bone defects
using cell-based tissue engineering, it is important to improve
the strategies employed for bone vascularization. This is of
particular importance when seeding cells in the central region
of the scaffolds, as cells may die due to insufficient access to
nutrients and oxygen. Traditional methods employed for
engineering vascularized bone directly target the defect site,
thus optimizing the healing process. Among them, we can
include culturing BMSCs, endothelial progenitor cells,
endothelial growth factors, and FGFs, along with endothelial
cell monoculture and the coculture of endothelial cells and
bone-forming cells. Despite its potential, the clinical
applications of tissue-engineered vascularized bone are still
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very limited. To determine the appropriate release kinetics of
GFs and establish new tissue engineering scaffolds for inducing
angiogenesis and bone morphogenesis, further research is
needed. Finally, the newly designed scaffolds should also
support the differentiation of stem cells into vascular
precursors for osteogenesis.”*

B CONCLUSIONS

Globally, an estimated 175 million people suffer from bone
fractures yearly, and many require implantation surgeries to fill
in bone defects. Stimulation of the regeneration process of
extensive bone tissue defects is challenging, and autologous
graft is often excluded as an option to treat affected individuals.
Significant defects can be the cause of the development of
disabilities.

The growing field of bone replacement material engineering
aids the healthcare systems in treating complex and extensive
cases of bone loss. Currently, many innovative biomedical
approaches are being tested worldwide to develop advanced
bone regeneration strategies. The most advanced scaffolds are
the fruits of the work of multidisciplinary research groups
involving material chemists, material engineers, biologists, and
medical professionals. Since the legislation process is
demanding regarding product biosafety and biocompatibility,
most advanced bone-replacement scaffolds are at various stages
of design, preclinical, or clinical studies. A separate group of
recipients are people whose bone loss is associated with
degenerative diseases and cancer. Even more sophisticated and
personally dedicated advanced solutions are needed in such
cases, remaining the major challenge in the field of bone
regeneration.

The “perfect scaffold” for treating bone defects would be
made of biomaterials that mimic the properties of the natural
bone, ideally containing living and dividing progenitor cells in
its structure. Such an environment would support not only the
growth and differentiation of bone tissue but also its
vascularization and even innervation, which requires the
presence of numerous signaling molecules, growth factors,
and metabolites found in natural bone. The complexity of such
a system causes problems in the fabrication of the perfect
scaffold and in ensuring its stability and viability. The
methodological advances presented in our review show that
the scientific world is getting closer to formulating a recipe for
producing a near-perfect implant. Functionalization of modern
implants with osteoconductive fractions of hydroxyapatites,
collagens, growth factors, bioactive peptides, and metabolites is
entirely feasible thanks to overcoming technological gaps in
material fabrication approaches.

Looking at the popularity of this research topic and the
extensiveness and complexity of scientific approaches, we are
convinced that, in the next few years, perfect implants will
enter the healthcare market. These solutions will present ideal
mechanical properties, be bioresorbable, and be fully replaced
with the patients healthy and adequately vascularized bone
tissue.
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Urbaniak M. M., Gazinska M., Rudnicka K., Ptocinski P., Nowak M., Chmiela M.

International Journal of Molecular Sciences, 2023, 24, 7846.

DOI: 10.3390/ijms24097846

W pierwszym etapie badan wchodzacych w sktad publikacji P.l., w celu nasilenia
biosyntezy oraz efektywniejszej izolacji bakteryjnej PyoM z ptynnych hodowli P. aeruginosa
Mel+, opracowano dwa podtoza minimalne PMM (pyomelanin minimal medium) — podtoze
PMM 1 sktadajace si¢ z glukozy, soli mineralnych (KH2POs4, NaCl, MgSOs) i tyrozyny,
bedacej prekursorowym aminokwasem dla produkcji HGA 1 PyoM oraz podtoze PMM II,
bedace rozszerzong wersja pozywki PMM 1 suplementowanej arabinoza i kwasem
jabtkowym. W kolejnym kroku opracowano metode otrzymywania i oczyszczania dwoch
form bakteryjnej PyoM — rozpuszczalnej (PyoMso) lub nierozpuszczalnej w wodzie
(PyoMinsol), a takze syntetycznego odpowiednika tego bakteryjnego barwnika (sPyoM)
otrzymanego w reakcji polimeryzacji HGA. Uzycie podtozy PMM I lub PMM II oraz metody
oczyszczania PyoM, z wykorzystaniem chromatografii powinowactwa i wirowania
zat¢zajacego, zwiekszyto skutecznos$¢ izolacji barwnika na poziomie, odpowiednio 1,13
+0,12 g/L (PMM )i 1,79 £ 0,18 g/L (PMM 1I) dla PyoMso oraz 0,71 + 0,04 g/L (PMM 1)
11,22+0,10 g/L (PMM II) dla PyoMinsol, w porownaniu do wydajno$ci otrzymywania PyoM
z hodowli P. aeruginosa w komercyjnym podtozu LB (odpowiednio PyoMso i PyOMinsol: 0,45
+ 0,14 g/L 1 0,69 + 0,15 g/L). Podczas syntezy chemicznej tego barwnika, w poréwnaniu
do produkcji PyoM przez bakterie, otrzymano jedynie 0,077 + 0,01g sPyoM z 1 g kwasu
HGA.

W kolejnym etapie badan scharakteryzowano strukture chemiczng uzyskanych
wariantow PyoM z wykorzystaniem techniki FTIR oraz okreslono ich termostabilno$¢ przy
uzyciu metody TGA i DSC, aby wykluczy¢ mozliwg degradacje cieplng w procesie
autoklawowania 1 przetworstwa. W strukturze bakteryjnych PyoM wykazano ugrupowania

charakterystyczne dla zwigzkéw melaninowych wywodzacych si¢ z HGA tj. pierScienie
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aromatyczne, grupy karboksylowe oraz grupy hydroksylowe. Analiza wynikéw badan
uzyskanych metodami TGA i DCS wykazala, Zze najwyzsza stabilnoscig termiczng
charakteryzuje si¢ PyoMinsol (196,4°C) a najnizsza sPyoM (158,0°C), co moze wskazywac na
wickszy udziat ugrupowan aromatycznych lub innych sprzezonych wigzan nienasyconych w

tancuchach bakteryjnych PyoMinsol.

W ostatniej czesci pracy scharakteryzowano uzyskane warianty PyoM pod wzgledem
cytokompatybilno$ci, na modelu in vitro referencyjnych fibroblastow 1.929 myszy
I monocytow THP-1 czlowieka, oraz okreslono bezpieczenstwo biologiczne in vivo
na modelu larw Galleria mellonella z wyznaczeniem wskaznika HISS. Ponadto oceniono
zdolnos¢ PyoM do aktywacji czynnika transkrypcyjnego NF-«B, kluczowego w rozwoju
reakcji odpornos$ciowych i procesow regeneracji uszkodzonych tkanek. Wykazano, ze
bakteryjne piomelaniny, PyoMso i PyoMinsol, sa wysoce cytokompatybilne wobec
fibroblastow 1929 i monocytéw THP-1, spetniajac zalozenia normy ISO 10993-5:2009
(Biologiczna ocena wyrobow medycznych — Czg$¢ 5: Testy cytotoksycznosci in vitro). Oba
warianty naturalnej PyoM P. aeruginosa byly cytozgodne w zakresie st¢zen 1 — 1024 pg/ml,
w przeciwienstwie do formy syntetycznej, ktora nie wykazywata dziatania cytotoksycznego
jedynie w zakresie stezen 1-32 pg/ml wzgledem fibroblastow myszy i w zakresie stezen
1-16 pg/ml wobec monocytow cztowicka. W badaniu z wykorzystaniem reporterowych
monocytow THPI1-Blue™ NF-kB wykazano istotne rdznice w aktywacji czynnika
transkrypcyjnego NF-xB przez badane PyoM. Czynnik NF-kB byt najsilniej aktywowany w
hodowlach monocytow stymulowanych PyoMso (aktywacja zalezna od dawki w zakresie
1-1024 pg/ml). Natomiast po traktowaniu komorek reporterowych PyoMinsoi lub SPyoM
wykazano aktywacj¢ czynnika NF-kB w zakresie stezen, odpowiednio 64—1024 pg/ml lub
1-64 ug/ml. Wyniki biokompatybilnosci uzyskane na modelu in vivo byly spojne z wynikami
eksperymentow komorkowych in vitro. Nie wykazano objawéw toksyczno$ci uktadowe;j
dwoch wariantow bakteryjnej PyoM po 0, 12, 24, 48, 72, 96 1 120 godzinach od wstrzyknigcia
barwnika larwom. Catkowita punktacja HISS u larw traktowanych PyoMsol lub PyoMinsol byta
zblizona do wskaznika HISS u larw kontrolnych nastrzyknietych solg fizjologiczng
buforowang fosforanami (PBS, phosphate buffered saline), ktory wynosit 9,0. Sumaryczny
wskaznik HISS u larw nastrzyknigtych sPyoM byt nizszy (7,79-3,58), w poréwnaniu do HISS

u larw, ktorym podano naturalne warianty PyoM lub PBS.
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P.Il.

Can Pyomelanin Produced by Pseudomonas aeruginosa Promote the Regeneration

of Gastric Epithelial Cells and Enhance Helicobacter pylori Phagocytosis?

Urbaniak M. M., Rudnicka K., Gosciniak G., Chmiela M.

International Journal of Molecular Sciences, 2023, 24, 13911.

DOI: 10.3390/ijms241813911

Celem drugiego etapu badan, na podstawie ktoérego powstata praca P.Il. bylo
okreslenie przeciwdrobnoustrojowego dziatania bakteryjnych PyoMso i PyoMinsoi Wobec
pateczek H. pylori oraz hamowania dziatania cytotoksycznego LPS tych bakterii, ktore jest
powigzane z nasileniem stresu oksydacyjnego i apoptozy, na modelu fibroblastoéw 1929,
monocytow THP-1 oraz komorek nablonka zotadka AGS. Ponadto celem badan byta
weryfikacja zdolno$ci tych barwnikow do wspomagania procesu regeneracji komorek

nabtonkowych zotadka i nasilania fagocytozy H. pylori przez komérki zerne in vitro.

W pierwszym kroku scharakteryzowano wtasciwosci przeciwbakteryjne wariantow
PyoM w tescie redukcji resazuryny z wyznaczeniem najnizszego stezenia hamujacego (MIC,
minimum inhibitory concentration) wzrost referencyjnych i klinicznych szczepow H. pylori.
Wartosci MICso i MICgg zdefiniowano jako najnizsze stezenie PyoM, przy ktorym zywotnosc¢
bakterii ulegata obnizeniu, odpowiednio o 50% lub 99%. Wykazano, ze PyoMso I PyOMinsol
istotnie hamowaly zywotno$¢ referencyjnych i klinicznych szczepow H. pylori. MICso
PyoMso wobec szczepu H. pylori CCUG 17784 wynosit 14,5 pg/ml, natomiast wobec
szczepdw klinicznych M91 1 M102 odpowiednio, 19,5 pg/ml i 18,6 pg/ml. Wartosci MICso
dla PyoMinsol wynosity odpowiednio, 7,2 pg/ml, 18,4 pg/ml i 15,5 pg/ml. Warto§¢ MICgg
PyoMso W stosunku do badanych szczepéw H. pylori miescita si¢ w zakresie 31,7-34,2

ng/ml, natomiast dla PyoMinsol W zakresie 19,3-29,0 pg/ml.

W  kolejnym  etapie  badan  oceniono  wlasciwosci  cytoprotekcyjne
I przeciwapoptotyczne badanych form PyoM, w $rodowisku referencyjnego LPS E. coli lub
LPS H. pylori, odpowiednio w tescie redukcji MTT i TUNEL. Wykazano, ze PyoMsol
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I PyOoMinsol, w badanych stezeniach (1 pg/ml lub 16 pg/ml), nie wptywatly na zywotnos¢
fibroblastow L-929, monocytow THP-1 i komorek nabtonka zotadka AGS. W hodowlach
komorkowych traktowanych LPS H. pylori lub LPS E. coli odsetek zywych komorek istotnie
zmniejszyt si¢, natomiast po kostymulacji komorek PyoM i LPS H. pylori lub LPS E. coli
ich zywotno$¢ byla zblizona do zywotnosci komoérek nietraktowanych, co sugeruje,
ze bakteryjne PyoM neutralizowaly cytotoksyczne dziatanie LPS. Takie dziatanie PyoM stato
si¢ przestankg do zbadania, czy wykazanemu efektowi cytoprotekcji towarzyszy takze
hamowanie apoptozy komorek. Same bakteryjne PyoM nie indukowaty apoptozy w badanych
komorkach. Wykazano, ze w $rodowisku PyoMsol, proces apoptozy komoérek w hodowlach
komorek nabtonka Zotadka, fibroblastow lub monocytéow traktowanych LPS H. pylori, lub
LPS E. coli, byt istotnie statystycznie ograniczony w poréwnaniu do hodowli komérkowych
nie zawierajacych PyoM. PyoMinso wywolywata efekt przeciwapoptyczny jedynie w stezeniu

1 pg/ml, na modelu komérek AGS lub THP-1 kostymulowanych LPS H. pylori.

Majac na uwadze, iz stres oksydacyjny jest jednym z kluczowych czynnikow
warunkujacych uszkodzenie materialu genetycznego, a w jego nastgpstwie apoptoze
komorek, w celu weryfikacji przeciw-oksydacyjnego dziatania bakteryjnych PyoM,
w komorkach nabtonka Zotagdka AGS eksponowanych na LPS H. pylori wykorzystano
fluorymetryczng sonde H>DCFDA, umozliwiajaca ocene aktywnosci
wewnatrzkomérkowych ROS. Wykazano, ze w §rodowisku LPS H. pylori lub referencyjnego
LPS E. coli poziom ROS w komoérkach AGS, po 30 minutach lub 24 godzinach ekspozycji
byt istotnie podwyzszony, w pordwnaniu z komorkami nietraktowanymi LPS. Oba warianty
PyoM znaczaco redukowaly poziom ROS, w hodowlach komoérkowych kostymulowanych
PyoM i LPS H. pylori lub LPS E. coli, w poréwnaniu z komérkami traktowanymi samym
LPS.

W kolejnym etapie badan oceniono zdolno$¢ komoérek AGS, stymulowanych PyoM
lub kostymulowanych PyoM i LPS H. pylori, lub LPS E. coli, do migracji w tzw. ,,teScie
gojenia rany” in vitro. Wykazano, ze PyoMso | PyOMinsol istotnie stymulowaty migracje
komorek po 24 i 48 godzinach, w przeciwienstwie do obu LPS bakteryjnych, ktore
ograniczaly ten proces, w poréwnaniu do komorek nietraktowanych. Kostymulacja komorek
AGS PyoMs i LPS H. pylori, lecz nie LPS E. coli, skutkowata bardziej efektywna migracja
komorek po 24, 48 i 72 godzinach, w poréwnaniu do intensywnos$ci migracji komorek
w $rodowisku samego LPS. Dla porownania PyoMinsol jedynie w kostymulacji z LPS E. coli

zwigkszata szybko$§¢ zamykania uszkodzone;j strefy bez komorek po 24 1 48 godzinach.
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Ostatnia czg$¢ pracy dotyczyla zbadania wplywu bakteryjnych PyoM na intensywnos¢
pochtaniania przez monocyty THP-1 referencyjnych pateczek E. coli (pHrodo™ Green
E. coli BioParticles™) lub fluorescencyjnie znakowanych H. pylori w $rodowisku LPS.
Stymulacja monocytéw PyoMsel lub PyoMinsol skutkowata istotnym nasileniem pochtaniania
referencyjnych pateczek E. coli, natomiast taka aktywno$¢ monocytow w obecnosci LPS
H. pylori w hodowli byla znaczaco stabsza, w poréwnaniu z aktywno$ciag komorek
nietraktowanych LPS. Wykazano takze, ze kostymulacja monocytow THP-1 PyoMso (1 i 16
ug/ml) lub PyoMinsol (1 pg/ml) i LPS H. pylori skutkowata przywrdoceniem aktywnosci
fagocytarnej monocytow, zahamowanej przez ten LPS. W przypadku zywych, znakowanych
fluorescencyjnie H. pylori, PyoMsor w stgzeniu 1 pg/ml lub 16 pg/ml istotnie nasilata
pochtanianie tych bakterii przez monocyty, w poréwnaniu do intensywnos$ci pochfaniania
w hodowli nie zawierajacej PyoM. PyoMinso wykazywata podobne dzialanie, jednak

wylacznie w stezeniu 1 pg/ml.
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P.111.

Manuskrypt w recenzji

Exploring the Osteoinductive Potential of Bacterial Pyomelanin Derived from

Pseudomonas aeruginosa on Human Osteoblasts Model

Urbaniak M. M., Rudnicka K., Ptocinski P., Chmiela M.

International Journal of Biological Macromolecules

Celem ostatniej pracy oryginalnej wchodzacej w sktad niniejszej rozprawy doktorskiej
bylo okreslenie potencjatu osteoindukcyjnego i osteokondukcyjnego bakteryjnych PyoM,
a takze ich wlasciwosci proregeneracyjnych na modelu osteoblastow cztowieka i aktywnosci
przeciwbakteryjnej przeciwko klinicznym szczepom Staphylococcus sp. wyizolowanym

z zakazonej tkanki kostne;.

Cytokompatybilno§¢ 1 wlasciwosci przeciwapoptotyczne bakteryjnych PyoM
zweryfikowano na modelu osteoblastow czlowieka hFOB 1.19 odpowiednio, w tescie
redukcji MTT lub w tescie TUNEL. Wykazano, ze PyoMs, nie wptywata na zywotnos¢
badanych komorek w zakresie stezen 1-1024 pg/ml, spelniajac wymagania cytozgodnosci
wedlug normy ISO 10993-5-2009. Podobny efekt wykazano dla PyoMinsol, jednakze
w stezeniu 1024 pg/ml ten wariant PyoM powodowat istotny spadek zywotnos$ci osteoblastow
w porownaniu z zywotnoscig komorek w hodowlach nie zawierajagcych PyoM. Wykazano
takze, ze obie formy bakteryjnych PyoM nie indukowaty apoptozy osteoblastow hFOB 1.19,
w przeciwienstwie do DOX (kontrola pozytywna w tescie apoptozy; cytostatyk stosowany
w leczeniu nowotwordw kosci). W srodowisku PyoMsol lub PyoMinsol, apoptoza indukowana
DOX byta stabiej wyrazona, przy czym PyoMso skuteczniej znosita proapoptotyczne

dziatanie DOX niz PyoMinsol.

W tescie gojenia rany PyoMs, efektywnie stymulowata migracje osteoblastow po 24,
48 1 72 godzinach. Podobne wyniki uzyskano dla komorek kosciotworczych traktowanych
PyoMinsol. Wykazano rowniez, ze osteoblasty eksponowane na PyoMs, jedynie po 24 godz.

stymulacji migrowaty efektywniej niz komorki traktowane PyoMinsol.
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W kolejnym etapie badan, na podstawie analizy transkryptomicznej wykazano,
ze osteoblasty hodowane w warunkach osteoindukcyjnych traktowane PyoMsol r6Znicujg si¢
wydajniej niz komorki w hodowlach nie zawierajacych PyoM. Wykazano wigcej zmian
w transkryptomie osteoblastow stymulowanych PyoMsg, niz nietraktowanych. Zmiany
transkryptomiczne obejmowaly m.in. istotny wzrost ekspresji czynnika BMP-2 i tendencj¢
nasilonej ekspresji niespecyficznej tkankowo fosfatazy alkalicznej (TNSALP, ‘issue-
nonspecific alkaline phosphatase) zwigzanej z dojrzewaniem komorek kostnych, a takze
wzrost ekspresji 3-kinazy fosfatydyloinozytolu — kinazy serynowo/treoninowej (PI3K-Akt)
1 zaleznych od wapnia szlakow sygnatowych zaangazowanych w proliferacj¢ i roznicowanie

osteoblastow.

Proliferacj¢ osteoblastow w dlugoterminowych hodowlach osteoindukcyjnych
oceniano na podstawie ilosciowego oznaczenia DNA za pomocg testu CyQUANT™,
Wykazano, ze liczba osteoblastow w hodowlach stymulowanych PyoMsoi lub PyoMinsol byta
istotnie wyzsza w pordwnaniu do liczby komoérek w hodowlach bez PyoM. W 7 dniu hodowli
osteoindukcyjnej w $rodowisku PyoMse wigcej bylo osteoblastow niz w pierwszym dniu
hodowli. Ponadto stymulacja osteoblastow PyoMse lub PyoMinsol prowadzita do istotnego
wzrostu aktywnosci ALP, w poréwnaniu do hodowli komorek nietraktowanych, osiagajac
w 28 dniu hodowli stezenie, odpowiednio 6,67 + 0,35 IU/ml, 5,61 £+ 0,26 IU/ml lub 4,70 +
0,29 IU/ml. Stgzenie OC w supernatantach z hodowli osteoblastow stymulowanych PyoMsol
istotnie wzrastato przez caty czas trwania hodowli, osiggajac odpowiednio 901,0 + 85,3 pg/ml
w dniu 7 oraz 2440,2 + 128,3 pg/ml w dniu 28. Istotne r6znice w wydzielaniu OC wykazano
takze po 21 dniach hodowli osteoblastow stymulowanych PyoMins, W porownaniu
z komodrkowymi niestymulowanymi. Podobnie do OC, stgzenie IL-6 istotnie wzrastato przez
caly czas trwania hodowli osteoblastow traktowanych PyoMso1, osiagajac 291,5 £+ 6,0 pg/ml
w 28 dniu, w porownaniu do komoérek nietraktowanych (58,0 + 10,4 pg/ml). Wykazano takze
tendencj¢ wzrostowa w wydzielaniu IL-6, w hodowlach komoérkowych traktowanych
PyoMinsol, r0Znica byla istotna statystycznie od 14 dnia hodowli. Podobny byt profil
wydzielania IL-10. Maksymalne st¢zenie tej cytokiny wykazano w 14 dniu hodowli
osteoblastow stymulowanych bakteryjnymi PyoM. Stezenie IL-10 w hodowlach
komorkowych eksponowanych na PyoMinso malalo z czasem, natomiast w hodowlach
komodrkowych traktowanych PyoM;sor wykazano ponowny wzrost wytwarzania IL-10 od 25
do 28 dnia hodowli. W punkcie koncowym hodowli stezenie IL-10 w supernatantach

pohodowlanych osteoblastow stymulowanych PyoMso lub PyoMinsol bylo istotnie wyzsze,
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w porOwnaniu ze st¢zeniem tej cytokiny w supernatantach z hodowli komorek
nietraktowanych PyoM. Ponadto wykazano istotnie wyzsze st¢zenie TNF-a w supernatantach
z hodowli osteoblastow po stymulacji PyoMso lub PyoMinsol, w 28 dniu, ktore wynosito
odpowiednio, 391,2 £+ 28,2 pg/ml 1 517,0 &+ 38,5 pg/ml, w poréwnaniu do hodowli komorek
niestymulowanych (55,5 + 14,7 pg/ml).

W ostatnim etapie badan oceniono w tescie redukcji resazuryny wiasciwosci
przeciwbakteryjne PyoM wobec klinicznych szczepow Staphylococcus spp. wyizolowanych
z zakazonej tkanki kostnej. Wykazano, ze obie formy PyoM istotnie zmniejszaty zywotnos¢
zardwno szczepdw referencyjnych jak i klinicznych Staphylococcus spp. Najnizszy MICso
(57,6 png/ml) PyoMso wykazano dla klinicznego szczepu S. aureus MRSA, natomiast
najwyzszy MICso (153,1 pg/ml) dla referencyjnego szczepu S. aureus ATCC 29213.
PyoMinsot rOWniez hamowata aktywnos$¢ metaboliczng S. aureus, jakkolwiek stabiej niz

PyoMso] .

72



P.IV.

Bioactive Materials for Bone Regeneration: Biomolecules and Delivery Systems

Szwed-Georgiou A., Ptocinski P., Kupikowska-Stobba B., Urbaniak M. M., Rusek-

Wala P., Szustakiewicz K., Piszko P., Krupa A., Biernat M., Gazinska M., Kasprzak
M., Nawrotek K., Mira N. P., Rudnicka K.

ACS Biomaterials Science & Engineering, 2023, 9, 5222-5254

DOI: 10.1021/acsbiomaterials.3c00609

W artykule dokonano przegladu najnowszych badan in vitro i in vivo dotyczacych
czasteczek bioaktywnych, platform ich dostarczania, metod wytwarzania materialow
polimerowych oraz mozliwo$ci zastosowania biomateriatéw 1 substancji biologicznie

aktywnych w celowanej regeneracji tkanki kostne;.

W  publikacji scharakteryzowano bioaktywne komponenty, ktore wspieraja
osteoindukcj¢, osteokondukcje 1 regeneracje kosci m. in. skladniki macierzy
zewnatrzkomoérkowej kosci, hormony, flawonoidy i sterole pochodzenia roslinnego, a takze
peptydy, aminokwasy i polimery wytwarzane przez drobnoustroje. Zaprezentowano rowniez
wybrane metody wytwarzania materialdow 1 rusztowan, w tym polimerow i wypehiaczy
nieorganicznych wspomagajacych procesy regeneracyjne kosci, a takze metody dostarczania
biologicznie aktywnych substancji. Ponadto wskazano wyzwania 1 mozliwe rozwigzania

w projektowaniu 1 zastosowaniu biomateriatow w inzynierii tkanki kostne;.

73



Dyskusja



Bakterie naleza do unikalnych zrodet pozyskiwania zwigzkow o potencjale
terapeutycznym, wykazujacych aktywno$¢ przeciwdrobnoustrojows, cytoprotekcyjng lub
immunomodulacyjng, a takze zdolno$¢ stymulowania procesow regeneracji uszkodzonych
tkanek [P.IV.].'>"°7 W niniejszej rozprawie doktorskiej scharakteryzowano PyoM
wyizolowang z Gram-ujemnych pateczek P. aeruginosa, pod wzglgdem fizykochemicznym
oraz wlasciwos$ci biologicznych wobec komodrek bariery nablonkowej zotadka i komorek
kosciotworczych, a takze w kierunku dzialania przeciwbakteryjnego przeciwko pateczkom
H. pylori i ziarniakom z rodzaju Staphylococcus majac na uwadze pooperacyjne powiktania

wywolywane przez gronkowce.

W badaniach uzyto trzy warianty PyoM; naturalnie wytwarzang przez P. aeruginosa,
w formie rozpuszczalnej (PyoMsol) lub nierozpuszczalnej w wodzie (PyoMinsol) oraz PyoM
syntetyczng (sPyoM), aby wytoni¢ preparat o najlepszych wiasciwosciach biologicznych.
Wydajnos$¢ syntezy naturalnej PyoM zwickszono dzigki zastosowaniu opracowanego
w ramach niniejszej pracy podtoza PMM 11 II, w ktorym role¢ sktadnikéw stymulujacych
synteze bakteryjnego barwnika wykazywaty L-tyrozyna, arabinoza i kwas jabtkowy [P.L.].

Substancje pochodzenia bakteryjnego badane w kierunku przysztego biomedycznego
zastosowania muszg wykazywac si¢ cyto— 1 biokompatybilnoscia. W pracach oryginalnych
P.I.-III. wykazano bezpieczenstwo na poziomie in vitro bakteryjnych PyoM, w szerokim
zakresie stezen, wzgledem fibroblastow, monocytow, komodrek nabtonka zotadka oraz
osteoblastow. W przeciwienstwie do wysokiej cytotoksycznosci sPyoM, bakteryjne PyoMsoi
1 PyoMinsol [P.IL.-IIL.] nie indukowaty apoptozy i nie powodowatly toksycznosci uktadowej
in vivo na modelu Galleria mellonella [P.1.]. Toksyczno$¢ sPyoM moze wynika¢ z niepeinej
polimeryzacji HGA w czasteczkach tego wariantu barwnika. Profile bezpieczenstwa in vitro
1 in vivo pozwolily wyselekcjonowaé oba warianty bakteryjnej piomelaniny, PyoM;ol
1 PyoMinsol, do dalszych badan biologicznych 1 wykluczy¢ wariant syntetycznej PyoM.
Uzyskane wyniki sa zgodne z wcze$niejszymi doniesieniami literaturowymi wskazujacymi
na wysoka cytokompatybilnos¢ bakteryjnych melanin wobec keratynocytow cztowieka
HaCaT i HEKn oraz fibroblastow hFB.!”®2% Ferraz i wsp. wykazali brak cytotoksycznosci
PyoM izolowanej z P. putida wzgledem komodrek nabtonka skoéry A-375, komorek
nabtonkowych szyjki macicy HeLa, komodrek nablonkowych watroby HEPG2 i komorek

nablonkowych okreznicy Caco-2.2°!
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Monocyty odgrywaja kluczowa rolg w rozwoju odpowiedzi zapalnej, ktora
determinuje eliminacje¢ czynnikow zakaznych, indukcje nabytej odpowiedzi odpornosciowe;j
oraz regeneracje uszkodzonych tkanek.?°? Poziom aktywacji monocytow moze réznié sig
w zalezno$ci od interakcji komorkowych w niszy zapalnej oraz struktury chemicznej
i pochodzenia substancji bioaktywnej dzialajacej na te komorki. W odpowiedzi na
uszkodzenie tkanek, monocyty i1 makrofagi produkuja cytokiny prozapalne, w tym
chemokiny, ktére utatwiajg rekrutacje komorek immunokompetentnych i usuwanie przez nie
resztek tkankowych, co jest warunkiem pomyslnego gojenia. W kolejnych etapach
regeneracji tkanek monocyty i makrofagi moga redukowac stan zapalny poprzez wydzielanie
cytokin przeciwzapalnych, kontrolowa¢ réznicowanie komorek macierzystych i regulowac
angiogeneze.”® Inicjacja regeneracji tkanek, w tym nablonka zotadka lub kosci, oraz jej
efektywny postep zalezne sa od aktywacji jadrowego czynnika transkrypcyjnego NF-«B.2%
W pracy P.I. wykazano, ze PyoMso i PyoMinsol aktywuja szlak NF-kB i mogg stanowic
modulator odpowiedzi odpornos$ciowej i regeneracji, jednakze potrzebne sa dalsze badania
umozliwiajace scharakteryzowanie mechanizmu ich dziatania. W przysztych badaniach
nalezy uwzgledni¢ m.in. profil cytokin prozapalnych i/lub przeciwzapalnych oraz czynnikdéw
wzrostowych wytwarzanych przez monocyty/makrofagi, a takze nasilenie ich wytwarzania,
aby wykluczy¢ mozliwos¢ indukowania przez badane PyoM nadmiernej reakcji zapalnej,
ktoéra moglaby nasila¢ proces chorobowy w nablonku Zotadka podczas zakazenia H. pylori

lub po zabiegach operacyjnych na tkance kostne;.

Migracja komorek jest jednym =z kluczowych fizjologicznych proceséw
komodrkowych, niezb¢dnym do prawidlowego rozwoju organizmu podczas embriogenezy,
tworzenia zlozonej architektury przestrzennej tkanek i1 narzadow, jak rowniez regeneracji
uszkodzonych tkanek.?*>?% W tym ostatnim przypadku migrujace komoérki bardzo szybko
zasklepiaja ubytki tkanki, co pozwala na stworzenie Srodowiska do drugiego etapu
regeneracji, ktory wigze si¢ z nasileniem proliferacji komorek. W pracach P.II. 1 P.IIL
wykazano, w tzw. ,teScie gojenia rany”, ze bakteryjne PyoM stymuluja komorki nablonka
zotadka lub osteoblasty do migracji, co skutkuje zasklepianiem uszkodzenia monowarstwy
komorek. Podczas zakazenia H. pylori komponenty uwalniane z tych bakterii uszkadzajg
komorki nabtonkowe w sposob bezposredni, a takze w wyniku nasilenia stresu
oksydacyjnego. Takie dzialanie wykazuje LPS H. pylori, co potwierdzono zaréwno na
modelach komoérkowych in vitro, jak 1 na modelu eksperymentalnego zakazenia H. pylori

u kawii domowej (Caviae porcellus).'® Efektem nadmiernego stresu oksydacyjnego jest
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nasilenie procesu apoptozy i dezintegracji zespolonych komorek.!®*»27 We wczesniejszych
badaniach wykazano, ze komponenty H. pylori uszkadzaja komorki $rodbtonka
naczyniowego.?% Natomiast w obecnej pracy wykazano, ze migracja komorek nabtonkowych
zotadka zahamowana przez LPS H. pylori byta przywracana w §rodowisku PyoM. [P.IL.].
Efekt ten jest bardzo istotny, poniewaz uszkodzenie cigglosci bariery nabtonkowej zotadka
moze ulatwiaé przenikanie do krwioobiegu i ogolnoustrojowg dystrybucj¢ cytotoksycznych
sktadnikow H. pylori, w szczegdlnosci gdy postepujace zakazenie przyczynia si¢ do
zmniejszenia aktywnos$ci proregeneracyjnej komoérek nabtonkowych zotadka i nasila
apoptoze komorek poprzez generowanie nadmiernej produkcji ROS.!¢*2% Biorac pod uwage
wlasciwosci przeciwoksydacyjne piomelaniny mozna sadzi¢, iz to zdolno$¢ PyoMsol
do neutralizacji ROS skutkuje ograniczeniem apoptozy i1 zachowaniem integralno$ci

komorek, ktora zostata zaburzona przez LPS H. pylori, co wykazano w publikacji P.II.

Wazrastajaca lekoopornos¢ pateczek H. pylori na powszechnie stosowane antybiotyki
oraz unikanie wrodzonych komoérkowych mechanizmow odpornosciowych przez te bakterie,
w tym fagocytozy, a takze hamowanie aktywnos$ci limfocytéw, stanowig przestanki do
poszukiwania nowych substancji wspomagajacych eradykacje¢ tych bakterii umozliwiajac
rozpoczecie procesow naprawczych tkanki zotadka, 97166168209 W pyblikacji P.I1. wykazano,
ze bakteryjne PyoM ograniczaty zywotnos¢ referencyjnych i klinicznych wielolekoopornych
szczepow H. pylori, a takze istotnie nasilaly zdolno$¢ pochtaniania przez monocyty
wyznakowanych fluorescencyjnie referencyjnych pateczek E. coli lub zywych H. pylori.
Ta aktywnos$¢ fagocytow byla istotnie ostabiona w srodowisku LPS H. pylori. W publikacji
P.I11. wykazano, ze oba warianty PyoM zmniejszaty Zywotnos¢ gronkowcow S. aureus oraz
S. felis wyizolowanych z zakazonej tkanki kostnej, przy czym PyoMso efektywniej
ograniczata aktywno$¢ metaboliczng tych bakterii w porownaniu do PyoMinso. Wynik ten
pozwala sugerowaé, ze PyoM moze by¢ rozwazana jako substancja ograniczajaca ryzyko
wystapienia zakazenia pooperacyjnego zwigzanego z implantacja lub wystapieniem ztaman
otwartych wymagajacych interwencji chirurgicznej.?!%*!! Uzyskane wyniki badan sg zgodne
z doniesieniami innych autoréw na temat przeciwbakteryjnych wlasciwosci melanin
wytwarzanych przez inne gatunki drobnoustrojow. Vasanthabharathi i wsp. wykazali,
ze melanina wyizolowana z morskiego szczepu Streptomyces sp. hamuje wzrost E. coli

12, natomiast wg. Zerrad i wsp. PyoM Pseudomonas balearica

i Lactobacillus vulgaris*
wykazuje dziatanie przeciwbakteryjne przeciwko S. aureus 1 E. coli wywolujacym zakazenia

u ludzi, a takze wobec fitopatogenom Erwinia chrysanthemi i E. carotovora.*'> Xu i wsp.
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sugeruja, ze toksyczno$¢ melanin drobnoustrojowych wobec Vibrio parahaemolyticus lub

S. aureus zwiazana jest z przerwaniem ciggltosci bakteryjnej btony komorkowej.?!*

Skutecznos¢ przebudowy tkanki kostnej i jej regeneracji zalezy od efektywnosci
podziatéw komérek progenitorowych i dtugosci zycia osteoblastow.?!> W publikacji P.III.
wykazano, ze w hodowlach osteoblastow prowadzonych przez 28 dni w podtozu hodowlanym
zawierajacym PyoMsor lub PyoMinsol byto wiecej komorek niz w hodowlach bez PyoM. Moze
to wynika¢ z hamowania przez PyoM apoptozy osteoblastow, co wykazano w eksperymencie,
w ktorym proces ten byl indukowany przez DOX [P.IIL.]. W fizjologicznym procesie
dojrzewania osteoblastow, czes¢ komorek ulega apoptozie. PyoM moze ograniczac ten proces
poprzez neutralizacj¢ stresu oksydacyjnego lub poprzez nasilenie wytwarzania IL-6,
przyczyniajac si¢ do efektywniejszej osteoindukecji 1 osteokondukeji  komorek
kosciotworczych.!7!17* W prezentowanej pracy, w 7 dniu hodowli osteoblastow, wykazano
nasilong proliferacj¢ komoérek w §rodowisku PyoMsol, co moze wskazywac na bezposredni
lub posredni wplyw PyoM na cykl komorkowy. Jakkolwiek poznanie potencjalnych

mechanizmow wspomagania wzrostu osteoblastow przez PyoM wymaga dalszych badan.

Obecnos¢ w  $rodowisku komodrek kosciotworczych cytokin 1 czynnikow
wzrostowych, w tym IL-6, IL-10, TNF-a lub TGF-B, zapewnia kontrolowana regeneracj¢
tkanki kostnej.?'®*'7 Wykazano, ze PyoM jako biomimetyk zlogéw ochronotycznych
powstajacych w AKU, stymuluje osteoblasty do nasilenia syntezy czynnikéw dojrzewania
1 mineralizacji tkanki kostnej tj. ALP, OC, IL-6, IL-10 1 TNF-a, co pozwala sugerowac
mozliwo$¢ wykorzystania tego bakteryjnego barwnika jako potencjalnego stymulatora
procesow osteoindukcji 1 osteokondukcji [P.IIL.]. Wzrost aktywnos$ci ALP w $rodowisku
PyoM moze zwigksza¢ biodostepnos¢ nieorganicznych fosforanow, ktore sg prekursorami
HA niezbednego do mineralizacji macierzy kostnej.!’*!”7 Obie formy PyoM istotnie
stymulowaly sekrecje OC, kluczowego markera kostnienia odpowiedzialnego za wigzanie
1 stabilizacj¢ jondow wapnia w HA, co warunkuje mechaniczng wytrzymalo$¢ tkanki
kostnej.?!® Wiadomo, ze IL-6 sprzyja tworzeniu kosci poprzez zwiekszenie roznicowania
prekursoréw osteoblastow i ochrone komorek koséciotwoérczych przed apoptozg.>!®?2°
Cytokina ta stymuluje takze wytwarzanie ALP, OC i sialoproteiny kostnej przyczyniajac si¢
do mineralizacji macierzy pozakomoérkowej.??! Ponadto, IL-6 moze chroni¢ tkanke kostng
przed nadmierng resorpcja poprzez zmniejszenie ekspresji RANKL w osteoklastach
i stymulacje produkcji cytokin przeciwosteoklastogennych tj. IL-4 i IL-10.22> W publikacji

P.III. wykazano, ze stymulacja osteoblastow PyoMs, lub PyoMinsol istotnie zwieksza
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wydzielanie przez nie IL-10, ktéra bierze udziat w procesie ko§ciotworczym poprzez szlak
sygnatowy MAPK.??* Ponadto IL-10 hamuje wczesng faze roéznicowania komorek
progenitorowych osteoklastow do prekursorow osteoklastow, a takze ogranicza roznicowanie
osteoklastow poprzez nasilenie wytwarzania bialkka OPG hamujgcego ekspresje
RANKL.??#2%3 W prezentowanych badaniach wzieto pod uwage wplyw PyoM na
wytwarzanie przez komorki kosciotworcze TNF-a, ktory indukuje resorpcj¢ kosci i tworzenie
osteoklastow z makrofagow szpikowych.??®?*” TNF-a inicjuje i aktywuje osteoklasty
resorbujace kosci, co moze korzystnie wptyna¢ na ksztatltowanie si¢ kosci podczas procesu
gojenia. Wptyw TNF-a na funkcje osteoblastow moze by¢ zalezny od dawki. Wykazano,
ze cytokina ta w niskich stezeniach stymuluje mezenchymalne komorki prekursorowe do
réznicowania si¢ w osteoblasty, natomiast w wysokich st¢zeniach TNF-a hamuje tworzenie
kosci.?*8?? Stezenie TNF-a w hodowlach osteoblastow traktowanych bakteryjnymi PyoM
bylo wyzsze niz w hodowlach komoérek kontrolnych hodowanych w samym podtozu. Poziom
TNF-a byt wyzszy w hodowlach osteoblastow stymulowanych PyoMinsol niz PyoMsol. Biorac
pod uwage role TNF-a w wywotywaniu odpowiedzi zapalnej, stabsze pobudzenie przez
PyoMso1 niz PyoMinsol Wwydzielania TNF-a moze by¢ korzystne dla procesu tworzenia kosci,

ze wzgledu na mniejsze ryzyko nadmiernej reakcji zapalne;j.

Podsumowujac, w modelu in vitro komoérek nabtonkowych zotadka wykazano
dzialanie przeciwbakteryjne PyoM wobec pateczek H. pylori, wywotujacych przewlekte
zapalenie btony Sluzowej zoladka lub dwunastnicy. Ponadto wykazano neutralizacj¢ stresu
oksydacyjnego indukowanego przez komponenty tych bakterii w hodowli komoérek
nablonkowych zotadka, ograniczenie zaleznej od reaktywnych form tlenu apoptozy
1 nasilenie zdolnos$ci komodrek do migracji, co sugeruje dzialanie proregeneracyjne tego
bakteryjnego barwnika. PyoM nasilata réwniez zdolno$¢ pochtaniania H. pylori przez
monocyty 1 aktywowata czynnik transkrypcyjny NF-«B, ktory moduluje wiele efektorowych
funkcji komorkowych. Mozna przypuszczad, ze in vivo dzialajac w powyzszy sposéb PyoM
moze hamowaé rozwoj zakazenia H. pylori 1 neutralizowaé jego skutki. Potwierdzenie
takiego dzialania PyoM wymaga dalszych badan na modelu eksperymentalnego zakazenia
H. pylori u podatnych na takie zakazenie zwierzat do§wiadczalnych. Sugerowanym modelem
jest kawia domowa, jako dobrze scharakteryzowany model zwierzecy pod wzgledem

przebiegu zakazenia H. pylori oraz rozwoju reakcji zapalnej i odpornosciowe;j.!63-298-230

W drugim modelu badawczym, w ktorym wykorzystano komorki kosciotworcze

wykazano, Zze oba warianty bakteryjnej PyoM =zapobiegaja apoptozie tych komorek
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co powoduje, ze wiece] komorek moze osiggnaé stan dojrzatosci podczas procesoOw
wymagajacych regeneracji kosci. Oba warianty PyoM powoduja nasilenie wydzielania przez
komorki kosciotworcze mediatoréw rozpuszczalnych bedacych markerami ich dojrzewania.
Ponadto wstgpne wyniki badan wskazuja, ze PyoMso stymuluje proliferacj¢ osteoblastow,
co pozwala sadzi¢, ze moze wplywac zaréwno na wzrost jak 1 dojrzewanie komorek kostnych.
Wyniki te stanowig przestank¢ do opracowania biokompozytéw modyfikowanych PyoM iich
wykorzystanie w badaniach in vivo na dedykowanym modelu zwierzgcym z ubytkami

kostnymi.
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Whnioski szczegotowe
i wnhiosek koncowy



W przeprowadzonych badaniach wykazano:

— uzyteczno$¢ podtozy PMM I 1 PMM II do hodowli bakterii P. aeruginosa i izolacji
PyoMsol 1 PyoMinsol,

— obecnos¢ grup funkcyjnych (hydroksylowej 1 karboksylowej) w czasteczkach PyoMsol,
PyoMinsol 1 sSPyoM charakterystycznych dla melanin bedacych pochodnymi HGA,

— wysokg termoodpornos¢ PyoM,

— wysokg cytokompatybilno$¢ PyoMsol 1 PyoMinsol, W przeciwienstwie do sPyoM, wobec
fibroblastow myszy, monocytéw cztowieka, komorek nabtonka zotadka i osteoblastow
cztowieka, w hodowlach in vitro, oraz bezpieczenstwo powyzszych wariantow PyoM
in vivo na modelu Galleria mellonella.

— aktywacj¢ przez PyoMsl czynnika transkrypcyjnego NF-kB monocytéw, w hodowlach
in vitro,

— cytoprotekcyjne i przeciwapoptotyczne dziatanie bakteryjnych PyoM, wobec komorek
nabtonkowych zotadka, w hodowlach in vitro, w kostymulacji z LPS H. pylori lub
E. colli,

— nasilenie pochlaniania pateczek H. pylori przez monocyty w §rodowisku hodowlanym
z PyoMsol,

— wspomaganie migracji komorek nabtonka zZotadka i osteoblastoéw, w hodowlach
in vitro, w srodowisku PyoM,

— przeciwbakteryjne wlasciwosci PyoM przeciwko referencyjnym 1 klinicznym
szczepom H. pylori oraz Staphylococcus sp,

— wspomaganie przez PyoM dojrzewania osteoblastow w hodowlach in vitro, poprzez

nasilenie aktywnos$ci ALP i sekrecji OC, IL-6, IL-10 oraz TNF-a.

Whiosek koncowy:

Uzyskane wyniki badan wskazuja, Ze naturalne PyoM produkowane przez
P. aeruginosa posiadaja szereg wlasciwosci biologicznych, ktére pozwalaja wstepnie
typowa¢ te polimery pochodzenia bakteryjnego o dziataniu przeciwbakteryjnym,
proregeneracyjnym 1 immunomodulacyjnym, jako potencjalne zwiagzki do zastosowan

medycznych.
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toksycznosci in vivo na modelu Galleria mellonella oraz aktywacji szlaku NF-kB na modelu
monocytéw THP-1 NF-kB Blue, interpretacji uzyskanych danych, przygotowaniu analizy
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Pseudomonas aeruginosa Promote the Regeneration of Gastric Epithelial Cells and Enhance
Helicobacter pylori Phagocytosis? 2023. International Journal of Molecular Sciences, 24.
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Potential of Bacterial Pyomelanin Derived from Pseudomonas aeruginosa on Human
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recenzji
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1.19 stymulowanych PyoM, ocenie aktywnosci markeréw kostnienia (fosfatazy alkalicznej,
interleukiny (IL)-6, IL-10., osteokalcyny, czynnika martwicy guza-o oraz liczby zywych
osteoblastéw hFOB 1.19 w dlugoterminowych hodowlach osteoindukeyjnych traktowanych
PyoM, przeprowadzeniu analizy Zzywotnosci bakterii Staphylococcus sp. izolowanych z
zakazonej tkanki kostnej w $rodowisku PyoM, wykonaniu obliczenn minimalnego stgzenia
hamujacego MICso, interpretacji uzyskanych danych, przygotowaniu analizy statystycznej,
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recenzjl

moj wkiad polegat na: udziale w opracowaniu koncepcji pracy i przygotowaniu manuskryptu,
pozyskaniu finansowania na badania eksperymentalne, monitorowaniu postepow pracy.

4. O$wiadezam, ze w pracy:

Szwed-Georgiou A., Plocinski P., Kupikowska-Stobba B.. Urbaniak M. M., Rusek-Wala P.,
Szustakiewicz K., Piszko P, Krupa A.. Biernat M., Gazinska M., Kasprzak M., Nawrotek K.,
Mira N. P., Rudnicka K. 2023. Bioactive Materials for Bone Regeneration: Biomolecules and
Delivery Systems. ACS Biomaterials Science & Engineering, 2023, 9, 5222-5254. DOL:
10.1021/acsbiomaterials.3¢00609

moj wklad polegal na: opracowaniu koncepcji pracy, pozyskaniu finansowania, monitorowaniu
postepéw W przygotowaniu manuskryptu, przygotowaniu wstepnej recenzji manuskryptu,
opracowaniu strategii publikacyjnej i prowadzeniu korespondencji z recenzentami.




flewiadrzanie wenalatutara o tudziale w nubiiicacii
uswiadczZenie wWspotauiora 0 UGziaie w pubtinacji

Lo6dz, dn. 21 marca 2024 1.
Dr Przemystaw Plocinski

Katedra Immunologii i Biologii Infekcyjnej
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet Lodzki

Banacha 12/16, 90-237 Lodz

OSWIADCZENIE

1. Os$wiadczam, ze w pracy:

Urbaniak M. M., Gazifiska M., Rudnicka K., Plocinski P., Nowak M., Chmiela M. In Vitro and
In Vivo Biocompatibility of Natural and Synthetic Pseudomonas aeruginosa Pyomelanin for
Potential Biomedical Applications. 2023. International Journal of Molecular Sciences, 2023,
24, 7846. DOI: 10.3390/ijms24097846

moj udzial polegal na: wspohudziale w tworzeniu koncepcji pracy, wspétudziale w analizie
wynikow i uczestnictwie w przygotowaniu manuskryptu.

2 Oswiadczam, ze w pracy:

Urbaniak M. M., Rudnicka K., Plocinski P., Chmiela M. Exploring the Osteoinductive
Potential of Bacterial Pyomelanin Derived from Pseudomonas aeruginosa on Human
Osteoblasts Model. 2024. International Journal of Biological Macromolecules — manuskrypt w
recenzji

moj udziat polegal na: wspotudziale w tworzeniu koncepeji pracy, przeprowadzeniu izolacji

RNA i analiz transkryptomicznych, opracowaniu graficznym 1 statystycznym wynikow
transkryptomicznych (ryc. 3) i uczestnictwie w przygotowaniu manuskryptu.



Oswiadczenie wspotauiora o udziale w publikacji

3. Oswiadczam, ze w pracy:

Szwed-Georgiou A.. Plociniski P., Kupikowska-Stobba B.. Urbaniak M. M.. Rusek-Wala P.,
Szustakiewicz K., Piszko P., Krupa A., Biernat M., Gazinska M., Kasprzak M., Nawrotek K.,
Mira N. P., Rudnicka K. 2023, Bioactive Materials for Bone Regeneration: Biomolecules and
Delivery Systems. ACS Biomaterials Science & Engineering, 2023, 9, 5222-5254, DOL:
10.1021/acshiomaterials.3¢00609

moj udzial polegal na: wspdtudziale w tworzeniu koncepcji pracy i uczestnictwo w
przygotowaniu i edycji manuskryptu



Oswiadezenie wspolautora o udziale w publikacji

Wroctaw, dn. 26 marca 2024 .
Dr inz. Malgorzata Gazinska

Katedra Inzynierii i Technologii Polimerow
Wydzial Chemiczny

Politechnika Wroclawska
Smoluchowskiego 25, 50-372 Wroclaw

OSWIADCZENIE

; 8 Oswiadezam. ze w pracy:

Urbaniak M. M., Gazinska M., Rudnicka K., Plocinski P., Nowak M., Chmiela M. /n Vitro and
In Vivo Biocompatibility of Natural and Synthetic Pseudomonas aeruginosa Pyomelanin for
Potential Biomedical Applications. 2023. International Journal of Molecular Scicinces, 2023,
24, 7846. DOI: 10.3390/ijms24097846

moj wkiad w przygotowanie powyzszej publikacji polegal na: charakterystyce chemicznej
piomelaniny (PyoMsa, PyoMinsol, sPyoM) metodami FT-IR, TGA i DSC, opracowaniu
uzyskanych wynikéw pod wzgledem technicznym i graficznym  oraz opisaniu czgsci
wynikowej dotyczacej powyzszego zakresu prac (ryc. 1-3, tab. 2) i udziale w przygotowaniu

manuskryptu.
o A
LpGunte. (fonk
| Podpis
2. Oswiadczam, ze w pracy:

Szwed-Georgiou A., Plocinski P., Kupikowska-Stobba B., Urbaniak M. M., Rusek-Wala P.,
Szustakiewicz K., Piszko P., Krupa A., Biernat M., Gazinska M.. Kasprzak M., Nawrotek K.,
Mira N. P., Rudnicka K. 2023. Bioactive Materials for Bone Regeneration: Biomolecules and
Delivery Systems. ACS Biomaterials Science & Engineering, 2023, 9, 5222-5254. DOL:
10.1021/acsbiomaterials.3¢00609

maj udzial polegal na:
weryfikacji poprawnosci tekstu w sekcji Polymers, Inorganic Fillers, and Composites.



Oswiadczenie wspotautora o udziale w publikacji

1.6dZ, dn. 29 marca 2024 r.
Dr Monika Nowak

Katedra Immunologii i Biologii Infekeyjne;j
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet £.odzki

Banacha 12/16, 90-237 Lodz

OSWIADCZENIE
Oswiadczam, ze w pracy:

Urbaniak M. M., Gazinska M., Rudnicka K., Plocinski P., Nowak M., Chmiela M. In Vifro and
In Vivo Biocompatibility of Natural and Synthetic Pseudomonas aeruginosa Pyomelanin for
Potential Biomedical Applications. 2023. International Journal of Molecular Sciences, 2023,
24, 7846. DOI: 10.3390/ijms24097846

moj udziat polegat na: charakterystyce PyoMsol, PyoMinsel, sPyoM metoda FT-IR.
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Oswiadczenie wspétautora o udziale w publikacji

Wroctaw. dn. 25 marca 2024 .

Prof. dr hab. Grazyna Gosciniak

Katedra i Zaktad Mikrobiologii

Wydzial Lekarski

Uniwersytet Medyczny im. Piastow Slaskich we Wroctawiu
Chalubinskiego 4. 50-368 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Urbaniak M. M., Rudnicka K., Go$ciniak G., Chmiela M. Can Pyomelanin Produced by
Pseudomonas aeruginosa Promote the Regeneration of Gastric Epithelial Cells and Enhance
Helicobacter pylori Phagocytosis? 2023. International Journal of Molecular Sciences, 24,
13911. DOI: 10.3390/ijms241813911

méj udzial polegal na: izolacji, charakterystyce i udostgpnieniu klinicznych szczepow
Helicobacter pylori M91 1 M102,

Podpis



Oswiadczenie wspotautora o udziale w publikaciji

L6dz, dn. 26 marca 2024 t.

Dr Aleksandra Szwed-Georgiou

Katedra Immunologii i Biologii Infekcyjnej
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet Lodzki

Banacha 12/16, 90-237 Lodz

OSWIADCZENIE

Os$wiadczam. ze w pracy:

Szwed-Georgiou A.. Plocinski P., Kupikowska-Stobba B., Urbaniak M. M., Rusek-Wala P,
Szustakiewicz K., Piszko P., Krupa A., Biernat M., Gazinska M., Kasprzak M., Nawrotek K.,
Mira N. P.. Rudnicka K. 2023. Bioactive Materials for Bone Regeneration: Biomolecules and
Delivery Systems. ACS Biomaterials Science & Engineering, 2023, 9, 5222-5254. DOI:
10.1021/acsbiomaterials.3c00609

moj udziat polegatl na konceptualizacji, wyszukiwaniu literatury, przy gotowaniu oraz napisaniu
oryginalnego projektu manuskryptu oraz jego redagowaniu.




Oswiadczenie wspdélautora o udziale w publikacji

Warszawa, dn. 22 marca 2024 r.

Dr inz. Barbara Kupikowska — Stobba

Zaktad Biosystemow i Migkkiej Materii

Instytut Podstawowych Problemoéw Techniki PAN
Pawinskiego 5B, 02-106 Warszawa

OSWIADCZENIE

Oswiadczam. ze w pracy:

Szwed-Georgiou A., Plocinski P., Kupikowska-Stobba B., Urbaniak M. M., Rusek-Wala P.,
Szustakiewicz K., Piszko P., Krupa A., Biernat M., Gazinska M., Kasprzak M., Nawrotek K..
Mira N. P., Rudnicka K. 2023. Bioactive Materials for Bone Regeneration: Biomolecules and
Delivery Systems. ACS Biomaterials Science & Engineering, 2023, 9, 5222-5254. DOL:
10.1021/acsbiomaterials.3c00609

moj udzial polegal na: wspottworzeniu koncepeji pracy, przeprowadzeniu przegladu literatury
naukowo-badawczej, pisaniu manuskryptu, przygotowaniu rycin, nanoszeniu poprawek i edycji
pracy.
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Podpis



L6dz, dn. 20 marca 2024 r.

Mgr Paulina Rusek-Wala

Katedra Immunologii i Biologii Infekcyjnej
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet L.odzki

Banacha 12/16, 90-237 Lédz

OSWIADCZENIE

Oswiadczam. ze w pracy:

Szwed-Georgiou A., Plocinski P., Kupikowska-Stobba B., Urbaniak M. M., Rusek-Wala P.,
Szustakiewicz K.. Piszko P.. Krupa A., Biernat M., Gazinska M., Kasprzak M.. Nawrotek K.,
Mira N. P., Rudnicka K. 2023. Bioactive Materials for Bone Regeneration: Biomolecules and
Delivery Systems. ACS Biomaterials Science & Engineering, 2023, 9, 5222-5254. DOI:
10.1021/acsbiomaterials.3c00609

moj udzial polegal na: napisaniu podrozdzialéw Plant sterols, Oxysterols, Liposomes oraz
Statins; przygotowaniu ryciny 2 i redakcyjnym przygotowaniu manuskryptu.



Oswiadczenie wspotautora o udziale w publikacji

Lédz, dn. 23 marca 2024 r.

Dr hab. Agnieszka Krupa, prof. UL
Katedra Immunologii 1 Biologii Infekcyjnej
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet Lodzki

Banacha 12/16, 90-237 £6d2

OSWIADCZENIE

Oswiadczam, ze w pracy:

Szwed-Georgiou A., Plocinski P., Kupikowska-Stobba B., Urbaniak M. M., Rusek-Wala P.,
Szustakiewicz K., Piszko P., Krupa A., Biemat M., Gazinska M., Kasprzak M., Nawrotek K.,
Mira N. P, Rudnicka K. 2023. Bioactive Materials for Bone Regeneration: Biomolecules and
Delivery Systems. ACS Biomaterials Science & Engineering, 2023, 9, 5222-5254. DOI:
10.1021/acsbiomaterials.3c00609

moj udzial polegat na:
redagowaniu rozdziatu ,.Biomolecules used for bone regeneration” / Peptides / Amino Acids



Oswiadczenie wspétautora o udziale w publikacji

Warszawa, dn. 22 marca 2024 r.

Dr inz. Monika Biernat

Grupa Badawcza Biomateriaty

Fukasiewicz - Instytut Ceramiki i Materialow Budowlanych
Cementowa 8. 31-983 Krakow

OSWIADCZENIE

Oswiadczam, Zze w pracy:

Szwed-Georgiou A., Plocinski P., Kupikowska-Stobba B., Urbaniak M. M., Rusek-Wala P..
Szustakiewicz K., Piszko P., Krupa A., Biernat M., Gazinska M., Kasprzak M., Nawrotek K.,
Mira N. P., Rudnicka K. 2023. Bioactive Materials for Bone Regeneration: Biomolecules and
Delivery Systems. ACS Biomaterials Science & Engineering, 2023, 9, 5222-5254. DOI:
10.1021/acsbiomaterials.3¢00609

mdj udziat polegal na: nadzorze procesu pisania. odpowiedzi na recenzje tresci manuskryptu
zwigzanych z dostarczaniem substancji aktywnych do regeneracji tkanki kostne;j.

Podpis



Oswiadczenie wspotautora o udziale w publikacji

Warszawa, dn. 22 marca 2024 r.

Dr inz. Mirostaw Kasprzak

Katedra Przetworstwa Produktow Zwierzgcych
Wydziat Technologii Zywnosci

Uniwersytet Rolniczy im. Hugona Kottataja
Ul. Balicka 122, 30-149 Krakow

OSWIADCZENIE

Oswiadczam, ze w pracy:

Szwed-Georgiou A., Plocinski P., Kupikowska-Stobba B., Urbaniak M. M., Rusek-Wala P.,
Szustakiewicz K., Piszko P., Krupa A., Biernat M., Gazinska M., Kasprzak M., Nawrotek K.,
Mira N. P., Rudnicka K. 2023. Bioactive Materials for Bone Regeneration: Biomolecules and
Delivery Systems. ACS Biomaterials Science & Engineering, 2023, 9, 5222-5254. DOI:
10.1021/acsbiomaterials.3c00609

moj udziat polegat na: czeSciowym opracowaniu metod dostarczenia substancji aktywnych
podczas regeneracji kosci - do pierwszej wersji manuskryptu.




Oswiadczenie wspotautora o udziale w publikacji

Wroclaw, dn. 26 marca 2024 r.

Dr hab. inz. Konrad Szustakiewicz, prof. PWr
Katedra Inzynierii i Technologii Polimeréw
Wydziat Chemiczny

Politechnika Wroctawska

Wybrzeze Wyspianskiego 42, 50-370 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Szwed-Georgiou A., Plocinski P., Kupikowska-Stobba B., Urbaniak M. M., Rusek-Wala P.,
Szustakiewicz K., Piszko P., Krupa A., Biernat M., Gazinska M., Kasprzak M., Nawrotek K.,
Mira N. P., Rudnicka K. 2023. Bioactive Materials for Bone Regeneration: Biomolecules and
Delivery Systems. ACS Biomaterials Science & Engineering, 2023, 9, 5222-5254. DOI:
10.1021/acsbiomaterials.3¢00609

moj udzial polegal na: przygotowaniu przegladu literatury i opisaniu czeéci technik
wytwarzania rusztowan polimerowych w rozdziale ,Pathways to Obtain BTE Composite
Scaffolds™. W publikacji bralem réwniez udziat w tworzeniu koncepcji w/w rozdziatu oraz w

korekcie jezykowe;.
Z =
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Oswiadczenie wspotautora o udziale w publikacji

Wroclaw, dn. 22 marca 2024 r.

Dr Pawel Piszko

Katedra Inzynierii i Technologii Polimerow
Wydzial Chemiczny

Politechnika Wroclawska

Wybrzeze Wyspianskiego 42, 50-370 Wroclaw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Szwed-Georgiou A., Plocinski P., Kupikowska-Stobba B., Urbaniak M. M., Rusek-Wala P.,
Szustakiewicz K., Piszko P., Krupa A., Biernat M., Gazinska M., Kasprzak M., Nawrotek K.,
Mira N. P., Rudnicka K. 2023. Bioactive Materials for Bone Regeneration: Biomolecules and
Delivery Systems. ACS Biomaterials Science & Engineering, 2023, 9, 5222-5254. DOL:
10.1021/acsbiomaterials.3c00609

moj udzial polegal na:

e Przegladzie literatury zwiazane] ze stanem wiedzy o biomaterialach polimerowych i
kompozytowych wykorzystywanych w inzynierii tkanki kostnej, z uwzglednieniem technik
ich wytwarzania

e Redakcji oraz weryfikacji merytorycznej podrozdzialdw publikacji dotyczacych
wytwarzania biomaterialow oraz scaffoldéw do zastosowania w inzynierii tkanki kostne;

e Zestawieniu oraz opisie technik wytwarzania biomaterialow do zastosowania w inzZynierii

tkankowej kosci



