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SANTRUMPOS

TLU — tarplastelinis uzpildas

3D — trimatis (angl. three-dimensional)

AR — aminorugstis

FACIT - su fibriliy formavimu susije¢ kolagenai su nutraukta triguba spirale
(fibril-associated collagens with interrupted triple helices, angl.)
MULTIPLEXIN - daugybiniai trigubos spiralés fragmentai su
pertraukimais (multiple triple-helix domains and interruptions, angl.)

G, Gly — Glicinas

P, Pro — Prolinas, arba prolino AR liekana

O, Hyp — Hidroksiprolinas, arba hidroksiprolino AR liekana

PEG - Polietileno glikolis

R, Arg — argininas

D, Asp - asparaginas

RGD - argininas-glicinas-asparaginas (RGD)

MPC — 2-metakriloiloksietilfosforilcholinas

Fmoc — 9-fluorenilmetoksikarbonil

Boc — t-butiloksikarbonil

Cys — cisteinas

Tyr —tirozinas

EDC - 1-etil-3-(3-dimetilaminopropil)karbodiimidas

NHS — N-hidroksisucimidas

DMTMM — 4-(4,6-dimetoksi-1,3,5-triazin-2-il)-4-metilmorfolino
chloridas

PDMS — polidimetilsiloksanas

DMF — dimetilformamidas

DIPEA — N,N-Diisopropiletilamino

HCTU — O-(1H-6-chlorbenzotriazol-1-il)-1,1,3,3-tetrametiluronio
heksafluorfosfatas

DCM - dichlormetanas

TFA — trifluoracto riigstis

TIS — triizopropil silanas

EDT — etanditiolis

DET - dietilo eteris

HPLC — auksto slégio skyscio chromatografija

ACN - acetonitrilas

CA — Gyvulinés kilmés I tipo kolagenas
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CA-MPC - Gyvulinés kilmés 1 tipo kolagenas modifikuotas
fosforilcholinu

CA-HA - Gyvilinés kilmés I tipo kolagenas modifikuotas hialurono
rugstimi

CLP — kolagena imituojantis peptidas

CLP-PEG - kolagena imituojantis peptidas konjuguotas su PEG-
maleimidu

MES — 2-(N-morfolino)etansulfoninés rugstis

PDMS — polidimetilsiloksanas

AFM — atominiy jégy mikroskopija

DMEM - Dulbeko modifikuota Eagle terpé

PBS — fosfatinio buferio ir drusky tirpalas

CCK8 — lasteliy skai¢iavimo rinkinys Nr. 8 (cell counting kit 8, angl.)
BSA — jaucio serumo albuminas (bovine serum albumine, angl.

Rc — islinkimo spindulys (radius of curvature, angl.)

PLA — polilaktinés rugsties polimeras

MMSL — miokardo mezenchiminés stromos lastelés

HDAC — histony deacetilazé

SAHA — suberoilanilido hidroksamo riigstis
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IVADAS

Suzaloty ar pazeisty audiniy ir organy jprastinés funkcijos atkiirimas ir
palaikymas bioimitaciniy medziagy pagalba yra pagrindinis audiniy
inzinerijos tikslas (pav. 1). Konstruktai naudojami audiniy inzinerijai
dazniausiai yra sudaryti i§ bioimitaciniy karkasy ir jterpty j juos audinio
lasteliy, formuojanciy organotiping kulttrg [1].

4
3

R

pav. 1 Principin¢ audiniy inzinerijos schema, kai i§ organizmo iSskirtos lastelés yra
padauginamos ir apjungiant su bioimitaciniu karkasu formuoja organotipinj konstrukta, kuris
gali buti implantuojamas j organizma.

Tarplastelinis uzpildas (TLU) ir jo mechaninés savybés yra ne tik fiziné
aplinka lgsteliy augimui, bet ir atlicka svarby vaidmenj reguliuojant Igsteliy
funkcijas audiniy regeneracijos, zaizdy gijimo arba ligy progresavimo metu.
Vis daugiau moksliniy tyrimy, ypa¢ naujos mechanobiologijos ir uzpildo
biologijos kryptys, yra skirti i§siaiskinti, kaip TLU mechaniné aplinka, tiek in
vitro, tiek in in vivo, daro jtaka lasteliy elgesiui ir funkcijoms. Sintetinés
medziagos, atkartojancios pagrindines mechanines ir biologines specifiniy
audiniy savybes, yra svarbi priemoné, padedanti suprasti mechanizmus,
kuriais lastelés jaucia ir pertvarko jas supancia aplinka [2], [3].
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Sios daktaro disertacijos tikslas buvo istirti bioimitaciniy hidrogeliy
mikroformavimo, nanoformavimo ir modifikavimo galimybes, iSbandyti
suformuotus hidrogelius organotipinése lasteliy kultirose. Siam tikslui
igyvendinti buvo suformuoti tokie disertacijos uzdaviniai:

1)

2)

3)

4)
5)
6)
7)

8)

Kolageno bioimitacinius  hidrogelius panaudoti mikro ir
nanoformavimui ir sukurti platforma pazangioms lasteliy kultiry
technologijoms. Jvertinti Sios platformos stabilumg Zmogaus lasteliy
linijy kultiirose.

Ivertinti organotipinés lasteliy kultiros parametrus, kai Zmogaus
odos fibroblasty Iastelés sgveikauja su nanostruktiiras turinCiais
pavirsiais.

Kolageno hidrogelio pagrindu sukurti mikroprietaisa leidziantj
vertinti Zmogaus odos fibroblasty lasteliy jaugima joms draugiskoje
aplinkoje.

Kolageno hidrogelio pagrindu sukurti akies ragenos modelj tinkama
in vitro medziagy pralaidumo bandymams.

Modifikuoti kolageno hidrogel; ir patikrinti jo tinkamumg Zmogaus
sveiky ir patologiniy kardiomiocity diferenciacijai in vitro.

Ivertinti bioimitaciniy hidrogeliy tinkamumag smegenéliy lasteliy
kulttiry kultivavimui.

Sukurti mikroSulinéliy matricg ant bioimitaciniy hidrogeliy, tinkama
smegenéliy organoidy formavimui.

Susintetinti ir iSbandyti naujas peptidinio hidrogelio modifikacijas,
jterpiant papildomas bioimitacines sekas j kolageng imituojancio
peptido seka.
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NAUJUMAS

Audiniy inzinerija yra vienas i§ pagrindiniy regeneracinés medicinos
jrankiy. Ji suteikia galimybe kurti ir iSbandyti novatoriskas strategijas, skirtas
jveikti audiniy praradimo, disfunkcijos, organy nepakankamumo ir Kt.
specifinj audinj panaSius organotipinius konstruktus, skirtus geriau suprasti
medziagy pernasg, metabolizma, signalinius procesus, jvertinti potencialiy
vaistiniy medZiagy poveikius sveikoms ar patologinéms lgsteléms, tirti tam
tikras audiniy vystymosi stadijas.

Bioimitaciniy medziagy pritaikymas audiniy inzinerijoje reikalauja
biologijos, chemijos, medziagy mokslo ir inzinerijos ziniy, metody bei jy
apjungimo, be kurio nepavykty efektyviai imituoti ir atkurti sudétingos in vivo
audiniy architekttiros ir funkcionalumo. PavyzdZiui, jvairios biomedZziagos,
pvz. polimerai, kompozitai, hidrogeliai gali bati kartu panaudojami
konstruojant visiskai naujo tipo karkasus, savo savybémis panaSesnius j
trimate aplinka, skatinancius lasteliy adhezija, proliferacija, diferenciacijg ar
kitas funkcijas.

Sio darbo naujumas — tai kolageno ir sintetiniy bioimitaciniy peptidiniy
hidrogeliy panaudojimas tam tikry biologiniy efekty iSgavimui pasitelkiant
tiek mikroinzinerijos (mikro- ir nanoformavimo), tieck cheminés sintezés
metodus (kei¢iant peptidy sekas). Naujausioje literatiiroje sintetiniy
bioimitaciniy peptidy naudojimas audiniy inzinerijoje ir regeneracinéje
medicinoje tampa vis populiaresnis dél jy gebéjimo palaikyti ir reguliuoti
natiiralius biologinius procesus. Tai aktuali ir perspektyvi sritis, nes tokiy
peptidy modifikacijos leidZia pasiekti norimus biologinius efektus, tokius kaip
lasteliy adhezijos, proliferacijos ir diferenciacijos skatinimas, atveriant
platesnes galimybes kurti efektyvesnius terapinius konstruktus.
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1. LITERATUROS APZVALGA
1.1. Bioimitacinés medziagos

Bioimitacinés medziagos, tai dirbntinés medziagos kuriy tam tikros
savybés atkartoja nattiiralias biologines medziagas, taciau pilnai jy
nekopijuoja. Dazniausiai toks rezultatas yra pasiekiamas pasitelkiant
cheminio arba gamybinio modifikavimo jrankius (pav. 2). Pasirenkant pacia
medziaga svarbu suprasti kokie biologiniai audiniai biity atkartojami. Yra
zinoma, kad didZioji dalis minkstyjy audiniy, jskaitant raumenis, yra sudaryti
i 70-80 % vandens [4]. Zinant, kad didZiaja audinio dalj sudaro vanduo,
biomimitaciniai hidrogeliai yra labai tinkama karkaso medziagy klasé. Be to,
jie gali bati papildomai modifikuojami (pav. 2) jterpiant augimo faktorius,
apdorojant chemiskai, keic¢iant jy sandara, mechanines savybes ir kt.

Augimo faktoriy imobilizavimas

Lasteliy h Cheminés
adhezija funkcinés grupes

Elektrinis
aktyvumas

Struktiirinés
savybés

Mechaninés savybés Degradavimas

pav. 2 Bioimitaciniy medziagy modifikavimo galimybés. Adaptuota is [5].
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1.2. Hidrogelinés medziagos

Diskusijos dél plastikiniy detaliy netinkamumo implantavimui, nes jos
néra pralaidzios metabolitams ir savo prigimtimi néra artimos minkstyjy
audiniy aplinkai, vyksta nuo mazdaugl960-yjy mety. Tada pirmg kartg buvo
pasiiilyta naudoti hidrogelines medZiagas, kaip tinkamesnes siekiant
pagaminti chemiskai susititus, metabolitams laidZius implantus [6]. Hidrogelis
apibréziamas kaip erdvinis (3D) tinklas sudarytas i§ polimery grandiniy, kuris
gali iSbrinkti ir savyje islaikyti didel¢ dalj vandens, pats neistirpdamas (pav.
3). Jo hidrofilines savybes daugiausia lemia funkcinés grupés, o sgveika tarp
tinklo polimeriniy grandiniy apsaugo jj nuo iStirpimo vandenyje [2]. Pagal
tokio tipo medziagos nusistovéjusj apibrézimg, vanduo turi sudaryti ne maziau
10 % nuo bendros masés (arba tiirio)- tokia medziaga galéty biiti vadinama
hidrogeliu. Batent d¢l didelio vandens kiekio hidrogeliai daZniausiai pasizymi
mechaninémis savybémis, kurios artimos audiniams [7].

Sausas blivis Hidratuotas biivis

—

pav. 3 Scheminis sauso ir hidratuoto hidrogelio atvaizdavimas

Chemijos pozitriu, medziagos hidrofiliskuma lemia joje esancios
hidrofilinés cheminés grupés, pavyzdziui -NH, -COOH, -OH, -CONH, -
CONH-, SOzH [7].

1.3. Hidrogeliniy medziagy klasifikavimas

Literatiiroje pateikiama nemazai hidrogeliy klasifikacijos btidy ir randama
bent keletas nuomoniy. Kalbant apie hidrogeliy tipy apibrézimus, remiantis
Saltiniais, hidrogelius galima skirstyti i suformuotus i§ natiiraliy polimery ir
suformuotus i§ sintetiniy polimery [8]. Priklausomai nuo suristy grupiy
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joniniy krtviy, hidrogeliai gali biiti katijoniniai, anijoniniai arba neutralis.
Klasifikavimo kriterijumi taip pat gali buti skersinio rysio agenty rusys.
Hidrogeliai taip pat gali bati fizikiniai, cheminiai arba biocheminiai.
salygoms, pavyzdziui, temperatirai, jony koncentracijai, pH arba kitoms
salygoms. Cheminiais hidrogeliais laikomi tie, kuriuose susidaro kovalentinés
jungtys bei uztikrina mechaninj vientisumg ir atsparumg irimui, lyginant su
kitomis silpnesnémis medziagomis. Biocheminiuose hidrogeliuose stingimo
procese dalyvauja Dbiologinés medziagos, pavyzdziui, fermentai ar
aminoragstys [7].
Hidrogelius dar galima skirstyti pagal:
1. monomery kilm¢
a. natoralis (kolagenas, zelatina, krakmolas, agaroze,
alginatas)
b. sintetiniai
2. polimerine kompozicija
a. homopolimerai (hidrogelis i§ vieno tipo monomero)
b. kopolimerai (hidrogelis i§ dviejy ar daugiau monomery
tipy)
¢. multipolimerinai (hidrogelis i§ dviejy nepriklausomy
persipynusiy polimeriniy tinkly)
3. fiziking — chemine¢ struktiirg
a. amorfiniai
b. dalinai kristaliniai
c. kristaliniai
4. polimerizavimo tipg (angl. cross — linking type)
a. cheminis (negrjZtama reakcija)
b. fizikinis (laikinos jungtys: fiziSkas persipynimas, joniniai
ry$iai, vandeniliniai rySiai ar hidrofobiné sgveika)
5. Pagal tinklo elektrinius kravius

a. nejoniniai

b. joniniai

c. amfoteriniai elektrolitai

d. zviterijoniniai (angl. zwitterionic, kiekviename

pasikartojan¢iame strukttriniame vienete yra ir anijoniniy,
ir katijoniniy struktiiry)

1.4. Hidrogeliniy medziagy parametrai

Pagrindiniai bioimitaciniy hidrogeliy parametrai, j kuriuos reikia
atkreipti démesj kuriant produktus ir terapijas medicininiams poreikiams, yra
Sie: brinkimas, mechaninés savybés, porétumas ir pralaidumas, jautrumas
iSoriniams veiksniams [9]. Chemiskai susifiti hidrogeliai daznai pasiZzymi
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geresnémis mechaninémis savybémis, lyginant  su savaime
susiformuojan¢iomis (fiziSkai susijungian¢iomis) sistemomis, kurioms labiau
daro jtaka iSoriniai veiksniai (pH, temperatiira, joninés jégos, etc.) [10].

1.4.1.Vandens kiekis hidrogeliuose

Kaip minéta, hidrogeliai - tai hidrofilinés polimerinés medziagos, kurios
gali sugerti nuo 10-20 % (apatiné riba yra sutartiné¢ ir gali varijuoti
priklausomai nuo Saltinio) iki tikstanciy savo svorio ekvivalenty vandens.
Vandens kiekis ir pobiidis hidrogelinéje medziagoje gali turéti jtakos
medziagy skverbimuisi j gelj ir Iasteliy produkty pasalinimui i$ jo [11].

Kai i§dZiovintas hidrogelis sugeria vandenj, pirmosios vandens molekulés
patenkancios | matrica hidratuos labiausiai polines, hidrofilines grupes. Tai
vadinama pirminiu suriS§tu vandeniu. Kai polinés grupés yra hidratuotos,
tinklas iSsipucia ir atskleidzia hidrofobines grupes, kurios taip pat saveikauja
su vandens molekulémis — tai hidrofobiskai suriStas vanduo, arba ,.antrinis
susietas vanduo®. Pirminis ir antrinis susietas vanduo daznai biina apjungiami
ir tiesiog vadinami ,,visu susietu vandeniu“. Tarp suri$to vandens, esancio
polimerinio monomero pavirsiuje, ir laisvo vandens yra vandens sluoksnis,
vadinamas pusiau suri$tu vandeniu (pav. 4). Po poliniy ir hidrofobiniy grupiy
sgveikos su vandens molekulémis dél osmosinio vandens judéjimo, tinklas
jsiurbs papildomg vanden]. Tai galéty vesti link begalinio praskiedimo, taciau
prieSinasi kovalentiniai arba fizikiniai hidrogelj laikantys ryS$iai. Tad
kazkuriuo metu hidrogelis pasieks brinkimo pusiausvyra, ir vandens kiekis
nustos didéti. Toks vanduo, uzpildantis tirj po to kai hidrofilinés ir
hidrofobinés grupés yra hidratuotos, yra vadinamas vandeniu hidrogelio
strukttroje [12], [13].
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pav. 4 Scheminis vandens hidrogelyje ir karboksilo grupés formuojamy vandeniliniy rysiy
atvaizdavimas [11].

1.4.2.Mechaninés savybés

Audiniy standumas (Jungo modulis), kuris matuojamas paskaliais (Pa),
labai skiriasi jvairiuose organuose ir audiniuose. Jis yra neatsiejamai susijgs
su audinio funkcija. Mechaniskai statiski audiniai, pavyzdziui, smegenys, arba
paslankiis audiniai, pavyzdziui, plauciai, pasizymi mazu standumu, o didelés
mechaninés apkrovos veikiami audiniai, pavyzdziui, kaulai ar oda, pasizymi
aukstesnémis Jungo modulio vertémis (pav. 5) [14].

skeleto raumenys

l-s!

kremzlé

M

Jmbog

kaulas

10" 10° 10’ 10? 10° 10 10° 10°
Jungo modulis
pav. 5 Skirtingy audiniy standumo pasiskirstymas, adaptuota is [15].
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1.4.3.0ptinés savybés

Medziagos liizio rodiklis lemia greitj, kuriuo $viesa sklinda medziaga, ir
atitinkamai lemia optines medziagos savybes. Hidrogeliy lGzio rodiklis daznai
yra artimas vandens luzio rodikliui, todél jie tinka biologiniams ir
medicininiams tikslams, ypatingai ten kur yra reikalingas skaidrumas. Si
savybé sumazina optinius iSkraipymus, kai hidrogeliai lie¢iasi su biologiniais
audiniais ar skysciais, o tai padidina jy suderinamumg optinése sistemose.
Taip pat optiskai skaidrios medziagos labiau tinka darbui su lgsteliy
kultiromis in vitro ir in vivo biologiniuose tyrimuose, supaprastina
mikroskopavima, histologinius ir imunohistocheminius tyrimus [16].
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1.4.4. Biosuderinamumas

Biosuderinamumas apibréziamas kaip medziagos gebéjimas islikti
Seimininko organizme, atlikti numatyta funkcija ir nesukelti imuninés
sistemos atsako (pav. 6). Svarbu, kad tokios medziagos nesukelty pazeidimy,
nebiity toksiskos ir neturéty atmetimo rizikos bei jokio nepageidaujamo
vietinio ar sisteminio poveikio [17]-[19]. Terminy sutarimo konferencijoje
Cengdu buvo galutinai patvirtintas  biosuderinamumo  apibrézimas,
grindziamas panasiu dar 1985 metais sukurtu apibrézimu [17].
Biosuderinamos medziagos buvo apibréztos kaip gebancios sgveikauti su
Seimininko organizmu taip, kad biity gaunamas reikiamas atsakas konkreciais
pritaikymo atvejais.

Terminas biomedziaga buvo apibréztas 1985 m., kaip ,,medziaga, kuri néra
gyvas audinys ir naudojama medicinos prietaise, skirta sgveikauti su
biologinémis sistemomis®. Biomedziagos naudojamos vis jvairesniems ir
sudétingesniems pritaikymams, tokiems kaip audiniy inZinerija, invaziniai
jutikliai, wvaisty tiekimas ir geny transfekcijos sistemos, j medicing
orientuotose nanotechnologijose ir biotechnologijose, taip pat ir nuo seniau
zinomuose implantuojamuose medicinos prietaisuose.

<& »

Mechaninis efektas Biologinis efektas Cheminis efektas

4/"" - ¥

Normali veikla ~ Normali veikla  Suveikia apsauginiai Nesuveikia apsauginiai
nesutrikdyta sutrikdyta mechanizmai mechanizmai Néra Yra
TEIGAMAS NEIGAMAS NEIGAMAS TEIGAMAS NEIGAMAS TEIGAMAS
ATSAKAS ATSAKAS ATSAKAS ATSAKAS ATSAKAS  ATSAKAS

pav. 6 Principiné biosuderinamy medziagy biologinéje sistemoje veikimo analizés
schema, adaptuota is [19].
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1.5. Hidrogeliy formavimui naudojami polimerai

PaprasCiausias buidas suskirstyti hidrogeliniy medziagy formavimui
naudojamus polimerus bity skirstymas j nattralios ir sintetinés kilmés
medziagas. Prie populiariausiy nattraliy medziagy gali buti priskiriami:
kolagenas, hialurono rugstis, fibrinas, agarozé, chitozanas, Zzelatina,
celiuliozé. Prie populiariausiy sintetiniy medziagy gali biiti priskiriami
poliakriliné  ragstis, polihidroksi —metakrilatas, polivinil alkoholis,
polietilenglikolis, silikonas [20].

1.5.1. Natiiralios kilmés medZziagos: kolagenas

Kolagenas tai dazniausiai Zinduoliuose sutinkamas baltymas, jis sudaro
apie 30 % visos baltymy masés. [21]. Zodis kolagenas yra kiles i§ graiky
kalbos, reiskiantis ,klijus® ir ,,gaminti“, nes buvo Zinoma, kad verdant
audinius gali biiti gaminami klijai. Pats zodis pirma karta buvo panaudotas
XIX amziuje, kaip pavadinimas jungiamyjy audiniy, verdant kuriuos gali buti
iSgaunama Zelatina [22].

Spiralés neformuojanti sritis Spirale formuojantis sritis Spiralés neformuojanti sritis
| \r __________ "‘
| |

= 1: It ~ ~__ }I !
Vol ——a b e e S |
e e e e e e e e e e e e e e e — o= »
280 nm
NH: COOH NH
COOH l |
I ) — )
2 | Ho | 0
Q L o] T o
\w i i | I\
| COOH NH:

pav. 7 Scheminis kolageno sandaros pavaizdavimas, adaptuota is [22]

Kolageno makromolekulé turi btidingg trigubos spiralés struktiirg ir dvi
spirales neformuojanéias sritis abiejuose savo galuose (pav. 7). Trigubos
spiralés formavimas — visus kolagenus apibréziantis parametras. Kolageno
triguba spiralé susideda i$ trijy lygiagreCiy a polipeptidiniy grandiniy, kurios
vyniojasi viena aplink kita formuodamos taisyklingg spirale, ty. i virve
panasia struktiira, kurios apytikré moliné masé yra 300 kDa, gijos ilgis- 280
nm, skersmuo- 1,4 nm [22]. Trigubg spirale stabilizuoja tarpmolekuliniai
vandeniliniai rySiai tarp gliciny gretimose polipetidinése grandinése.
Vandenilinius ryS$ius taip pat formuoja hidroksiprolino hidroksilo grupé. Per
aminortgsciy (AR) tripleta yra formuojamos dvi vandenilinés jungtys: viena
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tarp glicino AR liekany amino grupés ir karboksi grupés AR liekany esanéiy
antroje tripleto pozicijoje $alia esancios spiralés grandinés. Gly—Pro-Hyp seka
kolagene sudaro 12 % molekulés, Gly—Pro-Y ir Gly—-X-Hyp sekos sudaro
apie 44 % ir Gly—X-Y sudaro likusius 44 %.

lentele 1 Skirtingy kolageno tipy specifikacijos ir pasiskirstymas audiniuose,
adaptuota is [22]

o, spiralés

molekulinis Pasiskirstymas

Kolageno Supramolekuliné

Grandinés

tipas struktiira . audiniuose
svoris

Oda, sausgyslés,
ragena, organy
kapsulés,
Didesnio skersmens smegeny ir
[al(D)]202(D)] gijos, monomery 95 nugaros
periodas 67 nm smegeny kieta
medZiaga,
pagrindinis
organinis kaulo
komponentas

I (Hetero
trimeras)

I (Homo (a1 (D)] Monomery periodas Navikai, derma,
trimeras) al(Dls 67 nm kaulai

Kremzle,
stiklakunis,
sausgysliy
95 kremzlinés
Z0nos,
tarpslanksteliniai
diskai.

Monomery periodas

I [al(ID)]s sk

Derma, aorta,
gimda,
sausgysleés,
zarnynas,
Mazesnio skersmens, kraujagyslés,
11 [al(IIT)]3 monomery periodas 67 95 kepenys,
nm bluznies ir
aplinkiniy
vidaus organy
jungiamasis
audinys

[a1(IV)202(1V)]; NanOfI.bl’Iles. formuoja 170-180 Pamatiné
a3(IV), pintg tinklg membrana
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Vi

1

Vil

Xl

Xl

X1

XV

XV

o4(IV), a5(1V), a
6(1V)

[al(V)]202(V)
[al(V) 02(V)
a3(V)] [al(V)]s

[al(V]) a2(VI)
aa3(VI)]

[al(VID)]3

[al(VIID)]2
a2(VIII)

[al1(IX) o 2(IX)
aa3(IX)]

[al(X)]3

[a1(XT) o 2(XT)
aa3(XI)]

[o 1(XID)]s

[o] (XIID)]3

[al(XIV)]3

[al(XV)]s

9 nm skersmens
iSsisluoksniavusios
fibrilés

120-145

5 — 10 nm skersmens
mikrofibrilés su
intarpais, 100 nm

periodiSkumas,
formuoja pinta tinkla

al(VI) 140
a2(VI) 140
a(VI) 340

Inkarinés fibrilés 170

Nefibriné struktiira,
formuoja SeSiakampj 61
tinkla

FACIT (su fibriliy
formavimu susije¢
kolagenai su nutraukta
triguba spirale)

68-115

Nefibriné struktiira,
formuoja SeSiakampj 59
tinkla

Plonos fibrilés,
artimos V tipo
kolagenui

110-145

FACIT, neformuoja

fibriliy 220,340

Transmembraninis 62-67

FACIT, neformuoja
fibriliy 220

MULTIPLEXIN
(daugybiniai trigubos
spiralés fragmentai su 125
pertraukimais),
neformuoja fibriliy
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Placentos/embri

ono audinys,
derma, kaulai,
akies ragena

Gimda, derma,
kremzlé

Oda, amniotiné
membrana,
ragena, gleivinés
epitelis

Decemento
membrana,
endotelio
lastelés

Pasiskirstes
kartu su Il tipo
kolagenu

Kalcifikuota
kremzlé
(iskaitant
saugysliy dalis)

Kremzlé,
tarplasteliniai
diskai

Derma, raisciai,
kremzlé

Endotelio
lastelés,
epidermis

kremzlé

Placenta, inkstali,
Sirdis, kiausidés,
séklidés



XVI

XVII

XVIII

XIX

XX

XXI1

XXII

XX111

XXIV

XXV

XXVI

[al(XVD)]3

[al (XVID)]3

[al(XVIID)]3

[01(XIX)]s

[al(XX)]s

[a1(XXI)]s

[al(XXID)]s

[l (XXIID)]3

[l (XXIV)]s

[al(XXV)]3

[a1(XXVI)]3

FACIT, neformuoja
fibriliy

Ipintas  lastelés
membrang

MULTIPLEXIN,
neformuoja fibriliy

FACIT, neformuoja
fibriliy

FACIT

FACIT

FACIT

Transmembraninis

Fibrilinis, susijes su
fibriliy formavimu

Transmembraninis

FACIT
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150-160

180

200

165

185, 170,
135

200

50/100

Sirdis, inkstai,
raumenys

Specializuotas
epitelis,
hemidezmosomo
s (oda)

Inkstai, kepenys

Interneuronai,
hipokampo
sinapsiy
formavimas,
pamatinés
membranos,
raumeny lastelés

Rageny epitelis,
embriono oda,
rai$éiai,
kratinkaulio
kremzlé

Kraujagysliy
sienelés,
i§skiriamas
lygiyjy raumeny
lasteliy

Audiniy jungtys

Augliai
(prostatos)

I tipo kolageno
fibrilogenezes
reguliacija,
osteoblasty
diferenciacijos
markeris

Saveika su
Amiloido
plokstelémis,
esant
Alzheimerio
ligai

Kiausidés ir
seklidés



Fibrilés,
XXVII [alI(XXVID]3 susirenkancios j tanky
tinklg

Hipertrofiné
kremzlé

Periferiné nervy
sistema,
~50 Schwann‘o
lasteliy pamatiné
membrana

Granuliuoto uzpildo

XXV [l (XXVIID]3 S

Suprabazinés
lastelés
epidermyje,
plauciuose,
XXIX [al(XXIX)]3 Neformuoja fibriliy mazajame
zarnyne,
gaubtinéje
zarnoje ir
seklidése

Siuo metu yra identifikuotos 29 kolageno risys (lentele 1), dalis jy
pasizymi unikaliomis savybémis. Dauguma kolageny rasiy atrodo
giminingos, taciau jas skiria grieztas pasiskirstymas audiniuose, kur juos
galima aptikti. Toks kolageno rasiy kiekis nurodo, kad yra didelé biologiniy
funkcijy jvairove, kurig lemia didelis kiekis skirtingy strukttry j kurias
susirenka kolageno molekulés. Priklausomai nuo pirminés struktiiros, trigubos
spiralés domeno ilgio, molekulinio svorio, kriivio pasiskirstymo, tarpy
triguboje spiraléje, krastiniy segmenty dydziy, formos ir po-transliaciniy
modifikacijy, kolagenus galima suskirstyti j keturias stambias grupes [23].

Pirmai grupei priklauso fibriles formuojantys kolagenai (I, 11, 111, V, 1X,
XXIV ir XXVII). Sios grupés kolagenai formuoja triguba spiralg, su
nepertraukiamais Gly—X—Y AR (aminoriig§¢iy) domenais, kurie yra ~300 nm
ilgio. Yra zinoma, kad XXI ir XXVII kolagenai turi intarpy Gly—X-Y sekoje,
tai reiksty trigubos spiralés gijos trumpus nutrikimus. Dermos, raisciy ir kity
audiniy fibrilés dazniausiai yra formuojamos keliy skirtingy kolageny (I, III,
V). Tokiy audiniy fibrilés yra vadinamos heterotipinémis. Jeigu fibrilés yra
formuojamos vieno tipo kolageno, kaip pavyzdziui VII kolageno
formuojamos dermos—epidermio jungtys, jos vadinamos homotipinémis [22].

Antrai grupei priklauso pamatines membranas formuojantys kolagenai
(IV, VII, XXVIII). Tai gali bati smulkus IV kolageno fibriliy tinklas, bei
i$sisakojusios VII kolageno inkarinés fibrilés [22].

Treciai grupei priklauso trumpos grandinés kolagenai (VI, VIII ir X), visi
jie formuoja pintg tinklg su skirtingais tarpais. VI tipo kolagenas formuoja
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granuliuotg tinkla, 0 VIII ir X kolagenai formuoja taisyklingg SeSiakampe
tinkling strukttirg [22].

Ketvirtai grupei priklauso kolagenai su daugybiniais intarpais Gly—X-Y
trigubos spiralés fragmentuose (XII, XIV, XVI, XIX, XXII). Tokie kolagenai
priskiriami FACIT kolagenams, ir yra susije su fibriliy formavimu. Prisijunge
prie kolageno fibriliy FACIT kolagenai gali keisti fibrilés plot;.

Terminas MULTIPLEXIN buvo sukurtas XV ir XVIII kolagenams, nes
ju tretingje struktiiroje yra daugiausiai pertraukimy triguboje spiraléje.

Dar viena svarbi kolageny subgrupé yra transmembraninés kolageno
molekulés (XIII, XVII, XXIII, XXV), kurios turi domenus tiek leidzian¢ius
jsiterpima | lastelés membrang, tiek ir triguba spirale formuojancius
tarplasteliniame uzpilde [22].

lentelé 2 Skirtingy kolageno iSgavimo biidy privalumai ir triskumai [24]

Saltinis Privalumai Trikumai
Didelés iseigos
Kolagenas isskirtas i$ naudojant ragsting Galimas tarprasinio
audinio arba pepsino uzkrato pernesimas
ekstrakcijg
Lastelése susintetintas ) . .. .
e Gali bati autogeninis Mazos iSeigos
kolagenas
Rekombinantinis Silpnas imuninis Mazos iSeigos,
kolagenas atsakas stabilumo problemos
D - Mazos iSeigos,
Peptidy sintezés budu g

) Pilnai sintetinis tretinés strukttiros
pagamintas kolagenas .
formavimo problemos

Kolagenas daznai naudojamas hidrogeliy gamybai dél jo biologinio
suderinamumo ir gebéjimo imituoti nattiraly TLU, todél jis puikiai tinka
audiniy inzinerijos ir biomedicinos reikméms. Kolagenas turi AR seky
skatinanCiy lasteliy adhezija [25]-[27]. Kolageno hidrogeliai gali bati
naudojami kaip vaistiniy medziagy ir baltymy neSikliai [28], [29], taip pat
audiniy rekonstrukcijai (kepeny [30], odos [31], kraujagysliy [32], plonosios
zarnos [33], kremzlés [34], balso stygy [35] ir stuburo [36] pazeidimy
atvejais). Kolageno hidrogeliai taip pat gali buti skirstomi pagal kolageno
medziagos iSgavimo biidg. Skirtingi i§gavimo biidai turi savo trikumus ir
privalumus (lentelé 2).
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1.5.2.Natiiralios kilmés medziagos: hialurono rtigstis

Hialurono riigstis (hialuronatas) - tai linijinis polimeras i§ disacharidy,
kuriy monomerg sudaro D—gliukuroniné riigstis ir N-acetil-D-gliukozaminas
(pav. 8). Hialurono riigstis yra aptinkama visuose zinduoliuose, dazniausiai
jungiamuose audiniuose, kaip uZpildas, lubrikantas ir/arba osminis buferis.
Tai didelés molekulinés masés polisacharidas, formuojantis pintus tinklus net
ir nedidelése koncentracijose (< 1 mg/mL). Zmogaus organizme hialurono
rugstis formuoja 3-7 MDa molekulinés masés polimerus [37].

Hialurono riigsties hidrogeliai yra nattiralios kilmés, nesukelia imuninio
atsako, biodegraduojantys. Dél §iy priezas¢iy tokie hidrogeliai naudojami kaip
lasteliy [38] arba vaistiniy medziagy [39], [40] nesikliai, kamieniniy Igsteliy
terapijoje[41], [42], kremzlés audiniy inzinerijoje [39], [43], Sirdies raumeny
atstatyme [44].

N OH

OH
HN o- — ]
n

HO o

pav. 8 Hialurono rigsties polimeras
1.5.3. Sintetinés kilmés medziagos: Polietileno glikolis

Polietileno glikolis (PEG) - tai polimeras, kuris dazniausiai yra gaunamas
anijoninés arba katijoninés etileno oksido polimerizacijos budu (pav. 9). Yra
eilé bidy kaip gali biiti formuojami PEG hidrogeliai. PEG grandinés galai gali
biiti modifikuojami reikiamomis cheminémis grupémis ir visa PEG grandiné
gali atlikti susiuvimo agento funkcija, reaguojant su kitais monomerais [45].
Taip pat PEG hidrogeliai gali susidaryti ir dél fizikinés sgveikos. Tokiy
hidrogeliy fizikocheminés savybés, tokios kaip laidumas cheminéms
medziagoms, vandens kiekis, elastingumas, Jungo modulis, degradavimo
greitis ir kitos gali bati labai jvairios [46], [47].
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pav. 9 PEG polimeras

Svarbiausias parametras, dél kurio PEG hidrogeliai yra tinkami
naudojimui regeneracingje medicinoje — PEG polimery hidrofilinés savybés
[47]. Zemo susiuvimo laipsnio PEG hidrogelis gal sulaikyti 95 % vandens nuo
savo bendros masés. Tokio auk$to vandens kiekio medziagos yra artimos
audiniams, ir tuo paciu yra tinkama aplinka Igsteliy ar aktyviyjy medziagy
inkapsuliacijai. Naudojant tokj hidrogelj audiniy regeneracijai jis uztikrina
lasteliy metabolity mainus, nes veikia kaip pusiau laidi membrana [48].

Dar viena svarbi PEG hidrogeliy savybé — jie ,,nematomi® lgsteléms, nes
nesukelia baltymy nespecifinés adhezijos [49], [50]. Si savybé leidzia
dekoruoti PEG polimero suformuotg pavirSiy biologinémis molekulémis, taip
bandant gauti tinkama (specifinj) lasteliy atsakg. Taip pat reikia pripazinti, kad
Sios savybés gali turéti ir neigiamo poveikio, nes prie PEG medziagos (pvz.
dangos) nesijungia ir Iasteliy gaminami TLU baltymai. Tai sumazina lasteliy,
auganc¢iy PEG hidrogelyje, gyvybinguma, tuo atveju, kai joms reikalingas
kontaktas su TLU baltymais. Taciau biologiskai aktyviis fragmentai gali bati
jterpiami | PEG hidrogelj, uztikrinant lasteliy gyvybinguma [48].

Rinkoje parduodama labai daug ir jvairiy PEG polimery, jskaitant
skirtingy molekuliniy masiy, $Sakotumo ir funkcionalumo. Funkcinés grupés
gali bati Sios: amino-, karboksi-, tiolio, sucimido, maleimido, nitrofenil
karbonato, metakrilato, izocianato ir kitos. Toks funkciniy grupiy spektras
leidzia pritaikyti PEG polimerus labai jvairiems poreikiams, naudojant
jvairius cheminius jrankius, bei regeneracinei medicinai tinkamas bioaktyvias
medziagas.

1.5.4.Sintetinés kilmés medziagos: Bioimitaciniai peptidai

Lasteliy atsakas | aplinkg ir jas supant] pavirS§iy dazniausiai yra
uzkoduotas struktiiriniy ir signaliniy baltymy, esanciy lasteles supanciame
TLU (pav. 10). Tokie baltymy segmentai gali baiti panaudojami kaip
struktiirinis ir tuo paciu kaip funkcinis elementas, konstruojant bioimitacing
medziagg [51]. Baltymus sudaro $imtai, arba tiikstan¢iai AR, 0 nuo dviejy iki
keliasdeSimt AR turintys junginiai vadinami peptidais [52]. Kaip baltymai,
taip ir peptidai yra sudaryti i§ dvideSimties proteinogeniniy AR (pav. 11)
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pav. 10 Lgstelés sqveiky su TLU imituojanciu hidrogeliu, kurio sudétyje yra bioimitacinés
peptidinés sekos, scheminis paaiskinimas. |dealiu atveju, tokios sekos ne tik uZtikrina reikiamg
lgsteliy adhezijq, bet ir neleidzia formuotis bakterinéms pléveléms.

Peptidai yra patraukli medziaga hidrogeliams gaminti dél reguliuojamo
savaiminio surinkimo galimybés, biologinio suderinamumo ir gebé&jimo
formuoti nattiralius audinius imituojancias struktiiras. Peptidiniai hidrogeliai
gali imituoti ne tik mechanines, bet ir biochemines TLU funkcijas, kas reiksty
didesnj poveikj lasteliy kultarai. Papildomai hidrogelyje gali bati jterpiami
antimikrobiniai peptidai, kurie stabdyty bakterijy dauginimasi ir plévelés
susidaryma hidrogelio pavirSiuje (pav. 10). Yra Zinoma, kad i§ TLU iSskirti
peptidai pagerina lIgsteliy adhezija prie pavirSiaus ir jy augimg. Tokios sekos
gali biti jterptos j hidrogelio struktiira, programuojant reikiamas tarplastelines
sgveikas, arba sgveikg su Kitais peptidiniais hidrogelio fragmentais [53]. Tokie
TLU peptidais praturtinti hidrogeliai tinka tiek in vitro, tiek in vivo audiniy
inzinerijos pritaikymams ir skatina audiniy regeneracijg [54].
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pav. 11 Dvidesimt proteinogeniniy aminorigsciy. Paveiksle jos pateiktos su vienos ir trijy
raidziy kodavimu, bei monoizotopine molekuline mase.

Taip pat svarbu atkreipti démesj, kad peptidai yra stabilesni nei pilno ilgio
baltymai ir gali veikti labai efektyviai [55]. Pavyzdziui, tarplastelinio uzpildo
baltymo fibronektino peptidas, kurj sudaro argininas-glicinas-aspartato
rugstis (RGD), in vitro bei in vivo salygomis, pagerina lasteliy adhezija prie
pavirSiaus bei proliferacijg [56], [57]. Kito svarbaus tarplgstelinio uzpildo
baltymo- laminino- peptidas, kurj sudaro izoleucinas-lizinas-valinas-
argininas-valinas (IKVAV), yra zinomas dél savo biologinio aktyvumo,
skatina lasteliy adhezijg ir migracija [58]. IKVAV seka yra dalis didesnio
laminino domeno, vadinamo "trumpaja ranka", kuri sgveikauja su lastelés
pavirSiaus integrinais. IKVAYV seka turi specifinj gimininguma tam tikriems
integrino receptoriams, ypa¢ integrinui avp3, kurie randami jvairiy lasteliy
tipy, jskaitant neuronus, endotelio Igsteles ir vézio lasteles, pavirSiuje.

lentelé 3 Lgsteliy adhezijos tarplgstelinio uzpildo baltymai ir jy peptidiniai epitopai.

Saltinis Epitopas

RGDS [59]-[62]
Fibronektinas
KQAGDV [63]
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Lamininas

Kolagenas

Nidogenas

Calmodulinas

Netrinas
Trombospondinas
Kadherinas

De novo

PRARI [63]
IKVAV [64]-[67]
YIGSR [68]-[70]

PDSGR [70]

RKRLQVQLSIRT [71]
CGGRKRLQVQLSIRT [66]
RYVVLPR [72]
RNIAEIIKDI [73]
AGQWHRVSVRWG [74]
IKLLI [63]
SINNNR [63]

LRGDN [63]

POG [75], [76]
DGEA [77], [78]
GFOGER [79]
FPGERGVEGPGP [80]
GFPGER [81], [82]
NYYSNS [63]
FRGDGQ [83]
QIDS [84]

LDT [84]
QWRDTWARRLRKFQREKKGKCRKA [85]
CSVTCG [86], [87]
HAVDI [88]-[90]
RRETAWA [91]
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Labai svarbu, kad TLU sudaro daug skirtingy biologiniy molekuliy, kurios
lemia lasteliy biologinj atsaka. Bioinzinerinés platformos, kuriy tikslas
atkartoti arba imituoti sudétingus biologinius scenarijus turi ,,komunikuoti* su
lastelémis panaSiu biidu. Peptidiniai epitopai (lentelé 3) gali buti naudojami
kaip statybiniai blokai konstruojant lgsteliy karkasus in vivo ir in vitro.
Peptidiniai epitopai gali buti sukurti taip, kad pagerinty lasteliy adhezijg arba
migracija, paskatinty lasteliy diferenciacija, sukelty imuninj atsaka [58]. Taip
pat yra svarbu, kad keli skirtingi epitopai gali bati ant vieno karkaso, taip
skatindami funkciniy efekty sinergija, artimag gyvos sistemos funkcionalumui
[39].

1.6. Peptidy sintezé ant kietosios fazés

Daug sintetiniy peptidy yra svarbiis kaip komerciniai arba farmaciniai
produktai, pradedant nuo dipeptidinio cukraus pakaitalo aspartamo iki
Klinikoje placiai naudojamy hormony, tokiy kaip oksitocinas,
adenokortikotropinis hormonas, kalcitoninas ir kiti [92]. Dar prie§ 2010 metus
terapeutiniy peptidy rinka pasieké multimilijardinj lygj [93]. Greiti, efektyvas
ir tikslas peptidy gamybos metodai yra svarbas tiek farmacijos, tiek audiniy
inzinerijos poreikiams. Peptidy sintezé i§ AR ir reikalingy prekursoriy pirma
kartg buvo apraSyta daugiau nei prie§ amziy. Tokios reakcijos principas buvo
paprastas, jvykus reakcijai tarp AR papildomos apsauginés grupés buvo
pasalinamos. Toje pacioje publikacijoje buvo pirma karta pavartotas terminas
,peptidas* [94].

Peptidy sintezés procesas tapo gerokai praktisSkesnis po sintezés ant
kietosios fazés atsiradimo. Pacios sintezés reakcijy principas islieka panasus,
ta¢iau besiformuojanti peptidiné grandiné yra prijungta prie netirpios
polimerinés dervos molekulés. Besiformuojantis peptidas yra pratgsiamas
pasikartojan¢iy cikly serija, naudojamas reagenty perteklius, ta¢iau jis gali
buti paSalintas praplaunant ir nufiltruojant dervos granules, ant kuriy yra
sintetinamas peptidas. Kai susintetinamas reikalingo ilgio peptidas, jis gali
biiti nukerpamas nuo polimerinio neSiklio, taip pat yra pasalinamos
apsauginés grupés.

XX amziaus $eStojo deSimtmeéio pradzioje Briusas Merifildas pasitlé
naudoti modifikuotas polistireno pagrindu pagamintas dervos granules, kaip
kietaja fazg peptidy sintezei. Peptidai galéjo buti sintetinami pridedant po
vieng AR, nuo C galo link N galo, naudojant N*-apsaugotas AR. Tetrapeptido
sintezé ant kietosios fazés buvo atlikta naudojant karboksibenziloksi (Boc)
kaip a-amino apsaugine grupe, kaip reakcijos aktyvatorius buvo naudojamas
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N,N¢-dicikloheksikarbodiimidas, peptidas nukerpamas HBr [95]. Véliau
peptidy sintezé ant kietosios fazés buvo modifikuota taip, kad t-
butiloksikarbonil grupé biity naudojama N apsaugai, 0 peptido nukirpimui
nuo kietosios fazés buvo naudojama fluoro rigstis [96].

Carpino ir Han 1970 metais pasidilé 9-fluorenilmetoksikarbonil (Fmoc)
grupés jvedimg N® grupés apsaugai. Fmoc grupés paSalinimui reikéjo
vidutines bazines savybes turinCio reagento, kas reiksty maziau agresyvaus
reagento panaudojima, nei reikalinga Boc grupés Salinimui [97].

Y
D\N)X\H/OH M —

H § '
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V prijungimas

X
o
D\N)\r ) — ) Q derva
H. 0
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pav. 12 Peptidy sintezés ant kietosios fazés algoritmas, adaptuota is [98]

Peptidy sintezé ant kietosios fazés (pav. 12) yra gana nesudétingai
automatizuojamas procesas, kuriam naudojami specialus sintezés indeliai su
filtru, leidziantys nesunkiai keisti reakcijos reagentus ir praplauti dervos
granules tarp reakcijos zingsniy. Teisingai parinkus sintezés reagentus ir
salygas vienos AR prijungimas uztrunka ~60-90 minugiy, su 60-80 % tikslinio
peptido iSeiga po sintezés. Tokiy peptidy gryninimui dazniausiai naudojamos
atvirks¢iy faziy auksto slégio skysCio chromatografijos sistemos, tiksliai
peptido masei nustatyti naudojama masiy spektrometrija [99].

Dél spartaus ir auksty iSeigy proceso, leidziancio greitai ir nasiai sintetinti
reikiamo peptidinio produkto kiekius, toks procesas labai gerai tinkamas
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bioimitaciniy peptidy sintezei, kurie toliau gali biiti panaudojami audiniy
inzinerijai (pav. 13). I8grynintas peptidas

~ Gryninimas / %
[~ - x»f“\’«z;j‘

Hidrogeiio‘
formavimas

Bioimitacinis hidrogelis

Peptidy sintezatorius

pav. 13 Peptidy sintezatoriaus pritaikymas bioimitaciniy peptidy sintezei, is kuriy toliau
cheminiy manipuliacijy metu gali biiti formuojamas bioimitacinis hidrogelis, tinkamas
audiniy inZinerijos taikymams.

1.7. Baltymy ir peptidy cheminis susiuvimas

Baltymy ir peptidy kovalentinis susiuvimas leidzia sukurti stabilias ir
apibréztas biomolekulines konstrukcijas. Sio proceso metu formuojamas
stiprus rySys tarp specifiniy AR peptidy arba baltymy grandinése (lentelé 4).
Jprasti susiuvimo metodai apima reagenty, kurie selektyviai nukreipia
funkcines grupes reakcijai ( pvz., aminus, tiolius), naudojima. DaZniausiai
sutinkami susiuvimo reagentai buity glutaraldehidas, formaldehidas,
succimidai.

Kovalentinémis jungtimis sujungti peptidai ir baltymai vaidina svarby
vaidmenj tiek fiziologiniuose, tiek patologiniuose procesuose. Tokie
kovalentiniai rysiai gali buti formuojami zinduoliy 1gsteliy endoplazminiame
tinkle, arba GoldZio aparate, sudarant disulfidines jungtis tarp dviejy cisteino
(Cys) AR [100] arba vabzdzio egzoskeleto formavimosi metu, yra apjungiami
du tirozinai (Tyr) [101]. Jungtys gali formuotis tarp tos pacios molekulés
skirtingy zony arba tarp dviejy skirtingy molekuliy. Jos yra ypatingai svarbios
baltymo struktiiros stabilizavimui, arba baltymo funkcionalumui [102].
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lentelé 4 Baltymuose besiformuojantys rysiai, adaptuota is [103]

Susiuvimo tipas

Sieros turintys

Anglis-Anglis

Anglis-Azotas

Anglis-Deguonis

Pavyzdys

Disulfidai

Sulfiliminai
Sulfenamidai, sulfinamidai,
sulfonamidai
Glutationilinti produktai
Di-Tirozinas
Di-Triptofanas
Tirozinas-Triptofanas
Lizinas-Histidinas
Argininas-Histidinas
Histidinas-Histidinas
I1zo-Di-Tirozinas

Vinilo eteriai

Naudojant peptidus ar baltymus audiniy inzinerijos taikymams, labai

svarbus jrankis yra taip vadinami

nulinio ilgio susiuvimo agentai.

Populiariausias pavyzdys buty 1-etil-3-(3-dimetilaminopropil)karbodiimidas
(EDC), kuris veikia aplinkoje esant N-hidroksisucimidui (NHS), zr. pav. 14.
Kadangi tarp sujungty cheminiy grupiy néra jokio papildomo intarpo — toks

susiuvimo biidas yra vadinamas nulinio ilgio [104].
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pav. 14 NHS/EDC reakcijos mechanizmas, adaptuotas is [105]

Dar vienas daznai naudojamas nulinio ilgio susiuvimo agentas — 4-(4,6-
dimetoksi-1,3,5-triazin-2-il)-4-metilmorfolino chloridas (DMTMM) (pav.
15). Kaip ir karbodiimidai, §is reagentas buvo kurtas peptidy sintezés taikymui
[106]. Lyginant su NHS/EDC reakcija, DMTMM naudojimas yra
paprastesnis, $is reagentas maziau jautrus pH pokyc¢iams ir veikia neutraliame
pH ruoZe. Vieno reagento naudojimas vietoje dviejy supaprastina reakcijos
eiga [107]. Naudojant DMTMM peptidy susiuvimui buvo pastebéta, kad
reakcijos trukmé yra ilgesné ir sudaro galimybes papildomai modifikuoti
peptidy tirpala hidrogelio susidarymo metu.
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pav. 15 DMTMM amido formavimo mechanizmas, adaptuota is [108]

1.8. Hidrogeliniy medziagy mikro- ir nanoformavimas

Lasteliy gyvybingumas, fiziologija, proliferacija, gebéjimas migruoti,

saveika su audiniy inzinerijos karkasais in vitro arba realiu tarplasteliniu
uzpildu in vivo sglygomis labai priklauso nuo karkaso/uzpildo savybiy
(standumo, vandens kiekio, sandaros, pavirSiaus morfologijos). Audiniy
inZinerijoje visy $iy parametry suvaldymas yra bitinas konstruojant funkcinj

audinj in vitro salygomis [109].
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Siuo metu praktikoje dazniausiai in vitro lasteliy auginimui tebenaudojami
pavir$iniai (2D) karkasai, kurie optimizuoti geresnei lasteliy proliferacijai ir
adhezijai ploksciose lgsteliy kultarose [110]. Svarbu atkreipti démesj, kad
kartais plokscios lasteliy kulttiros nesukuria tikroviskos aplinkos, be kita ko,
pasizymincios biidingomis mikroskopinémis ir nanoskopinémis strukttiromis.
Tokio supaprastinto eksperimento rezultatai bus nutolg¢ nuo in vivo salygy
[111].

Kuriant audiniy inzinerijos konstruktus su reikiamomis pavirSiaus
topografijomis arba kitomis struktiromis dazniausiai yra pasirenkamos kietos
medziagos, tokios kaip silicis [112], titanas [113], cirkonis [114] ir kt. I8 $iy
medziagy gaunami substratai arba karkasai nelaidas ir negali uztikrinti lasteliy
maisto medziagy ir metabolity difuzijos. Todél labai ribotos galimybés, pvz.,
gauti skirtingy lasteliy kokultiiras. Taip pat svarbu atkreipti démesj, kad tai
kietosios medziagos pasizymi visiskai kitomis mechaninémis savybémis,
kurios daugeliui Igsteliy tipy néra tinkamos.

Yra pavyzdziy kai mikroformavimas, kuriuo siekiama atkurti biidinga
lasteliy aplinkos ir audiniy sandarg, lengvai atliekamas ir ant minksty
medziagy. Polidimetilsiloksanas (PDMS) puikiai tinka mikroformavimui, o
po papildomo cheminio aktyvavimo- ir TLU baltymy padengimui [115].
Taciau tai néra porétas polimeras ir jis irgi negali uztikrinti lgsteliy maisto
medziagy ir metabolity transporto. Yra pavyzdziy kai kolagenas arba zelatina
naudojami pavirSiaus mikro- ir nanoformavime (ypa¢- erdviniy karkasy
gamyboje) ir neblogai tinka audiniy kultGroms kurti. Taliau literatiiroje
triksta ilgalaikio stabilumo rezultaty [116]-[119].

1.9. Hidrogelinés medZziagos kaip pralaidumo modelis

Hidrogelinés medziagos savo sandara yra artimos natyviems audiniams,
tad gali biti naudojamos vaistiniy medziagy pralaidumo tyrimuose. Tokiais
atvejais hidrogelis gali buti naudojamas ir be lasteliy, ir su organotipiniu
lasteliy sluoksniu ant pavirsiaus [120].

1.9.1.Akies ragenos pralaidumas

Akis yra sistema, su sudétinga anatomija ir mazu kontaktiniu pavir§iumi
(pav. 16). Dél mazo pavirsiaus ploto daznai sunku pasiekti terapines vaistiniy
medziagy koncentracijas akies viduje, kadangi jprastai naudojamas vietinis
vaistinés medziagos dozavimas (akiy laSai, tepalai, vaistines medziagas
atpalaiduojantys I¢Siai ir kita). Norint palaikyti aukStesnes vaistiniy medziagy

37



koncentracijas naudojamos injekcijos j akies audinius bei implantai [121]-
[123].

Vietinis vaistiniy akiy laSy naudojimas yra labiausiai paplites ir
patogiausias pacientui, nes gali biiti atlickamas savarankiskai. Toks
panaudojimo biidas turi savo trikumy, tokiy kaip maza vaistiniy medziagy
skvarba pro akies ragena, bei su tuo susijgs dideliy vaistiniy medZziagy
koncentracijy naudojimas [124]. Mirkséjimas, akiy asarojimas, vaistiniy
medziagy nutekéjimas ] nosies aSary kanalg gali Zymiai sumazinti vaistinés
medziagos kiekj akyje vos per 15-30 sekundziy po vaistiniy medziagy
panaudojimo [125], [126]. Iprastai vaistiniy medziagy pralaidumas nesiekia
5 % nuo vaistinés medziagos pradinio kiekio. Naudojant didesnes vaistiniy
medziagy koncentracijas tirpaly klampa daznai bina didesné, kas gali sukelti
diskomforto jausma, dirginima, i$siliejusj vaizda [121], [124]. Nors tik
nedidelé vaistiniy medziagy dalis prasiskverbia per ragena, akiy lasai ar
tepalai yra dazniausiai naudojamas vaistiniy medziagy pristatymo biidas.
Stratifikuoty ragenos keratinocity epitelio sluoksnis sudaro esmin;j pralaidumo
barjera, trukdantj hidrofiliniy junginiy pralaidumui. Tuo tarpu ragenos stroma,
didzigja dalimi sudaryta i§ vandens (~80 %), sudaro pagrindinj hidrofobiniy
junginiy barjera[127].

Epitelis
Boumano
membrana
478-500 um,
90% ragenos storio Stroma

Descemento
membrana

Endotelis

pav. 16 Scheminis Zmogaus akies ragenos atvaizdavimas, adaptuota is [126]
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Kuriant vaistinius preparatus skirtus skverbtis per akies rageng svarbu
tinkamai jvertinti medziagy pralaiduma. Daznai tokiems tikslams naudojamos
ex vivo gyvulinés kilmés ragenos [128], tac¢iau Europos Parlamento direktyva
2010/63/EU sitlo tokiems matavimams ir Kitiems vaistiniy medziagy
tyrimams naudoti sintetinius ragenos analogus, kurie nekelty etikos klausimuy
[129].

Yra zinomy ir aprasyty akies ragenos modeliy, skirty vaisty pralaidumui
tirti. Tokie modeliai leidzia gauti reikiamus vaistiniy medziagy pralaidumo
rezultatus greifiau ir pigiau, nei naudojant ex vivo ragenas. Taciau vertinant
publikuoty modeliy rezultatus galima matyti, kad rezultaty, gauty tiriant
oftalmines vaistines medziagas in vitro ragenos pralaidumo modeliuose,
nepakanka [130], [131]. Lasteliniai akies ragenos modeliai yra ankstyvose
vystymosi stadijose, nors jau rodo daug zadancius rezultatus su potencialiu
pritaikymu medziagy pralaidumui arba citotoksiSkumui vertinti. Lasteliniai
modeliai gali biiti konstruojami naudojant tik epitelio lasteles [132]-[134],
arba epitelio ir stromos lgsteliy kultaras [131], [135], [136]. Esamuose
modeliuose karkasu dazniausiai pasirenkamas i§ kolageno pagamintas
hidrogelis, nes taip imituojama natiirali stromos aplinka [137].

1.10.  Organotipinés kultiiros formavimas

Organotipiné lgsteliy kultiira leidzia in vitro sglygomis gauti biologinius
audinius primenancius konstruktus, kuriuose yra islaikoma jy normali
fiziologija ir funkcijos [138]. Kuriamos bioimitacinés medziagos, jvairls
karkasai bei uzpildai, tarp jy- ir kolageno hidrogelis su modifikacijomis, taip
pat baltymus imituojancio peptido hidrogeliai yra tinkami organotipinés
audiniy kulttiros formavimui.

1.10.1. Kardiomiogeniné diferenciacija

Dilataciné kardiomiopatija apima jvairius miokardo sutrikimus, kuriems
budingas skilveliy iSsiplétimas ir sumazéjes miokardo veikimas (pav. 17).
Dilatacinei kardiomiopatijai budinga vieno ar abiejy skilveliy ertmeés
i§siplétimas, sutrikusi sistoliné Sirdies funkcija [139]. Toks sutrikimas
prasideda kairiajame skilvelyje, sukelia skilvelio kameros iSsiplétima,
iStempia ir iSretina sieneles. Dél pakitusios kairiojo skilvelio funkcijos
i8sipleCia deSinysis skilvelis, toliau- prieSirdziai bei visa Sirdis [140].
Dilatacin¢ kardiomiopatija esant komplikacijoms gali bati Sirdies
nepakankamumo, aritmijos, trombozés priezastimi. Tokie sutrikimai yra viena
i§ pagrindiniy Zmoniy mirtingumo priezas¢iy [141]. Audiniy inzinerijos, kuri
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leisty modifikuoti Sirdies raumens lasteles arba tarplastelinj uzpildg bei
modeliuoti kardiomiopatijas poreikis yra labai didelis, nes dabartinés
strategijos neretai veda prie Sirdies transplantacijy.

pav. 17 Dilatacinés kardiomiopatijos scheminis atvaizdavimas. A - sveikos Sirdies
skerspjiivis, B - patologiné Sirdis su isplitusiu kairiuoju skilveliu. Adaptuota is [142].

Yra darby, skirty istirti tiesioginiy kamieniniy Igsteliy injekcijy i Sirdies
raumenj arba epikardg poveikius, kai naudojamos embrioninés, indukuotos
pluripotentinés, hematopoetinés arba mezenchiminés kamieninés Igstelés.
Tokios studijos yra atliekamos tiek in vitro, tiek ir in vivo [143]-[145].
Dilatacinés kardiomiopatijos gydymo strategijos, paremtos kamieniniy
lasteliy panaudojimu, susidiiré su tokiomis problemomis, kaip imuninis
atsakas, injekuoty lasteliy kancerogeniskumas bei nepakankamas
pasiskirstymo audinyje tikslumas [145]. Naudojant bioimitacinius audiniy
inzinerijos karkasus pageréja transplantuojamy Igsteliy gyvybingumas, dél to
galima tikétis geresnio regeneracinio efekto [146]-[148].

Ruosiant lgsteles transplantacijai, daznai reikalinga kardiomiogeniné
diferenciacija, kuri in vitro sglygomis indukuojama vidulgsteliniais arba
iSoriniais faktoriais. Yra zinoma, kad organotipinémis saglygomis auginamos
lastelés patiria mazesn] stresg ir suformuoja artimesnj natyviam fenotipa
[149]. Taip pat yra studijy, rodanciy, kad ilgai augintos ant plastiko
mezenchiminés kamieninés lgstelés pakeicia Igstelés forma ir Kitaip reaguoja
1 iSorinius dirgiklius [150]. Plastiko pavirsius negali atkartoti lasteléms jprasto
TLU, tad in vivo salygomis taip pat pasikei¢ia ir tarplastelinés sgveikos.
Tyrimai rodo, kad sgveika su TLU komponentais ir vidulgsteliniai integriny
indukuojami signaliniai keliai yra labai svarbiis Vvystantis miokardo
hipertrofijai, dilatacinei kardiomiopatijai, Sirdies nepakankamumui [151]-
[153].

Pagrindinis Sirdies TLU komponentas yra | tipo kolagenas, jis sudaro apie
80 % viso tarplastelinio uzpildo. Galimybé¢ rinktis ir modifikuoti jo
mechanines savybes bei priedus, su kuriais gaminami kolageno bioimitaciniai
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hidrogeliai, daro jj labai patraukliu kuriant efektyvius modelius, taip pat
terapinei kardiomiogeninei diferenciacijai [154]. Hialurono ruigstis — dar
vienas Sirdies TLU komponentas, kuris buvo s¢kmingai iSbandytas ziurkeés
Sirdies audiniy inZinerijai [155]. Jos vaidmuo Sirdies audinyje Siejamas su
audinio reparacija bei pazaidy gijimo procesais. Be t0, hialurono riigstis svarbi
Sirdies audiniui vystantis bei jvairiy létiniy ligy (aterosklerozés, miokardo
infarkto) atsiradimui bei progresavimui.

Kitas, irgi perspektyvus komponentas $irdies audinio inzinerijoje — tai
metakriloiloksietilfosforilcholino (MPC) polimeras. Pagal neseniai atlikto
tyrimo rezultatus, savo struktira jis primena lgstelés membranos fosfolipidus
bei turi prieSuzdegiminiy savybiy [156].

1.10.2. Nerviniy audiniy Iasteliy kulttros

Dabartinés nerviniy audiniy kultary, pvz. isskirty i§ smegeny, 2D ir 3D
kultivavimo strategijos (pav. 18) yra daZniausiai pagrjstos adhezijg
skatinan¢iomis medziagomis, tokiomis kaip polilizinas, poliornitinas,
lamininas, fibronektinas, kolagenas ir panaSiomis [157]. Tokiose kultirose
dazniausiai galima stebéty neurony ir glijos lagsteliy tolygiai pasiskirs¢iusius
tinklus. Nors tokias kultiras lengva tyrinéti, taiau lasteliy tankis ir
morfologija labai skiriasi nuo stebimos natyviomis audinio sglygomis.
Mikroglijos lastelés in vitro salygomis dazniausiai yra stipraus uzdegiminio
atsako biisenoje, tai galima pamatyti i§ padidéjusiy lasteliy ir trumpy ataugy.
Jos labai skiriasi nuo iSsiSakojusiy mikroglijy smegeny audinyje, kurias
sudaro nedidelis lastelés kiinas ir labai i$siSakojusios ataugos, atsakingos uz
sinapsiy skenavimg ir karpyma [158], [159]. Lasteles turinias stiprig sgveika
su pavir§iumi patogu stebéti eksperimento metu, taciau tokios lgstelés sunkiau
juda pavirSiumi ir sgveikauja su kitomis lastelémis, tai kliudo tarplasteliniy
jungciy susidarymui ir organotipinés kultiiros formavimui.

Smegenys

A Smegenélés

Nugaros smegenys

pav. 18 Smegeny scheminis pavaizdavimas, adaptuota is [160]
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2. NAUDOTOS METODIKOS
2.1. Peptidy sintezé ir gryninimas

Peptidy sintezei buvo naudotas automatinis pusiau pramoninis peptidy
sintezatorius Symphony (ProteinTech, JAV). Pasirinkta peptidy sintezés skalé
— 60 pmol, naudota sintezés kietoji faz¢ Fmoc-Gly-Wang derva, su i$ anksto
jkrauta Gly amino rigstimi. Pagrindinis sintezés tirpiklis buvo
dimetilformamidas (DMF). Kaip Fmoc deblokavimo reagentas naudotas 20 %
Piperidino tirpalas DMF tirpiklyje. Aktyvavimui buvo naudotas N,N-
Diisopropiletilamino (DIPEA) ir O-(1H-6-chlorbenzotriazol-1-il)-1,1,3,3-
tetrametiluronio heksafluorfosfato (HCTU) misinys DMF tirpiklyje.

AR prijungimo algoritmas:

1) DMF tirpiklis naudojamas dervos praplovimui sintezés indelyje,

plovimo trukmé 30 sekundziy, kartojama 2 kartus;

2) 20 % Piperidino tirpalas DMF tirpiklyje naudojamas Fmoc
deblokavimui, ekspozicijos laikas 5 minutés, kartojama 2 kartus;

3) DMF tirpiklis naudojamas dervos praplovimui sintezés indelyje,
plovimo trukmé 30 sekundziy, kartojama 5 kartus;

4) Patiekiama prijungiamoji AR, tirpalo koncentracija 100 mM;

5) Patiekiamas aktyvavimo tirpalas 195 mM HCTU, 400 mM DIPEA,
ekspozicijos trukmé 30 minu¢iy. Trukmé gali varijuoti priklausomai
nuo prijungiamos AR ir nuo prijungimo vietos peptido grandinéje,
ekspozicijos laikas gali biiti ilginamas iki 45 arba 60 minuciy;

6) DMEF tirpiklis panaudojamas dervos praplovimui sintezés indelyje,
plovimo trukmé 30 sekundziy, kartojama 2 kartus;

AR prijungimo algoritmas kartojamas tiek karty, kiek turi biti prijungta
aminortigs¢iy. Po paskutinés AR prijungimo 20 % Piperidino tirpalas DMF
tirpiklyje naudojamas Fmoc deblokavimui nuo paskutinés prijungtos AR
amino. Po sintezés proceso dervos granulés yra praplaunamos dichlormetanu.

Peptidy nukirpimui nuo dervos yra naudojamas trifluoracto rtgsties
(TFA), triizopropilsilano (TIS) ir vandens miSinys. Standartiskai vienam
gramui chemiskai funkcionalizuotos dervos naudojame 10 ml nukirpimo
misinio. Procentiné miSinio sudétis: 95 % TFA, 2,5 % H,0, 2,5 % TIS. Peptide
esant cisteino ar metionino, misinio sudétis yra papildoma etanditioliu (EDT):
94 % TFA, 2,5 % H20,2,5% TIS ir 1 % EDT.

Peptidy nukirpimui nuo dervos yra naudojami jprastiniai laboratoriniai

......

reakcijos indeliy, uzpilamas nukirpimo mi$iniu, procesas vyksta 3 valandas.
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Po to filtratas perkeliamas j plastikinj mégintuvélj ir iSsodinamas dietilo eteriu
(DET). Po i$sodinimo peptidas nucentrifuguojamas ir precipitatas dar keturis
kartus praplaunamas DET.

Atlikus peptido nukirpima nuo kietosios fazés yra tikrinama susintetinto
produkto masé masés spektroskopijos metodu, taip yra patvirtinama ar buvo
susintetintas tikslinis peptidas. Jeigu aptinkamas tikslinis peptidas, jis toliau
gryninamas auksto slégio skysc¢io chromatografijos (HPLC) budu. Naudojama
Waters (Waters, JAV) sistema, Waters 2545 gradiento sudarymo modulis,
Waters 2489 UV/Vis detektorius, Waters Fraction Colector Il frakcijy
kolektoriy ir Waters Empower programiné jranga. Atvirksciy faziy HPLC
buvo naudojami vandens ir acetonitrilo (ACN) miS$iniai su TFA priedu:

1) Atirpiklis 90 % H0, 10 % ACN, paskui pridedant 0,1 % TFA;

2) B tirpiklis 10 % H.0, 90 % ACN, paskui pridedant 0,1 % TFA.

Tirpikliy pasikeitimui buvo naudojamas linijinis gradientas, detektorius
matavo eliuento sugertj ties 215 nm bangos ilgiu. Surinktos frakcijos véliau
buvo koncentruojamos rotaciniu garintuvu Heidolph Hei-VAP (Heidolph,
Vokietija), sukoncentruotas peptido tirpalas buvo $aldomas skystame azote ir
liofilizuojamas LyoQuest -85 (Telstar, Ispanija) liofilizatoriuje.

2.2. Susintetinty junginiy ir hidrogeliy analize

Paruosti hidrogeliy pirmtako junginiai buvo analizuoti pasitelkiant jvairius
metodus:

- branduoliy magnetinio rezonanso (BMR) metodu 400 MHz Bruker
Ascend BMR spektrometru (pav. 19);

CLP-RGD

5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5
(ppm)

pav. 19 Skirtingy susintetinty peptidy BMR spektro vertinimas.
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- masiy spektrometrija (pav. 20) (MS) buvo tikrinama ar sintezés metu
gautas tinkamas produktas. Tik tada gryninima auksto slégio chromatografijos
sistemoje.

x10 5 |+ESI Scan (3.411-3.573 min, 11 Scans) Frag=150.0V 20230525-22_CLP-7.d Subtract Deconvoluted
6. 3517.23
4
2
0 1134.39 : ! 2.325]3\ tinl \‘

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
Counts vs. Mass-to-Charge (m/z)

pav. 20 Susintetinto ; kolageng panasaus peptido CLP masiy spektras. Po kiekvienos
sintezés jsitikinama, kad tikslinis produktas tikrai aptinkamas produkte.

- Hidrogeliy bandiniy optinis pralaidumas (pav. 21) matuojamas
spektrometriskai Epoch 2 (Biotek) spektrofotometru, 300-900 nm bangos
ilgio ruoze, 10 nm Zzingsniu, pralaidumas pateikiamas santykis tarp i 500 pm
storj hidrogel;j kritusios ir per bandinj peréjusios spinduliuotés stiprio.

P

100

— CA-HAp

Pralaidumas, %
[61)
o
1

------ IRRRRARALEE UL ML
400 600 800

Bangos ilgis, nm

pav. 21 Sviesos pralaidumas kolageno hidrogelyje CA ir, palyginimui, kolageno
hidrogelio kompozite su hidroksiapatito dalelemis, CA-HAp. Hidroksiapatito daleliy dalis
medziagos tiryje yra 3 % ir toks hidrogelis yra neskaidrus.

2.3. Sviesos lauko ir fluorescenciné mikroskopija

Pagaminus hidrogelius su mikrostruktiromis, buvo atliktas medZziagos
morfologijos, defekty patikrinimas ir stabilumo terpéje tyrimas. Pagaminti
hidrogeliai ir naudotos PDMS formos su mikrostruktiiromis buvo apzitirétos
$viesiniu mikroskopu Olympys BX51 (Olympus, Tokyo, Japonija), buvo
naudotas 10x NA 0.3 imersinis objektyvas ir Peltier elementu ausinama Fview
II CCD kamera, kartu su Stream Motion programine jranga (Olympus Soft
Imaging Solutions GmbH, Munster, Vokietija).
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Ant mikrostruktiiry augancios lastelés buvo stebimos invertuotu Olympus
IX51 mikroskopu ir skaitmenine kamera (U-CMAD3, Olympus), 10x oriniu
objektyvu.

2.4. Atominiy jégy mikroskopija

Jungo modulio matavimai ir pavirS§iaus nanometrinés struktiiros
apzitréjimas buvo atlikti atominiy jégy mikroskopijos budu. Nanostruktaros
iSgautos ant PDMS, polistireno ir hidrogelio buvo istirtos atominiu jégy
mikroskopu (NanoWizard 1, JPK Instruments, Vokietija). AFM vaizdinimui
hidrogeliy méginiai buvo pritvirtinti prie (3-aminopropil)trimetoksi silanu
modifikuoto stiklo pavirSiaus, naudojant gliutaraldehidg. Jégos matavimai
buvo atlikti fosfatinio buferinio tirpalo ir drusky (PBS) miSinyje, naudojant
HQ:NSC35 AFM zondo svirtele (Micromasch, Bulgarija) su S$viesa
atspindincia aukso danga. PavirSiaus charakterizavimas buvo atliktas
naudojant MLCT-A zonda.

Jungo modulio apskai¢iavimams buvo naudotas Hertz modelis zondui su
sfera:

E [a*>+R* R+a
F=1—v > lnR_a—aR

Formuléje: F — pritaikyta apkrova, E - Jungo modulis, R - naudotos sferos
skersmuo, v - indentacijos gylis.

Jungo modulis yra apskai¢iuojamas sugretinant iSmatuotg jégos kreive su
modeline kreive, $ie skai¢iavimai buvo atliekami JPK Instruments programine
jranga.

Hertz modelio naudojimas indentacijai leidzia tiksliai nustatyti hidrogeliy

Jungo modulj. Norint gauti patikimy rezultaty, labai svarbu tinkamai paruosti,
sukalibruoti prietaisa su naudojamu zondu ir tinkamai analizuoti duomenis.
Toks matavimo metodas kiekybiskai jvertina mechanines savybes lasteliy
aplinkoje, ta¢iau matavimo paklaidos gali stipriai priklausyti nuo artefakty
hidrogelio tiryje (oro burbulai, kietos dalelés arba nehomogeniskas
iSmaiSymas).

PavirSiaus topografijy vaizdavimas skystyje buvo atliktas naudojant QI
rezimg. Toks matavimo rezimas uZzfiksuoja jégos ir atstumo kreives
kiekviename vaizdo taske, i§ kreiviy suskaiiuojamas bandinio aukscio
paveikslas- zemélapis. Jam gauti naudota JPK Data Processing programiné
jranga.
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2.5. Hidrogeliniy medZiagy ruoSimas

Bioimitaciniai hidrogeliai buvo gaminti i§ skirtingy zaliavy, kuriy
pagrindiniai komponentai buvo:

1) Gyvulinés kilmés I tipo kolagenas (CA), (NMP collagen PS, Nippon
Meatpackers, Japonija)

2) CA modifikuotas fosforilcholinu (CA-MPC)

3) CA modifikuotas hialurono ragstimi (CA-HA)

4) Kolagena imituojantis peptidas konjuguotas su 8 saky PEG-Maleimidu
(CLP-PEG)

5) Kolageng imituojantys peptidai (CLP)

2.5.1.CA hidrogeliy ruoSimas

Pagal standartinj protokolg, apie 600 — 700 mg 12 % (m/m) kolageno
tirpalo sumaiSoma su 150 pl 0,625 M 2-(N-morfolino)etansulfoninés rugsties
(MES) buferiniame tirpale (pH = 4,5), naudojant dviejy $virksty, sujungty 90°
kampu, sistemg. NaOH 2M tirpalas naudojamas pH korekcijai, 600 mg 12 %
gauti reikia apie 12 uL 2M NaOH. Gerai iSmaiSius, pridedamas 4-(4,6-
dimetoksi-1,3,5-triazin-2-il)-4-metil-morfolin chloridas (DMTMM)
(DMTMM:Col-NH; (mol:mol) 1:1). Ivedus DMTMM reagenta, tirpalas
maiSomas 30 sekundziy ir i$pilamas tarp dviejy stiklo ploksteliy, su norimo
storio tarpine tarp jy. Dazniausiai naudojamos tarpinés storis buvo 500 um.
Hidrogelis yra palickamas drégnoje aplinkoje (> 85 %) per naktj ir kitg dieng
gali biiti iSimamas.

2.5.2.CA hidrogeliy modifikuoty fosforilcholinu ruosimas (CA-
MPC)

CA-MPC hidrogeliai buvo formuojami analogiskai, tik kolageno aminy ir
DMTMM molinis santykis buvo 1:1, o kolageno ir MPC molinis santykis 2:1.
Pirmiausia j 12 % (m/m) kolageno tirpala buvo pridedamas MPC reagentas,
po to kruopsé¢iai maiSant buvo jneSamas polietilenglikolio diakrilatas, molinis
santykis su MPC 1:3. Toliau pridedamas amonio persulfatas, molinis santykis
su MPC 0,03:1. Tada- N,N,N‘,N‘-tetrametiletan-1,2-diaminas, molinis
santykis su amonio persulfatu 1:0,77. Paskutinis pridedamas DMTMM
reagentas cheminiam kolageno susiuvimui. Jvykus reakcijai, MPC suformuoja
atskirg persipinantj tinkla su chemi$kai sutvirtintu kolageno hidrogeliu [161].
Galutiniai kolageno ir fosforilcholino kiekiai tokiame hidrogelyje 6,5 %
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(m/m) ir 3 % (m/m) atitinkamai. Hidrogelis yra palickamas drégnoje aplinkoje
(= 85 %) per naktj ir kitg dieng gali buti iSimamas.

2.5.3.CA hidrogeliy modifikuoty hialurono roigstimi ruosimas (CA-
HA)

Siekiant sustiprinti kolageno hidrogelio bioaktyvias savybes buvo sukurta
nauja hialurono riig§timi modifikuoto kolageno hidrogelio variacija. I 12 %
(m/m) buvo jneSamas 1 % (t/t) hialurono riigSties vandeninis tirpalas.
Galutinés CA ir HA koncentracijos hydrogelyje buvo, atitinkamai, 8.5 %
(m/m) ir 0.05 % (m/m). Tirpalo susiuvimui naudojamas DMTMM reagentas
DMTMM:Col-NH; (mol:mol) 1:1. Jvedus DMTMM reagentg tirpalas
maiSomas 30 sekundziy ir i$pilamas tarp dviejy stiklo ploksteliy, su norimo
storio tarpine tarp ploksteliy. Dazniausiai naudojamos tarpinés storis taip pat
buvo 500 um. Hidrogelis yra palickamas drégnoje aplinkoje (> 85 %) per naktj
ir kitg dieng gali biiti iSimamas.

2.5.4.CLP-PEG hidrogelio ruosimas

CLP-PEG hidrogeliy gamybos protokolas buvo publikuotas [162], su
optimizavimais ir pakeitimas jis naudojamas ir siame darbe. Originali CLP
seka buvo sukurta O‘Leary [163], véliau ji buvo modifikuota cisteinu, kad
biity galima reakcija su PEG-maleimidu [164].

CLP peptidas buvo konjuguotas su 8 saky 40 kDa PEG-Maleimidu
santykiu 1:2, po 2 pary reakcijos produktas dializuojamas 12-14 kDa
molekulinés masés junginiy atskyrimo dializés membrana tam, kad bty
galima pasalinti nesureagavusius produktus. Po reakcijos tirpalas uzsaldomas
skystame azote ir liofilizuojamas. Po liofilizavimo junginys saugomas 4°C
inertiniy dujy aplinkoje.

Ruosiant CLP-PEG hidrogelj yra i§ anksto paruosiamas 12 % CLP-PEG
tirpalas, nufiltruojamas per 0.22 pm membrang ir sumaiSomas su DMTMM
susiuvimo agentu, naudojant molinj santykj CLP-PEG:DMTMM 1:2.
Pridéjos DMTMM reagento, tirpalas maiSomas 30 sekundziy ir iSpilamas tarp
dviejy stiklo ploksteliy, su norimo storio tarpine tarp ploksteliy. DaZniausiai
naudojamos tarpinés storis buvo 500 um. Hidrogelis palickamas drégnoje
aplinkoje (> 85 %) per naktj ir kitg dieng gali buti iSimamas.

2.5.5.CLP hidrogelio gamyba
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Ruosiant CLP hidrogelj yra i§ anksto paruo$iamas 12 % CLP tirpalas,
filtruojamas per 0,22 um membrang ir sumaiSomas su DMTMM susiuvimo
agentu, naudojant molinj santykj CLP-NH2:DMTMM 1:2. Pridéjus DMTMM
reagento, tirpalas maiSomas 30 sekundziy ir iSpilamas tarp dviejy stiklo
ploksteliy, su norimo storio tarpine tarp ploksteliy. Dazniausiai naudojamos
tarpinés storis buvo s500 um. Hidrogelis palickamas drégnoje aplinkoje (> 85
%) per naktj ir kitg dieng gali bati iSimamas.

2.5.6.Mikro- ir nanostruktiiruoty hidrogeliniy substraty gamyba

Mikrostruktiiry gamybai buvo naudojami i§ anksto paruosti
polidimetilsiloksano (PDMS) sablonai, gaminant PDMS replikas nuo
fotolitografijos biidu paruosty silicio ploksteliy su SU-8 fotorezisto danga.

Kaip PDMS elastomeras buvo naudojamas Sylgard 184 rinkinys (Dow-
Corning, JAV), komponentai sumaiSomi santykiu 1:10 ir 4 valandas kaitinami
64°C temperatiiroje. Po kaitinimo zingsnio PDMS plévelé buvo plaunama
izopropanoliu ir vandeniu.

Ruosiant nanostruktiruotus pavirsius, Sablono gamybai buvo naudojama
koloiding litografija [165]. Svarios stiklo plokstelés buvo sudétos ant staliuko
su nedideliu pasvirimu (~2°), tuomet ant stiklo pavirSiaus buvo uzpilami 2 mL
dejonizuoto vandens, kad visas pavirSius bity apsemtas. Po to buvo
paruoSiami koloidiniy polistireno daleliy tirpalai (Microparticles MmbH,
Vokietija), skirtingo dydzio daleléms (lentelé 5) buvo taikomas skirtingas
tirpalo skiedimas. Skiedimui buvo naudotas 50 % etanolio tirpalas.

Formuojant koloidinj kristalg ant stiklo pavirSiaus buvo uzdedama 100-300
uL kiekvieno tirpalo, 1étai ir tolygiai paskirstant jj stiklo krastu ir paliekama
i8dziati. Padengimo kokybés preliminariam vertinimui buvo naudojama
optiné mikroskopija, detalesniam vertinimui buvo naudojamas atominiy jégy
mikroskopas (AFM).

lentelé 5 Koloidinés litografijos tirpaly skiedimai

Sferos skersmuo, nm Galutiné koncentracija, % (w/w)
252 2,5
488 2,5
1010 5
3030 5

Padengus stiklo plokstele submikrometrinio dydZio sferomis, buvo
gaminamos daugkartinio naudojimo replikos, tinkamas hidrogelio liejimui

48



jose. Siam tikslui buvo panaudotas silikonizuotas polietileno tereftalatas
Flexdym (Eden Tech, Pranciizija): 1.2 mm storio Sios medziagos lapelis,
idétas tarp dviejy stiklo ploksteliy, ant vienos i§ kuriy buvo suformuotos
nanostruktiros. Stiklo plokstelés buvo suspaustos popieriaus spaustukais ir
perkeltos i laboratoring krosnele (Memmert UN30, Vokietija) 7 minutéms,
prie 120°C.

Po kaitinimo palaukiama, kol stiklas atvés iki kambario temperatiiros ir
atskiriama. Ant stiklo pavirSiaus suformuotas koloidinis sfery kristalas
perneSamas ant Flexdym polimero pavirSiaus, kuris toliau gali biti
naudojamas hidrogelio liejimo formos gamybai. Norint pagaminti neigiama
liejimo formga (su jdubusiomis sferomis) yra pagal anks€iau aprasyta metodika
atliejamas Sylgard 184 PDMS lakstas.

Norint pagaminti teigiama liejimo forma (su iSkilusiomis ant pavirSiaus
sferomis) 1 mm storio polistireno lakstas ir prie§ tai PDMS lakste gautos
struktiros yra uZspaudziamos popieriaus tarp dviejy stiklo ploksteliy.
Suvoztinis Kkaitintas laboratoringje krosneléje 20 minuciy prie 155°C. Po
atvésimo iki kambario temperattiros sluoksniai yra atskiriami. Struktiiros ant
PDMS lieka nepakitusios, o iskilusiy sfery rastas yra pernestas ant polistireno
plastiko pavirsiaus.

Liejant mikro- ir nanostruktiiruotus hidrogelius ant vieno i$ stikly yra
padedama liejimo forma su i§ anksto pagamintomis mikro- arba
nanostruktiromis, taip pat jdedama tarpiné, nustatanti ruoSiamo hidrogelio
stor]. Po liejimo hidrogeliai tikrinami optiniu arba atominiy jégy mikroskopu,
siekiant jvertinti perkeliamy strukttiry tikslumg bei pavir$iaus defektus.

2.5.7.Mikro- ir nanostruktiruoty hidrogeliy stabilumo vertinimas

Pagaminus hidrogelius su mikrostruktiiromis buvo atliktas medziagos
stabilumo tyrimas. Pagaminti hidrogeliai ir naudotos PDMS formos su
mikrostruktiiromis buvo apziiirétos Sviesiniu mikroskopu Olympys BX51
(Olympus, Tokyo, Japonija), naudotas 10x NA 0.3 imersinis objektyvas ir
Peltier elementu auSinama Fview II CCD kamera, kartu su Stream Motion
programine jranga (Olympus Soft Imaging Solutions GmbH, Munster,
Vokietija).

Mikrostruktiiros ant hidrogelio pavirSiaus buvo apzitirétos Sviesos lauko
mikroskopija ir iSmatuotos Fiji [166] programinés jrangos pagalba.
ISmatuotos struktiiros ant hidrogelio pavir$iaus buvo lyginamos su naudotos
PDMS formos struktiiry matmenimis. Hidrogelio topografiniai bandiniai buvo
matuoti i$ karto po liejimo bei po 7 ir 14 dieny Dulbeko modifikuotoje Eagle

49



terpéje (DMEM), 37°C temperatiiroje. Tai buvo atlickama siekiant patikrinti
ar deél brinkimo ir terpés medziagy poveikio nesikei¢ia mikrostruktiry
matmenys. Jungo modulis taip pat buvo matuojamas po bandiniy
pagaminimo, po 7 ir 14 dieny DMEM, 37°C temperatiroje. Tai buvo
atliekama tikrinant ar nesikeicia hidrogelio mechaninés charakteristikos laike.
Taip pat buvo nustatomas vandens kiekis hidrogeliuose, po isliejimo, po 7 ir
14 dieny DMEM, 37°C temperatiiroje. Vertinimas buvo atlickamas juos
sveriant prie§ ir po dziovinimo atlikto 60°C, 24h. Vandens Kiekio
apskaiciavimui naudota formulé:

Slapio hidrogelio masé — Sauso hidrogelio masé 100
*

Vandens kiekis, % = T - -
Slapio hidrogelio masé

Jungo modulio matavimai atlikti atominés jégos mikroskopijos biidu.
Nanostruktiiros ant PDMS, polistireno ir hidrogelio buvo istirtos atominiu
jégy mikroskopu (NanoWizard III, JPK Instruments, Vokietija). AFM
vaizdinimui ~ hidrogeliy =~ méginiai  buvo  pritvirtinti ~ prie  (3-
aminopropil)trimetoksi silanu modifikuoto stiklo pavirSiaus, naudojant
gliutaraldehido chemijg. Matavimai buvo atlikti fosfatinio buferinio tirpalo ir
drusky (PBS) miSinyje, naudojant HQ:NSC35 AFM zondo svirtele
(Micromasch, Bulgarija) su $viesg atspindin¢ia aukso danga.

2.6. Hidrogelio laksty suklijavimas

Chemiskai suklijuojant du hidrogelio lakStus tarpusavyje buvo naudojamas
aktyvavimas 20 % DMTMM tirpalu, po ko hidrogeliai buvo suglaudziami
vienas prie kito, laikant 10 minuciy ir véliau plaunama PBS tirpalu. Tokiu
biidu buvo formuojami mikroskopiniai kanalai lasteliy jaugimui arba
makroskopinés nisos lasteliy uzdarymui.

2.7. Lasteliy kultiiros eksperimentai

Zmogaus odos fibroblasty lasteliy linijos BJ-5ta-GFP ir BJ-5ta buvo
auginamos inkubatoriuje Binder C150 (Tuttnauer, Vokietija), aukstos
drégmés, 37°C su 5 % CO; palaikymu. Lasteliy auginimui buvo naudojama
terpé Medium 106 (ThermoFisher Scinetific) su augimo priedu skirtu
beseruminei terpei. ] terpe papildomai buvo pridedamas 0,1 mg/mL
streptomicino ir penicilino miSinys.

Pasibaigus eksperimentui visi méginiai buvo fiksuojami 4 %
parafarmaldehido PBS tirpale, tris kartus plaunami PBS tirpalu ir tiriami
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Olympus BX51 arba invertuotu Olympus IX51 optiniais mikroskopais
(Olympus, Japonija) arba AFM.

2.7.1.Lasteliy proliferacijos vertinimas

Lasteliy proliferacija ant hidrogeliniy substraty buvo tiriama naudojant
lasteliy skai¢iavimo rinkinj Nr. 8 (angl., cell counting kit 8) — CCK8 (Dojindo,
Japonija). Apie 5000 Zzmogaus odos fibroblasty buvo séjama ant6 mm
diametro hidrogeliy. Lasteliy proliferacija buvo matuojama X, Y ir Z laiko
momentais. Kiekvienu laiko momentu Igsteliy auginimo terpé buvo
pakeiciama 300 pL Sviezios terpés ir j kiekviena méginj papildomai jpilama
po 30 uL CCK8 reagento, tuomet Igstelés toliau inkubuojamos 4 val. 37°C,
esant 5 % CO.ir 100 % drégmei. Kaip foninio signalo kontrolé¢ buvo
naudojama lasteliy kultiry terpé kartu su CCKS8 reagentu. Optinis tankis
matuotas naudojant BioTek EPOCH2 spektrofotometra (BioTek Instruments,
Winooski, VT, JAV), bangos ilgiui esant ties 450 nm.

2.7.2.Nanostruktiiry poveikio lasteliy kultiirai vertinimas

Zmogaus odos fibroblastai buvo uzséti ant hidrogeliniy substraty su ant
pavirSiaus suformuotomis nanostruktiromis, buvo vertinamas poveikis
lasteliy formai ir morfologijai. Apie 5000 zmogaus odos fibroblasty buvo
séjama ant 6 mm diametro hidrogeliy, po 24 valandy lgstelés buvo fiksuotos
paraformaldehidu. Fiksuotos lgstelés buvo 5 minutes permeabilizuotos 0,1 %
(t/t) Triton X100 tirpalu, 30 minué¢iy blokuojant nespecifines suri§imo vietas
1 % jaucio serumo albumino (BSA) tirpalu PBS kambario temperattiroje.

Lasteliy adhezija buvo vizualizuota naudojant pirminius antiklinius pries§
zmogaus vinkuling (SPM227, Abcam). Po plovimo bandiniai buvo
inkubuojami su Alexa Fluor® 488 (Aex =495 nm, Aem = 519 nm) konjuguotais
antriniais antikiinais (al50113, Abcam). Po plovimo F-aktinas buvo
vizualizuotas naudojant Alexa Fluor® 594 faloiding (Aex = 581 nm, Aem = 609
nm). Lasteliy branduoliai buvo vizualizuoti DAPI (Aex = 358 nm, Aem = 461
nm). Méginiai buvo plaunami 1 % (t/t) Tween PBS ir vizualizuoti naudojant
Olympus BX51. Lasteliy plotas, forma ir perimetras buvo jvertinti programine
jranga CellProfiler [167]. Ivertinta ne maziau 30 Iasteliy kiekvienai
modifikacijai.
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2.8. Vaistiniy medziagy pralaidumo matavimai

Pralaidumo eksperimentai buvo atlikti NaviCyte vertikalios kameros
sistemoje (Harvard Apparatus, Holliston, MA, JAV). Tam, kad kolageno
hidrogeliai galéty buti naudojami  tokioje sistemoje buvo sukurtas ir 3D
spausdintuvu pagaminamas polilaktinés rtgsties laikiklis. Pastarasis buvo
uzpildomas hidrogeline medziaga ir véliau apauginamas akies ragenos
keratinocitais. Palyginimui buvo naudojamos ex vivo triusio akies ragenos.
Pralaidumo vertinimui buvo pasirinktas vaistinés ir referencinés medziagy
rinkinys (lentelé 6).

lentelé 6 Vaistiniy ir referenciniy medziagy, naudoty pralaidumo matavimams, sqrasas

Medziaga
(vaistas/referenciné Tiekéjas Naudota koncentracija
molekulé)
6-karboksifluoresceinas ) .
(6-CF) Sigma-Aldrich 50 uM
Rodaminas B (Rho B) Sigma-Aldrich 50 uM
FITC-dekstranas, 4 kDa . .
(FD4) Sigma-Aldrich 50 uM
FITC-dekstranas, 70 kDa . .
(FD70) Sigma-Aldrich 200 pg/mL
Rodaminas 123 (Rho . .
123) Sigma-Aldrich 10 uM
Betaksololis (Beta) Cayman Chemicals 10 uM
(+)-Pilokarpinas HCI (Pilo) Cayman Chemicals 10 uM
Timololio maleatas (Timo) Cayman Chemicals 10 uM
Chloramfenikolis (Chlora) | BioChemica, AppliChem 80 uM
Deksametazonas (Dexa) Cayman Chemicals 100 uM
Brinzolamidas (Brinzo) Cayman Chemicals 89 uM

2.9. Kardiomiogeniné diferenciacija

Pries lasteliy auginima visi hidrogeliniai substratai buvo du kartus
plaunami 37°C PBS ir laikomi 5 % CO; inkubatoriuje 30 minuciy. Po plovimo
jie buvo 30 minuciy laikomi lasteliy augimo terp¢je. Véliau terpé issiurbta ir
hidrogeliai dziovinami 10 minuciy laminariniame oro sraute. Uzs¢jus lasteles
ant substraty, jos buvo 24 valandoms perkeltos j inkubatoriy. Lasteliy
gyvybingumas ir kardiomiogeniné diferenciacija buvo tiriama 14 dieny
vertinant geny raiSkg, naudojant pasirinktus zymenys (lentelé 7).
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lentelé T Geny raiskos vertinimui pasirinkti Zymenys.

Vertintas genas Koduojamas baltymas

ACTC1 koduoja Sirdies raumens alfa
akting. Si izoforma skiriasi nuo alfa
aktino, kuris yra aptinkamas skeleto

raumenyse [168].

TNNT2 genas koduoja troponing T. Sis
baltymas yra atsakingas uz baltymy
komplekso formavima, kuris reguliuoja
raumeny susitraukimg [169].
PTK2 genas koduoja tirozino kinaze 2,
taip pat zinoma kaip adhezijos kinaze.
PTK2 Tai nereceptoriné kinaze, atsakinga uz
Igstelés fokalinés adhezijos saveikg su
TLU [170].

ACTC1

TNNT2

2.10. Smegenéliy lasteliy kultiiros

Visos eksperimentinés procediiros buvo atliktos pagal Laboratoriniy
gyviiny priezitiros ir naudojimo vadova. Buvo pasirinkta Wistar ziurkiy veisle,
5-7 dieny Ziurkiy smegenélés buvo susmulkintos ir inkubuojamos Versene
tirpale (1:5000; Gibco, Thermo Fisher Scientific, Waltham, MA, JAV) 37 °C
temperatiroje 5 minutes, po to suspenduotos Pastero pipete ir
centrifuguojamos 270g 5 min. Tada nusodintos lastelés buvo pakartotinai
suspenduotos DMEM terpéje su Glutamax (Thermo Fisher Scientific),
papildytu 5 % arklio serumu, 5 % vaisiaus verselio serumu, 38 mM gliukozés,
25 mM KCI ir antibiotiku/antimikotiku (Thermo Fisher Scientific). Po to
lastelés buvo i$sétos | 96 Sulinéliy lékstele ant hidrogelio substraty, arba |
tuscius Sulinélius padengtus poli-L-lizinu. Lasteliy kultira buvo auginama 7
dienas in vitro salygomis, po to buvo vertinamas lasteliy skaicius, lasteliy
kultiiros ir mikroglijos morfologija, 1asteliy judrumas.

CLP-PEG hidrogeliai su mikrosulinéliy topografija buvo pagaminti kaip
atspauda naudojant komercines sferoidy auginimo 1éksteles AggreWellTM
400 (STEMCELL Technologies, Canada Inc., Vankuveris, Kanada), kuriy
piramidés formos Sulinélio krastinés ilgis sudaré 400 pum.

Vaizdinant lasteles branduoliai buvo nudazyti Hoechst33342, neuronai
atpazinti pagal su mikrotubulémis susijusj baltymg MAP2, astrocitai pagal
glijos fibrilinj ragstinj baltyma GFAP. Mikroglija buvo nudazyta izolektinu
GS-IB4 i§ Griffonia simplificolia ir AlexaFluor® 488 (Molecular Probes,
Eugene, OR, JAV).
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3. REZULTATAI
3.1. Kolageno hidrogeliy pavirSiaus nanoformavimas

Audiniy inzinerijos karkaso nanoskopiné sandara yra svarbi, nes
nanometriniai dydziai gali jtakoti lasteliy adhezija, proliferacija ir
diferenciacijg, imituojant natiiralias audiniy sglygas. Nanostruktiiros taip pat
gali pagerinti biomedziagy efektyvumg ir paskatinti tinkamg audiniy
formavimasi, todeél iSlieka kaip viena i§ strategijy siekiant efektyvesniy ir
tikslingesniy gydymo metody sukirimo [171].

Siekiant jvertinti kolageno hidrogelio nanoformavimo (nanostruktiiry
gamybos) galimybes, koloidinés litografijos biidu buvo sukurtos
nanostrukttiros ant PDMS ir polistireno pavirsiy, kuriy islinkimo spindulys
(Rc) pasirinktas toks: 0.126, 0.244, 0.505 ir 1.515 pm. Nuo paruosty PDMS
ir polistireno pavirsiy buvo atlieti kolageno hidrogelio lakstai, ant kuriy buvo
i8kile arba jdubg submikrometriniai ir mikrometriniai pusrutuliai. Pagaminty
hidrogeliy pavirsiai buvo jvertinti atominiy jégy mikroskopijos pagalba (pav.
22).
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pav. 22 AFM nuskenuotas vaizdas su iskilusiomis arba jdubusiomis struktiiromis.
Kiekvienas gautas vaizdo laukas yra 10 x 10 um. Vaizdas gautas naudojant QI jégos kreivés
rezimg.

PavirS$iaus nanostruktiiros daznai yra formuojamos ant skirtingo tipo
medziagy pavirsiy, tokiy kaip zelatina [119], silicis [172], metalai [116], [173]
arba PDMS [174]. Jei tokio pavirSiaus paskirtis — substratas organotipinés
lasteliy kulttiros formavimui, labai svarbus pasirinktos medziagos stabilumas
(bent 14 dieny ar daugiau lgsteliy kultiroje, su pavirSiaus topografijy
i§laikymu) ir biosuderinamumas. Struktiiros suformuotos ant Zelatinos daznai
nepasizymi stabilumu. Tuo tarpu struktiroms ant metalo ar PDMS reikia
papildomy baltyminiy dangy lasteliy adhezijai pagerinti ir tarplastelinio
uzpildo biologiniam poveikiui atkurti. Taip pat, metalo ar PDMS karkasai
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nelaidis ir netinka, pvz., oro-skyscio saly¢io kultiroms auginti arba uzdary
ertmiy formavimui.

Suformuotos ant kolageno hidrogelio struktiiros buvo patikrintos auginant
ant jy pavir$iaus Zmogaus odos fibroblastus, zidininés adhezijos zyméjimui
buvo nudazytas vinkulino baltymas (pav. 23). Vertinant Igsteles ant struktiiry
galima matyti, kad iskilusiy struktiiry karkase lastelés tvirtinasi ant sfery
virSaus, jdubusiy — ant suformuotos sferomis gardelés virSaus.

Vertinant AFM nuotraukas (pav. 23), galima matyti, kad lastelés pavirSius
atkartoja struktiras ant substrato pavirSiaus, taciau vertinant fluorescencinés
mikroskopijos nuotraukas struktiros yra matomos tik ant bandiniy su
didziausiais rastais.
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21.01 pm

| | Fluorescenciné mikroskopija

Jdubusios (PS)

ISkilusios (PDMS)

23.03 um

AFM || Fluorescenciné mikroskopija

Jdubusios (PS)

ISkilusios (PDMS)

pav. 23 Atominés mikroskopijos ir fluorescencinés mikroskopijos vaizdai, gauti auginant
Zmogaus odos fibroblastus ant mikrostruktiruoty pavirsiy. Galima matyti, kad AFM gautuose
vaizduose lgstelé atkartoja pavirsiaus struktiiras, taciau vaizdinant vinkuling struktiiros yra
gerai matomos ant didziausiy struktiiry (03,03 um), tiek and jdubusiy, tiek ir ant iskilusiy. Ant
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Véliau buvo analizuoti lasteliy morfologijos parametrai, siekiant jvertinti
ju skirtumus priklausomai nuo pavirSiaus struktiry. Pasirinkti vertinimo
parametrai buvo lasteliy uzimamas pavirsiaus plotas, lasteliy formos faktorius
ir lgsteliy perimetras.

Lastelés plotas
2500

H255
H488
H1010
H3030
P255
P488
P1010
P3030

2000

N

Hm2

HoH

——
H—

AR L

4> HO

1000

I
Q
$2)
Q Q'
P

pav. 24 Lgstelés ploto vidurkis ant skirtingo tipo hidrogelio pavirsiaus struktiiry. Lgstelés
plotas buvo apskaiciuotas naudojant CellProfiler programine jrangq. Lgstelés ploto vidurkis
vertintas skaiciuojant taskeliy kiekj lgsteléje ir konvertuojant juos j kvadratinius mikrometrus.
F — plokscias hidrogelio pavirsius. H — jdubusios struktiiros, skaicius po raidés reiskia sferos
skersmenj. P — iskilusios struktiiros, skaicius po raideés reiskia sferos skersmenj nanometrais.

Analizuojant lgsteliy ploto vidurkiy suvestine galima matyti, kad issiskiria
kelios pagrindinés grupés (pav. 24):

1. plokscio pavirsiaus (F), H255, H488 ir H1010 bandiniy grupése
fibroblastai pasiekia panasy plota.

2. H3030 (jdubusios, didziausios sferos) pasizymi maziausiu lgsteliy
plotu.

3. P3030 (didziausios iskilusios struktiiros) pavirSiuje lasteliy plotas yra
artimas lgsteliy plotui ant plok$¢iy pavirsiy.

4. P255, P488 ir P1010 (iskilusios struktiiros) nulémé didesn; lasteliy
pavirsiaus plotg nei kitose bandiniy grupése.

Panasius rezultatus su panasaus dydzio struktiromis ant Zzelatinos

hidrogeliy gavo Makita et al, kur buvo naudota Saos-2 Iasteliy linija [119].
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pav. 25 Lgstelés forma buvo jvertinta naudojant CellProfiler programing jrangq. Y asyje
vra lgstelés formos koeficiento verté, galimos vertés nuo 0 iki 1, taciau tai krastutiniai atvejai.
Verte 1 atitinka tiese, 0 0 yra taisyklingas apskritimas.

Buvo pastebéta, kad lasteliy forma ant struktiiruoty pavirSiy nors ir
svyruoja, taciau iSlieka artima lgsteliy formai ant ploks¢iy hidrogeliy (pav.
25). Tai i§ dalies gali nulemti hidrogelio pavirSiaus mechaninémis savybeés-
pakankamas tvirtumas.
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pav. 26 Lgstelés buvo jvertintos naudojant CellProfiler programing jrangq. Perimetras
vertintas skaiciuojant taskeliy kiekj ant lgsteliy ribos ir perskaiciuotas j mikrometrus.

Vertinant lgsteliy perimetra buvo pastebéta, kad tarp bandiniy grupiy néra
statistiSkai patikimy skirtumy, iSskyrus P255 bandiniy grupe su didZiausiu
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perimetro vidurkiu ir P3030 bandiniy grupe su maziausiu perimetro vidurkiu
(pav. 26).

3.2. Kolageno hidrogeliy pavirSiaus mikroformavimas

Regeneracinés medicinos karkaso mikroformavimas yra svarbus, nes
kanaly ir niSy struktiiry sukiirimas suteikia lasteléms galimybe migruoti,
jaugti, formuoti organotipinius darinius medziagos turyje. Tinkamai
suformuotos mikrostruktiiros gali buti panaudotos skatinant audiniy
regeneracijg, padéti atkurti nataralias jy funkcijas.

Pagaminus hidrogelius su nanostruktiiromis ant pavirSiaus ir jas jvertinus
buvo paruosti hidrogeliai su pavir§inémis mikrostruktiromis. PavirSiaus
mikroformavimui taip pat buvo naudojama minkstoji litografija. Pirmajam
bandymui buvo pasirinktos staciakampiy lygiasoniy trikampiy formos
1dubusios strukttiros, ant kuriy véliau buvo uzsétos zmogaus odos fibroblasty
lastelés. Po 7 dieny auginimo gauti vaizdai buvo analizuojami Imagel
programine jranga, pikselio pilkumo reikSmé buvo iSmatuota trikampio
kampe (matavimo linija pazyméta paveiksle). Pikselio pilkumo verté nustatyta
ant lygaus hidrogelio po 7 dieny auginimo ir palyginta su struktdruotu
pavir§iumi. Galima matyti, kad lastelés noriai uzpildo suformuotas trikampes
ertmes. Panasius rezultatus rodé ir Yu et al[175], jy bandymuose fibroblastai
uzpildé duobutes suformuotas ant kolageno hidrogelio pavirsiaus.

Pateiktame vaizde taip pat galima matyti, kad lasteliy kultiira lygiuojasi
pagal ilgiausig trikampio krasting (pav. 27, rodyklés). PanaSius rezultatus
buvo gaves Vernon et al, kai odos fibroblastai buvo auginami ant pavirSiaus
su grioveliais ir jie lygiavosi pagal grioveliy pavirsiy [176].
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pav. 27 Pikselio pilkumo vertés iSmatuotos ant hidrogelio su mikrostruktiromis (B) ir ant
plokscio hidrogelio (C), po 7 dieny Zmogaus odos fibroblasty linijos auginimo. Pavirsius su
mikrostruktitromis buvo pagamintas minkstosios litografijos biidu, naudojant PDMS liejimo
formg (A). Ant liejimo formos buvo iskile staciakampiai lygiaSoniai trikampiai, Soniniy
krastiniy ilgis 50um, tarpas tarp trikampiy 30 um. Rodyklés parodo lgsteliy lygiavimosi kryptj.
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3.3. Hidrogeliy stabilumo ir lasteliy proliferacijos vertinimas

Vertinant hidrogeliy stabilumag ir lasteliy proliferacija buvo pasirinkti trys
skirtingi mikrostruktiiry Sablonai ant kolageno hidrogeliy: trijy skirtingy
plociy kanalai (30, 60 ir 200 pm plocio, su tarpais tarp kanaly lygiais kanalo
plociui) (pav. 28). Hidrogelio stabilumo vertinimui buvo pasirinkta inkubacija
lasteliy augimo terpéje, kurioje hidrogeliai buvo 14 dieny laikomi 37°C, 5 %
CO: aplinkoje, imituojant Iasteliy eksperimenta.

il e -,
pav. 28 Pasirinktos vertinimui struktiiros, su apacioje pateiktais pjiviy vaizdais. A — 30 um
plocio kanalai su 30 um plocio tarpais. B — 60 um plocio kanalai su 60 um plocio tarpais. C —
200 um plocio kanalai su 200 um plocio tarpais.
Vertinant stabiluma, po bandiniy inkubacijos buvo iSmatuoti plocio ir
aukscio nuokrypiai, vandens kiekis ir Jungo modulis. Aukscio arba plocio
absoliutus nuokrypis visy matavimy metu buvo mazesnis nei 1 um.
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pav. 29 Kolageno hidrogelio su pavirsiaus mikrostruktiiromis stabilumo terpéje tyrimas.
Visi parametrai buvo vertinti po inkubacijos 37°C Igsteliy kultiros terpéje 14 dieny. Plocio ir
aukscio nuokrypiai buvo vertinti optiniu mikroskopu. Vandens kiekis buvo nustatytas sveriant
hidratuotus ir sausus bandinius. Jungo modulis nustatytas naudojant AFM.

IS stabilumo duomeny galima matyti, kad hidrogelis islieka stabilus
maziausiai 14 pary, be zymesnio mikrostruktiiry matmeny, standumo ar
hidrogelio brinkimo pokycio (pav. 29).
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pav. 30 Zmogaus odos fibroblasty ant hidrogeliy pavirsiaus fluorescencinés nuotraukos. A
— scheminis séjimo proceso pavaizdavimas. Lgstelés buvo uzsétos ant skirtingus mikrosablonus
panaudojant gauty hidrogelio pavirsiy: 30 um (B), 60 um (C), 200 um (D), taip pat ant plastiko
lékstelés (E) ir ant plokscio kolageno hidrogelio pavirsiaus (F).

Lasteliy proliferacija
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Valandos
pav. 31 Lgsteliy proliferacijos kreivé.

Ant mikroSablony buvo pasétos Zzmogaus odos fibroblasty Igstelés, lastelés
buvo fotografuojamos fluorescenciniu mikroskopu (pav. 30). I8 lasteliy
proliferacijos grafiko galima matyti, kad pavirSius su mikrostruktiiromis
neturi neigiamos jtakos lgsteliy augimui, t.y. Iasteliy proliferacijos kreivé ant
struktiruoty hidrogeliy yra labai panasi j augimo ant lygaus hidrogelio
pavirsiaus kreive (pav. 31).
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3.4. Tariniy strukttry formavimas kolageno hidrogelyje

Suklojant ir chemiskai susiuvant jau suformuotus kolageno hidrogelius
galima gauti tiirines struktliras- nisas lasteliy augimui. Tai buvo iSnaudota
gaminant uzdarus makrometrinius hidrogelio Sulinélius (pav. 32, pav. 33).
Hidrogelio diskeliy sutvirtinimui tarpusavyje buvo naudotas 20 % DMTMM
tirpalas.

Isitikinta, kad galima pagaminti pasirinkto dydzio hidrogelinius diskus su
jvairiomis ertmémis, kurie gali biiti naudojami multiSulinéliy 1ekstelése.

pav. 32 Hidrogelio diskelio su tiriniais Sulinéliais nuotraukos. A- hidrogelio diskelis su
suformuotais 3 mm skersmens tiriniais Sulinéliais. B- susluoksniuotas ir susiiitas hidrogelis
su uzdaromis tirinémis ertmémis.

pav. 33 Hidrogelis su suformuotomis apskritais sulinéliais pritaikytas multiSulinéliy
lékstelés formatui. Pateikta Sviesinés mikroskopijos nuotrauka (B) ir vaizdas multisulinéliy
léksteléje (A).

Svarbu paminéti, kad virSutinis Sulin¢lj uzdengiantis hidrogelio sluoksnis
galéjo buti uzdedamas tik po Zmogaus odos fibroblasty lasteliy paséjimo, o tai
sukelia lasteliy kontakta su susiuvimo agentu DMTMM. Taciau po 7 dieny
lastelés pilnai uzpildé visus Sulinélius ir neigiamo DMTMM poveikio nebuvo
stebéta (pav. 34).
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pav. 34 Fluorescencinés mikroskopijos vaizdas su makrometrinio dydzio uzdaromis
ertmémis, uzpildytomis zmogaus odos fibroblastais.

Hidrogelyje suformuotose ertmése augancios lastelés neprasiskverbé tarp
hidrogelio lak$ty sluoksniy, tai patvirtina efektyvy uzdary ertmiy
suformavima. Ryskesni suformuoty ertmiy krastai rodo didesn;j lasteliy kiekj,
sankaupas kraStuose ir Igsteles augangéias vertikaliai ant suformuotos sienelés.

3.5. Lasteliy jaugimo modelis

Naudojant kolageno hidrogelio laksty sluoksniavimo technologija buvo
sukurtas Igsteliy jaugimo modelis. Sukurtas modelis leidzia lgsteles jséti
specialiai suformuotoje zonoje. Toliau Igstelés auga migruodamos
minkStosios litografijos budu suformuotais kanalais, esanciais kolageno
hidrogelio tiryje (pav. 35). Tyrimui buvo naudotos Zmogaus odos fibroblasty
linijos lastelés. Lasteliy gyvybingumas 7 dieny eksperimento eigoje nebuvo
vertintas, taciau lgsteliy proliferacija kanaluose buvo panasi i gauta ant
mikrogrioveliy pavir$iaus. Tai reiksty, kad pats hidrogelis yra pralaidus ir
uztikrina maitinimo medziagy patekima iki Igsteliy ir jy augimo metabolity
pasalinima.
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- - B e Bl
pav. 35 Lgsteliy jaugimo vertinimo mikroprietaisas. Ant vieno dvisluoksnio hidrogelio
konstrukto (B) gali biti skirtingo kanaly plocio zonos (A). Zemiau pateiktoje mikroskopo
nuotraukoje matomas konstrukto Soninis pjivis, vaizdinamy kanaly plotis buvo apie 60 um,
gylis apie 20 um (C).

e

Atlikus 7 dieny lasteliy eksperimenta galima matyti, kad platesniais
kanalais 1gstelés jauga 1é¢iau (pav. 36). Tai galima bity paaiskinti tuo, kad
did¢jant atstumui tarp kanalo kampy sumaZzéja ir lgsteliy jaugimo greitis.
Panasis rezultatai buvo gauti Gonzalo et al, kur 1gstelés buvo auginamo ant
mikrostruktiiruoto PEG pavirsiaus ir platesniuose kanaluose jaugimo greitis
taip pat buvo mazesnis [177].
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pav. 36 I§ fluorescencinés mikroskopijos nuotraukos skaitmeniskai sukurtas 3D vaizdas,
rodantis lgsteliy jaugimg 60 um kanaluose, su paZymétais atstumais, kuriuos kultiira peraugo
per nurodytq laikq (4). Tikras 60 um kanaly 3D vaizdas, su lgsteliy pasiskirstymu kanaluose.
Zemiau pateiktas lgsteliy jaugimo atstumo priklausomai nuo laiko grafikas.

IS auksciau pateikto grafiko galima matyti, kad jaugimas platesniuose
kanaluose sulétéja ties 96 valandomis ir 7 dieny vertinime jau matomas
reik§mingas skirtumas atliekant ANOVA statistinj vertinima (pav. 36).
Akivaizdu, kad lastelés 7 dienas gerai proliferuoja uzdaruose kanaluose, 0 jas
supantis hidrogelis uZztikrina maistiniy medziagy transportg iki lasteliy
kultiiros bei metabolity Salinimg. Tokio tipo jaugimo modelis gali buti
naudojamas vertinant véziniy ar imuniniy lgsteliy migracija, kraujotakos
sistemos formavimasi, nervinio audinio regeneracijg ir kitus procesus [178].
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3.6. Akies ragenos pralaidumo modelis

Tyrimo, kuris vykdytas bendradarbiaujant su jmone Experimentica Ltd
(Suomija), tikslas buvo sukurti dirbtinj ragenos pralaidumo tyrimy modelj. Jo
pagrindiniai komponentai buvo kolageno hidrogelio membrana, su jos
pavirSiuje uzaugintu vientisu, tankiu akies ragenos epitelio lasteliy sluoksniu.
Siekta modelj patikrinti kaip galima alternatyva ex Vvivo triusiy ragenoms
vaistiniy medziagy pralaidumo matavimuose. Buvo tiriamas pralaidumas
skirtingy fizikocheminiy sgvybiy molekuléms, tarp junginiy buvo ir
oftalmologijoje naudojamy vaistiniy medziagy. Hidrogelio su lgsteliy
sluoksniu modelio pralaidumas buvo lyginamas su triuSio ragenos, kaip
dabartinio standartinio tyrimy modelio, pralaidumu.

pav. 37 Naudotas pralaidumo matavimo prietaisas NaviCyte vertikalios kameros sistemoje,
Harvard Apparatus, Holliston, MA, JAV.

Tam, kad kolageno hidrogeliai galéty biti naudojami pralaidumo tyrimo
kameroje (pav. 37) buvo sumaketuoti ir iSbandyti specialios formos PLA
laikikliai, pagaminti 3D spausdinimo biidu (pav. 38). Juose buvo suformuotas
kolageno hidrogelio sluoksnis (pav. 39). Pasirenkant tinkama laikiklj vertintas
hidrogelio formavimo patogumas, bei konstrukcijos patvarumas matavimus
atliekant NaviCyte sistemoje. Atlikus keleta bandymy buvo nutarta naudoti
papraséiausig laikiklio konstrukcija (pav. 38, A).
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pav. 39 Hidrogelio ir plastikinio laikiklio konstruktas (4), tinkamas lgsteliy kultiry
auginimui. Hidrogelio ir laikiklio skerspjivis (B).

I$ Zemiau pateikty histologijos (pav. 40) nuotrauky galima matyti, kad ir
ragenos lastelés augintos ant plastikinés membranos, ir 1astelés augintos ant
kolageno hidrogelio suformuoja daugiasluoksnj epitelj, bei gamina ZO-1
baltymg ir okluding, atsakingus uz glaudZiyjy jungc¢iy tarp akies ragenos
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epitelio lgsteliy suformavimg. Epitelio glaudZiosios jungtys yra svarbios
ragenos pralaidumui, t.y. medziagy skvarbai per ragena [179].

50 pm 200 pm 500 pm

pav. 40 In vitro ragenos modeliy ir triusio ragenos histologinis ir imunohistocheminis
tyrimas. Zmogaus akies ragenos epitelyje nudazytas ZO-1 baltymas (Zalia spalva), auginant
ant kolageno hidrogelio (A) ant plastikinés membranos ZO-1 baltymas (raudona spalva) (B),
taip pat atliktas kontrolinis ZO-1 baltymo daZymas auginant ant kolageno hidrogelio (C).
Imunofluorescencinis okludino daZymas (Zalia spalva) ant kolageno hidrogelio (D), Igsteliy
auginty ant plastiko membranos (E), triusio ex vivo ragenoje (F). Lgsteliy branduoliai nudazyti
mélyna spalva (A — F). Geltonos rodyklés nurodo glaudziyjy jungciy formavimosi Vietas.
Hematoksilinu ir eozinu nudazyti zZmogaus akies ragenos epitelio auginto ant kolageno
hidrogelio pjavis (G), auginto ant plastikinés membranos jdéklo (H) epitelio pjiivis, €X VivO
triusio ragenos (1) pjivis.

Zemiau pateikti tiriamyjy medZiagy pralaidumo per kolageno hidrogelio-
ragenos epitelio ir plastikinés membranos-ragenos epitelio modelius
duomenys (pav. 41). Sios vertés lyginamos su triusio ragenos, kaip
standartinés sistemos, pralaidumo vertémis.

71



>

50—
wv
O
=
3 404 .
e ‘_§ Be.tf_,.""
% 2 304
£
S5 20-
g .'c_; _.. Pilo
o c
o)
s 104 5 r=0.96
a0 6-Ci/.- -
5 Brined /@ Chiora R? = 0.9297
Q ‘Rho 123
FO7(f FDa T J ! :
10 20 30 40

P 1pp (CMVS) x 108

B TriuSio ragenos pralaidumas
v 50+
£
_g Rho B Pilo *Beta
& 40 0
e 5
x 8 9
» c
©
§ 5
g £ 207
s Q
=
wv
d 10
2 r=0.89
= R2 = 0.7991
L g T T 1
Q. 10 20 30 40

P ,pp (cM/S) x 108
TriuSio ragenos pralaidumas

pav. 41 Sukurto akies ragenos pralaidumo modelio (4), lgsteliy daugiasluoksnio uzauginto
ant plastikinés membranos jdéklo (B) ir triusio akies ragenos tiesiné tiriamy medziagy
pralaidumo koeficiento Papp (cm/s) x 10 regresija. Pearsono koreliacijos koeficientai (r) in
vitro ragenos modeliui ir Igsteliy kultiiros jdékluose auginamomis lgstelémis buvo, atitinkamai,
0,96 ir 0,89. Punktyrinés linijos paveiksluose rodo tobulg koreliacijqg (r = 1). Determinacijos
koeficientas (R? reiksmé) apibiidina, kaip gerai sukurtas ragenos modelis atitinka triusio
ragenos pralaidumo vertes.
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Palyginus koreliacija galima matyti, kad kolageno hidrogelio-ragenos
epitelio sistema geriau atitinka triusio akies ragenos pralaidumo vertes,
lyginant su komercinés plastikinés membranos-ragenos epitelio sistema.

3.7. Kardiomiogeniné diferenciacija ant bioimitaciniy hidrogeliy

Bendro tyrimo, atlikto su Inovatyvios medicinos centru ir Vilniaus
Universiteto Medicinos Fakulteto, tikslas buvo jvertinti i§ sveiko ir
patologinio (serganciyjy dilatacine kardiomiopatija) zmogaus Sirdies audinio
i8skirty miokardo mezenchiminiy stromos lgsteliy (mMSL) kardiomiogenine
diferenciacijg. Ankstesniy studijy metu buvo nustatyta, kad lastelés gerai auga
ant [ tipo kolagenu dengty plastikiniy 1éksteliy, tad kaip bioimitacinis
pavir$ius buvo pasirinkti kolageno hidrogeliai (pav. 42):

1) I-tipo kolageno hidrogelis (CA)
2) I-tipo kolageno hidrogelis modifikuotas fosforilcholinu (CA-

MPC)
3) I-tip kolageno hidrogelis modifikuotas hialurono riigstimi (CA-
HA)
CA CA-MPC CA-HA

A B (

pav. 42 Pagaminty hidrogeliy vizualinis skaidrumo vertinimas.

Suformuoti hidrogeliai buvo vertinti matuojant vandens kiekj, Jungo
modulj (lentelé 8) ir vizualiai vertinant skaidruma. Didziausias Jungo modulis
(140,28 + 7,20 kPa) buvo nustatytas matuojant CA hidrogelj, kurio teorinis
kolageno kiekis 8,5 %. Kolageno hidrogeliai su MPC ir HA turéjo atitinkamai
mazesnes vertes: 96,09 + 13,19 kPa ir 113,02 & 35,05 kPa. Turintis 0,05 %
(m/m) HA kolageno hidrogelis isbrinko, tai buvo galima matyti i§ vandens
kiekio ir standumo matavimo. Vertes gautas CA-MPC hidrogeliui galima
paaiskinti maZesniu kolageno kiekiu miSinyje, 6,5 % (m/m) vietoje 8,5 %
(m/m).
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lentelé 8 Pagaminty hidrogeliy standumo ir vandens kiekio vertinimo rezultatai.

Hidrogelio tipas CA CA-MPC CA-HA

Vandens kiekis, % 92,51 +0,12 | 94,71 £ 0,41 93,06 0,12

Jungo modulis, kPa 140,28 £ 7,20 | 96,09+ 13,19 | 113,02+ 35,05

Isskirtos sveikos ir patologinés mMSL buvo augintos ant hidrogeliy
pavirSiy 24 valandas, buvo atliktas Igsteliy gyvybingumo vertinimas
naudojant CCKS8 rinkinj (pav. 43). Buvo pastebéta, kad ant kolageno
hidrogelio be modifikacijy lgstelés geriau prikibo prie pavirSiaus, ir net galima
buvo stebéti sveiky mMSL lasteliy i$silygiavima (parodyta rodyklémis). Taip
pat galima pastebéti, kad sveiko audinio lastelés rodé geresng adhezijg prie
pavirSiaus nei patologinio audinio lgstelés.
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pav. 43 Sviesinés mikroskopijos nuotraukose matomas sveiky ir patologiniy mMSL ant
skirtingy kolageno hidrogelio modifikacijy palyginimas (4). CCK8 absorbcija po 24 valandy
Igsteliy auginimo, su matomais Zenkliais skirtumais tarp skirtingy hidrogeliy grupiy (B).
Mastelio juostos ilgis 100 um.

Histony deacetilaziy (HDAC) aktyvumas patologinése mMSL lastelése
yra didesnis nei sveiky lasteliy. Siy kamieniniy lasteliy diferenciacijai
kardiomiocitus in vitro, kaip galimai dilatacinés kardiomiopatijos gydymo
strategijai, buvo pasitelkti HDAC inhibitoriai, pagal kity autoriy duomenis
turintys kardiomiogeninj poveikj [180]. Masy tyrime buvo naudotas HDAC
inhibitorius suberoilanilido hidroksamo ragstis (SAHA), o kardiomiogeninei
diferenciacijos vertinimui buvo kiekybiskai matuojama alfa Sirdies raumens
aktino (alpha Cardiac Muscle Actin - ACTC1) ir Sirdies troponino (cardiac
troponin - TNNT2) geny rai$ka. Tai baltymai, kurie rodo kardiomiogeninés
diferenciacijos laipsnj, t.y. jy gauséja formuojantis pilnavertiskam Sirdies
raumeniui.
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pav. 44 ACTCI ir TNNT2 geny raiska sveikose ir patologinése mMSL, esant 1 uM SAHA
poveikiui, eksperimentas atliekamas 14 dieny (matavimai 3, 7 ir 14 dieng). Lgsteliy morfologija
buvo vertinta optiniu mikroskopu 14 augimo dieng, rodyklés vaizduose pazymi zomnas su
susilygiavusiomis lgstelemis (A). Geny raiskos duomenys pateikti sveiky ir patologiniy Ilgsteliy,
ACTCI ir TNNT2 geny (virsuje ir apacioje) ant skirtingy kolageno hidrogeliy ir plastiko
kontrolés (B).

Ant skirtingy hidrogeliy galima matyti skirtingus ACTC1 geno raiskos
rezultatus, auksciausia Sio geno raiska lyginant su kontrolinémis 1gstelémis
buvo stebima ant kolageno su hialurono riigstimi (CA-HA) tiek sveikose, tiek
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ir patologinése lastelése 7-3 augimo dieng. ACTC1 geno raiSka visais atvejais
buvo didesné patologinése lastelése (pav. 44).

Panasi tendencija buvo stebima vertinant TNNT2 geno raiska, kai 3, 7 ir
14-3 dieng vertinto geno raiSka buvo patikimai didesné ant kolageno su
hialurono ragstimi hidrogelio. Kiti hidrogelio variantai irgi patikimai didino
TNNT2 geno raiska priklausomai nuo poveikio trukmés ir lasteliy tipo.
Abiejuose lasteliy tipuose zemiausia TNNT2 geno raiska buvo stebima
kontrolinése lastelése, augintose ant plastiko pavirSiaus (pav. 44).

Apibendrinant, abiejy kardiomiogeninés diferenciacijos Zymeny raiska yra
aktyvesné patologinio miokardo lastelése, kas reik$ty tam tikrg regeneracijos
potencialg esant tinkamai stimuliacijai.
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pav. 45 PTK2 geno raiska sveikose (A) ir patologinése (B) mMSL, esant 1 uM SAHA
poveikiui, eksperimentas atliekamas 14 dieny (matavimai 3, 7 ir 14 dieng).

Galima matyti, kad PTK2 geno raiska visais atvejais ant plastiko pavirSiaus
yra didesné nei ant kolageno hidrogelio ir kolageno hidrogeliy su
modifikacijomis. Tai gali biiti paaiskinta labai skirtingais mechaniniais
parametrais, plastiko pavirSiaus Jungo modulis yra ~100 didesnis. Todél
plastikas yra i§ esmés kitokia medziaga, lyginant su minkSty audiniy TLU
(pav. 45).

Apibendrinant galima daryti iSvada, kad naudojant kolageno ir
modifikuotus kolageno hidrogelius stebima teigiama kardiomiogeniné
diferenciacija, su didéjancia pasirinkty geny raiska, kai hidrogeliai yra
naudojami kartu su HDACI inhibitoriumi SAHA. Taip pat galima matyti, kad
patologinése lastelése taip pat stebima teigiama dinamika, kas reiksty, kad
tokie hidrogeliai gali baiti tinkami ir kaip regeneracinés medicinos jrankis.
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3.8. Smegenéliy lasteliy kultiira ant sintetiniy ir nattiralios kilmés
bioimitaciniy hidrogeliy

Sio tyrimo, atlikto bendradarbiaujant su Lietuvos sveikatos moksly
universitetu, metu buvo palyginti kolageno (CA) ir kolageng imituojanciy
peptidy konjuguoty su PEG hidrogeliai (CLP-PEG), kaip substratai
pazangioms nervinio audinio kultiiroms ir modeliams. Pries pradedant 1asteliy
tyrimus buvo iSbandyti skirtingi mikroskopavimo btidai charakterizuojant
ploks¢iag medziagos pavirsiy (pav. 46).

Sviesaus lauko Cryo FIB-SEM AFM TEM
mikroskopija

UzSaldytas

CLP-PEG

CA

—_— m 50 n

——100pm — lopm —10um
pav. 46 CA ir CLP-PEG hidrogeliy pavirSiaus charakterizavimas skirtingais vaizdinimo
bidais mikro ir nano skaléje.

I§ pavirSiaus vaizdinimo galima matyti, kad nanometrinéje skaléje CLP-
PEG pavirSius yra lygesnis ir tankiau supakuotas, lyginant su kolageno
gijomis kolageno hidrogelyje. IS TEM vaizdy galima matyti, kad kolageno
hidrogelyje yra keliolikos mikrometry ilgio gijos, tuo tarpu CLP-PEG
hidrogelyje gijos nesiekia Simty nanometry.

Ant $iy hidrogelio karkasy buvo séjama smegenéliy lgsteliy suspensija ir
auginama kaip apraSyta Metody skyriuje. Buvo vertinamas auganciy kulttry
panasumas j smegeny audinj in vivo, ieSkoma tipiniy neurony ir glijos lasteliy
biozymeny.
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BRANDUOLIAI NEURONAI ASTROCITAI MIKROGLIJA APJUNGTI

CA CLP-PEG

PLASTIKAS-PL

pav. 47 Smegenéliy lgsteliy kultiry fluorescencinés mikroskopijos vaizdai po septyniy
dieny auginimo ant skirtingy substraty (CLP-PEG, CA ir plastikas dengtas polilizinu). Lgsteliy
branduoliai nudazyti mélyna spalva (Hoechst33342 dazas), neuronai geltona (dazytas MAP2
baltymas), astrocitai raudona (GFAP baltymas), mikroglija Zalia spalva (izolektinas GS-IBa4).
Mastelio juostos ilgis 100 um.

IS auks$éiau pateikto vaizdo (pav. 47) galima matyti, kad ant kolageno
hidrogelio neurony tinklas yra prastai iSsivystes, neuritai yra trumpi, lastelés
atrodo susitraukusios. Priesingai, neuronai auginami ant CLP-PEG formuoja
sferoidinius darinius bei ilgus aksonus.

Taip pat galima matyti, kad astrocity tinklas ant kolageno hidrogelio yra
gerai iSsivystes. Astrocitai ir neuronai iSsidéste Salia, kas reiksty komunikacija
tarp lasteliy. Ant plastiko astrocity maziau, ir astrocity bei neurony
kolokalizacija atrodo atsitiktiné. Mikroglijos lastelés stambios, jy matoma
labai nedaug tiek kolageno, tiek ant plastiko pavirsiaus, jy forma apvali arba
beveik apvali. Tuo tarpu ant CLP-PEG mikroglijos daug ir 1astelés nedidelés.

Kiekybinis lgsteliy kiekio vertinimas parodé, kad neuronai sudaré beveik
50 % visy lasteliy ant CLP-PEG hidrogelio ir beveik 80 % Iasteliy ant plastiko,
0 ant kolageno hidrogelio neuronai sudaré 30 % lasteliy. Mikroglijos ir
astrocity kiekis ant CLP-PEG buvo panasus, taciau ant kolageno hidrogelio
astrocitai sudaré 60%, kai mikroglija sudaré tik 15 %. Ant polilizinu dengto
plastiko mikroglija ir astrocitai sudaré, atitinkamai, 16 % ir 8 %.
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pav. 48 Smegenéliy kultiiros lgsteliy tipy sudétis (a) ir neuritogenezé (b) ant CLP-PEG, CA
hidrogeliy ir plastiko dengto polilizinu.

I§ neuritogenezés, t.y. neurony Sakojimosi, duomeny (pav. 48) matyti, kad
aksony (neurity) plotas vienam neuronui yra zenkliai didesnis ant CLP-PEG
nei ant kolageno ar dengto plastiko pavirSiaus. Galimai toks rezultatas buvo
gautas dél didelio neurony tankio ant pavirSiaus, tai salygoja nedidelj atstuma
tarp neurony ir nepaliecka erdvés formuotis aksonams. Apibendrinant,
smegenéliy lasteliy miSinio kultira ant CLP-PEG formavo sferoidines
struktiiras sujungtas neurity-astrocity gijomis, apsuptas mikroglijos. Ant
kolageno hidrogelio ar plastiko toks efektas nebuvo stebimas. Tokie sferoidai,
kur lgsteliy morfologija, santykis ir kiekis primena smegeny struktiiras, gali
tapti organomimetiniais in vitro modeliais, skirtais tyrinéti jvairias patologines
situacijas, tikrinti diagnostines ir terapines strategijas.
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pav. 49 Mikroglijos morfologija ir judrumas ant CLP-PEG, kolageno ir plastiko dengto
polilizinu. Sviesos lauko mikroskopijos nuotraukose (a) galima matyti septynias dienas augintg
mikroglijq smegenéliy kultiiroje. Juodos rodyklés nurodo mikroglijqg, baltos rodyklés neurity
gijas. Fluorescencinése nuotraukose (b) vizualizuota mikroglijos kultiira po 7 dieny auginimo.
Palyginimui pateiktas mikroglijos lgstelés vaizdas (c) 12 postnataling dieng [181]. Visy
mastelio juosty ilgis 25um. Grafike (d) kiekybiskai jvertintas mikroglijos lgsteliy judrumas.

Lasteliy judrumas, pm/h

=3

Stebint smegeny mikroglijos lasteliy augima ant skirtingy pavirsiy (pav.
49), t.y. ant CLP-PEG ir CA hidrogeliy bei plastiko, galima matyti esminius

skirtumus:
e ant CLP-PEG augintos mikroglijos lastelés buvo judresnés;

e CLP-PEG indukavo morfologijos poky¢ius, t.y. i§siSakojima.
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IS anksCiau atlikty eksperimenty buvo zinoma, kad ant CLP-PEG
hidrogelio smegenéliy kultiira yra linkusi formuoti sferoidus, tad buvo
nuspresta  suformuoti mikro$ulinéliy matrica ant CLP-PEG hidrogelio
pavirsiaus, kad galima biity kontroliuoti sferoidy kiekj ir dydj ant vieno
hidrogelio laksto.

Liejimo biidu buvo pagamintas CLP-PEG hidrogelis su pasirinkto dydzio
Sulinéliais (piramidés formos Sulinéliai, piramidés krastinés ilgis 400 um)
(pav. 50). Po smegenéliy lasteliy kultiiros uzséjimo ir 7 dieny auginimo galima
matyti, kad sferoidai Sulinéliuose buvo panasaus skersmens ir priklausé nuo
uzséto lasteliy kiekio: 0,1 x 105 0,2 x 10° ir 0,4 x 10° uzsétos ant 6mm
skersmens diskelio lastelés suformavo atitinkamai 30,45 + 5,59, 70,40 + 6,32,
ir 115,35 + 7,51 um skersmens sferoidus.
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(b)

pav. 510 Smegenéliy lgsteliy kultiiros organoidai po 7 dieny auginimo mikrosulinéliy
matricoje. Sviesos lauko mikroskopijos nuotraukose (a) galima matyti, kad sferoidy dydis yra
panasus. Fluorescencinése nuotraukose (b) galima matyti mélynus branduolius, geltonus
neuronus, raudonus astrocitus ir zalia spalva pazymétg mikroglijg. Apjungtas vaizdas
pateikiamas be branduoliy. Visy mastelio juosty ilgis 50um.

Tyrimuose nustatyta, kad smegenéliy lgsteliy kultira ant CLP-PEG
hidrogelio substrato formuoja j audinius panaSius sferoidus arba organoidus.
Issisakojusi mikroglijos morfologija ir didesnis jos judrumas ant Sio pavirSiaus
taip zymiai skiriasi nuo kity auginimo pavirsiy. Sie rezultatai rodo tolimesnes
sios platformos panaudojimo perspektyvas vaistiniy medziagy tyrimams,
toksikologijai ar kitokiems pritaikymams. PavirSiaus mikrotechnologijy
panaudojimas leidZia formuoti reikiamo dydzio organoidy sferas, kontroliuoti
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ju skaiciy, ir taip dar padidina hidrogelio platformos panaudojimo galimybes
in vitro tyrimams, lustiniy organy konstravimui ir regeneracinei medicinai.

3.9. Naujy bioimitaciniy hidrogeliy kiirimas

Anksciau publikuotuose darbuose buvo panaudotas kolageng imituojantis
peptidas, modifikuotas papildoma RGDSPG (fibronektino baltyma
imituojancia) peptidine seka, kuri yra integrino avf5 prisijungimo vieta
bazinéje membranoje, ant kurios tvirtinasi lastelés [182]. PEG-CLP ir PEG-
CLP-RGD hidrogeliai buvo patikrinti smegenéliy lasteliy kultiroje. Siekiant
palyginti modifikuoto peptido poveikj Igsteliy adhezijai buvo susintetinti du
nauji peptidai su integriny prisijungimo sekomis DGEAG ir GFOGERG. I§
pagaminty peptidy buvo paruosti hidrogeliai be PEG priedo.

Susintetinti peptidai:

1. CLP - Kolageng imituojantis peptidas
NH,-Cys-Gly-(Pro-Lys-Gly)s(Pro-Hyp-Gly).(Asp-Hyp-Gly).-
COCH

2. CLP-RGD - Kolagena imituojantis peptidas su fibronektinui
biidinga integrino prisijungimo seka
NH:-Cys-Gly-(Pro-Lys-Gly)a(Pro-Hyp-Gly)a(Asp-Hyp-Gly)s-
Arg-Gly-Asp-Ser-Pro-Gly-COOH

3. CLP-GFOGERG - Kolageng imituojantis peptidas su kolagenui
budinga integrino prisijungimo seka
NH,-Cys-Gly-(Pro-Lys-Gly)4(Pro-Hyp-Gly).(Asp-Hyp-Gly).-
Phe-Hyp-Gly-Glu-Arg-Gly-COOH

4. CLP-DGEA - Kolagena imituojantis peptidas su kolagenui
biidinga integrino prisijungimo seka
NH2-Cys-Gly-(Pro-Lys-Gly)4(Pro-Hyp-Gly)4(Asp-Hyp-Gly)4-

Peptidy sekos buvo pasirinktos analizuojant literatlirg ir norint pagerinti
lasteliy kultiry adhezija prie hidrogelio pavirsiaus. Fibronektino fragmento
sekos poveikis gerai Zinomas, taciau kartais lgstelés jungiasi ir prie kity
baltymy, todél kaip taikiniai lgsteléms kuriamuose modeliuose buvo
panaudotos ir | tipo kolagene aptinkamos sekos.

Susintetinti peptidai buvo i$gryninti naudojant atvirks¢iy faziy HPLC,
produkto masé¢ buvo patikrinta masiy spektroskopijos buidu ir atitiko teorine
molekuling mase.

IS visy susintetinty peptidy buvo paruosti peptidiniai hidrogeliai be jokiy
kity medziagy, ant kuriy buvo uZsétas pelés plaucéiy lasteliy miSinys, taip
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patikrinant skirtingy peptidy tinkamuma formuotis plauciy epiteliui (pav.
521). Lasteliy augimas ir morfologija and peptidiniy hidrogeliy buvo lyginami
su lasteliy augimu ant Matrigel™ substrato, kuris istoriSkai naudojamas
plauciy organoidy auginimui. Gautas gana skirtingas, t.y. nesferoidinis,
augimas lyginant su Matrigel™, tac¢iau kultiros buvo organotipiskos (pav.
532).

CA CLP

Monosluoksnis Dalis Igsteliy nusiplové

CLP-GFOG ERG CLP-DGEAG

Zonos su monosluoksniu Lastelés nusiplove

Matrigel danga (kontrolé)
Organoidaiir Igstelés ant pavirSiaus

CLP-RGD
Zonos su monosluoksniu

pav. 51 Plauciu epitelio lgstelés kultivuotos ant anksciau tirty ir naujy peptidiniy
hidrogeliy, palyginimui- ir ant Matrigel substrato.
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pav. 52 Organotipiné plauciy epitelio lgsteliy kultira ant skirtingy hidrogeliy tipy. Pirmo
tipo alveoliy epitelio lgstelés nudazytos zalia spalva (AQP5 dazas), bazalinés lgstelés geltonai
(p63 dazas), branduoliai mélynai (DAPI dazas), aktinas raudonai (Phalloidin dazas). A —
kolagenas, B — CLP, C — CLP-RGD, D — CLP-GFOGERG. Nuo CLP-DGEA Igstelés nusiplove
itr pavirsius nebuvo vaizdintas.
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DISKUSIA

Visos Siame darbe naudotos bioimitacinés medziagos priklauso chemiskai
susitity hidrogeliy klasei. Darbe pademonstruota, kad tokios medziagos turi
platy pritaikyma, nuo pavirS§iaus mikro- ir nanomodifikavimo
kontroliuojamoms lgsteliy kultiiroms gauti iki vaistiniy medZziagy pralaidumo
ir organoidy kulttiry formavimo (pav. 53).

Nanostruktiros ant
pavirsiaus

e P IV
TN T

Chemiskai susitta
hidrogeliné medziaga

Sukloti hic-irogelinés
medziagos lakstai gali
formuoti kanalus

Mediia(_;ja islieka stabili
— lasteliy kultaroje

Organotiﬁés kulttros
formavimas

pav. 543 Scheminis skirtingy chemiskai susiity hidrogeliy panaudojimo  biidy
apibendrinimas.

Siame darbe buvo naudotos gyvulinés kilmés medziagos (kolageno,
modifikuoto kolageno) hidrogeliai ir pilnai sintetiniy peptidy (peptidiniai ir
PEG-peptidiniai) hidrogeliai. Gyvulinés kilmés medziagy privalumas yra jy
nedidel¢ kaina ir efektyvumas biologingje aplinkoje, esant tinkamam
paruo$imui. Taciau vienas i§ esminiy praktiniy trikumy yra Zaliavos partijy
skirtingumai, net tada, kai yra kalbama apie labai placiai naudojamus
produktus, tokius kaip Matrigel [146] arba iSskirtus baltymus, tokius kaip
kolagenas [183]. Todé¢l visi eksperimentai pristatyti Siame darbe buvo atlikti
naudojant t3 pacia kolageno zaliavos partija, ir i$ patirties yra zinoma, kad po
naujos partijos gavimo bty reikalingas proceso modifikavimas norint gauti
panasius mechaniniy parametry ir 1asteliy atsako rezultatus. Tokios problemos
patvirtina visiSkai sintetiniy hidrogeliniy medziagy privaluma, nes tik

86



pasiekus pastovy ir pilnai kontroliuojamg procesg galima tikétis vienody
rezultaty, nepriklausomai nuo sintezés partijos.

Darbe pateikti rezultatai gauti eksperimentuose su peptidiniais ir PEG-
peptidiniais hidrogeliais. Reikia pasakyti, kad didelés masés PEG junginiai
reikalauja papildomy pastangy, nes jy charakteristikos ir kokybé taip pat néra
pastoviis. Dazniausiai pasitaiko tam tikra molekulinés masés paklaida, arba
funkciniy grupiy trikumas ant molekulés karkaso [184]. Tokiais atvejais
proceso kokybés kontrolés uztikrinimas gali buiti sudétingas. Dirbant su gryno
peptido hidrogeliais procesas yra paprastesnis ir labiau apibréztas. Taip pat,
didelis peptidiniy hidrogeliy privalumas yra jy biologinis aktyvumas, nes
peptidai kurti taip, kad imituoty gyvuose audiniuose esantj tarplastelinj
uzpilda. Tai uztikrina specifing hidrogeliy saveika su lastelémis ir audiniais,
lasteliy adhezijos, proliferacijos ir/ar diferenciacijos skatinimg. Modifikuojant
peptidy aminoriig§ciy seka galima pritaikyti hidrogelio biologinj aktyvuma,
kad jis atitikty specifines paskirtis. Tai ir buvo atlikta Siame darbe, kai jau
zinoma CLP seka buvo papildomai modifikuota kitais aminorigsciy
motyvais, siekiant papildomy sgveiky su lgsteliy pavir§iumo ir receptoriais.

Be to, i$ peptidy pagaminty hidrogeliy mechanines savybes galima tiksliau
sureguliuoti, kad buty atkartojamos nattraliy audiniy savybés. Reguliuojant
tokius parametrus kaip peptidiniy grandiniy ilgis ir sudétis, taip pat cheminio
susiuvimo tankis, galima sukurti jvairaus standumo ir elastingumo
hidrogelius. Sis suderinamumas yra labai svarbus audiniy inZinerijos
reikméms, kur hidrogelio mechaninés savybés turi atitikti tikslinio audinio
savybes, kad bty uztikrinta tinkama atrama ir skatinama tinkama lasteliy
funkcija.

Darbe yra parodyta, kad minkstosios litografijos biidu ant hidrogeliy
pavirSiaus gali biti formuojamos mikro- ir nanostruktiiros, pagal struktiiry
atkartojimo tikslumg ir medziagos patvaruma, tokie hidrogeliai gali biiti
prilyginami elastomerams (tokiems, kaip PDMS, Kuris placiai naudojamas
audiniy inZinerijoje). Tiriant preciziSkai suformuoty mikrometriniy strukttiry
itaka lgsteliy atsakui pasirenkamos patogesnés ir patvaresnés medziagos,
tokios kaip PDMS [185] ar kitos. Taip yra dél to, kad atliekant lgsteliy
eksperimentus labai svarbu uztikrinti mikrometriniy strukttiry stabilumg Vviso
eksperimento eigoje ir literatiiroje $ie parametrai yra nepakankamai aptariami.
Dazniausiai siekiant hidrogelinio karkaso stabilumo kaip hidrogelio
pagrindiné medziaga yra pasirenkami organinés sintezés biidu gaunami
polimerai, tokie kaip polivinilo alkoholis, kurie pavirSiaus struktaras iSlaiko
keturiy savai¢iy lasteliy eksperimento metu [186]. Cia apradyti peptidiniai
hidrogeliai uztikrina ir stabiluma, ir organomimetines savybes.

87



Sukdirus stabilias ir patvarias mikrostruktaras hidrogeliy pavirsiuje, jos gali
bti ateityje pritaikomos ir vystomos kaip jaugimo, diferenciacijos ir lasteliy
migracijos valdymo bei programavimo lustai. Galimybé sluoksniuoti ir
papildomai chemiskai sutvirtinti hidrogelius leidzia formuoti konstruktus,
panasius j mikrofluidikos prietaisus. Paprastai tokie mikrofluidikos prietaisai
yra gaminami i§ elastomery (dazniausiai- PMMA, PDMS [187]) ir turi bati
papildomai padengti tarplastelinio uzpildo baltymais juos funkcionalizuojant
[188]. Elastomerai taip pat negali uZtikrinti maistiniy medziagy patekimo ir
lasteliy metabolity Salinimo, tad atliekant eksperimentus yra bitina lgsteliy
kulttiry perfuzija augimo terpe. Chemiskai susitti peptidiniai hidrogeliai yra
laidGs ir maistinés medziagos gali pasiekti lasteles net mazo skersmens
kapiliaruose (maZiausiy tirty kapiliary plotas — 60 um?).

Pavirs$iy formavimo srityje irgi reikia naujy medziagy ir sprendimy.
Literattiroje yra pavyzdziy, kai pavir$iy formavimui yra naudojamos minkstos
medziagos, tokios kaip kolagenas arba Zelatina, tafiau taip pagamintos
medziagos su mikro- ir nanostruktiromis Stokojo stabilumo. Didesnis
peptidiniy hidrogeliy stabilumas indikuoja potencialg pritaikymui medicinoje,
tokios medziagos galéty biiti naudojamos kaip implantai arba jy dangos.
Kalbant apie medziagy stabiluma, galima isskirti keleta skirtingy aspekty, nes
stabilumas apima ne tik fizinj ir mechaninj struktiiros i§laikyma, bet ir pastovy
biologinj tinkamuma, t.y., gebéjima ilgesn;j laika palaikyti lasteliy adhezija,
augimg ir diferenciacijg. Fizinis stabilumas reiSkia, kad kolageno
mikrostruktiiros iSlieka stabilios, i§laiko forma ir integraluma. Tai ypac svarbu
audiniy inZinerijoje, kai sickiama atkurti tikslius audiniy fragmentus arba
tiksliai uzpildyti defektus. Mechaninis stabilumas reiskia, kad suformuotos
strukttiros taip pat turi biiti pakankamai mechaniskai atsparios, kad atlaikyty
kiino audiniy apkrova arba manipuliacijas laboratorijoje. Sis stabilumas gali
biti pasiektas tinkamai projektuojant mikrostruktiiras ir tinkamai pasirinkus
hidrogelio komponenty (kolageno arba peptidy) koncentracija bei kitus
parametrus. Biologinis stabilumas - tai pastovus lasteliy gyvybinés veiklos ir
funkcijy uztikrinimas. Tai apima geb¢jima palaikyti lasteliy adhezija, augima,
diferenciacija ir metabolizma ilgesnj laikg. Kolagenas yra natiiralus baltymas
organizme, todél daugelis kolageno hidrogeliy mikrostruktiiry yra biologiskai
suderinamos ir palaiko lasteliy gyvybing veikla.

Siekiant uztikrinti kolageno bei peptidiniy hidrogeliy Stabilumg ir savybiy
atkartojamumga, butina atidziai projektuoti gamybinj procesa, tinkamai
parinkti medZziagas ir technologijas, bei atlikti iSsamius fizikiniy, cheminiy bei
biologiniy savybiy tyrimus. Taip pat, tinkamai jvertinus ir supratus kolageno
ir/arba peptidiniy hidrogeliy mikro- ir nanostruktiiry poveikio lasteléms
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mechanizmus, galima tobulinti Sias struktiras ir jas sékmingai pritaikyti
jvairiose biomedicinos srityse.

Darbe yra pristatomi ragenos medziagy pralaidumo modelio vystymo
darbai. Ragenos pralaidumo modeliai gali biiti naudojami jvairiais metodais
tiriant vaisty patekima j akis, bandant suprasti ragenos fiziologija ir kuriant
naujus akiy ligy gydymo budus. Ragenos pralaidumo modeliai leidzia
tyréjams kiekybiskai jvertinti kandidatiniy vaisty, jy nesikliy prasiskverbimag
per ragena. Siuos modeliuose istyre tam tikras medziagy grupes, mokslininkai
gali nustatyti perspektyvias vaistines medziagas, turincias palanky pralaidumo
profilj tolesniam vystymui. Taip pat tyréjai gali naudoti ragenos pralaidumo
modelius, kad jvertinty skirtingy vaisty pralaidumg. ISbandydami jvairiy
parametry, tokiy kaip vaisto koncentracija, klampumas, pH ir prasiskverbima
gerinan¢iy medziagy pridéjimas, poveikius, mokslininkai gali optimizuoti
preparatus, kad pagerinty vaisto absorbcijg ir biologinj prieinamuma.
Pazangiy modeliy panaudojimas leidzia jvertinti jvairiy vaisty tiekimo
sistemy, jskaitant akiy laSus, tepalus, gelius, jdéklus ir nanodaleles, veikima.
Lygindami skirtingy tiekimo sistemy prasiskverbimo kinetikg, galima
nustatyti strategijas, kaip padidinti vaisty tiekimo efektyvuma ir nukreipti
vaistus j konkreCius akiy audinius. Naudojant Siuos modelius, galima
pagreitinti vaisty atradimo procesg, pagerinti gydymo rezultatus ir pagerinti
pacienty prieziiirg oftalmologijos srityje.

Zinomiausi komercigkai prieinami akies ragenos pralaidumo modeliai biity
MatTek korporacijos sitilomi EpiOcular ir EpiCorneal produktai[189], [190].
EpiOcular yra paprastesné Sio produkto versija, kai lastelés yra auginamos ant
pamatinés pusiau laidZios polimerinés membranos. Abu produktai pateikiami
kaip galimybé atsisakyti bandymy su gyviinais, minimizuojant kaStus ir
atsizvelgiant | eting gyviiny studijy pus¢. Reikia pabrézti, kad juose néra
ragenos stromg imituojancios dalies, t.y. hidrogelio, kuri zymiai jtakoja
pralaidumg ir yra reikalinga, norint sukurti pilnai gyvos akies rageng
pakeiciant] modelj.

Siame darbe taip pat parodyta, kokios medziagos yra tinkamos
organotipinés kultiiros formavimui, regeneracinés medicinos produktams ir
lustiniy organy kiirimui. Vienas i§ pavyzdziy — smegenéliy kultiiros auginimas
ant pilnai sintetiniy lygiy ir mikrostruktiiruoty kolagena imituojancio peptido
hidrogeliniy karkasy. Smegenéliy lasteliy auginimas organotipinémis
salygomis yra vertingas eksperimentinis modelis tiriant smegenéliy
vystymasi, funkcija ir patologija in vitro salygomis. Gautos organotipinés
kultaros islaiko biidingg trimate smegenéliy architektiirg ir lgsteliy sudétj, ir
tuo paciu leidzia tiksliai manipuliuoti ir stebéti lgsteliy procesus laikui bégant.
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Organotipinés smegenéliy lgsteliy kultaros gali tapti universalia platforma
tirti jvairius smegenéliy vystymosi aspektus, jskaitant neurony migracija,
diferenciacija, sinaptogeneze ir rysiy formavimasi. Tyréjai gali manipuliuoti
eksperimentiniais  kintamaisiais, tokiais kaip genetinés mutacijos,
farmakologiniai agentai ar aplinkos veiksniai, kad istirty jy poveikj
smegenéliy vystymuisi ir funkcijoms. Be to, tiriant neuronus realiuoju laiku
galima naudoti elektrofiziologinius metodus. Taip pat, tokios kulttiros gali
biti naudojamos jvairiems smegeneliy sutrikimams ir ligoms modeliuoti,
jskaitant neurologinius vystymosi sutrikimus, neurodegeneracines ligas ir
navikus [191]-[195]. Sukeldami specifines patologines salygas, tokias kaip
oksidacinis stresas, intensyvus dirginimas ar baltymy agregaty poveikis,
mokslininkai gali tirti pagrindinius ligy progresavimo mechanizmus ir
nustatyti galimus terapinius taikinius [196], [197]. Be to, organotipinés
kulttros gali biiti naudojamos vaisty atrankai ir ikiklinikiniam naujy terapiniy
intervencijy, skirty smegenéliy funkcijai atkurti ir ligos simptomams
susvelninti, tyrimui. Darbe parodytas potencialas sukurti multifunkcing
eksperimenting sistema lasteliniams ir molekuliniams mechanizmams, Kuriais
grindziamas smegenéliy vystymasis, funkcija ir patologija, tirti. Pagrindiniy
smegeny audinio savybiy iStyrimas in vitro, suteikia vertingy jZvalgy apie
nervinio audinio fiziologija ir suteikia platforma sutrikimams ir galimiems
gydymo metodams tirti.

Kitas darbe pateiktas organotipinés kultiros pavyzdys — dilatacinés
kardiomiopatijos modelis ant jvairios sudéties kolageno hidrogeliy. Kolageno
hidrogelis yra labai tinkamas karkasas raumens kilmés kamieniniy lasteliy
kultiroms, nes suteikia galimybiy mechaniskai nukreipti lasteles augti
fibrilémis, formuoti daugialastelinius darinius, jterpti raumens vystymasi
modifikuojan¢iy medziagy, vaistiniy molekuliy ir kity faktoriy. Dar vienas
potencialus tokio karkaso patobulinimas - mikrostruktaros, imituojancios
Sirdies trimatg aplinka, keiCiant karkaso standuma, laidumga ir Kitas fizines
savybes [198]. Visa tai suteikia galimybes kurti platforma, tinkama tirti ligy
atsiradimui, progresavimui ir terapiniy intervencijy vertinimui.

Chemiskai susiliti bioimitaciniai hidrogeliai gali buti modifikuojami
kei¢iant jy sudétj ir kompozitines medziagas. Peptidiniy hidrogeliy atveju —
gali buti keiCiama AR seka ir sudétis, norint iSgauti tinkama biologinj efekta
gali biiti imituojami skirtingi tarplgstelinio uzpildo baltymai, augimo faktoriy
fragmentai, antimikrobiniai peptidai. Taip pat chemiskai susititi hidrogeliai
gali bati naudojami biologiSkai aktyviyjy komponenty (augimo faktoriy,
antimikrobiniy junginiy, vaistiniy medZiagy, geny, vakciny ir kt.) pernasai.
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Visos auks§¢iau apraSytos savybés leidzia jvertinti bioimitacines chemiskai
susititas hidrogelines medZziagas kaip tinkamas audiniy inzinerijai, su placiu
potencialiu  pritaikymu  regeneracingje = medicinoje,  mediciningje
diagnostikoje, in vitro tyrimuose ir kitur, kur reikia kurti arba atkurti epitelinj,
jungiamaji, raumeninj ar nervinj audinius.

91



ISVADOS

Daktaro disertacijos metu buvo pasiekti visi iSkelti tikslai, ir gali bati
padarytos Zemiau pateiktos iSvados:

1)

2)

3)

Naudojant kolageno bioimitacinius hidrogelius buvo sukurtas
eksperimentinis metodas audiniy mikro- ir nanostruktiiros
imitavimui. I§ gauty duomeny galima matyti, kad hidrogelyje
suformuotos mikrostruktiiros terpéje islieka stabilios maziausiai 14
pary, be Zymesnio mikrostruktiiry matmeny pasikeitimo (iki 1 %
nuo vidurkio), standumo (iki 1 % nuo vidurkio) ar hidrogelio
brinkimo poky¢io (iki 1 % nuo vandens kiekio vidurkio). Parodytas
efektyvus mikrostruktiiry kaip Sablony panaudojimas ilgalaikése
lasteliy kultiirose.

Ant nanostruktiiruoty bioimitaciniy hidrogeliy auginant Zmogaus
odos fibroblastus, buvo nustatyti reik§mingi skirtumai tarp skirtingy
bandiniy grupiy pagal lasteliy perimetrg, forma ir uzimama plota,
patvirtinantys tam tikrag pavirSiaus nanostruktiiry jtaka lasteliy
morfologijai. Fibroblasty lasteliy plotas priklausé nuo hidrogelio
pavirSiaus struktiros — jdubios struktiros 1émé mazesnj plota, o
i8kilios struktiiros jj didino. Lasteliy forma isliko panasi j stebima
ant ploks¢iy hidrogeliy, galimai dél vyraujancios pavirSiaus
mechaniniy savybiy jtakos. Reik§mingi 1asteliy perimetro skirtumai
nustatyti tik tarp P255 (didZiausias perimetras) ir P3030 (maZziausias
perimetras) grupiy. Sie rezultatai atitinka literatiiroje pateikiamus
duomenis, taciau literatiiroje lasteliy morfologijos poky¢iai
dazniausiai vertinami ne ant bioimitaciniy hidrogeliniy pavirsiy.
Tikétina, kad dar rySkesnius Igsteliy morfologijos skirtumus biity
galima iSgauti keiCiant bioimitacinio hidrogelio fizines savybes,
taciau tai reikalauja atskiro tyrimo.

Bioimitacinio hidrogelio mikrostruktiros buvo panaudotos
sukuriant pilnos hidrogelinés aplinkos eksperimenting sistema
lasteliy jaugimo tyrimams. Dél hidrogelio laidumo uZtikrinama
metabolity ir maistiniy medziagy difuzija ir lasteliy stabilus
auginimas uzdaruose kanaluose. Buvo iSbandyti trijy skirtingy
ploc¢iy kanalai (30, 60 ir 200 pm). Po 7 dieny lgsteliy jaugimo
eksperimento galima matyti, kad greiciausias Igsteliy jaugimas
stebimas 30 um ir 60 um kanaluose, kiek Iétesnis- didesnio plocio,
200 um kanaluose.
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4)

5)

6)

7)

8)

Sukurtas kolageno hidrogelio ir plastikinio laikiklio konstruktas
buvo tinkamas ragenos modelio in vitro pralaidumo tyrimams
naudojant komercing tyrimy sistema. Pralaidumui matuoti buvo
pasirinktas  daznai  naudojamy  vaistiniy medziagy ir
fluorescuojanéiy referenciniy medziagy rinkinys. Pralaidumo
rezultatai su uzaugintu ant hidrogelio pavirSiaus lasteliy sluoksniu
buvo artimesni triusio akies ragenai, nei lasteliy uzauginty ant
plastikinés (komercinés) membranos. Nustatyta, kad kolageno
hidrogelis su lasteliy sluoksniu geriau tinka kaip alternatyva triusio
ragenos pralaidumo modeliui.

Zmogaus pirminés sveikos ir patologinés mMSL diferencijuoja
kardiomiogenine kryptimi auginant jas ant kolageno ir kolageno su
modifikacijomis hidrogeliy. Naudojant kolageno ir modifikuotus
kolageno  hidrogelius stebima teigiama kardiomiogeniné
diferenciacija, su didéjancia pasirinkty geny raiska, kai hidrogeliai
yra naudojami kartu su HDACI inhibitoriumi SAHA. Taip pat
galima matyti, kad patologinése lgstelése taip pat stebima teigiama
dinamika, kas reiksty, kad tokie hidrogeliai gali biiti tinkami ir kaip
regeneracinés medicinos jrankis. Visos kolageno hidrogelio
modifikacijos turi klinikinj potenciala, bet hialurono ragstimi
praturtintas kolageno hidrogelis atrodo perspektyviausiai.
Bioimitaciniai hidrogeliai yra tinkami smegenéliy lasteliy kulttry
auginimui. Auginant jas ant CLP-PEG hidrogelio galima matyti, kad
lastelés formuoja organotipinius darinius ant pavirSiaus -—
organoidus. Be to, stebimas didesnis mikroglijos Sakotumas ir
judrumas.

Ant bioimitacinio CLP-PEG hidrogelio pavir§iaus buvo sukurta
mikrosulinéliy matrica, tinkama organotipiniy nervinio audinio
sferoidy formavimui. Keiciant lgsteliy séjimo tankj ir hidrogelio
matricos iSmatavimus galima keisti besiformuojancéiy sferoidy dyd,;.
Priklausomai nuo lasteliy kiekio buvo suformuoti 30,45 + 5,59,
70,40 £ 6,32, ir 115,35 + 7,51 um skersmens sferoidai.

Sukurtos naujos peptidinio hidrogelio modifikacijos, jterpiant
bioimitacines sekas | kolageng imituojancio peptido seka. Naujai
sukurti hidrogeliai palaiko organotipines plauciy epitelio lasteliy
kultdras. Lyginant su Matrigel™ ant peptidiniy hidrogeliy buvo
matomas nesferoidinis augimas, taCiau kultiros isliko
organotipiskos.
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Apibendrinant, Siame darbe aprasytus bioimitacinius hidrogelius galima
jvertinti kaip perspektyvig platforma audiniy inzinerijai ir regeneracinei
medicinai, Sias medZiagas derinant su cheminio modifikavimo bei mikro ir
nanoformavimo metodais galima efektyviai sukurti arba atkurti epitelinj,
jungiamaji, raumeninj ar nervinj audinius.

94



[1]
[2]

(3]

[4]

[5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

LITERATUROS SARASAS

J.H.Kim and S. J. Lee, A Biomimetic Strategy to Design Biomaterials
for In Situ Tissue Regeneration. Elsevier Inc., 2016.

S. Tang, B. M. Richardson, and K. S. Anseth, “Dynamic covalent
hydrogels as biomaterials to mimic the viscoelasticity of soft tissues,”
Prog. Mater. Sci., vol. 120, no. July, p. 100738, 2021, doi:
10.1016/j.pmatsci.2020.100738.

B. M. Baker, B. Trappmann, S. C. Stapleton, E. Toro, and C. S. Chen,
“Microfluidics embedded within extracellular matrix to define
vascular architectures and pattern diffusive gradients,” Lab Chip, vol.
13, no. 16, pp. 3246-3252, 2013, doi: 10.1039/c31c50493j.

A. Sarvazyan, A. Tatarinov, and N. Sarvazyan, “Ultrasonic assessment
of tissue hydration status.,” Ultrasonics, vol. 43, no. 8, pp. 661-671,
Aug. 2005, doi: 10.1016/j.ultras.2005.03.005.

G. Huang et al., “Functional and Biomimetic Materials for
Engineering of the Three-Dimensional Cell Microenvironment,”
Chem. Rev., vol. 117, no. 20, pp. 12764-12850, Oct. 2017, doi:
10.1021/acs.chemrev.7b00094.

O. Wichterle and D. Lim, “Hydrophilic Gels for Biological Use,”
Nature, vol. 185, no. 4706, pp. 117-118, 1960, doi:
10.1038/185117a0.

M. Bahram, N. Mohseni, and M. Moghtader, “An Introduction to
Hydrogels and Some Recent Applications,” Emerg. Concepts Anal.
Appl. Hydrogels, 2016, doi: 10.5772/64301.

A. K. A. Silva, C. Richard, M. Bessodes, D. Scherman, and O. W.
Merten, “Growth factor delivery approaches in hydrogels,”
Biomacromolecules, vol. 10, no. 1, pp. 9-18, 2009, doi:
10.1021/bm801103c.

H. K. S. Yadav, N. Anwar, A. Halabi, and G. A. Alsalloum, “Nanogels
as Novel Drug Delivery Systems - A Review Properties of Nanogels
Keywords : Introduction Advantages of Nanogels,” Insight Pharma
Res., vol. 1, no. 1, pp. 1-8, 2017, [Online]. Available:
http://www.imedpub.com/articles/nanogels-as-novel-drug-delivery-
systems--a-review.php?aid=18950.

C. Vasile, D. Pamfil, E. Stoleru, and M. Baican, “New developments
in medical applications of hybrid hydrogels containing natural
polymers,”  Molecules, vol. 25, no. 7, 2020, doi:
10.3390/molecules25071539.

R. Parhi, “Cross-linked hydrogel for pharmaceutical applications: A
review,” Adv. Pharm. Bull., vol. 7, no. 4, pp. 515-530, 2017, doi:
10.15171/apb.2017.064.

A. S. Hoffman, “Hydrogels for biomedical applications ¥,” Adv. Drug
Deliv. Rev., vol. 64, pp. 18-23, 2012, doi: 10.1016/j.addr.2012.09.010.

95



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

R. Singhal and K. Gupta, “A Review: Tailor-made Hydrogel
Structures ( Classifications and Synthesis Parameters ),” vol. 2559,
2016, doi: 10.1080/03602559.2015.1050520.

T. R. Cox and J. T. Erler, “Remodeling and homeostasis of the
extracellular matrix: Implications for fibrotic diseases and cancer,”
DMM Dis. Model. Mech., vol. 4, no. 2, pp. 165-178, 2011, doi:
10.1242/dmm.004077.

S. Budday, T. C. Ovaert, G. A. Holzapfel, P. Steinmann, and E. Kuhl,
Fifty Shades of Brain: A Review on the Mechanical Testing and
Modeling of Brain Tissue, no. 0123456789. Springer Netherlands,
2019.

Y. Liu et al., “Properties of Porcine and Recombinant Human Collagen
Matrices for Optically Clear Tissue Engineering Applications,” pp.
1819-1828, 2006.

L. Ghasemi-Mobarakeh, D. Kolahreez, S. Ramakrishna, and D.
Williams, “Key terminology in biomaterials and biocompatibility,”
Curr. Opin. Biomed. Eng., vol. 10, pp. 45-50, 2019, doi:
10.1016/j.cobme.2019.02.004.

D. F. Williams, “On the mechanisms of biocompatibility,”
Biomaterials, vol. 29, no. 20, pp. 2941-2953, 2008, doi:
10.1016/j.biomaterials.2008.04.023.

D. F. Williams, “There is no such thing as a biocompatible material,”
Biomaterials, vol. 35, no. 38, pp. 10009-10014, 2014, doi:
10.1016/j.biomaterials.2014.08.035.

K. Y. Lee and D. J. Mooney, “Hydrogels for tissue engineering,”
Chem. Rev., vol. 101, no. 7, pp. 1869-1879, 2001, doi:
10.1021/cr000108x.

M. Tait, Biomaterials: Novel materials from biological sources, vol.
43, no. 1. 1993.

A. Sorushanova et al., “The Collagen Suprafamily: From Biosynthesis
to Advanced Biomaterial Development,” Adv. Mater., vol. 31, no. 1,
pp. 1-39, 2019, doi: 10.1002/adma.201801651.

S. Ricard-blum, “The Collagen Family,” pp. 1-20, 2011.

M. L. S and L. G. Rodr, “Collagen: A review on its sources and
potential cosmetic applications,” mno. October, 2017, doi:
10.1111/jocd.12450.

N. Rajan and D. Mantovani, “Macromolecular Biomaterials for
Scaffold-Based Vascular Tissue Engineering,” pp. 701-718, 2007,
doi: 10.1002/mabi.200700002.

J. Heino, “The collagen family members as cell adhesion proteins,” pp.
1001-1010, 2007, doi: 10.1002/bies.20636.

J. Jokinen et al., “Integrin-mediated Cell Adhesion to Type I Collagen
Fibrils *,” wvol. 279, no. 30, pp. 31956-31963, 2004, doi:
10.1074/jbc.M401409200.

W. Friess, “Collagen — biomaterial for drug delivery 1,” vol. 45, pp.

96



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

113-136, 1998.

Z. Ruszczak and W. Friess, “Collagen as a carrier for on-site delivery
of antibacterial drugs,” Adv. Drug Deliv. Rev., vol. 55, no. 12, pp.
1679-1698, 2003, doi: 10.1016/j.addr.2003.08.007.

D. J. M. P. M. Kaufmann, S. Heimrath, B.S. Kim, “HIGHLY
POROUS POLYMER MATRICES AS A THREE-DIMENSIONAL
CULTURE SYSTEM FOR HEPATOCYTES,” Cell Transplant., vol.
6, no. 5, pp. 463-468, 1997.

C. Helary and M. M. Giraud-guille, “Fibroblasts within concentrated
collagen hydrogels favour chronic skin wound healing,” no. March
2011, pp. 225-237, 2012, doi: 10.1002/term.

A. P. Mcguigan and M. V Sefton, “The thrombogenicity of human
umbilical vein endothelial cell seeded collagen modules,” vol. 29,
2008, doi: 10.1016/j.biomaterials.2008.02.010.

B. Z. Waisner, J. P. Robinson, D. Ph, C. H. Lamar, and D. Ph, “Small
Intestinal Submucosa: A Tissue-Derived Extracellular Matrix That
Promotes Tissue-Specific Growth and Differentiation of Cells in
Vitro,” TISSUE Eng., vol. 4, no. 2, pp. 157-174, 1998.

T. Yuan et al., “Collagen hydrogel as an immunomodulatory scaffold
in cartilage tissue engineering,” J. Biomed. Mater. Res. Part B Appl.
Biomater., wvol. 102, no. 2, pp. 337-344, 2014, doi:
https://doi.org/10.1002/jbm.b.33011.

M. S. Hahn, B. A. Teply, M. M. Stevens, S. M. Zeitels, and R. Langer,
“Collagen composite hydrogels for vocal fold lamina propria
restoration,” Biomaterials, vol. 27, pp. 1104-1109, 2006, doi:
10.1016/j.biomaterials.2005.07.022.

A. lwata et al., “Long-Term Survival and Outgrowth of Mechanically
Engineered Nervous Tissue Constructs Implanted Into Spinal Cord
Lesions,” Tissue Eng., vol. 12, no. 1, pp. 101-110, 2006.

T. C. Laurent, U. Bg, and J. R. E. Fraser-, “The structure and function
of hyaluronan : An overview,” 1996.

W. Seong et al., “Biomaterials Cartilage repair using hyaluronan
hydrogel-encapsulated human embryonic  stem  cell-derived
chondrogenic cells,” Biomaterials, vol. 31, no. 27, pp. 6968-6980,
2010, doi: 10.1016/j.biomaterials.2010.05.064.

K. S. Anseth, A. T. Metters, S. J. Bryant, P. J. Martens, J. H. Elisseeff,
and C. N. Bowman, “In situ forming degradable networks and their
application in tissue engineering and drug delivery,” J. Control. Deliv.,
vol. 78, pp. 199-209, 2002.

J. A. Burdick, M. Ward, E. Liang, M. J. Young, and R. Langer,
“Stimulation of neurite outgrowth by neurotrophins delivered from
degradable hydrogels,” Biomaterials, vol. 27, pp. 452-459, 2006, doi:
10.1016/j.biomaterials.2005.06.034.

D. Baksh, L. Song, and R. S. Tuan, “Adult mesenchymal stem cells :
characterization , differentiation , and application in cell and gene

97



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

therapy,” J. Cell. Mol. Med., vol. 8, no. 3, pp. 301-316, 2004.

S. Gerecht, J. A. Burdick, L. S. Ferreira, S. A. Townsend, R. Langer,
and G. Vunjak-novakovic, “Hyaluronic acid hydrogel for controlled
self-renewal and differentiation of human embryonic stem cells,”
Proc. Natl. Acad. Sci., vol. 104, no. 27, pp. 1-6, 2007.

I. L. Kim, R. L. Mauck, and J. A. Burdick, “Biomaterials Hydrogel
design for cartilage tissue engineering : A case study with hyaluronic
acid q,” Biomaterials, vol. 32, no. 34, pp. 8771-8782, 2011, doi:
10.1016/j.biomaterials.2011.08.073.

J. L. Ifkovits, E. Tous, M. Minakawa, M. Morita, J. D. Robb, and K. J.
Koomalsingh, “Injectable hydrogel properties in fl uence infarct
expansion and extent of postinfarction left ventricular remodeling in
an ovine model,” Proc. Natl. Acad. Sci., pp. 1-6, 2010, doi:
10.1073/pnas.1004097107.

E. Ostuni, R. G. Chapman, R. E. Holmlin, S. Takayama, and G. M.
Whitesides, “A Survey of Structure - Property Relationships of
Surfaces that Resist the Adsorption of Protein,” Langmuir, vol. 17, no.
9, pp. 5605-5620, 2001.

C. Lin and A. T. Metters, “Hydrogels in controlled release
formulations : Network design and mathematical modeling ¥,” Adv.
Drug Deliv. Rev., vol. 58, pp. 1379-1408, 2006, doi:
10.1016/j.addr.2006.09.004.

N. A. Peppas, P. Bures, W. Leobandung, and H. Ichikawa, “Hydrogels
in pharmaceutical formulations,” Eur. J. Pharm. Biopharm., vol. 50,
2000.

C. Lin and K. S. Anseth, “PEG Hydrogels for the Controlled Release
of Biomolecules in Regenerative Medicine,” Pharm. Res., vol. 26, no.
3, pp. 631643, 2009, doi: 10.1007/s11095-008-9801-2.

M. D. Scott and K. L. Murad, “Cellular camouflage: fooling the
immune system with polymers.,” Curr. Pharm. Des., vol. 4, no. 6, pp.
423438, Dec. 1998.

G. Csucs, R. Michel, J. W. Lussi, M. Textor, and G. Danuser,
“Microcontact printing of novel co-polymers in combination with
proteins for cell-biological applications,” Biomaterials, vol. 24, pp.
1713-1720, 2003, doi: 10.1016/S0142-9612(02)00568-9.

C. M.-M. Lluis Oliver-Cervello, Helena Martin-Gomez, “New trends
in the development of multifunctional peptides to functionalize
biomaterials,” J. Pept. Sci.,, no. April, pp. 1-21, 2021, doi:
10.1002/psc.3335.

M. M. C. David L. Nelson, Principles of Biochemistry, fourth edition.
2004.

Y. H. Ding, M. Floren, and W. Tan, “Mussel-inspired polydopamine
for bio-surface functionalization,” Biosurface and Biotribology, vol. 2,
no. 4, pp. 121-136, 2016, doi: 10.1016/j.bsht.2016.11.001.

T. Gonzalez-fernandez, P. Sikorski, and J. K. Leach, “Bio-instructive

98



[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

materials for musculoskeletal regeneration,” Acta Biomater., pp. 20—
34, 2020, doi: 10.1016/j.actbio.2019.07.014.Bio-instructive.

X. Li, X. Liu, B. Josey, C. J. Chou, Y. Tan, and N. Zhang, “Short
Laminin Peptide for Improved Neural Stem Cell Growth,” Stem Cells
Transplantational Med., vol. 3, pp. 662-670, 2014.

J. Ding et al., “RGD-Hydrogel Improves the Therapeutic Effect of
Bone Marrow-Derived Mesenchymal Stem Cells on Phosgene-
Induced Acute Lung Injury in Rats,” Comput. Intell.
NeurosciComputational Intell. Neurosci., vol. 2022, 2022, [Online].
Available:
https://downloads.hindawi.com/journals/cin/2022/2743878.pdf?_gl=1
*49fq12* ga*MTYWNTg3MDEXMIi4xNjk3MDMxMzUx* ga_NF5
QFMJITS5V*MTY5NzAZMTMIMSAXLJAUMTY5NzAZMTM1MS42
MCAWLjA.&_ga=2.112748995.692870466.1697031352-
1605870112.1697031351.

E. Alsberg, K. W. Anderson, A. Albeiruti, J. A. Rowley, and D. J.
Mooney, “Engineering growing tissues,” Appl. Biol. Sci., vol. 99, no.
19, pp. 12025-12030, 2002, doi: 10.1073/pnas.192291499.

C. Ligorio and A. Mata, “Synthetic extracellular matrices with
function-encoding peptides,” Nat. Rev., vol. 1, no. July, pp. 518-536,
2023, doi: 10.1038/s44222-023-00055-3.

U. Hersel, C. Dahmen, and H. Kessler, “RGD modified polymers :
biomaterials for stimulated cell adhesion and beyond,” Biomaterials,
vol. 24, pp. 4385-4415, 2003, doi: 10.1016/S0142-9612(03)00343-0.
H. Yin et al., “Biomaterials Three-dimensional self-assembling nano
fi ber matrix rejuvenates aged / degenerative human tendon stem /
progenitor cells,” Biomaterials, vol. 236, no. January, p. 119802, 2020,
doi: 10.1016/j.biomaterials.2020.119802.

K. A. Burgess et al., “Materials Science & Engineering C
Functionalised peptide hydrogel for the delivery of cardiac progenitor
cells,” Mater. Sci. Eng. C, vol. 119, no. July 2020, p. 111539, 2021,
doi: 10.1016/j.msec.2020.111539.

S. Padilla-lopategui, H. S. Azevedo, A. Mata, and C. Redondo-go,
“Host — Guest-Mediated Epitope Presentation on Self-Assembled
Peptide Amphiphile Hydrogels’,” ACS Biomater. Sci. Eng., vol. 6, pp.
4870-4880, 2020, doi: 10.1021/acsbiomaterials.0c00549.

N. Huettner, T. R. Dargaville, and A. Forget, “Discovering Cell-
Adhesion Peptides in Tissue Engineering: Beyond RGD,” Trends
Biotechnol., wvol. 36, no. 4, pp. 372-383, 2018, doi:
10.1016/j.tibtech.2018.01.008.

T. T. Yu and M. S. Shoichet, “Guided cell adhesion and outgrowth in
peptide-modified channels for neural tissue engineering,”
Biomaterials, vol. 26, pp. 1507-1514, 2005, doi:
10.1016/j.biomaterials.2004.05.012.

S. Ali, J. E. Saik, D. J. Gould, M. E. Dickinson, and J. L. West,

99



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

(78]

[76]

[77]

“Immobilization of Cell-Adhesive Laminin Peptides,” BioResearch,
vol. 2, no. 4, 2013, doi: 10.1089/biores.2013.0021.

M. N. Barcellona et al., “Biomaterials Control of adhesive ligand
density for modulation of nucleus pulposus cell phenotype,”
Biomaterials, vol. 250, no. March, p. 120057, 2020, doi:
10.1016/j.biomaterials.2020.120057.

V. M. Tysseling et al., “Self-Assembling Peptide Amphiphile
Promotes Plasticity of Serotonergic Fibers Following Spinal Cord
Injury,” J. Neurosci. Res., vol. 3170, pp. 3161-3170, 2010, doi:
10.1002/jnr.22472.

H.-W. Jun and J. L. West, “Endothelialization of Microporous
YIGSR/PEG-Modified Polyurethaneurea,” Tissue Eng., vol. 11, no. 7,
2005.

E. Genové et al., “Functionalized self-assembling peptide hydrogel
enhance maintenance of hepatocyte activity in vitro,” Tissue Eng., vol.
13, no. 9, pp. 3387-3397, 2009, doi: 10.1111/j.1582-
4934.2009.00970.x.

F. Gelain, D. Bottai, A. Vescovi, and S. Zhang, “Designer Self-
Assembling Peptide Nanofiber Scaffolds for Adult Mouse Neural
Stem Cell 3-Dimensional Cultures,” PLoS One, no. 1, 2006, doi:
10.1371/journal.pone.0000119.

L. R. Balaoing, A. D. Post, A. Y. Lin, H. Tseng, J. L. Moake, and J.
Grande-allen, “Laminin Peptide-Immobilized Hydrogels Modulate
Valve Endothelial Cell Hemostatic Regulation,” PL0S One, pp. 1-16,
2015, doi: 10.1371/journal.pone.0130749.

C. Shen, S. Zhang, C. E. Semino, and E. Genove, “The effect of
functionalized self-assembling peptide scaffolds on human aortic
endothelial cell function,” Biomaterials, vol. 26, pp. 3341-3351, 2005,
doi: 10.1016/j.biomaterials.2004.08.012.

W. R. Stauffer and X. T. Cui, “Polypyrrole doped with 2 peptide
sequences from laminin,” Biomaterials, vol. 27, pp. 2405-2413, 2006,
doi: 10.1016/j.biomaterials.2005.10.024.

Y. Zhu, Z. Cankova, M. lwanaszko, S. Lichtor, and M. Mrksich,
“Potent laminin-inspired antioxidant regenerative dressing accelerates
wound healing in diabetes,” Proc. Natl. Acad. Sci. U. S. A., pp. 1-6,
2018, doi: 10.1073/pnas.1804262115.

V. A. Kumar, N. L. Taylor, A. A. Jalan, L. K. Hwang, B. K. Wang,
and D. Hartgerink, “A Nanostructured Synthetic Collagen Mimic for
Hemostasis,” Biomacromolecules, no. 15, pp. 1484-1490, 2015.

0. Uysal et al., “Collagen Peptide Presenting Nanofibrous Scaffold for
Intervertebral Disc Regeneration,” Appl. Bio Mater., no. 2, pp. 1686—
1695, 2019, doi: 10.1021/acsabm.9b00062.

J. M. Anderson, J. B. Vines, J. L. Patterson, H. Chen, A. Javed, and H.
Jun, “Acta Biomaterialia Osteogenic differentiation of human
mesenchymal stem cells synergistically enhanced by biomimetic

100



[78]

[79]

(80]

[81]

(82]

(83]

(84]

[85]

(86]

(87]

(88]

(89]

peptide amphiphiles combined with conditioned medium,” Acta
Biomater., wvol. 7, no. 2, pp. 675-682, 2011, doi:
10.1016/j.actbio.2010.08.016.

B. Derkus et al., “Multicomponent hydrogels for the formation of
vascularized bone-like constructs in vitro,” Acta Biomater., vol. 109,
pp. 82-94, 2020, doi: 10.1016/j.actbio.2020.03.025.

A. M. Wojtowicz et al., “Coating of biomaterial scaffolds with the
collagen-mimetic peptide GFOGER for bone defect repair,”
Biomaterials, wvol. 31, no. 9, pp. 2574-2582, 2010, doi:
10.1016/j.biomaterials.2009.12.008.

M. Bradshaw, D. Ho, M. Fear, and E. Al., “Designer self-assembling
hydrogel scaffolds can impact skin cell proliferation and migration,”
Sci. Rev., vol. 4, pp. 1-6, 2014, doi: 10.1038/srep06903.

E. Cosgriff-hernandez et al., “Bioactive hydrogels based on Designer
Collagens,” Acta Biomater., vol. 6, no. 10, pp. 3969-3977, 2010, doi:
10.1016/j.actbio.2010.05.002.

S. M. Becerra-bayona, V. R. Guiza-arguello, B. Russell, M. S. Hahn,
and I. Studies, “Influence of collagen-based integrin ol and o2
mediated signaling on human mesenchymal stem cell osteogenesis in
three dimensional contexts,” J Biomed Mater Res A, vol. 106, no. 10,
pp. 2594-2604, 2020, doi: 10.1002/jbm.a.36451.Influence.

A. Mitchell, P. Briquez, 1J. Hubbel, and J. Cochran, “Engineering
growth factors for regenerative medicine applications,” Acta
Biomater., vol. 30, pp. 1-12, 2018, doi: 10.1109/icphys.2018.8387681.
E. F. Plow, T. A. Haas, L. Zhang, J. Loftus, and J. W. Smith, “Ligand
binding to integrins,” J. Biol. Chem., vol. 275, no. 29, pp. 21785-
21788, 2000, doi: 10.1074/jbc.R000003200.

M. Yebra et al., “Recognition of the neural chemoattractant netrin-1
by integrins a6p4 and a3B1 regulates epithelial cell adhesion and
migration,” Dev. Cell, vol. 5, no. 5 pp. 695-707, 2003, doi:
10.1016/S1534-5807(03)00330-7.

M. J. Calzada et al., “Identification of novel Bl integrin binding sites
in the type 1 and type 2 repeats of thrombospondin-1,” J. Biol. Chem.,
vol. 279, no. 40, pp. 41734-41743, 2004, doi:
10.1074/jbc.M406267200.

C. A. Prater, J. Plotkin, D. Jaye, and W. A. Frazier, “The properdin-
like type I repeats of human thrombospondin contain a cell attachment
site,” J. Cell Biol., vol. 112, no. 5, pp. 1031-1040, 1991, doi:
10.1083/jcb.112.5.1031.

L. Bian, M. Guvendiren, R. L. Mauck, and J. A. Burdick, “Hydrogels
that mimic developmentally relevant matrix and N-cadherin
interactions enhance MSC chondrogenesis,” Proc. Natl. Acad. Sci. U.
S. A, wvol. 110, no. 25, pp. 10117-10122, 2013, doi:
10.1073/pnas.1214100110.

R. Li, J. Xu, D. S. H. Wong, J. Li, P. Zhao, and L. Bian, “Self-

101



[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

assembled N-cadherin mimetic peptide hydrogels promote the
chondrogenesis of mesenchymal stem cells through inhibition of
canonical Wnt/B-catenin signaling,” Biomaterials, vol. 145, pp. 33-43,
2017, doi: 10.1016/j.biomaterials.2017.08.031.

C. Eren Cimenci, G. U. Kurtulus, O. S. Caliskan, M. O. Guler, and A.
B. Tekinay, “N-Cadherin Mimetic Peptide Nanofiber System Induces
Chondrogenic Differentiation of Mesenchymal Stem Cells,”
Bioconjug. Chem., vol. 30, no. 9, pp. 2417-2426, 2019, doi:
10.1021/acs.bioconjchem.9b00514.

N. R. Gandavarapu, D. L. Alge, and K. S. Anseth, “Osteogenic
differentiation of human mesenchymal stem cells on a5 integrin
binding peptide hydrogels is dependent on substrate elasticity,”
Biomater. Sci.,, vol. 2, no. 3, pp. 352-361, 2014, doi:
10.1039/C3BM60149H.Osteogenic.

A. E. Pontiroli, “Peptide hormones: Review of current and emerging
uses by nasal delivery,” Adv. Drug Deliv. Rev., vol. 29, no. 1-2, pp.
81-87, 1998, doi: 10.1016/S0169-409X(97)00062-8.

P. M. Saladin, B. D. Zhang, and J. M. Reichert, “Current trends in the
clinical development of peptide therapeutics.,” IDrugs, vol. 12, no. 12,
pp. 779-784, Dec. 20009.

E. Fischer and E. Fourneau, “Ueber einige Derivate des Glykocolls,”
Berichte der Dtsch. Chem. Gesellschaft, vol. 34, no. 2, pp. 2868-2877,
May 1901, doi: https://doi.org/10.1002/cber.190103402249.

R. B. Merrifield, “Solid Phase Peptide Synthesis. I. The Synthesis of a
Tetrapeptide,” J. Am. Chem. Soc., vol. 85, no. 14, pp. 2149-2154,
1963, doi: 10.1021/ja00897a025.

S. Sakakibara, Y. Shimonishi, Y. Kishida, M. Okada, and H. Sugihara,
“Use of anhydrous hydrogen fluoride in peptide synthesis. I. Behavior
of various protective groups in anhydrous hydrogen fluoride.,” Bull.
Chem. Soc. Jpn., vol. 40, no. 9, pp. 2164-2167, 1967, doi:
10.1246/bcsj.40.2164.

L. A. Carpino and G. Y. Han, “The 9-Fluorenylmethoxycarbonyl
Function, a New Base-Sensitive Amino-Protecting Group,” J. Am.
Chem. Soc., vol. 92, no. 19, pp. 5748-5749, 1970, doi:
10.1021/ja00722a043.

M. Stawikowski and G. B. Fields, “Introduction to peptide synthesis,”
Curr. Protoc. Protein Sci., vol. 1, no. SUPPL.69, pp. 1-13, 2012, doi:
10.1002/0471140864.ps1801s69.

A. Isidro-Llobet et al., “Sustainability Challenges in Peptide Synthesis
and Purification: From R&D to Production,” J. Org. Chem., vol. 84,
no. 8, pp. 4615-4628, 2019, doi: 10.1021/acs.joc.8b03001.

N. J. Bulleid, “Disulfide Bond Formation in the Mammalian
Endoplasmic Reticulum Disulfide Bond Formation in the Mammalian
Endoplasmic Reticulum,” Cold Spring Harb. Perspect. Biol., vol. 4,
no. 11, 2012, doi: 10.1101/cshperspect.a013219.

102



[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

K. J. Kramer and T. L. Hopkins, “Tyrosine Metabolism for Insect
Cuticle Tanning,” Arch. Insect Biochem. Physiol., vol. 9, pp. 279-301,
1987.

P. J. Hogg, “Disulfide bonds as switches for protein function,” Trends
Biochem. Sci., vol. 28, no. 4, pp. 210-214, 2003, doi: 10.1016/S0968-
0004(03)00057-4.

E. Fuentes-lemus and M. J. Davies, “Oxidative Crosslinking of
Peptides and Proteins : Mechanisms,” Molecules, vol. 27, no. 1, pp. 1-
31, 2022.

Z. Grabarek and J. Gergely, “Zero-Length Crosslinking Procedure
with the Use of Active Esters,” Anal. Biochem., vol. 185, pp. 131-135,
1990.

N. Chopin, X. Guillory, P. Weiss, J. Le Bideau, and S. Colliec-jouault,
“Archimer Design Polysaccharides of Marine Origin: Chemical
Modifications to,” Curr. Org. Chem., vol. 18, no. 7, pp. 867-895,
2014.

M. Kunishima, C. Kawachi, J. Morita, S. Tani, and K. Terao,
“morpholinium Chloride : An Efficient Condensing Agent Leading to
the Formation of Amides and Esters,” vol. 55, pp. 13159-13170, 1999.
M. D. Este, D. Eglin, and M. Alini, “A systematic analysis of
DMTMM vs EDC / NHS for ligation of amines to Hyaluronan in
water,” Carbohydr. Polym., vol. 108, pp. 239-246, 2014, doi:
10.1016/j.carbpol.2014.02.070.

S. Rydergren, “Chemical Modifications of Hyaluronan using
DMTMM-Activated Amidation,” 2013.

L. Cui, Y. Yao, and E. K. F. Yim, “The effects of surface topography
modification on hydrogel properties,” APL Bioeng., vol. 5, no. 3, 2021,
doi: 10.1063/5.0046076.

H. Yamamoto, T. Demura, M. Morita, and S. Kono, “In situ modi fi
cation of cell-culture scaffolds by photocatalytic decomposition of
organosilane monolayers,” Biofabrication, vol. 6, no. 035021, pp. 1-
9, 2014, doi: 10.1088/1758-5082/6/3/035021.

A.D. Gilmour, A.J. Woolley, L. A. Poole-warren, C. E. Thomson, and
R. A. Green, “Biomaterials A critical review of cell culture strategies
for modelling intracortical brain implant material reactions,”
Biomaterials, vol. 91, pp. 23-43, 2016, doi:
10.1016/j.biomaterials.2016.03.011.

M. Nikkhah, J. S. Strobl, and M. Agah, “Attachment and response of
human fibroblast and breast cancer cells to three dimensional silicon
microstructures of different geometries,” Biomed. Microdevices, vol.
11, no. 2, pp. 429-441, 2009, doi: 10.1007/s10544-008-9249-5.

E. Eisenbarth, J. Meyle, W. Nachtigall, and J. Breme, “Influence of the
surface structure of titanium materials on the adhesion of fibroblasts,”
Biomaterials, vol. 17, no. 14, pp. 1399-1403, 1996, doi:
https://doi.org/10.1016/0142-9612(96)87281-4.

103



[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

N. Rohr, B. Zeller, L. Matthisson, and J. Fischer, “Surface structuring
of zirconia to increase fibroblast viability,” Dent. Mater., vol. 36, no.
6, pp. 779-786, 2020, doi:
https://doi.org/10.1016/j.dental.2020.03.024.

H. Zhang, C. Bian, J. K. Jackson, F. Khademolhosseini, H. M. Burt,
and M. Chiao, “Fabrication of Robust Hydrogel Coatings on
Polydimethylsiloxane Substrates Using Micropillar Anchor Structures
with Chemical Surface Modification,” ACS Appl. Mater. Interfaces,
vol. 6, no. 12, pp. 9126-9133, Jun. 2014, doi: 10.1021/am501167Xx.
B. Nowduri, S. Schulte, D. Decker, K. H. Schifer, and M. Saumer,
“Biomimetic Nanostructures Fabricated by Nanoimprint Lithography
for Improved Cell-Coupling,” Adv. Funct. Mater., vol. 30, no. 45, pp.
1-10, 2020, doi: 10.1002/adfm.202004227.

T. G. Oyama et al., “Elasticity and Topography-Controlled Collagen
Hydrogels Mimicking Native Cellular Milieus,” bioRxiv, p. 706952,
2019, [Online]. Available:
https://www.biorxiv.org/content/10.1101/706952v1?rss=1.

S. Xiong, H. Gao, L. Qin, Y. Jia, M. Gao, and L. Ren, “Microgrooved
collagen-based corneal scaffold for promoting collective cell
migration and antifibrosis,” RSC Adv., vol. 9, no. 50, pp. 29463-29473,
2019, doi: 10.1039/c9ra04009a.

R. Makita et al., “Preparation of micro/nanopatterned gelatins
crosslinked with genipin for biocompatible dental implants,” Beilstein
J. Nanotechnol., vol. 9, no. 1, pp. 1735-1754, 2018, doi:
10.3762/bjnano.9.165.

Amir K. Miri, Hossein Goodarzi Hosseinabadi, Berivan Cecena,
Shabir Hassana, and Yu Shrike Zhang, “Permeability Mapping of
Gelatin Methacryloyl Hydrogels,” Acta Biomater., vol. 77, no. 1, pp.
38-47, 2018, doi: 10.1016/j.actbio.2018.07.006.Permeability.

P. Baranowski, B. Karolewicz, M. Gajda, and J. Pluta, “Ophthalmic
drug dosage forms: Characterisation and research methods,” Sci.
World J., vol. 2014, 2014, doi: 10.1155/2014/861904.

F. Rafiei, H. Tabesh, and F. Farzad, “Sustained subconjunctival drug
delivery systems: current trends and future perspectives,” Int.
Ophthalmol., vol. 40, no. 9, pp. 2385-2401, 2020, doi:
10.1007/s10792-020-01391-8.

F. J. Cabrera, D. C. Wang, K. Reddy, G. Acharya, and C. S. Shin,
“Challenges and opportunities for drug delivery to the posterior of the
eye,” Drug Discov. Today, vol. 24, no. 8, pp. 1679-1684, 2019, doi:
10.1016/j.drudis.2019.05.035.

A. Urtti, “Challenges and obstacles of ocular pharmacokinetics and
drug delivery,” Adv. Drug Deliv. Rev., vol. 58, no. 11, pp. 1131-1135,
2006, doi: 10.1016/j.addr.2006.07.027.

J. Barar, A. R. Javadzadeh, and Y. Omidi, “Ocular novel drug delivery:
Impacts of membranes and barriers,” Expert Opin. Drug Deliv., vol. 5,

104



[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

no. 5, pp. 567-581, 2008, doi: 10.1517/17425247.5.5.567.

S. A. Molokhia, S. C. Thomas, K. J. Garff, K. J. Mandell, and B. M.
Wirostko, “Anterior eye segment drug delivery systems: Current
treatments and future challenges,” J. Ocul. Pharmacol. Ther., vol. 29,
no. 2, pp. 92-105, 2013, doi: 10.1089/jop.2012.0241.

K. Cholkar, S. P. Patel, A. D. Vadlapudi, and A. K. Mitra, “Novel
strategies for anterior segment ocular drug delivery,” J. Ocul.
Pharmacol. Ther., vol. 29, no. 2, pp. 106-123, 2013, doi:
10.1089/jop.2012.0200.

U. Ubani-Ukoma, A. Chauhan, G. Schultz, and D. J. Gibson, “An ex
vivo cornea infection model,” MethodsX, vol. 7, 2020, doi:
10.1016/j.mex.2020.100876.

“Directive 2010/63/EU of the European Parliament and of the Council
of 22 September 2010 on the protection of animals used for scientific
purposes Text with EEA relevance,” 2010. https://eur-
lex.europa.eu/eli/dir/2010/63/0j.

Y. Kaluzhny, M. W. Kinuthia, T. Truong, A. M. Lapointe, P. Hayden,
and M. Klausner, “New human organotypic corneal tissue model for
ophthalmic drug delivery studies,” Investig. Ophthalmol. Vis. Sci., vol.
59, no. 7, pp. 2880-2898, 2018, doi: 10.1167/iovs.18-23944.

S. Wang, C. E. Ghezzi, R. Gomes, R. E. Pollard, J. L. Funderburgh,
and D. L. Kaplan, “In vitro 3D corneal tissue model with epithelium,
stroma, and innervation,” Biomaterials, vol. 112, pp. 1-9, 2017, doi:
10.1016/j.biomaterials.2016.09.030.

J. E. Chang, S. K. Basu, and V. H. L. Lee, “Air-interface condition
promotes the formation of tight corneal epithelial cell layers for drug
transport studies,” Pharm. Res., vol. 17, no. 6, pp. 670-676, 2000, doi:
10.1023/A:1007569929765.

M. Scholz, J. E. C. Lin, V. H. L. Lee, and S. Keipert, “Pilocarpine
Permeability across Ocular Tissues and Cell Cultures: Influence of
Formulation Parameters,” J. Ocul. Pharmacol. Ther., vol. 18, no. 5,
pp. 455-468, 2002, doi: 10.1089/10807680260362731.

S. Reichl, C. K6lln, M. Hahne, and J. Verstraelen, “In vitro cell culture
models to study the corneal drug absorption,” Expert Opin. Drug
Metab. Toxicol., vol. 7, no. 5, pp. 559-578, 2011, doi:
10.1517/17425255.2011.562195.

M. Hahne and S. Reichl, “Development of a serum-free human cornea
construct for in vitro drug absorption studies: The influence of varying
cultivation parameters on barrier characteristics,” Int. J. Pharm., vol.
416, no. 1, pp. 268-279, 2011, doi: 10.1016/j.ijpharm.2011.07.004.
H. Yamaguchi and T. Takezawa, “Fabrication of a corneal model
composed of corneal epithelial and endothelial cells via a collagen
vitrigel membrane functioned as an acellular stroma and its application
to the corneal permeability test of chemicals,” Drug Metab. Dispos.,
vol. 46, no. 11, pp. 1684-1691, 2018, doi: 10.1124/dmd.118.080820.

105



[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

T. Thanaméki, L. J. Pelliniemi, and E. Vuorio, “Collagens and
collagen-related matrix components in the human and mouse eye,”
Prog. Retin. Eye Res., vol. 23, no. 4, pp. 403-434, 2004, doi:
10.1016/j.preteyeres.2004.04.002.

J. W.Oh, T.-C. Hsi, C. F. Guerrero-Juarez, R. Ramos, and M. V Plikus,
“Organotypic skin culture.,” J. Invest. Dermatol., vol. 133, no. 11, pp.
1-4, Nov. 2013, doi: 10.1038/jid.2013.387.

A. Luk, E. Ahn, G. S. Soor, and J. Butany, “Dilated cardiomyopathy :
a review,” J. Clin. Pathol.,, vol. 51, pp. 219-225, 2009, doi:
10.1136/jcp.2008.060731.

N. K. Lakdawala, J. R. Winterfield, and B. H. Funke, “Arrhythmogenic
Disorders of Genetic Origin Dilated Cardiomyopathy,” Arrhytmogenic
Disord. Genet. Orig.,, vol. 6, pp. 228-237, 2013, doi:
10.1161/CIRCEP.111.962050.

O. Chioncel, S. J. Greene, and M. Vaduganathan, “The Global Health
and Economic Burden of Hospitalizations for Heart Failure Lessons
Learned From Hospitalized Heart Failure Registries,” J. Am. Coll.
Cardiol.,, wvol. 63, no. 12, pp. 1123-1133, 2014, doi:
10.1016/j.jacc.2013.11.053.

D. Harding et al., “Dilated cardiomyopathy and chronic cardiac
inflammation : Pathogenesis , diagnosis and therapy,” pp. 2347, 2022,
doi: 10.1111/joim.13556.

T.J. Cahill, R. P. Choudhury, and P. R. Riley, “Heart regeneration and
repair after myocardial infarction: translational opportunities for novel
therapeutics,” Nat. Publ. Gr., 2017, doi: 10.1038/nrd.2017.106.

K. S. Telukuntla, V. Y. Suncion, I. H. Schulman, and M. H. Joshua,
“The Advancing Field of Cell-Based Therapy: Insights and Lessons
From Clinical Trials,” J. Am. Heart Assoc., pp. 1-18, 2013, doi:
10.1161/JAHA.113.000338.

J.-N. Tang et al., “Concise Review: Is Cardiac Cell Therapy Dead?
Embarrassing Trial Outcomes and New Directions for the Future,”
Stem Cells Transl. Med., vol. 7, no. 4, pp. 354-359, Apr. 2018, doi:
10.1002/sctm.17-0196.

V. F. M. Segers, R. T. Lee, S. Dimmeler, and D. Losordo,
“Biomaterials to Enhance Stem Cell Function in the Heart,” Circ. Res.,
vol. 109, no. 8, pp. 910922, Sep. 2011, doi:
10.1161/CIRCRESAHA.111.249052.

T. R. Heallen and J. F. Martin, “Heart repair via cardiomyocyte-
secreted vesicles,” Nat. Biomed. Eng., vol. 2, no. 5, pp. 271-272, 2018,
doi: 10.1038/s41551-018-0239-5.

B. Liu et al., “Cardiac recovery via extended cell-free delivery of
extracellular vesicles secreted by cardiomyocytes derived from
induced pluripotent stem cells,” Nat. Biomed. Eng., vol. 2, no. 5, pp.
293-303, 2018, doi: 10.1038/s41551-018-0229-7.

S. R. Caliari and J. A. Burdick, “A practical guide to hydrogels for cell

106



[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

culture,” Nat. Methods, vol. 13, no. 5, pp. 405414, 2016, doi:
10.1038/nmeth.3839.

R. Izadpanah et al., “Long-term In vitro Expansion Alters the Biology
of Adult Mesenchymal Stem Cells,” Cancer Res., vol. 68, no. 11, pp.
4229-4238, 2008, doi: 10.1158/0008-5472.CAN-07-5272.

M. L. Valencik and J. A. McDonald, “Cardiac expression of a gain-of-
function aS-integrin results in perinatal lethality,” Am. J. Physiol. Circ.
Physiol., vol. 280, no. 1, pp. H361-H367, Jan. 2001, doi:
10.1152/ajpheart.2001.280.1.H361.

S.-Y. Shai et al., “Cardiac Myocyte-Specific Excision of the Bl
Integrin Gene Results in Myocardial Fibrosis and Cardiac Failure,”
Circ. Res., vol. 90, no. 4, pp. 458-464, Mar. 2002, doi:
10.1161/hh0402.105790.

M. L. Valencik, R. S. Keller, J. C. Loftus, and J. A. McDonald, “A
lethal perinatal cardiac phenotype resulting from altered integrin
function in cardiomyocytes,” J. Card. Fail., vol. 8, no. 4, pp. 262-272,
2002, doi: https://doi.org/10.1054/jcaf.2002.127335.

I. Rashedi, N. Talele, X.-H. Wang, B. Hinz, M. Radisic, and A.
Keating, “Collagen scaffold enhances the regenerative properties of
mesenchymal stromal cells,” PL0S One, vol. 12, no. 10, p. e0187348,
Oct. 2017, [Online]. Available:
https://doi.org/10.1371/journal.pone.0187348.

R. Nazir, A. Bruyneel, C. Carr, and J. Czernuszka, “Collagen type I
and hyaluronic acid based hybrid scaffolds for heart valve tissue
engineering,” Biopolymers, no. March, pp. 1-13, 2019, doi:
10.1002/bip.23278.

F. C. Simpson et al., “Collagen analogs with phosphorylcholine are
inflammation-suppressing scaffolds for corneal regeneration from
alkali burns in mini-pigs,” Commun. Biol., vol. 4, no. 1, p. 608, 2021,
doi: 10.1038/s42003-021-02108-y.

J. Gordon and S. Amini, “General Overview of Neuronal Cell Culture
BT - Neuronal Cell Culture: Methods and Protocols,” S. Amini and
M. K. White, Eds. New York, NY: Springer US, 2021, pp. 1-8.

R. Yamasaki, “Microglia invivo and invitro,” Clin. Exp.
Neuroimmunol., vol. 5, no. 2, pp. 114-116, 2014, doi:
https://doi.org/10.1111/cen3.12120.

M.-E. Tremblay, B. Stevens, A. Sierra, H. Wake, A. Bessis, and A.
Nimmerjahn, “The Role of Microglia in the Healthy Brain,” J.
Neurosci., vol. 31, no. 45, pp. 16064 LP — 16069, Nov. 2011, doi:
10.1523/JNEUROSCI.4158-11.2011.

J. Voogd and M. Glickstein, “The anatomy of the cerebellum,” Trends
Cogn. Sci., vol. 2, no. 9, pp. 307-313, 1998, doi: 10.1016/S1364-
6613(98)01210-8.

Y. Liu et al., “A simple, cross-linked collagen tissue substitute for
corneal implantation,” Investig. Ophthalmol. Vis. Sci., vol. 47, no. 5,

107



[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

pp. 18691875, 2006, doi: 10.1167/iovs.05-1339.

M. M. Islam et al., “Self-assembled collagen-like-peptide implants as
alternatives to human donor corneal transplantation,” RSC Adv., vol.
6, no. 61, pp. 55745-55749, 2016, doi: 10.1039/c6ra08895c.

L. E. R. O’Leary, J. A. Fallas, E. L. Bakota, M. K. Kang, and J. D.
Hartgerink, “Multi-hierarchical self-assembly of a collagen mimetic
peptide from triple helix to nanofibre and hydrogel,” Nat. Chem., vol.
3, no. 10, pp. 821-828, 2011, doi: 10.1038/nchem.1123.

C. Molzer, S. P. Shankar, M. Griffith, M. M. Islam, J. V Forrester, and
L. Kuffova, “Activation of dendritic cells by crosslinked collagen
hydrogels (artificial corneas) varies with their composition,” J. Tissue
Eng. Regen. Med., vol. 13, no. 9, pp. 1528-1543, 2019, doi:
doi:10.1002/term.2903.

M. A. Wood, “Colloidal lithography and current fabrication techniques
producing in-plane nanotopography for biological applications,” J. R.
Soc. Interface., no. 4, pp. 1-17, 2007, doi: 10.1098/rsif.2006.0149.

J. Schindelin et al., “Fiji: An open-source platform for biological-
image analysis,” Nat. Methods, vol. 9, no. 7, pp. 676-682, 2012, doi:
10.1038/nmeth.2019.

D. R. Stirling, M. J. Swain-Bowden, A. M. Lucas, A. E. Carpenter, B.
A. Cimini, and A. Goodman, “CellProfiler 4: improvements in speed,
utility and usability,” BMC Bioinformatics, vol. 22, no. 1, pp. 1-11,
2021, doi: 10.1186/512859-021-04344-9.

D. Frank et al., “Cardiac a-actin (ACTC1) gene mutation causes atrial-
septal defects associated with late-onset dilated cardiomyopathy,”
Circ. Genomic Precis. Med., vol. 12, no. 8, pp. 345-356, 2019, doi:
10.1161/CIRCGEN.119.002491.

B. Wei and J. P. Jin, “TNNT1, TNNT2, and TNNT3: Isoform genes,
regulation, and structure-function relationships,” Gene, vol. 582, no. 1,
pp. 1-13, 2016, doi: 10.1016/j.gene.2016.01.006.

J. Popow et al.,, “Highly Selective PTK2 Proteolysis Targeting
Chimeras to Probe Focal Adhesion Kinase Scaffolding Functions,” J.
Med. Chem., vol. 62, no. 5, pp. 2508-2520, 2019, doi:
10.1021/acs.jmedchem.8b01826.

L. Kolac¢na et al., “Biochemical and biophysical aspects of collagen
nanostructure in the extracellular matrix,” Physiol. Res., vol. 56, no.
SUPPL. 1, 2007, doi: 10.33549/physiolres.931302.

A. Ranella, M. Barberoglou, S. Bakogianni, C. Fotakis, and E.
Stratakis, “Acta Biomaterialia Tuning cell adhesion by controlling the
roughness and wettability of 3D micro / nano silicon structures,” Acta
Biomater., wvol. 6, no. 7, pp. 2711-2720, 2010, doi:
10.1016/j.actbio.2010.01.016.

T. Jensen et al., “and Proliferation on Nanostructured Tantalum
Surfaces,” vol. 4, no. 5.

M. Scharin-MehImann et al., “Nano- and micro-patterned S-, H-, and

108



[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

X-PDMS for cell-based applications: Comparison of wettability,
roughness, and cell-derived parameters,” Front. Bioeng. Biotechnol.,
vol. 6, no. MAY, pp. 1-13, 2018, doi: 10.3389/fbioe.2018.00051.

J. Z.Yu, E. Korkmaz, M. I. Berg, P. R. LeDuc, and O. B. Ozdoganlar,
“Biomimetic  scaffolds  with  three-dimensional  undulated
microtopographies,” Biomaterials, vol. 128, pp. 109-120, 2017, doi:
10.1016/j.biomaterials.2017.02.014.

R. B. Vernon, M. D. Gooden, S. L. Lara, and T. N. Wight,
“Microgrooved fibrillar collagen membranes as scaffolds for cell
support and alignment,” Biomaterials, vol. 26, no. 16, pp. 3131-3140,
2005, doi: 10.1016/j.biomaterials.2004.08.011.

G. De Vicente and M. C. Lensen, “Topographically and elastically
micropatterned PEG-based hydrogels to control cell adhesion and
migration,” Eur. Polym. J., vol. 78, pp. 290-301, 2016, doi:
10.1016/j.eurpolym].2016.03.020.

S. Muehleder, A. Ovsianikov, J. Zipperle, H. Redl, and W. Holnthoner,
“Connections  matter: channeled hydrogels to  improve
vascularization,” vol. 2, no. November, pp. 1-7, 2014, doi:
10.3389/fhioe.2014.00052.

W. T. Kuo, M. A. Odenwald, J. R. Turner, and L. Zuo, “Tight junction
proteins occludin and ZO-1 as regulators of epithelial proliferation and
survival,” Ann. N. Y. Acad. Sci., vol. 1514, no. 1, pp. 21-33, 2022, doi:
10.1111/nyas.14798.

X. Lyu, M. Hu, J. Peng, X. Zhang, and Y. Y. Sanders, “HDAC
inhibitors as antifibrotic drugs in cardiac and pulmonary fibrosis,”
Ther. Adv. Chronic Dis., vol. 10, pp. 1-19, 2019, doi:
10.1177/2040622319862697.

M. Perez-pouchoulen, J. W. Vanryzin, and M. M. Moccarthy,
“Morphological and Phagocytic Profile of Microglia in the Developing
Rat Cerebellum 1, 2, 3,” vol. 2, no. August, pp. 1-15, 2015.

E. P. Hydrogels et al., “Cerebellar Cells Self-Assemble into Functional
Organoids on Synthetic , Chemically Crosslinked,” 2020.

S. Ryglova, M. Braun, T. Suchy, M. Hftibal, M. Zaloudkova, and L.
Vistéjnova, “The investigation of batch-to-batch variabilities in the
composition of isolates from fish and mammalian species using
different protocols,” Food Res. Int., vol. 169, p. 112798, 2023, doi:
https://doi.org/10.1016/j.foodres.2023.112798.

V. Gaberc-Porekar, 1. Zore, B. Podobnik, and V. Menart, “Obstacles
and pitfalls in the PEGylation of therapeutic proteins,” Curr. Opin.
Drug Discov. Dev., vol. 11, no. 2, pp. 242-250, 2008.

J. Carthew et al., “Precision Surface Microtopography Regulates Cell
Fate via Changes to Actomyosin Contractility and Nuclear
Architecture,” Adv. Sci., vol. 8, no. 6, pp. 1-15, 2021, doi:
10.1002/advs.202003186.

M. F. A. Cutiongco, S. H. Goh, R. Aid-Launais, C. Le Visage, H. Y.

109



[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

Low, and E. K. F. Yim, “Planar and tubular patterning of micro and
nano-topographies on poly(vinyl alcohol) hydrogel for improved
endothelial cell responses,” Biomaterials, vol. 84, pp. 184-195, 2016,
doi: https://doi.org/10.1016/j.biomaterials.2016.01.036.

S. Jadalannagari and L. Ewart, “Beyond the hype and toward
application: liver complex in vitro models in preclinical drug safety,”
Expert Opin. Drug Metab. Toxicol., vol. 00, no. 00, pp. 1-13, 2024,
doi: 10.1080/17425255.2024.2328794.

M. W. Toepke and D. J. Beebe, “PDMS absorption of small molecules
and consequences in microfluidic applications,” Lab Chip, vol. 6, no.
12, pp. 1484-1486, 2006, doi: 10.1039/B612140C.

Y. Kaluzhny, H. Kandarova, P. Hayden, J. Kubilus, L. D’ Argembeau-
Thornton, and M. Klausner, “Development of the epiocular™ eye
irritation test for hazard identification and labelling of eye irritating
chemicals in response to the requirements of the EU cosmetics
directive and REACH legislation,” Altern. to Lab. Anim., vol. 39, no.
4, pp. 339-364, 2011, doi: 10.1177/026119291103900409.

L. Chauchat, C. Guerin, Y. Kaluzhny, and J. P. Renard, “Comparison
of In Vitro Corneal Permeation and In Vivo Ocular Bioavailability in
Rabbits of Three Marketed Latanoprost Formulations,” Eur. J. Drug
Metab. Pharmacokinet., vol. 48, no. 6, pp. 633-645, 2023, doi:
10.1007/s13318-023-00853-5.

S. L. Reeber, T. S. Otis, and R. V. Sillitoe, “New roles for the
cerebellum in health and disease,” Front. Syst. Neurosci., vol. 7, no.
NOV, pp. 1-11, 2013, doi: 10.3389/fnsys.2013.00083.

H. 1. L. Jacobs et al.,, “The cerebellum in Alzheimer’s disease:
Evaluating its role in cognitive decline,” Brain, vol. 141, no. 1, pp. 37—
47, 2018, doi: 10.1093/brain/awx194.

T. Wu and M. Hallett, “The cerebellum in Parkinson’s disease,” Brain,
vol. 136, no. 3, pp. 696709, 2013, doi: 10.1093/brain/aws360.

I. lvanov, J. W. Murrough, R. Bansal, X. Hao, and B. S. Peterson,
“Cerebellar morphology and the effects of stimulant medications in
youths with attention deficit-hyperactivity disorder,”
Neuropsychopharmacology, vol. 39, no. 3, pp. 718-726, 2014, doi:
10.1038/npp.2013.257.

C. Humpel, “Neuroscience forefront review organotypic brain slice
cultures: A review,” Neuroscience, vol. 305, pp. 86-98, 2015, doi:
10.1016/j.neuroscience.2015.07.086.

H. Xin, J. A. S. Yannazzo, R. S. Duncan, E. V. Gregg, M. Singh, and
P. Koulen, “A novel organotypic culture model of the postnatal mouse
retina allows the study of glutamate-mediated excitotoxicity,” J.
Neurosci. Methods, vol. 159, no. 1, pp. 3542, 2007, doi:
10.1016/j.jneumeth.2006.06.013.

A. di Penta et al., “Oxidative Stress and Proinflammatory Cytokines
Contribute to Demyelination and Axonal Damage in a Cerebellar

110



[198]

Culture Model of Neuroinflammation,” PL0oS One, vol. 8, no. 2, 2013,
doi: 10.1371/journal.pone.0054722.

M. Camman, P. Joanne, O. Agbulut, and C. Hélary, “3D models of
dilated cardiomyopathy: Shaping the chemical, physical and
topographical properties of biomaterials to mimic the cardiac
extracellular matrix,” Bioact. Mater., vol. 7, no. February, pp. 275-
291, 2022, doi: 10.1016/j.bioactmat.2021.05.040.

111



GYVENIMO APRASYMAS

Darbo patirtis

2014.03 — 2014.09. Laborantas UAB “Sosdiagnostika”, Vilnius (Lietuva).
2014.12 — iki Sios dienos. Moksliniy tyrimy ir plétros inzinierius UAB
“Ferentis”, Vilnius (Lietuva).

2016.06 — iki Sios dienos. Jaunesnysis mokslo darbuotoas/vyresnysis
inzinierius Fiziniy ir Technologijos Moksly Centre, Vilnius (Lietuva).

ISsilavinimas

2013 m. BioinZinerijos bakalauro laipsnis, Vilniaus Gedimino technikos
universitetas

2016 m. Bioinzinerijos magistro laipsnis, Vilniaus Gedimino technikos
universitetas

112



SUMMARY

ABBREVIATIONS

ECM — extracellular matrix

3D — three-dimensional

AA — amino acid

PEG - polyethylene glycol

RGD - arginine-glycine-aspartic acid

IKVAYV - isoleucine-lysine-valine-arginine-valine

Boc — carboxybenzyloxy

Fmoc — 9-fluorenylmethoxycarbonyl

Cys — cysteine

Tyr — tyrosine

NHS — N-hydroxysuccinimide

EDC - 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

DMTMM - 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholine
chloride

PDMS — polydimethylsiloxane

MPC — 2-methacryloyloxyethylphosphorylcholine

AFM — atomic force microscopy

CA — Type | collagen hydrogel

CA-MPC — Type | collagen hydrogel modified with phosphorylcholine
CA-HA — Type I collagen hydrogel modified with hyaluronic acid
HDAC - histone deacetylases

SAHA — suberoylanilide hydroxamic acid

CLP-PEG - collagen-mimicking peptides conjugated with PEG
TEM - transmission electron microscopy
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INTRODUCTION

The primary objective of tissue engineering is to restore and maintain the
normal function of injured or damaged tissues and organs through the use of
biomimetic materials. Typically, constructs employed in tissue engineering
comprise biomimetic scaffolds with embedded tissue cells, forming an
organotypic culture [1].

Figure 1 illustrates the fundamental scheme of tissue engineering, wherein cells isolated
from the body are multiplied and combined with a biomimetic framework, forming an
organotypic construct suitable for implantation into the body.

The extracellular matrix (ECM) and its mechanical properties serve not
only as a physical surface for cell growth but also play a pivotal role in
regulating cellular functions during tissue regeneration, wound healing, and
disease progression. Current research, particularly in mechanobiology and
filler biology, has been concentrating on unravelling how the mechanical
environment of the ECM, both in vitro and in vivo, influences the cell
behaviour and function. Synthetic materials that faithfully replicate the basic
mechanical and biological properties of the native tissues are crucial for
comprehending the mechanisms through which cells sense and remodel the
mechanical environment around them [2], [3].
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The aim of this doctoral thesis is to assess the possibilities of
microfabrication, nanofabrication, and modification of biomimetic hydrogels,
while testing the obtained hydrogels under organotypic cell culture conditions.
To achieve this, the following dissertation tasks were outlined:

1)

2)
3)
4)

5)

6)
7)

8)

To create a platform suitable for micro and nanoforming based on
collagen biomimetic hydrogel. To evaluate the durability of this
platform under cell culture conditions.

To evaluate the parameters of organotypic cell culture when human
skin fibroblast cells are cultivated on nanostructured surfaces.

To create a device based on collagen hydrogel in order to assess the
growth of human skin fibroblast cells.

To develop an eye cornea model suitable for in vitro permeability
experiments based on collagen hydrogel.

To modify the collagen hydrogel and test its suitability for the
differentiation between healthy and pathological human
cardiomyocytes.

To assess the suitability of biomimetic hydrogels for the cultivation
of cerebellar cell cultures.

To create a matrix of microwells on biomimetic hydrogels suitable
for the formation of cerebellar cell culture organoids.

To develop new peptide hydrogel modifications by inserting
biomimetic sequences into the collagen-mimicking peptide
sequence.
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NOVELTY

Tissue engineering stands as a primary tool within regenerative medicine,
presenting innovative approaches serving the objective to address the
complexities of tissue loss, dysfunction, and organ failure. Furthermore, it
proves effective in generating tissue-like organotypic constructs, while aiding
in the comprehension of material permeability by exposing both healthy and
pathological cells to potential drugs, thereby facilitating a deeper
understanding of various stages of tissue development.

The utilization of biomimetic materials in tissue engineering involves the
integration of principles from biology, materials science, and engineering.
This integration aims to construct bioactive entities that emulate the intricate
architecture and functionality observed in vivo. The development of novel
biomaterials, such as hydrogels, nanostructured scaffolds, and bioactive
polymers, is guided by the goal of replicating three-dimensional environments
that foster cell adhesion, proliferation, differentiation, and other essential
functions.
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LITERATURE OVERVIEW
Biomimetic materials

Biomimetic materials refer to substances replicating specific properties of
biological materials without fully duplicating them. This outcome is typically
attained through chemical or surface modification techniques (Figure 2).
Selection of the appropriate material involves a crucial consideration of which
biological tissues are to be replicated. Given that a significant portion of soft
tissues, including muscles, is composed of 70-80% water [4], hydrogels are
often chosen as the foundational material. These hydrogels can be further
modified by incorporating growth factors, undergoing chemical
modifications, altering their structure, adjusting mechanical properties, and so
forth.

Growth factor immobilisation

Functional
chemical groups

Cell
adhesion

Electrical
conductivity

Structural
features

Mechanical properties Degradation

Figure 2 Possibilities of modification of biomimicking materials. Adapted from [5].
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Hydrogel materials

Discussions on the impracticality of utilizing plastic components for
implantation, given their impermeability to metabolites and inherent
dissimilarity to the environment of soft tissues, date back to as early as 1960.
This was the period when the concept of using hydrogel materials as
chemically sutured, metabolite-permeable implants was first introduced [6].
A hydrogel is specifically characterized as a three-dimensional (3D) network
of polymer chains capable of swelling and retaining a substantial amount of
water within its structure without dissolving in water (Figure 3). Its
hydrophilic properties primarily stem from functional groups, and the
interactions among the polymer chains prevent dissolution in water [2]. As per
the material definition, the water content must be at least 10% of the total mass
(or volume) for it to be termed a hydrogel. Additionally, owing to the high
water content, hydrogels typically exhibit mechanical properties closely
resembling those of tissues [7].

Dry state Hydrated state

—

Figure 3 Schematic view of dry and hydrated states of hydrogel.

The material’s hydrophilicity is influenced by the presence of hydrophilic
chemical groups, examples of which include:
-NH>, -COOH, -OH, -CONH, -CONH-, SOzH [7].
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Classification of hydrogel materials

The literature provides various ways to categorize hydrogels, while also
offering diverse perspectives. In terms of hydrogel types, sources suggest a
division between those derived from natural polymers and those derived from
synthetic polymers [8]. Hydrogels can also be classified based on the ionic
charges of the bound groups, leading to distinctions such as cationic, anionic,
or neutral. Another classification criterion involves the types of cross-linking
agents used.

Hydrogels may fall into categories such as physical, chemical, or
biochemical. Physical hydrogels exhibit a transition from the liquid state to
the gel state in response to changes in environmental conditions, such as the
temperature, ion concentration, pH, or other factors. Chemical hydrogels,
formed through covalent bond formation, offer enhanced mechanical integrity
and resistance to degradation compared to weaker materials. Biochemical
hydrogels involve biological substances, like enzymes or amino acids, in the
solidification process [7].

Additional classifications for hydrogels include:

1. Origin of Monomers

a. Natural (e.g., collagen, gelatine, starch, agarose, alginate) vs.
b. Synthetic
2. Polymer Composition:
a. Homopolymers (hydrogel from one type of monomer);
b. Copolymers (a hydrogel of two or more types of monomers);
c. Multipolymers (hydrogel from two independent interwoven
polymer networks).
3. Physical-Chemical Structure:
a. Amorphous;
b. Partially crystalline;
c. Crystalline.
4. Type of Polymerization (Cross-Linking Type):
a. Chemical (irreversible reaction) vs.
b. Physical (temporary bonds: physical interlacing, ionic bonds,
hydrogen bonds, or hydrophobic interactions).
5. Electric Charges of the Network:
a. Non-ionic;
b. lonic;
c. Amphoteric electrolytes;

119



d. Zwitterionic (each repeating structural unit contains anionic and
cationic structures).

Water content in hydrogels

Hydrogels, by virtue of being hydrophilic polymeric materials, have the
capability to absorb a substantial amount of water, ranging from 10 to 20%
(with the lower limit being arbitrary and subject to variation depending on the
source) up to thousands of equivalents of their own weight. The quantity and
characteristics of water within the hydrogel material play a critical role in both
the penetration of substances into the gel and the removal of cell metabolites
from it [11].

Upon absorbing water, the initial water molecules entering the matrix will
hydrate the most polar and hydrophilic groups; this phenomenon is termed
‘primary bound water’. As the polar groups become hydrated, the network
swells, revealing hydrophobic groups that also interact with water molecules,
constituting ‘hydrophobically bound water’ or ‘secondary bound water’. The
combination of primary and secondary bound water is often collectively
referred to as ‘total bound water’. Situated between the bound water on the
surface of the polymer monomer and the free water is a layer known as semi-
bound water. Following the interaction of polar and hydrophobic groups with
water molecules due to the movement of osmotic water, the network absorbs
additional water. Although the hydrogel has the potential to move towards
infinite dilution, this is counteracted by the covalent or physical bonds holding
the hydrogel. As a result, the hydrogel reaches a swelling equilibrium, and the
water content ceases to increase. The water filling the volume after the
hydration of hydrophilic and hydrophobic groups is termed ‘water in the
hydrogel structure’ [12], [13] (Figure 4).
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Figure 4 Schematic representation of water in hydrogel.

Mechanical properties of hydrogel

The biomechanical properties of tissues, specifically, stiffness (Jung’s
modulus), measured in pascals (Pa), vary significantly among different organs
and tissues (Figure 5). This parameter is intricately linked to the tissue
function. Tissues that are mechanically static, like the brain, or mobile, such
as the lung, tend to exhibit low stiffness. On the other hand, tissues subjected
to high mechanical loads, like bone or skin, display higher Young’s moduli
[14].
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Figure 5 Distribution of stiffness in different tissues. Adapted from [15].

Biocompatibility

Biocompatibility is characterized by the substance’s ability to execute its
intended therapeutic functions by eliciting an appropriate response from the
host or the selected living system. It is crucial that such materials should not
induce harm, should exhibit no toxicity, or should pose no risk of rejection,
thus ensuring the absence of any undesired local or systemic effects [17]-[19].
The universally acceptable definition of biocompatibility was established
during a conference in 2018, affirming the description formulated in 1985,
where such materials were defined as having the capacity to interact with an
appropriate host response in a specific application (Figure 6).

The term ‘biomaterial” was defined in 1986 as “material other than living
tissue used in a medical device to interact with biological systems”.
Biomaterials find applications in an increasingly diverse and complex array
of fields, including tissue engineering, invasive sensors, drug delivery and
gene transfection systems, as well as in the realms of medicine-oriented
nanotechnology and biotechnology in general. They are also integral to older
implantable medical devices.
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Figure 6 A schematic diagram of how biocompatible materials work in a biological
system. Adapted from [19].

Polymers used for hydrogel formation

The most straightforward classification of polymers commonly employed
in the formation of hydrogel materials involves categorizing them into those
of the natural versus synthetic origin. Notable natural substances in this
context encompass collagen, hyaluronic acid, fibrin, agarose, chitosan,
gelatine, and cellulose. On the other hand, the more widely used synthetic
materials encompass polyacrylic acid, polyhydroxy methacrylate, polyvinyl
alcohol, polyethylene glycol, and silicone [20].

Materials of natural origin: collagen

Collagen stands as one of the most prevalent proteins in mammals,
constituting approximately 30% of the total protein mass [21]. The term
‘collagen’ originates from the Greek words for ‘glue’ and ‘to make’, reflecting
the historical understanding that boiling tissues could yield glue. Interestingly,
the term was only officially coined in the 20™ century to describe connective
tissue that could be boiled to extract gelatine [22].
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Figure 7 Schematic representation of collagen helix. Adapted from [22].

The collagen molecule exhibits a triple helix structure with two non-helical
regions at each end (Figure 7). The formation of the triple helix is a defining
characteristic of all collagens. The collagen structure consists of three parallel
a polypeptide chains that coil around each other, thereby creating a regular
helix and forming a rope-like structure. The collagen triple helix has an
approximate molecular weight of 300 kDa, a filament length of 280 nm, and
a diameter of 1.4 nm. Intermolecular hydrogen bonds between glycines in
adjacent chains stabilize the triple helix. Hydrogen bonds are also established
by the hydroxy group of hydroxyproline. Within the amino acid (AA) triplet,
two hydrogen bonds are formed: one between the amino group of the glycine
AR residue and the carboxy group of the AR residue in the second position of
the adjacent helix chain. The Gly—Pro—Hyp sequence constitutes about 12%
of the collagen molecule, while Gly—Pro-Y and Gly—X-Hyp sequences
together make up around 44%. The remaining 44% is comprised of Gly—-X-Y
sequences.

As of now, 29 types of collagen have been identified, each possessing
unique properties. While most collagens exhibit high interconnectivity, they
are specific to particular tissues where they can be identified. This diversity
implies a wide array of biological functions, reflected in the numerous
structures that collagen molecules can assemble into. Collagens can be
categorized into four groups based on various factors, such as the primary
structure, the triple helix domain length, the molecular weight, the charge
distribution, gaps in the triple helix, sizes and shapes of edge segments, and
post-translational modifications [23].

Fibril-Forming Collagens (Group I): This group includes Collagens |,
I, I, V, X, XXV, and XXVII. They form a triple helix with discontinuous
Gly—X-Y amino acid domains measuring approximately 300 nm in length.
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Collagens XXI and XXVII may have insertions in the Gly—X-Y sequence,
representing short breaks in the triple helix strand. Fibrils in tissues like dermis
and ligaments are typically heterotypic, composed of several different
collagens (e.g., Collagens I, 111, V), whereas homotypic fibrils, formed by a
single collagen type (e.g., Collagen VII in dermis-epidermis connections), are
also present [22].

Basement Membrane-Forming Collagens (Group I1): This group
includes Collagens IV, VII, and XXVIII. It can form a fine network of
Collagen 1V fibrils and branched anchoring fibrils of Collagen VII [22].

Short-Chain Collagens (Group I11): Collagens VI, VIII, and X belong to
this group, forming a braided network with varying spacing. Collagen type VI
forms a granular network, while Collagens VII and X form a regular
hexagonal network structure [22].

Collagens with Multiple Inclusions (Group 1V): Collagens XIlI, X1V,
XVI, X1X, and XXII belong to this group and are classified as FACIT (Fibril-
Associated Collagens with Interrupted Triple helices) collagens, associated
with fibril formations. They can influence the width of the fibril once attached.
Collagens XV and XVIII, termed MULTIPLEXIN, have the most breaks in
the triple helix tertiary structure. Another subgroup includes transmembrane
collagen molecules (Collagens XIII, XVII, XXIII, XXV), which can insert
into the cell membrane and form a triple helix in the extracellular matrix [22].

Collagen hydrogels typically elicit minimal inflammation and a mild
immune response, showecasing excellent biocompatibility. With AA
sequences that promote cell adhesion to the surface [25]-[27], collagen
hydrogels have found diverse applications. They have been employed as
carriers for medicinal substances and proteins [28], [29], and have been
utilized in tissue reconstruction for various organs including the liver [30],
skin [31], blood vessels [32], small intestine [33], cartilage [34], vocal cords
[35], and spine [36].

Materials of natural origin: hyaluronic acid

Hyaluronic acid, also known as hyaluronate, is a linear polymer composed
of disaccharides, with its monomer comprising D-glucuronic acid and N-
acetyl-D-glucosamine (Figure 8). Widely distributed in all mammals, it is
particularly prevalent in connective tissues where it serves as a filler,
lubricant, and/or osmotic buffer. This high molecular weight polysaccharide
forms braided networks at low concentrations (<1 mg/mL) and develops
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polymers with molecular weights ranging from 3 to 7 MDa in the human body
[37].

Hyaluronic acid hydrogels, due to being of natural origin, do not provoke
an immune response and are biodegradable. Consequently, these hydrogels
are utilized as carriers for cells [38] or medicinal substances [39], [40], in
applications like stem cell therapy [41], [42], cartilage tissue engineering [39],
[43], and cardiac muscle repair [44].
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Figure 8 Hyaluronic acid polymer.

Materials of synthetic origin: Polyethylene glycol

Polyethylene glycol (PEG) is a polymer typically produced through the
anionic or cationic polymerization of ethylene oxide (Figure 9). The formation
of PEG hydrogels can occur through various methods. The terminal ends of
the PEG chain can be modified with the necessary chemical groups, and the
entire PEG chain can serve as a cross-linking agent by reacting with other
monomers [45]. Additionally, hydrogels can be formed through physical
interactions. The physicochemical properties of such hydrogels, including
their chemical conductivity, water content, elasticity, yoke modulus,
degradation rate, and others, can exhibit significant diversity [46], [47].
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The hydrophilic properties of PEG polymers constitute a crucial parameter
which renders PEG hydrogels highly suitable for use in regenerative medicine
[47]. A PEG hydrogel possessing low cross-linking capability can retain up to
95% of its total weight in water. Materials featuring such a high water content
closely mimic tissues, thereby offering an ideal environment for encapsulating
cells or active substances. Utilization of such hydrogels in tissue regeneration
facilitates the exchange of cell metabolites, functioning as a semi-conductive
membrane [48].

Another important characteristic of PEG hydrogels is their ‘invisibility’ to
cells, preventing nonspecific adhesion of proteins to the material’s surface
[49], [50]. While this feature enables the decoration of the PEG polymer
surface with biomolecules to elicit a desired cellular response, it has a
downside as ECM proteins produced by cells do not adhere to the PEG
surface. This reduction in cell viability can be addressed by incorporating
bioactive moieties into the PEG hydrogel, thus ensuring cell vitality [48].

The availability of a diverse range of commercially accessible PEG
polymers, featuring distinct molecular weights, branching, and functionality,
is a key aspect. Various functional groups, such as amines, carboxy groups,
thiols, succimides, maleimides, nitrophenyl carbonates, methacrylates,
isocyanates, and others, provide a versatile toolkit. This broad spectrum of
functional groups enables the application of PEG polymers in many scenarios,
leveraging various chemical tools to create bioactive materials suitable for
regenerative medicine.

Materials of synthetic origin: Biomimetic peptides

The cellular response to its environment and the adjacent surface is
typically influenced by structural and signalling proteins within the ECM
surrounding the cells. These protein segments can serve as both structural and
functional elements in the development of biomimetic materials [51]. While
proteins are composed of hundreds or even thousands of amino acid residues,
smaller compounds consisting of two to several tens of AAs are referred to as
‘peptides’ [52].
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Figure 10 A cell-to-ECM-mimicking hydrogel, incorporating biomimetic peptide
sequences, is designed to emulate the natural cell-ECM interactions. Ideally, these sequences
not only facilitate essential cell adhesion but also deter the formation of bacterial films.

Peptide hydrogels are denoted by their capacity to mimic not only the
mechanical properties but also the biochemical functions of the ECM,
resulting in a more profound impact on the cell culture. The peptides released
from TLU are recognized for enhancing cell adhesion to surfaces and
supporting cell growth. These sequences can be integrated into the hydrogel
structure by orchestrating intracellular interactions or by interacting with
peptide fragments within the hydrogel [53]. Materials impregnated with such
peptides facilitate tissue regeneration, contributing to their functionalization
in regenerative medicine [54].

It is crucial to highlight that peptides exhibit greater stability compared to
full-length proteins [55]. The arginine-glycine-aspartic acid (RGD) sequence
from the extracellular matrix protein fibronectin enhances the cell surface
adhesion and proliferation both in vitro and in vivo [56], [57]. Another
significant extracellular matrix protein associated with neurocultures, laminin,
features an isoleucine-lysine-valine-arginine-valine (IKVAV) sequence [58].

Various biomolecules which are present within the ECM volume play a
pivotal role in influencing the biological response of cells. In the realm of
bioengineering platforms that aspire to replicate or simulate intricate
biological scenarios, effective ‘communication’ with cells is important.
Peptide epitopes emerge as versatile building blocks for constructing cellular
scaffolds, both in vivo and in vitro. These epitopes can be strategically
designed to enhance cell adhesion or migration, foster cell differentiation, and
elicit an immune response [58]. Furthermore, the ability to combine multiple
epitopes on a single scaffold holds the potential for synergistic functional
effects, closely resembling the functionality of a living system [39] (see Figure
10).

128



Solid phase peptide synthesis

A large number of synthetic peptides hold significant importance in
commercial and pharmaceutical fields, spanning from the dipeptide sugar
substitute aspartame to clinical hormones like oxytocin, adrenocorticotropic
hormone, calcitonin, and others [92]. The market for therapeutic peptides had
already reached a multibillion-dollar level even before 2010 [93]. The
efficient and accurate synthesis of peptides is crucial for both pharmaceutical
and tissue engineering applications. The concept of assembling peptides from
amino acid (AR) precursors was already introduced over a century ago. The
underlying principle was straightforward: after the reaction between AAs, the
protective groups of the reverse reaction were removed, and the term ‘peptide’
was coined for the first time in the same publication [94].

The process of peptide synthesis became more practical with the advent of
solid-phase synthesis. Although the principle of the relevant synthesis
reactions remains similar, the resulting peptide chain is attached to an
insoluble polymer resin molecule. The nascent peptide undergoes extension
through a series of repeated cycles, utilizing excess reagents that can be
removed by washing and filtering the resin beads on which the peptide is being
synthesized. Once a peptide of the desired length has been synthesized, it can
be cleaved from the polymeric support, and the protecting groups are also
removed.

In the early 1950s, Merrifield proposed the use of modified polystyrene-
based resin beads as a solid phase for peptide synthesis. Peptides could be
synthesized one amino acid at a time, from the C-terminus to the N-terminus,
by using N*-protected amino acids. The synthesis of the tetrapeptide on the
solid phase involved carboxybenzyloxy (Boc) as an a-amino protecting group,
N,N'-dicyclohexylcarbodiimide as a reaction activator, and HBr to cleave the
peptide [95]. Later, solid-phase peptide synthesis was modified to use the t-
butyloxycarbonyl group for N® protection, and hydrofluoric acid was
employed to cleave the peptide from the solid phase [96].

In 1970, Carpino and Han proposed the introduction of a 9-
fluorenylmethoxycarbonyl (Fmoc) group to protect the N amine. The
removal of the Fmoc group required a reagent with moderate basic properties,
necessitating the use of a less aggressive reagent compared to what was
required for the removal of the Boc group [97].
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Figure 11 Peptide synthesis algorithm. Adapted from [98].

Peptide synthesis on solid phase is a readily automated process, utilizing
specialized synthesis vessels with filters that facilitate easy exchange of the
reaction reagents and washing of resin beads between the reaction steps (see
Figure 11). When the correct synthesis reagents and conditions are chosen, the
coupling of a single amino acid residue takes approximately 60—90 minutes,
resulting in a 60-80% vyield of the target peptide after synthesis. For the
purification of such peptides, reverse-phase high-pressure liquid
chromatography systems are commonly employed, with mass spectrometry
used for precise determination of the peptide’s mass [99].

This fast and high-yield process, enabling the rapid synthesis of grams of
the desired peptide product, is particularly well-suited for the synthesis of
biomimetic peptides. These biomimetic peptides, in turn, find applications in
tissue engineering (see Figure 12).
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Figure 12 Use of a peptide synthesizer for the synthesis of biomimetic peptides enables
further chemical manipulations to create a biomimetic hydrogel, well-suited for tissue
engineering applications.

Chemical crosslinking of proteins

The covalent cross-linking of proteins and peptides facilitates the creation
of stable and well-defined biomolecular structures. In this process, robust
bonds are established between specific amino acid residues in peptides or
protein chains. Common crosslinking techniques involve the use of reagents
that selectively target functional groups, such as amines and thiols.
Glutaraldehyde, formaldehyde, and succinimides are among the most
commonly used crosslinking agents.

Covalently linked peptides or proteins play crucial roles in biological
processes, both physiologically and pathologically. These covalent bonds can
form in the endoplasmic reticulum of mammalian cells, or disulfide bonds
between two cysteine (Cys) amino acid residues are formed in the Golgi
apparatus [100]. Additionally, bonds can form between two tyrosines (Tyr)
during the construction of the insect exoskeleton [101]. These bonds can occur
between different regions of the same molecule or between different
molecules, playing a vital role in stabilizing protein structures or influencing
protein functionality [102].

In tissue engineering applications involving peptides or proteins, zero-
length crosslinking agents play a crucial role. A prominent example is 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC), which operates in the
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presence of N-hydroxysuccinimide (NHS) (see Figure 13). This type of
crosslinking, termed zero-length, is characterized by the absence of an
additional spacer between the groups being joined [104].
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Figure 13. NHS/EDC reaction mechanism. Adapted from [105].

Another commonly employed zero-length crosslinking agent is 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholine  chloride (DMTMM)
(Figure 14). Originally developed for peptide synthesis applications, similar
to carbodiimides, this reagent offers simplicity and operational ease [106]. In
comparison to the NHS/EDC reaction, DMTMM is less sensitive to pH
changes, and it functions effectively in the neutral pH range. The use of a
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single reagent instead of a two-component system simplifies the reaction
process [107]. Additionally, the use of DMTMM in peptide cross-linking has
been noted to allow longer reaction times, thus facilitating the manipulation
of the peptide solution and making it easier.
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Figure 14 DMTMM reaction mechanism.

Micro- and nano-forming of hydrogel materials

Cell viability, physiology, proliferation, migration capability, and the
interaction of cells with the tissue engineering framework in vitro or ECM in
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vivo conditions are significantly influenced by environmental properties,
including the stiffness, water content, and surface micro- and nanostructures
[109]. In tissue engineering, precise control of these parameters is essential to
develop a functional tissue in vitro. While conventional 2D substrates are
commonly used for in vitro cell cultures due to their optimized conditions for
cell adhesion and proliferation [110], it is crucial to acknowledge that such
flat culture environments lack the ECM-specific characteristics provided by
surface micro- and nanostructures. Consequently, experimental results
obtained under flat cell culture conditions may deviate further from the in-vivo
conditions [111].

To address this limitation, solid materials like silicon [112], titanium [113],
zirconia [114], etc., are often chosen for creating tissue engineering constructs
with surface structures. However, these materials pose challenges as they
cannot act as semi-permeable membranes, thus hindering the diffusion of
cellular metabolites and limiting applications such as cell cocultures.
Moreover, their rigidity may not be suitable for all cell cultures. Some efforts
have been made so far to microstructure soft materials like
polydimethylsiloxane (PDMS), known for its excellent microforming
properties. After additional chemical activation, PDMS can be coated with
ECM proteins [115]. Nevertheless, it still falls short when attempting to ensure
the transport of cellular metabolites. While there are examples of collagen or
gelatine being used for nano- or micro-structuring, publications in this area
often fail to provide long-term stability results.

Hydrogel materials as a permeability model

Hydrogel materials, owing to their proximity to native tissues, present a
promising model for studying drug permeability. In this context, hydrogels
can serve as a cell-free membrane or be employed with an organotypic layer
of cells on the surface. This dual functionality allows for versatile applications
in drug permeability studies, providing insights into how drugs interact with
hydrogel structures in both cellular and non-cellular configurations.

Cornea permeability

The eye, with its intricate anatomy and limited contact surface (Figure 15),
poses challenges for achieving therapeutic drug concentrations through local
administration methods such as eye drops, ointments, or drug-releasing lenses.
While intraocular injections or implants can maintain higher drug
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concentrations, the topical application of medications, particularly eye drops,
remains the most common and convenient self-administered approach [121]-
[123].

However, this method has its drawbacks, including low penetration of
drugs through the cornea, rapid clearance due to blinking and tearing, and
potential leakage into the nasolacrimal duct, leading to a significant reduction
in drug concentration within seconds of application [125], [126]. Despite these
challenges, eye drops or ointments, although limited by the corneal
permeability barrier, continue to be widely used for drug delivery [124]. The
cornea’s stratified keratinocyte epithelial layer acts as a crucial barrier,
preventing the permeability of hydrophilic compounds, while the corneal
stroma, primarily composed of water, forms the main barrier for hydrophobic
compounds [127].

It is worth noting that higher concentrations of medicinal substances in
solutions may lead to an increased viscosity, potentially causing discomfort,
irritation, or blurred vision [121], [124].
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Figure 15 Schematic representation of cornea. Adapted from [126].

Assessing the permeability of substances through the cornea is crucial for
the development of medications. While ex vivo corneas of the animal origin
have traditionally been used for such assessments [128], the European
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Parliament Directive 2010/63/EU recommends the use of synthetic analogues
to address ethical concerns in drug validation [129].

Various corneal models exist for studying drug permeability, providing
faster and more cost-effective results than ex vivo corneas. However, it has
been observed that the published results for ophthalmic drug substances using
corneal permeability models are currently insufficient [130], [131]. Although
cellular models of the cornea are in the early stages of development, they show
promising results and have the potential for assessing substance permeability
or cytotoxicity. These models can be constructed by using only epithelial cells
[132]-[134] or cultures of both epithelial and stromal cells [131], [135], [136].
In these models, collagen-based scaffolds are commonly chosen to mimic the
natural stromal environment [137].

Formation of organotypic culture

Biomimetic materials, including collagen hydrogel with modifications and
collagen-mimicking peptide hydrogels, are currently under development for
the creation of organotypic tissue cultures. The organotypic cell culture
involves growing biological tissues in vitro while preserving their normal
physiology and functions, offering a valuable approach for research [138].

Cardiomyogenic differentiation

Dilated cardiomyopathy is a group of myocardial disorders marked by the
enlargement of one or both ventricles and a diminished myocardial function
(Figure 16). The condition is typified by the expansion of ventricular cavities
and compromised systolic heart performance [139]. Initiated in the left
ventricle, this disorder triggers the enlargement of the ventricular chamber,
causing the walls to stretch and thin out. The altered volume of the left
ventricle subsequently leads to the expansion of the right ventricle, followed
by the atria and the entire heart [140]. In the presence of complications, dilated
cardiomyopathy can result in heart failure, arrhythmia, and thrombosis, thus
making it a significant contributor to human mortality [141]. The demand for
tissue engineering solutions that enable the modification of cells or the
extracellular matrix surrounding damaged tissues is substantial, especially as
the current treatment approaches often culminate in heart transplants.
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Figure 16 Schematic representation of dilated cardiomyopathy. A — cross-section of a
healthy heart, B — pathological heart with an enlarged left ventricle. Adapted from [142].

Studies investigating direct injections of various stem cell types into the
heart muscle or epicardium, including embryonic, induced pluripotent,
hematopoietic, or mesenchymal stem cells, have been conducted both in vitro
and in vivo [143]-[145]. However, these treatment strategies have
encountered challenges such as immune responses, the potential
tumorigenicity of the injected cells, and difficulties in accurately delivering
cells to the target tissues [145]. Utilization of tissue engineering biomimetic
scaffolds has shown promise in improving the viability of the transplanted
cells, potentially enhancing the regenerative effects [146]-[148].

In vitro, cardiomyogenic differentiation can be induced by both
intracellular and extracellular factors. Cells cultured under organotypic
conditions experience less stress and exhibit better phenotypes [149]. Studies
have demonstrated that mesenchymal stem cells isolated from tissues undergo
changes in the cell shape and respond differently to external stimuli when
cultured on plastic for extended periods [150]. Plastic surfaces cannot
replicate the natural ECM environment in which cells grow in vivo, leading to
altered intercellular interactions. Disruptions in interactions with ECM
components and signalling pathways related to integrin interactions have been
linked to myocardial hypertrophy, dilated cardiomyopathy, and heart failure
[151]-[153].

The primary component of cardiac ECM is Type | collagen, constituting
approximately 80% of the total extracellular matrix. The ability to modify the
mechanical properties and incorporate additives into collagen biomimicking
hydrogels makes them attractive candidates for studying cardiomyogenic
differentiation [154]. Hyaluronic acid, another component of cardiac ECM,
has been successfully used in rat heart tissue engineering [155]. In a recent
study, a polymer of 2-methacryloyloxyethylphosphorylcholine (MPC),
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structurally similar to cell membrane phospholipids, demonstrated anti-
inflammatory properties [156].
Cerebellar cell cultures

The prevailing approaches for cultivating 2D and 3D neural tissue cultures
mostly rely on adhesion-promoting substances like polylysine, polyornithine,
laminin, fibronectin, collagen, and similar compounds [157]. While such
cultures exhibit evenly distributed networks of neurons and glial cells and are
convenient for study, the cell density and morphology in these cultures
significantly differ from those observed under native tissue conditions. In vitro
microglial cells often display a heightened inflammatory response,
characterized by enlarged cells and short filaments, which contrasts with the
morphology of branched microglia observed in the brain tissue. The latter
consists of small cell bodies and highly branched filaments responsible for
synaptic scanning and pruning [158], [159]. Although cells with strong
interactions with the surface are easy to observe during experiments, they face
challenges in movement and interaction with other cells, potentially hindering
the formation of intercellular connections and the development of organotypic
cultures.
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Figure 17 Schematic representation of brain, cerebellum and spinal cord. Adapted from
[160].
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RESULTS
Surface nanostructuring of collagen hydrogels

To assess the potential for nanostructuring collagen hydrogel,
nanostructures were generated by using colloidal lithography on PDMS and
polystyrene surfaces with the following radii of curvature (Rc) being selected:
126, 244, 505, 1515 nm. Collagen hydrogel sheets were then cast from these
prepared PDMS and polystyrene surfaces, featuring submicrometric
hemispheres, either protruding or hollow. The surfaces of the resulting
hydrogels were examined by using atomic force microscopy (Figure 18).
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Figure 18 Atomic Force Microscopy (AFM) scanned image displaying structures, either
protruding or hollow. Each captured image field measures 10 x 10 um; the pictures were
acquired by using the QITM force curve mode.
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Surface nanostructures are commonly generated on various materials like
gelatine [119], silicon [172], metal [116], [173], or PDMS [174]. When aiming
to create an organotypic cell culture, the chosen material’s stability
(maintaining surface topographies for at least 14 days or more in the cell
culture) and biocompatibility are crucial. Structures on gelatine often lack
stability, while those on metal or PDMS need protein coatings to enhance cell
adhesion and replicate the biological effect of ECM. Such surfaces may not
serve as semipermeable membranes and are not suitable for air contact culture
or closed cavity formation.

The structures formed on collagen hydrogel were assessed by cultivating a
human skin fibroblast culture on their surface, with vinculin protein labelling
to assess focal adhesion (Figure 19). Examination of cells on the structures
reveals that, in the case of raised structures, cell adhesion occurs on top of the
spheres, whereas, in the case of sunken structures, adhesion occurs on the
lattice formed by the spheres. While AFM images show that the cell surface
replicates the substrate surface structures, fluorescence microscopy images do
not reveal the structures.
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Figure 19 Images obtained through atomic force microscopy and fluorescence microscopy
depict growing human skin fibroblasts on nanostructured surfaces. In the AFM images, the
cells appear to replicate the surface structures. However, in vinculin imaging, the structures
are only discernible on the largest structures, whether indented or raised.
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Following the acquisition of images, cell morphology parameters were
analyzed to evaluate potential differences based on the surface nanostructures.
The selected parameters for analysis included the surface area occupied by
cells, the cell shape factor, and the cell perimeter.
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Figure 20 Average cell area on distinct types of structures. The calculation of cell area
utilized the CellProfiler software, where the average cell area was determined by counting the
number of dots per cell and converting the measurements to square micrometers. The labels
provide information on different conditions: F — flat hydrogel surface, H — hollow structures
(with the number indicating the sphere diameter), P — protruding structures (with the number
indicating the sphere diameter).

The analysis of the average cell areas reveals two main tendencies (Figure
20). The flat surface, H255, H488, and H1010 sample groups exhibit similar
results. The H3030 group, characterized by a larger spheroidal lattice, shows
the smallest cell area. In contrast, P3030, with the largest raised structures, has
a cell area close to that of a flat surface, possibly due to the relatively small
gaps between structures. Cells on surfaces with raised structures in P255,
P488, and P1010 exhibit a higher surface area compared to other sample
groups. These findings align with results obtained by Makita et al., who
studied structures of a similar size on gelatine hydrogels by using the Saos-2
cell line [119].
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Figure 21 Assessment of cell shape was conducted by using the CellProfiler software. The
y-axis represents the cell’s shape factor values, ranging between 0 and 1, where 1 indicates a
straight line and O represents a perfect circle, though these extremes are rare.

In the analysis of the cell shape, it was observed that the cell shape on
structured surfaces closely resembled the cell shape on flat hydrogels (Figure
21). This observation may be attributed in part to the mechanical properties of
the surface.
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Figure 22 Cells were analysed by using the CellProfiler software to assess the perimeter,
which was quantified by counting the number of dots along the cell border and converting the
measurements to micrometers.

In the analysis of the cell perimeter (Figure 22), no significant differences
were observed between the sample groups, except for P255, which stood out
with the highest average perimeter, and P3030, which had the lowest average
perimeter among the sample groups.
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Surface microstructuring of collagen hydrogels

Upon creating hydrogels with nanostructures on the surface and evaluating
their properties, the focus shifted to the preparation of hydrogels with
microstructures on the hydrogel surface using soft lithography, akin to the
process employed for nanostructure formation. For the initial experiment,
right triangles were chosen as the microstructure, and human skin fibroblast
cells were subsequently seeded on the surface (Figure 23). After 7 days of
cultivation, images were analysed by using the ImageJ software, measuring
the grey value of pixels at the corner of the triangle (as indicated in the figure).
The grey value of pixels was compared between the smooth hydrogel and the
structured surface after 7 days of cultivation, revealing that cells occupied the
formed triangular cavities. This aligns with the findings of Yu et al., where
fibroblasts similarly filled holes on the hydrogel surface.

Additionally, the images illustrated a notable alignment of the cell culture
along the longest side of the triangle. This aligning behaviour is reminiscent
of the results obtained by Vernon et al., who observed skin fibroblasts aligning
along the surface of grooves when cultivated on a surface with such features
[176]. The consistent alignment patterns across different studies underscore
the reproducibility and significance of this observed phenomenon. The ability
to manipulate and guide cell alignment through surface microsctructuring
holds promising implications for applications in tissue engineering and the
development of biomimetic materials.
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Figure 23 The pixel grey value was assessed on a hydrogel with microstructures (B) and
on a flat hydrogel (C) after 7 days of cultivating human skin fibroblasts. The microstructured
surface was created through soft lithography using a PDMS mold (A). The mold featured right-
angled isosceles triangles with lateral sides measuring 50 um and a distance of 30 um between
triangles. The arrows indicate the direction of cell orientation on the microstructured surface.
This experimental setup allowed for the quantitative evaluation of cellular responses to the
microstructured hydrogel compared to a flat hydrogel, providing insights into the cell

behaviour and alignment in response to the engineered microenvironment.
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Evaluation of cell proliferation and hydrogel stability

For the assessment of hydrogel stability and cell proliferation, three distinct
microstructure templates were employed on collagen hydrogels. These
templates consisted of channels with varying widths (30, 60, and 200 um),
and the gaps between channels were maintained equal to the channel width
(Figure 24). The hydrogels were subjected to a cell growth medium,
simulating the conditions of a cell experiment, and were incubated in a cell
incubator at 37°C with a 5% CO; environment. This experimental setup aimed
to investigate the impact of different microstructures on hydrogel stability and
the subsequent behaviour of cell proliferation within these structures.

> : : <;r.>~.).:: salii] : e e

Figure 24 The structures chosen for evaluation included three variations with cross-
sectional views provided below. A — 30 um wide channels with 30 um wide gaps. B — 60 um
wide channels with 60 um wide gaps. C — 200 um wide channels with 200 um wide gaps. These
distinct configurations were employed to assess the influence of the channel width and the gap
dimensions on hydrogel behaviour and cell proliferation.

Stability was quantified by assessing variations in width and height, the
water content, and Young’s modulus. Across all measurements, the absolute
deviation of height or width remained consistently below 1 pm, indicating
minimal alterations in these dimensions.
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Figure 25 Parameters were evaluated in cell culture medium at 37°C for 14 days.
Deviations in area and height were assessed by using optical microscopy, while the water
content was determined by weighing hydrated and dry samples. Young’s modulus was
measured by using AFM.

The stability data indicates that the hydrogel remains unchanged for at least
14 days in terms of the dimensional structure, stiffness, and swelling (Figure
25).
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Figure 26 Fluorescence images of human skin fibroblasts on the surface of hydrogels are
presented. The seeding process is schematically represented in Figure A. Cells were seeded on
pre-selected microarray surfaces of 30 um (Figure B), 60 um (Figure C), and 200 um (Figure
D), as well as on a plastic plate (Figure E) and on a flat collagen hydrogel surface (Figure F).
The graph below shows cell proliferation.

The proliferation graph shows that the surface with microstructures does
not exert a negative impact on the cell growth (Figure 26). It is similar to
growth on a smooth hydrogel surface.

Multilayered collagen hydrogels

The possibility of stacking and chemically crosslinking pre-formed
collagen hydrogels allows for the formation of niches for cell growth. This
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technique has been utilized in the production of enclosed macrometric
hydrogel wells (Figure 27). A 20% DMTMM solution was used to crosslink
the hydrogel disks together. Disks of the desired size can be used in a multi-
well plate format (Figure 28).

Figure 27 Photos of a hydrogel disc with volumetric wells. A — hydrogel disc with 3 mm
diameter volumetric wells formed. B — layered and crosslinked hydrogel with closed volumetric
wells.

Figure 28 Hydrogel with macrometric niches is adapted to the multiwell format. A light
microscopy image (B) and an image in a multiwell plate (A) are shown.

Importantly, the top layer of hydrogel covering the well could only be
applied after seeding of the human dermal fibroblast cells, which would imply
contact of the cell culture with the crosslinking agent DMTMM, but, after 7
days, the cells had completely outgrown all wells (Figure 29).
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Figure 29 Fluorescence microscopy image of macrometeric-sized closed cavities filled with
human skin fibroblasts.

The cells growing in the formed cavities did not penetrate between the
layers of the hydrogel sheet, which would imply the effective formation of
closed cavities. Higher fluorescence intensity on the edges of the formed
cavities would indicate a higher number of cells at the edges and cells growing
vertically on the formed wall.

Cell ingrowth model

A cell ingrowth model was developed by using the collagen hydrogel sheet
layering technology. The developed device allows the cells to be seeded in a
specially shaped area, and further cell ingrowth occurs through channels
formed by soft lithography (Figure 30). Human skin fibroblast cells were used
for the study. Cell viability was not assessed during the 7-day experiment, but
cell proliferation in the channels was similar to that obtained on the surface of
the microscopic channels, suggesting that the hydrogel functions as a semi-
permeable membrane and ensures the access of nutrients to the cells and the
removal of their growth metabolites.
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Figure 30 Construct for assessing cell ingrowth. One bilayer hydrogel construct (B) may
have zones (A) with different channel widths. A side section of the construct is shown below,
with a channel width of 60 um and a depth of 20 um (C).

The 7-day cell experiment shows that the cells grow more slowly in the
wider channels. This could be explained by the fact that, as the distance
between the corners of the channel increases, the rate of cell ingrowth
decreases. Similar results were obtained by Gonzalo et al., where cells were
grown on a microstructured PEG surface and the growth rate was lower in the
wider channels [177].
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Figure 31 Pseudo 3D image of cell ingrowth in 60 um channels, with the distances over
which the culture has grown in the indicated time (A). A true 3D image of the 60 um channels,
with the distribution of cells in the channels. A plot of cell ingrowth distance versus time is
shown above.

From the graph above (Figure 31), it can be seen that the growth in the
wider channels slows down at 96 hours, and there is already a significant
difference in the 7-day assessment. It can be seen that the cells proliferate for
7 days in the closed channels, meaning that the surrounding hydrogel ensures
the transport of nutrients to the cell culture. This type of the ingrowth pattern
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can be used to assess the ingrowth of cancer cells or the formation of the
circulatory system [178].
Corneal permeability model

The aim of the study was to develop an artificial corneal permeability
model based on a collagen hydrogel with a grown layer of stratified cells and
to test it as an alternative to ex vivo rabbit corneas for measuring permeability.
Molecules with different physicochemical properties, including ophthalmic
pharmaceuticals, were tested, and the permeability was compared with rabbit
corneas as the model system.

Figure 32 Throughput measurement device used in the NaviCyte vertical camera system,
Harvard Apparatus, Holliston, MA, USA.

In order to be able to use collagen hydrogels in such a high throughput
chamber (Figure 32), PLA holders were designed (Figure 33), fabricated and
tested by using a 3D printer with additional collagen hydrogel coating (Figure
34).
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Figure 33 Different versions of the holder, into which coIIagenihydrogeis were cast, were
tested,

Hydrogel Houlder

> '

Figure 34 Hydrogel and plastic holder construct (A) suitable for cell culture. Cross-
section of the hydrogel and the holder (B).
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From the histological images below (Figure 35), it can be seen that just as
cells grown on a plastic membrane, cells grown on a collagen hydrogel
express ZO-1 protein and occludin, which are responsible for the formation of
tight junctions between corneal keratinocytes, which in turn affect the
penetration of substances through the formed tissue [179].

Figure 35 In vitro immunohistochemistry of corneal models and rabbit corneas. ZO-1
protein, responsible for the formation of tight junctions between cells, was stained green in the
epithelium of human corneal keratinocytes (A), ZO-1 protein was stained red in the corneal
model (B), and a negative control of ZO-1 protein was performed on collagen hydrogel (C).
Immunofluorescence staining of occludin (green) on collagen hydrogel (D), cells grown on
plastic membrane insert (E), rabbit ex vivo cornea (F). Cell nuclei stained with blue spava (A-
F). Yellow arrows indicate the sites of tight junction formation. Hematoxylin and eosin-stained
sections with a human corneal epithelial multilayer on collagen hydrogel (G), plastic
membrane liner (H), ex vivo rabbit cornea (1).

The measured permeability values for a collagen hydrogel cell multilayer
grown on a plastic membrane liner are presented below and compared to the
permeability values for a rabbit cornea as a model system (Figure 36).
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Figure 36 Linear regression of the permeability coefficient Papp (cm/s) x 10° of the tested
materials on a corneal permeability model based on a collagen hydrogel (A), a cellular
sandwich grown on a plastic membrane liner (B) and rabbit cornea. The Pearson correlation
coefficients (r) for the in-vitro corneal model with hydrogel and cells grown in cell culture
inserts were r = 0.96 and 0.89 respectively. The dotted lines in the figures indicate perfect
correlation (r = 1). The goodness of fit of the correlation (R? value) describes how well the
corneal model matches the rabbit corneal permeability values.
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The correlation shows that the collagen hydrogel-based system is a better
match to the corneal permeability values of the rabbit eye compared to a cell
grown on a plastic membrane as a corneal permeability model.

Cardiomyogenic differentiation on biomimetic hydrogels

The objective of the experiment was to assess cardiomyogenic
differentiation from human myocardial mesenchymal stromal cells (mMMSL)
obtained from both healthy and pathological tissues. Based on prior findings,
that cells exhibit robust growth on plastic plates coated with Type | collagen,
collagen hydrogels were selected as the biomimetic surface. Three variations
were utilized (Figure 37):

1) Type | collagen hydrogel (CA);

2) Type | collagen hydrogel modified with phosphorylcholine (CA-MPC);

3) Type I collagen hydrogel modified with hyaluronic acid (CA-HA).

CA CA-MPC CA-HA

A B C

Figure 37 Visual evaluation of the transparency of the produced hydrogels.

The manufactured hydrogels underwent assessment through measurements
of water content, Young’s modulus, and visual inspection for transparency
(Table 1). The collagen hydrogel (CA) with a theoretical collagen content of
8.5% exhibited the highest Young’s modulus (140.28 + 7.20 kPa). Hydrogels
modified with MPC and HA showed lower values: 96.09 + 13.19 kPa and
113.02 + 35.05 kPa, respectively. The addition of 0.05% (w/w) HA led to
some swelling in the collagen hydrogel, as evidenced by the water content and
stiffness measurements. The lower CA-MPC values can be attributed to the
reduced collagen content in the mixture, specifically, 6.5% (w/w) instead of
8.5% (w/w).
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Table 1 Hydrogel stiffness and water content evaluation results.

Hydrogel type CA CA-MPC CA-HA
Water content, % 9551 +£0.12 | 9471 £0.41 93.06 £0.12
Young’s modulus, 140.28 + 96.09 +

kPa 7.20 1319 | 11302£3505

Isolated healthy and pathologic mMSLs were cultured on hydrogel
surfaces for 24 h, and the cell viability was assessed by using the CCK8 kit
(Figure 38). On the collagen hydrogel without modifications, cells were
observed to adhere better to the surface, and even alignment of healthy mMSL
cells could be observed (as indicated by arrows). It can also be observed that
healthy cells showed better adhesion to the surface than pathological cells.
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Figure 38 Bright field microscopy images depict healthy and pathological mMSLs on
various collagen hydrogel modifications (A). The absorption of CCK8 after 24 hours of cell
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culture reveals significant differences among different hydrogel groups. The scale bar length
is 100 um.

The activity of histone deacetylases (HDAC) in pathological mMSL cells
was found to be 1.5 times higher than in healthy cells. To assess gene
expression, the HDAC inhibitor suberoylanilide hydroxamic acid (SAHA)
was utilized.
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Figure 39 ACTC1 and TNNT2 gene expression in healthy and pathological mMSLs exposed
to 1 uM SAHA was evaluated over a 14-day period, with measurements conducted on days 3,
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7, and 14. Cell morphology was assessed by optical microscopy on day 14 of growth, with
arrows indicating areas where cells aligned in the images (A). The gene expression data are
presented for healthy and pathological cells, focusing on the ACTC1 and TNNT2 genes (top
and bottom) across various collagen hydrogels and a plastic control (B).

Different hydrogels exhibited varied results in ACTCL gene expression,
with the highest expression observed on collagen with hyaluronic acid (CA-
HA) for both healthy and pathological cells on day 7 of growth. In all cases,
higher ACTC1 gene expression was noted when assessing pathological cells
(Figure 39).

A similar pattern emerged in the assessment of the TNNT2 gene, where
the gene’s expression on days 3 and 7 was higher on the collagen hydrogel
with hyaluronic acid. In both cell types, the lowest TNNT2 gene expression
was observed on the plastic surface.

In summary, when examining both genes, their increased activation was
evident in pathological cells, thus suggesting a certain regenerative potential
under appropriate stimulation.
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Figure 40 PTK2 gene expression in healthy (A) and pathological (B) mMSLs exposed to 1
uM SAHA for 14 days (measurements on days 3, 7 and 14).

The expression of the PTK2 gene is noticeably higher on the plastic surface
compared to collagen hydrogel and collagen hydrogels with modifications in
all instances. This disparity can be attributed to significantly different
mechanical parameters, with the Young’s modulus of the plastic surface being
approximately 100 times higher. Such rigid materials are not typically found
in the soft tissue extracellular matrix (Figure 40).

In conclusion, the use of collagen and modified collagen hydrogels reveals
positive cardiomyogenic differentiation with an increased expression of
selected genes when combined with the HDACI inhibitor SAHA. Positive
dynamics are also evident in pathological cells, indicating that these hydrogels
could be explored as a tool in regenerative medicine.
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Cerebellar cell culture on biomimetic hydrogels of synthetic and natural
origin

In this experiment, hydrogels composed of collagen (CA) and collagen-
mimicking peptides conjugated with PEG (CLP-PEG) were employed. Before
conducting the cell study, various microscopy techniques were assessed to
characterize the flat surface of the material (Figure 41).
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Figure 41 Surface characterization of CA and CLP-PEG hydrogels by different imaging
methods at the micro and nano scales.

The surface of CLP-PEG appears smoother and more densely packed at the
nanometer scale. This suggests a higher degree of organization and possibly a
more uniform structure on the surface. In contrast, the collagen hydrogel
surface seems to be characterized by filaments at the nanometer scale. TEM
images reveal that the collagen hydrogel contains filaments that are tens of
micrometers long. On the other hand, TEM images of CLP-PEG show gaps
that are less than the range of hundreds of nanometers. This suggests a finer
and more compact structure at the nanoscale level, possibly contributing to
different mechanical and biological properties compared to collagen hydrogel.
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Figure 42 Fluorescence microscopy images of cerebellar cell cultures after seven days of
cultivation on different substrates (CLP-PEG, CA, and polylysine-coated plastic). Cell nuclei
are painted in blue, neurons in yellow, astrocytes in red, microglia in green. The scale bar
length is 100 um.

The visual analysis of the provided image reveals distinctive cellular
behaviours across varied substrates (Figure 42). Specifically, the neuronal
network on the collagen hydrogel exhibits limited development, characterized
by shortened neurites and cellular shrinkage. In contrast, the astrocyte network
on the collagen hydrogel displays robust development, with astrocytes and
neurons exhibiting close proximity, thus suggesting potential intercellular
communication. Conversely, on plastic substrates, such colocalization appears
more randomly distributed.

Furthermore, on the surface of polylysine-coated plastic, only a sparse
population of microglial cells is discernible, predominantly adopting a round
or nearly round morphology. Quantitative assessment of the cellular
composition underscores notable differences among the substrates. Neurons
comprise nearly 50% of the total cell population on the CLP-PEG hydrogel
and approximately 80% on the polylysine-coated plastic surface. In contrast,
neurons constitute a lesser proportion, approximately 30%, on the collagen
hydrogel.

Microglial and astrocytic distributions exhibit substrate-dependent
variations. On CLP-PEG, microglia and astrocytes demonstrate comparable
proportions, whereas, on the collagen hydrogel, astrocytes constitute 60%,
while microglia represent only 15%. Notably, on polylysine-coated plastic,
microglia and astrocytes account for 16% and 8%, respectively.
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Figure 43 Composition of cerebellar cell culture (a) and neuritogenesis (b) on CLP-PEG,
CA hydrogels and polylysine-coated plastic.

The analysis of the neuritogenesis data reveals a noteworthy disparity in
the axonal (neuritic) area per neuron, with a markedly larger extent observed
on CLP-PEG in comparison to both collagen and coated plastic surfaces. This
outcome may be attributed to the elevated neuronal density on the CLP-PEG
surface, resulting in minimal inter-neuronal distances that impede the
formation of extensive axonal networks. The cerebellar culture on CLP-PEG
manifests the formation of distinctive spheroidal structures interconnected by
neurite-astrocyte filaments, and these structures are enveloped by microglia.
Such architectural formations were not observed on either collagen hydrogel
or plastic substrates.
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Figure 44 Microglial morphology and motility on CLP-PEG, collagen and plastic-coated
polylysine. Bright-field microscopy images (a) show seven-day-grown microglia in a cerebellar
culture. Black arrows indicate microglia, white arrows highlight neurite filaments.
Fluorescence images (b) visualize a microglial culture after 7 days of cultivation. For
comparison, an image of a microglial cell (c) at postnatal day 12 is presented [181]. All scale
bars are 25 um long. Graph (d) quantifies microglial cell motility.

Observation of microglia on different surfaces (Figure 44) (CLP-PEG and
CA hydrogels, plastic surface coated with polylysine) showed significant
differences between CLP-PEG and other surfaces, as the motility of microglia
cells was higher on CLP-PEG, and it was also observed that cells changed
their morphology from round to flat or oblong and vice versa. It is possible
that this is a transformation of microglia towards a branched state, but this
hypothesis still needs to be confirmed.

From previous experiments, it was known that the cerebellum culture on
CLP-PEG hydrogel tends to form spheroids, and therefore it was decided to
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form a microwell matrix on the surface of CLP-PEG hydrogel to control the
amount and size of spheroids on one sheet of hydrogel.

A CLP-PEG hydrogel with wells of the selected size (pyramidal-shaped
wells, pyramid side length 400 pum) was produced by means of soft
lithography (Figure 45). After seeding the cerebellar cell culture and growing
it for 7 days, it can be seen that the spheroids in the wells were of a similar
diameter and depended on the seeded amount of cells: 0.1 x 10, 0.2 x 10° and
0.4 x 10° cells seeded on a 6mm disc formed of 30.45 + 5.59, 70.40 + 6.32,
and 115.35 £7.51 um diameter spheroids, respectively.

NUCLEI MERGED

(b)

Figure 45 Cerebellar cell culture organoids after 7 days of culture in microwell matrix.
The light-field microscopy images (a) show that the spheroids are similar in size. Fluorescent
images show blue nuclei, yellow neurons, red astrocytes, and green microglia. The merged
image is rendered without nuclei. All scale bars are 50 um long.

After the study, it can be seen that the cerebellar cell culture forms tissue-
like constructs on the CLP-PEG hydrogel substrate. The morphology and
motility of microglia on this surface are greater, which would indicate the
potential for further use of the platform for drug research and/or other
applications. The use of surface microtechnologies makes it possible to form
spheres of organoids of the required size, which can be useful for the
construction of organs on a chip.

Development of novel biomimetic hydrogels

Previously published work used a collagen-mimicking peptide modified
with an additional RGDSPG (fibronectin-mimicking) sequence, which is the
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integrin avP5 binding site [182]. PEG-CLP and PEG-CLP-RGD hydrogels
were tested in a cerebellar cell culture. In order to compare the effect of the
modified peptide on cell adhesion, two new peptides with integrin binding
sequences DGEAG and GFOGERG were synthesized. Hydrogels without a
PEG additive were prepared from the produced peptides.
The following peptides were synthesized:
1. CLP - Collagen-like peptide

NH,-Cys-Gly-(Pro-Lys-Gly),(Pro-Hyp-Gly),(Asp-Hyp-Gly),-COOH

2. CLP-RGD - Collagen-like peptide with fibronectin mimicking sequence for integring bonding
NH,-Cys-Gly-(Pro-Lys-Gly),(Pro-Hyp-Gly),(Asp-Hyp-Gly),-Arg-Gly-Asp-Ser-Pro-Gly-COOH
3. CLP-GFOGERG — Collagen-like peptide with collagen mimicking sequenee for integring bonding
NH,-Cys-Gly-(Pro-Lys-Gly),(Pro-Hyp-Gly),,(Asp-Hyp-Gly),-Phe-Hyp-Gly-Glu-Arg-Gly-COOH

4. CLP-DGEA - Collagen-like peptide with collagen mimicking sequence for integring bonding
NH,-Cys-Gly-(Pro-Lys-Gly),(Pro-Hyp-Gly),(Asp-Hyp-Gly),-Asp-Gly-Glu-Ala-Gly-COOH

The selection of peptide sequences was influenced by a comprehensive
analysis of existing literature. The primary objective was to enhance the
adhesion of cell cultures to the hydrogel surface, while drawing inspiration
from the demonstrated efficacy of incorporating the fibronectin sequence. It
is noteworthy that fibronectin, while proven effective in promoting adhesion,
may not consistently be present in the native ECM environment.

The synthesized peptides were purified by reverse-phase HPLC, and the
molecular weight of the product was verified by mass spectroscopy and it was
consistent with the theoretical molecular weight.

From all the synthesized peptides, PEG-free peptide hydrogels were
prepared, on which, a mouse lung cell culture was seeded, and thus the
suitability of different peptides for the lung epithelium was tested. Cell growth
was compared to a Matrigel-coated surface as a control (Figure 46).
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Figure 46 Lung epithelial cells were seeded on previously studied and novel peptide
hydrogels.

167



CONCLUSIONS

In conclusion, the doctoral dissertation has successfully achieved all the
predetermined objectives, leading to the following key conclusions:

1)

2)

3)

4)

5)

6)

7)

A robust platform for surface micro- and nano-modifications of
hydrogel surfaces was established, by utilizing a collagen biomimetic
hydrogel. The durability of the resulting micro- and nanostructures
was evaluated, demonstrating sustained stability without deformation
or swelling over a two-week period.

Cultivation of human skin fibroblast cells on nanostructured
hydrogels revealed certain variations in the cell perimeter, shape, and
the occupied area across surfaces with different nanostructures. These
findings align with the existing literature and suggest that further
exploration of cell phenotypic differences could be achieved through
modulation of the biomimetic hydrogel stiffness, thereby suggesting
future investigations.

The development of a comprehensive hydrogel environment, derived
from biomimicking hydrogels with microstructures, facilitated the
creation of a device suitable for assessing the cell growth within
channels formed in the hydrogel. The semi-permeable nature of the
hydrogel membrane enabled efficient diffusion of metabolites and
nutrients, supporting cell cultivation within closed channels for a
duration of 7 days.

The collagen hydrogel and plastic carrier construct proved suitable for
in vitro permeability studies, with permeability results closer to those
of the rabbit eye cornea observed when cells were grown on the
hydrogel surface compared to a plastic membrane.

Cultivation of human primary healthy and pathological mesenchymal
stem cells on collagen and collagen-modified hydrogels demonstrated
the promotion of cardiomyogenic differentiation, thereby
emphasizing the medical potential of growing cells on hydrogels.
Biomimetic hydrogels exhibited suitability for growing cerebellar cell
cultures, particularly evident in the formation of organotypic
structures on the CLP-PEG hydrogel surface, accompanied by
enhanced microglial motility.

The development of a microwell matrix on the CLP-PEG hydrogel
surface facilitated the formation of organotypic spheroids. Alteration
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of the cell seeding density enabled control over the resulting spheroid
size.

8) Innovative modifications of the peptide hydrogel were achieved
through the incorporation of biomimetic sequences into the collagen-
mimicking peptide sequence. These newly developed hydrogels were
successfully tested in a lung epithelial cell culture.

In summary, the described biomimetic hydrogels have exhibited
commendable suitability for micro- and nanostructuring, display enduring
stability, are amenable to chemical modification, and serve as supportive
substrates for the organotypic cell culture. The collective findings underscore
the versatility and potential applications of these biomimetic hydrogels in
various biomedical contexts.
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AUTORIAUS INDELIS

Romuald Eimont, konsultuodamasis su vadovu, suplanavo ir atlikto mikro
ir nanostruktiravimo eksperimentus. Atliko hidrogeliniy medziagy stabilumo
vertinimo eksperimentus, jdiegé hidrogelio 1aksty sluoksniavimo ir cheminio
sutvirtinimo technologija. Atliko hidrogeliniy medziagy su ir be lastelémis
vertinimg fluorescenciniais mikroskopais.

Doktorantas atliko peptidy sinteze ant kietosios fazés ir atliko visus peptidy
sintezés ir gryninimo darbus, bei jdiegé peptidiniy hidrogeliy gaminimo
metodikg. Doktorantas apdorojo ir analizavo sugeneruotus eksperimentinius
duomenis.

Pateiktose publikacijose pagrindinis doktoranto indélis buvo susijes su
hidrogeliniy medziagy ruoSimu, modifikavimu, naujy hidrogelio formuliy
ktirimu.

KITU BENDRAAUTORIUY INDELIS

Tadas Jelinskas atliko pavirSiaus tyrimus AJM bei pagamino liejimo
formas su nanostruktiiromis bei padéjo analizuoti lasteliy duomenis (skyriai
3.1, 3.2).

Agn¢ Vailionyt¢ ir Tadas Jelinskas padéjo pagaminti hidrogelinius
bandinius publikacijoms (skyriai 3.6, 3.7, 3.8).

Airina Godiené padéjo atlikti Iasteliy kultiiry eksperimentus, bei prizitiréjo
lasteliy kulttras (skyriai 3.1, 3.2, 3.3, 3.4, 3.5).

Vytautas Cépla ir Artiras Ul¢inas padéjo finalizuoti hidrogelio ir
plastikinio laikiklio konstrukta (skyrius 3.6).

Agné Ziniauskaité et al. atliko lasteliy eksperimentus, Jenni J. Hakkarainen
atliko pralaidumo matavimus (skyrius 3.6).

Rokas Miksitinas ir Daiva Bironaité et al. atliko lasteliy eksperimentus ir
geny raiskos tyrimus (skyrius 3.7).

Zbignev Balion ir Aisté Jekabsoné et al. atliko hidrogeliy charakterizavima
bei Igsteliy eksperimentus (skyrius 3.8).
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Nuosirdziai dékoju FTMC Nanoinzinerijos skyriaus ir UAB ,,Ferentis*
kolektyvams, ypatingai noréciau padékoti Agnei Vailionytei ir Tadui Jelinskui
uz pagalbg atliktuose eksperimentuose, Airinai Godienei uz bendradarbiavima
ir pagalba Igsteliy kulttrose. dr. Rutai Aldonytei dékoju uz vertingas pastabas
skaitant ir koreguojant disertacijos teksta.

UAB ,,Eksperimentika“ kolektyvui dékoju uz atliktus ragenos pralaidumo
matavimus ir jy interpretavima. dr. Aistei Jekabsonei ir dr. Zbignev Balion uz
atliktus eksperimentus su smegenéliy kultiiromis. dr. Rokui Miksitinui ir dr.
Daivai Bironaitei bei jy kolegoms dékoju uz atliktus kardiomiogeninés
diferenciacijos eksperimentus. Siy partneriy déka, ne tik pavyko isbandyti
mano kurtas ir gamintas hidrogelines medziagas bei struktiiras jdomiose
biologinése sistemose, bet ir gautus tyrimy rezultatus kartu publikuoti.
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