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1. Uvod

Makromolekularni hydrogely jsou v odborné literatu-
fe definovany jako gely obsahujici v rovnovazné zbotna-
1ém stavu velké mnozstvi vody'. Hydrogely piipravované
ny jako substraty pro bunécné kultivace v biomedicinském
vyzkumu i praxi a dnes jsou jiz syntetizovany ,,na miru®
potfebam kultivované tkané. Diky podobnosti s pfirodni
materii a svym Siroce laditelnym fyzikalné chemickym
vlastnostem, zejména botnacim a mechanickym, ale také
moznosti volit chemické slozeni kombinovanim staveb-
nich jednotek v jejich strukture, jsou hydrogely predmétem
zivého védeckého zajmu. Zejména intenzivné jsou zkou-
many v oboru tkafiového inZenyrstvi® a fizeného transportu
a uvoliiovani 1é&iv’, jakoz i v oboru implantologie jako
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materidly potencidlné vhodné pro vyvoj implantatl umoz-
fyjicich dlouhodoby pfimy kontakt s organismem™.

Kromé medicinskych aplikaci nachéazeji hydrogely
své uplatnéni i v chemicko-technologickych oblastech,
napf. jako stacionarni faze v gelové chromatografii® nebo
jako ucinné a selektivni sorbenty molekul a iontd ve vod-
ném prostiedi a v posledni dobé také jako média pro udr-
zeni a ziskdvani vody nebo CO,. Jednou z prvnich aplikaci
hydrogelt byly vynélezy syntetickych kontaktnich
codek®’.

2. Pozadavky na hydrogely v biomediciné
a jejich charakterizace

Pro tspésnou aplikaci v tkanovém inzenyrstvi musi
hydrogel vykazovat specifické vlastnosti. Kandidatem je
biokompatibilni, neimunogenni a netoxicky material fize-
n¢ odbouratelny v organismu, majici prostorovou strukturu
vhodnou pro uchyceni a proliferaci bun¢k dané¢ho typu.
Chemicky a mechanicky musi gel vérné imitovat vnitini
prostiedi extracelularni matrice dané tkané. Makromoleku-
larni  hydrogely mohou byt vystavény z moleku-
larnich stavebnich jednotek rozlicného druhu i plivodu;
syntetickych monomert® ', piirodnich latek®'*™*, ¢&i jejich
kombinaci'>. Aby uchyceni a mnozeni bungk v gelu bylo
uspésné, musi byt ptislusny proces podpoten chemickou
modifikaci gelové matrice bioaktivnimi  slou¢eninami
(motivy), napt. oligopeptidy podporujicimi adhezi bungk'®™%,
at’ jiz fyzikalni sorpci proadhezivnich molekul z kultivac-
niho média, anebo kovalentn¢ vazanymi bioaktivnimi mo-
tivy.

Klicovou charakteristikou kazdého substratu je kromé
chemického slozeni i jeho vnitini prostorové usporadani,
zejména porozita a jeji topologie: velikost, tvar, prichod-
nost ivzajemna propojenost port (podil komunikujicich
pori) a napf. velikost vnitfni plochy stén propojenych
,»chodbicek”. Tyto parametry urcuji uspésné uchyceni jed-
notlivych buné¢k a tvorbu nadbunéénych ttvari a tkani.

3. Syntéza hydrogeli

Mezi dobfe prozkoumané metody piipravy makromo-
lekularnich hydrogell dnes patfi predev§im volné-
radikalova polymerace, ktera byla pouzita k pfipravé hyd-
rogeli také v této studii. Reakéni smés obsahuje
v nejjednodussim ptipadé monomer(y), sitovadlo, iniciator
a popiipadé zied’'ovadlo (napf. vodu ¢i vodny roztok anor-
ganickych soli). AvSak jiz malou zménou typu a koncen-
trace ziedovadla lze zasadné ovlivnit vyslednou mi-
krostrukturu hydrogelové polymerni sité: uplatiiuje se zde
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Obr. 1. Chemické struktury monomeru pouZivanych p¥i vyro-
bé hydrogeli

mechanismus fazové separace neboli mikrosynereze, ktery
se projevuje tak, ze pii urcité konverzi (tedy pti dosazeni
jisté priméré délky polymernich fetézcl i stupné jejich
vzéjemného sesitovani) se zacne vznikajici polymer
z roztoku oddé€lovat v disledku snizujici se misitelnosti
slozek systému. Tyto procesy diktované termodynamikou
byly na obecné urovni dobfe popsany v dobach, kdy se
intenzivné pracovalo na vyvoji opticky ¢irych hydrogelt
pro oftalmologické aplikace'. Jakékoliv piiblizeni k pod-
minkdm synereze (oddéleni fazi) totiz znamenalo riziko
zéakalu ¢i zbéleni gelu a tedy nemoznost jeho pouziti. Jevu
fazové separace se nyni vyuziva kregulaci mikro-
i nanostruktury sit'ujicich systému pfi ptipravé mikrostruk-
turovanych hydrogela®®?'.

Casto pouzivanymi monomery pro piipravu hydro-
geltt jsou 2-hydroxyethyl-methakrylat (HEMA) a N-(2-
-hydroxypropyl)methakrylamid (HPMA), jejichz struktur-
ni vzorce jsou uvedeny na obr. 1 (cit.??).

4. Morfologie hydrogela a tvorba poru

Morfologie gelu utvarena fazovou separaci je kromé
sloZzeni monomerni smési urovana i termodynamickou
kvalitou zied’'ovadla, jimz mohou v piipad¢ hydrogelt byt
i vodné roztoky soli.

Casto pouzivanou metodou tvorby porii o definované
velikosti a tvaru je ptidavek pevnych a v monomerni smeési
nerozpustnych &astic, tzv. templati (porogent)®, které jsou
po polymeraci vymyty vhodnym rozpoustédlem a zane-
chaji tak pouze otisk svého tvaru — por v gelové matrici,
aniz by jejich piipadna residua v hydrogelu méla skodlivy
efekt. Templat mize mit velmi presné definovanou geo-
metrii>. S vyhodou se pouZivaji &astice soli &i cukri, které
jsou snadno vodou extrahovatelné a z hlediska biokompa-
tibility bezpe¢né®*. Koncentrace, velikost, tvar a usporada-
ni ¢astic v monomerni smési uréuje celkovy objem port
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amiru jejich mozného propojeni ve vzniklém hydrogelu.
Pokud je pouzita koncentrace Castic templatu piilis nizka,
jednotlivé péry se vzdjemné nepropoji a dany hydrogel
v buné&nych kultivacich nebude fungovat jako tzv. 3D
substrat. Pokud je c¢éstic pfili§ mnoho, gel neni spojity
a rozpadne se na vét§i ¢i mensi fragmenty. Ukolem je tedy
»vyladit® mnozstvi Castic tak, aby se pohybovalo mezi
témito dvéma kritickymi prahy, a aby pokud mozno doslo
k ¢astecnému piekryvu stén nékterych castic a tim ke vzni-
ku prtchozich kanalkli. Prostorové rozlozeni pérd vznik-
lych timto zpisobem lze matematicky simulovat napf.
pomoci piistupu Monte Carlo, jimz 1ze generovat topologii
cest vzniklych ndhodnym rozmisténim objektl: tyto tlohy
spadaji do oblasti tzv. t&sn& uspofadanych systéma> 27,

Kryogela¢ni techniky®® vyuzivaji podobného efektu
s tim, Ze Castice tvofici budouci poéry jsou generovany
v prubéhu samotné polymerace vymrazenim. Roli poroge-
nu hraje samo zied’'ovadlo, nejcastéji voda, nékdy ve smési
s organickym rozpoustédlem, napi. dimethylsulfoxidem
(DMSO0)¥. Monomerni roztok je béhem polymerace nutné
zmrazit dostate¢né hluboko pod bod tani zfed'ovadla, které
pak ze smési vymrza ve formé krystalkd, vytlacujice mo-
nomerni smés do svého okoli, kde probiha vlastni polyme-
race. Pii laboratorni teploté¢ pak krystaly roztaji a tak
vzniknou pory. V piipadé kryogelace 2-hydroxyethyl-
methakrylatu se kromé& vymrazeni uplatnil i proces mikro-
synereze v piepazkach mezi krystaly a vznikl tak hydrogel
o porozité¢ s dvoji charakteristickou velikosti port, viz
obr. 2.

Mezi  nov€jsi  metody  utvafeni  hydrogeli
s definovanou prostorovou strukturou patti 3D tisk®’, elek-
trospinning’' a produkce injektovatelnych gelaénich rozto-
ki, které tvori hydrogel in situ®. Stejné tak je pozornost
vénovana laserovému fezéni danych objektl v pfedem
pripraveném blocku hydrogelu®*-*.

5. Metody pro vizualizaci hydrogelu

V materialové laboratofi vyvijejici nové materie pro
tkanové inzenyrstvi je nezbytné disponovat metodami,
kterymi lze vnitini strukturu hydrogelu vizualizovat, re-
konstruovat ji v prostoru, charakterizovat a pokud mozno
kvantifikovat parametry struktury, jako napt. objem gelové
faze, charakteristickou velikost porti a jeji distribuci ¢i
objem vzajemné propojenych poérG. Na zakladé znalosti
slozité prostorové struktury gelu Ize také simulovat jeho
deformacni chovani. Fluorescencni laserova skenovaci
konfokalni mikroskopie (LSCM — Laser Scanning Confo-
cal Microscopy) ve spojeni s vyspélym software predsta-
vuje uéinnou metodu, diky niz je mozno definovat parame-
try vyvijenych hydrogelt in situ, tj. ve stavu rovnovazného
nabotnani ve vode. To je vyznamny rozdil oproti rozsifené
zobrazovaci technice skenovaci elektronové mikroskopie,
kdy je pro snimani struktury nutné nejprve zavodnéné
vzorky vysusit nebo zmrazit, coz zpravidla obnasi zménu
objemu a nékdy také morfologie gelu.

Ve vysokonapétové skenovaci elektronové mikrosko-
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Obr. 2. Makroporézni kryogel z poly(2-hydroxyethyl-methakrylitu) zobrazeny pomoci laserové skenovaci konfokalni mikrosko-
pie ve zbotnalém stavu p¥i laboratorni teploté. a) zvétSeni 5x, b) zvétSeni 50x. 2c: pocitadova rekonstrukce ziskana skladanim 205 x,y
rovin nasnimanych v fezech vzdalenych 0,44 pm, hydrogel obarven kovalentné navazanym fluoresceinem. Zpracovano softwarem Mate-

©

rialise Interactive Medical Image Control System - MIMICS

pii (high voltage SEM, HVSEM) je preparat zobrazovan
v suchém stavu, jehoz byva dosazeno lyofilizaci: vzorek je
po vysuseni pokoven nanometrickou vrstvou kovu pro
zvySeni vodivosti elektronli a snimani probihd pfi labora-
torni teploté. V tzv. kryogenni nizkovakuové SEM (low
vacuum SEM, cryo-SEM or cryo-LV SEM) se zbotnaly
gel nejprve rychle hluboce zmrazi v kapalném dusiku nebo
héliu a poté, stale udrzovan pii nizké teploté, je skenovan
svazkem elektroni pfi teplotach pod nulou (napt. —10 °C).
Pfi zmrazovani zejména zbotnalych hydrogelt zlstava
vzdy otazkou, nakolik mohlo zménou teploty dojit je zme-
né struktury. Metoda LSCM je dnes Siroce vyuZzivana pro
studium bunéénych struktur a bunéénych procesti®. Jeji
velka prednost spo¢iva v moznosti pozorovat vnitini uspo-
tadani vzorku bez nutnosti pofizovani tenkych fezii hmoty.
Pti sledovani bunikami osidlenych substratd nedochazi
k usmrceni bungk, jako je tomu u skenovaci elektronové
mikroskopie. V praxi je tedy mozné pomoci LSCM pozo-
rovat bunécné déje v realném case. Celosvetova védecka
obec vdeéci za tuto Gcinnou a dnes stadle zdokonalovanou
neinvazivni metodu nahlizeni do vnittku hmoty ¢eskym
védchm M. Petrafiovi a M. Hadravskému®®*", ktefi metodu
v 60. letech vynalezli a zaslouzili se o jeji aplikaci
v biologii a medicing, potazmo materialovych oborech.
Pouziti metody LSCM ukazuje obr.2 na ptikladu
kryogelu pfipraveného sitovaci polymerizaci 2-hydroxy-
ethyl-methakrylatu pfi teploté¢ —20 °C ve vodném prostie-
di. HEMA pfi polymerizaci do ur¢ité miry situje i bez
ptidavku sit'ovadla, protoze samovolnou transesterifikaci
tohoto monomeru vzdy vznika uréité mnozstvi dvojfunke-
niho diesteru. Prepazky mezi pory jsou tvofeny jemnou
strukturou  slinutych  kulicek  poly(2-hydroxyethyl-
methakrylatu) (pHEMA) o priméru kolem jednoho mikro-
metru, které se vytvofily fazovou separaci v gelujicim
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systému. Gel byl obarven fluoresceinem — v obrazku zele-
né oblasti. Na obrazku 2a vynika celkova struktura zbotna-
1ého hydrogelu, v niz jsou dobfe patrné velké pory (cca 20
az 60 pm) vzniklé vymytim ¢éstic porogenu a vzijemné
oddélené poréznimi gelovymi prepazkami. Na obr. 2¢ je
3D pocitacova rekonstrukce tohoto vzorku ziskana sklada-
nim 205 x,y rovin nasnimanych v fezech vzdalenych mezi
sebou 0,44 um podél soutadnice z.

Rovnéz lze pouzit skenovaci elektronovou mikrosko-
pii (SEM)*®, a to zejména pro objasnéni detailti struktur,
které jsou pod rozliSovacim prahem optického systému
LSCM. SEM vsak v nékterych piipadech mize poskytovat
zkreslené obrazy a to kvuli nutnosti vzorky fixovat,
»zpevnit“, k ¢emuz se pouziva technika prudkého zmraze-
ni vzorkd v kapalném dusiku, nasledovaného pokoveni
a vlastniho skenovani, pfiCemz oba procesy probihaji ve
zmrazeném vzorku. Bylo prokéazano, Ze ve vysoce nabo-
tnalych hydrogelech ¢ast vody piejde zmrazenim, byt
velmi prudkym, v ledové krystaly a jenom zbyla ¢ast zi-
stava amorfni. Tvorba krystalu pak vede ke vzniku trvalé
porozity gelové matrice. V ptripadé makroporéznich geld
dochazi pii SEM casto jen k mirnému zkresleni, protoze
vymrzajici led vytvofi krystaly v jiz existujicich pdrech
a struktura matrice v pfepazkach zlstava zachovana. Pre-
pazky vsak z diivodu mrznuti okolni kapaliny a zmény
stupné nabotnani méni s teplotou svou tloustku, kterd ne-
odpovida zbotnalému stavu pfi aplikaéni, zpravidla poko-
jové ¢i fyziologické teploté. Vyhodou elektronové mikro-
skopie je vSak velkd hloubka ostrosti a vysoky kontrast:
metoda poskytuje obrazy o vysokém rozliSeni a vynikajici
zietelnosti. Pokud 1ze vzniku artefaktl predejit, anebo je
systém natolik znam, ze artefakt je jasné identifikovan, tak
také SEM poskytuje cenny vhled do vnitini struktury slo-
zitych systémd.
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Obr. 3. Vliv zfed’ovadla, tj. vodného roztoku NaCl, v némZ probihala sit’ujici polymerace 2-hydroxyethyl-methakrylatu, na vy-
slednou morfologii hydrogelu. Zobrazeni pomoci skenovaci elektronové mikroskopie. Obsah zied’ovadla v polymerujici smési 60 obj.%
ve vSech piipadech, koncentrace NaCl ve vodeé: a) 0,4 M; b) 0,5 M; ¢) 0,6 M, sitovadlo tvofilo 1 mol.% ve smé&si monomer-sit'ovadlo

Ackoli SEM (na rozdil od konfokalni mikroskopie)
neni pro studium struktury porézni nabotnalé¢ matrice hyd-
rogel metoda bezproblémova®™, lze ji v ptipadé usp&sné-
ho méfeni brat v potaz jako dopliujici zdroj dat. Oproti
konfokalni mikroskopii umoZiiuje SEM z jediného obraz-
ku pohlizet na vzorek i do tetiho rozméru. Ve srovnani se
svételnou mikroskopii lze na elektronovém mikroskopu
docilit zna¢né vétsiho zvétseni. Pii velkém zvétseni v SEM
je dopadajicim svazkem elektronli vzorek teplotné nama-
han a mize dojit k jeho poskozeni. Oproti tomu konfokalni
mikroskopie poskytuje moznost zobrazit strukturu materia-
lu ve vrstvé o tloust’ce nékolik desitek az stovek mikrond
(zélezi na celkové svételné propustnosti vzorku). Pfi ana-
Iyze na elektronové mikroskopii je vzorek zobrazen vzdy
jen v misté, kterym byl veden fez.

Pouziti metody SEM lze ilustrovat na ptikladu sit'ujici
polymerace 2-hydroxyethyl-methakrylatu a vlivu koncen-
trace chloridu sodného ve vodé coby zied'ovadle
s vysolujicim efektem na jeji prib¢h; vzorky pfipravené
v pfitomnosti vodného roztoku NaCl vykazovaly mlécny
zakal, zatimco monomerni smés, tj. smes monomeru
asitovadla v koncentraci jednotek molarnich procent
o stejném slozeni polymerizovana v Cisté vodé€, poskytla
opticky ¢iry hydrogel*!. Na obr. 3 je zobrazena postupna
zména struktury makroporézniho hydrogelu: od struktury
celuldrni na obr. 3a k dokonale bikontinudlni na obr. 3c
zpusobend zménou koncentrace solného zfed’'ovadla pouzi-
tého pii polymerizaci tohoto gelu (koncentrace NaCl ve
vode 0,4; 0,5; 0,6 M).

Pii studiu morfologické struktury hydrogeli se tedy
rozhodné vyplati provést analyzu vzorki soubézné jak na

Obr. 4. Makroporézni hydrogel zobrazeny metodami a) skenovaci elektronové mikroskopie-, b) laserové skenovaci konfokalni
mikroskopie ve zbotnalém stavu pii laboratorni teploté a c) tentyZ substrat osidleny mesenchymalnimi kmenovymi buiikami zis-
kanymi ze stehenni kosti potkana (paty den kultivace, jadra bun¢k obarvena modrym barvivem Hoechts 33342)
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konfokalnim, tak i elektronovém mikroskopu, jak je ilu-
strovano na obr. 4 na piikladu makroporézniho hydrogelu
pfipraveného z HPMA rovnéZ za pfitomnosti vymyvatel-
ného ¢asticového porogenu a s cilené vyvolanou fazovou
separaci v prepazkach. Obrazek 4a pofizeny metodou
SEM ukazuje, ze vlivem lyofilizace doslo ke zhutnéni
gelovych prepazek, v nichz tak neni patrna jemna porozita
(tu lze pozorovat na obr. 4b) ana druhé strané dochazi
ke zvétseni velkych port (lyofilizace zptsobi odbotnani
gelové faze provazené zménou objemu). Obrazky rovno-
vazn€ zbotnalého vzorku pofizené konfokalni mikroskopii
tak ukazuji redlnou tloustku i jemnou strukturu prepazek
a dokazuji, ze tvar a velikost port se od ptedchoziho zob-
razeni 1isi.

6. Zavér

Ptiklady zobrazeni makroporéznich hydrogelti popsa-
né vySe ukazuji, ze jak metoda skenovaci elektronové mi-
kroskopie, tak i metoda zobrazeni konfokalnim svételnym
mikroskopem pfinaseji vyznamné a vzdjemné se dopliuji-
ci poznatky pii studiu prostorové struktury mékkych,
zbotnalych materiald. Metoda LSCM umoziiuje celkovy
nahled na prostorovou strukturu zbotnalého gelu v ptipadé,
ze gel 1ze dobfe odlisit od botnaciho prostfedi napfi. inkor-
poraci fluorescencniho barviva a umoziuje ziskat plosné
fezy v hloubce materidlu, z nichz pak lze 3D strukturu
pocitatové zrekonstruovat. Pro poznani jemnych detail
struktury je vyhodné pouzit metodu SEM, s niz je vSak
vzdy nutné pracovat s védomim mozného vzniku artefaktd
zpusobenych ptipravou vzorku, a proto je potiebné mit
jistotu, zda se struktura gelu daného slozeni pii zkoumani
metodou SEM méni ¢i nikoliv — tu lze ziskat paralelnim
experimentem s vyuzitim LSCM.

V ptipad€ bunécnych testl a studia pribéhu degrada-
ce polymerni sité je v8ak nutné spolehnout se pouze na
konfokalni mikroskopii, kdy 1ze vzorek studovat v realném
Case opakované. V ptipadé skenovaci elektronové mikro-
skopie bohuzel dochézi k destrukci vzorku, a proto nelze
pozorovat dynamiku studovanych d¢ja.

Vyzkum byl financovan z projektil GACR 17-08531S
(2017-2019) a GACR ~ 17-11140S (2017-2019)
a z instituciondlnich zdrojit UMCH AV CR v.v. i
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Macromolecular hydrogels provide model synthetic
substrates widely applied in biomedical research, especial-
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ly for studies of the cellular settlement. Today, hydrogels
are tailored with respect to specific needs of the given
model or a real tissue. Key characteristics of the hydrogel
substrates are their chemical composition, morphological
structure, and, most notably, the porosity and its topology:
size, shape, and mutual connectivity of pores. To develop
new substrates, it is therefore necessary to use methods for
the visualization and reconstruction of their inner structure
in space and to characterize, if possible quantify, its pa-
rameters, such as the total volume of the pores, the fraction
of communicating pores, characteristic patency and the
total area of the inner walls of the connecting corridors.
Fluorescent confocal microscopy in combination with an
advanced software represents an efficient method to deter-
mine parameters mentioned above, in order to characterize
hydrogels in situ, i.e., in the state of equilibrium swelling
in water. Thus, this method differs significantly from an-
other widespread technique, i.e., the scanning electron
microscopy, where the samples, saturated with water, have
to be freeze-dried first, and then the structure of each sam-
ple is determined in the frozen state. This paper compares
the results of both imaging methods, as applied to
macroporous hydrogels. Advantages and shortcuts of both
methods are discussed.
English translation is available in the on-line version.

Keywords: macroporous hydrogel, confocal microscopy,
3D reconstruction
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1. Introduction

In specialized literature, the macromolecular hydro-
gels are defined as gels containing in an equilibrium state
large amount of water'. Hydrogels prepared from various
synthetic precursors are being used with increasing suc-
cess as substrates for cell cultivations in biomedical re-
search and practice; currently, they can be taylor-made to
meet the specific requirements of the given cultivated tis-
sue. Due to their resemblance with natural materials,
broadly tunable physico-chemical properties (especially
swelling and mechanical ones), and also the possibility to
choose their chemical composition by combining constitu-
tional units in their chains, the hydrogels are subject to
a vivid scientific interest. They are very intensively studied
as materials for the tissue engineering” and the controlled
transport and release of drugs’, and as materials potentially

suitable for implants enabling a long-term direct contact
with organisms”.

In addition to the medicinal applications, the hydro-
gels find their use also in chemical technology as, e.g., the
stationary phase in gel chromatography” or effective and
selective sorbents of molecules and ions in aqueous media,
and, recently, also as media for collecting and restoring
water or CO,. One of the first applications of hydrogels
was the invention of the synthetic contact lenses®’.

2. Requirements for hydrogels in biomedicine
and their characterization

In order to be applied successfully in tissue engineer-
ing, the hydrogel must show particular properties. A bio-
compatible, non-immunogenic and non-toxic material
controllably degradable in organism, having a space struc-
ture suitable to keep and proliferate the cells, is considered
to be an appropriate candidate. The gel must faithfully
imitate the inner milieu of the extracellular matrix of the
given tissue, both chemically and mechanically. Macromo-
lecular hydrogels can consist of molecular building units
of various kinds and origin, such as synthetic monomers® ",
natural substances™ '>*, or their combinations'®. To make
the settlement and proliferation of the cells in the gel suc-
cessful, the corresponding process must be supported by
a chemical modification of the gel matrix using bioactive
compounds (motives), e.g., oligopeptides enhancing the
adhesion of the cells'®'®, be it through a physical sorption
of pro-adhesive molecules from the cultivation media or
through covalently bonded bioactive motives.

The key characteristic of every substrate is, besides
the chemical composition, its inner space arrangement,
especially the porosity and its topology: the sizes, shapes,
permeability, and the mutual connectivity of the pores (the
fraction of communicating pores), as well as the size of the
inner area of the walls of connected channels. These pa-
rameters determine the extent of the proliferation and
growth of individual cells and the formation of supracellu-
lar structures and tissues.

3. Synthesis of hydrogels

One of the methods of the preparation of the macro-
molecular hydrogels, well explored in detail, is the free-
radical polymerization which was used to prepare hydro-
gels also in this study. In the simplest case, the reaction
mixture contains monomer(s), a crosslinking agent, an
initiator and possibly a diluting agent (e.g., water or an
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Fig. 1. Chemical structures of monomers used in hydrogel
formation

aqueous solution of inorganic salts). However, even
a small change of the type and concentration of the diluent
can substantially affect the resulting microstructure of the
hydrogel polymeric network: here, the mechanism of the
phase separation or microsyneresis takes place, which
manifests itself so that — at a certain degree of conversion
(i.e., when a certain average length of polymer chains and
the extent of crosslinking is achieved) — the polymer being
formed starts to separate from the solution as a result of
decreasing miscibility of the components of the system.
Generally, these thermodynamically governed processes
were well described when an intensive development of
optically pure hydrogels for ophtalmological applications
was under way'”. Namely, any approach to the conditions
of syneresis (phase separation) would mean a risk of tur-
bidity or whitening of the gel and, therefore, the exclusion
of its use. Since the phase separation induces bicontinuous
and spatially uniform morphologies spanning the whole
volume, the phenomenon is now used to control micro-
structure of the crosslinking systems to prepare micro-
structured hydrogels®**'.

2-Hydroxyethyl methacrylate (HEMA) a N-(2-
-hydroxypropyl)methacrylamide (HPMA) are monomers
often used to prepare hydrogels. Their structural formulae
are presented in Fig. 1 (ref.??).

4. Morphology of hydrogels and the pore
formation

An addition of solid particles (insoluble in the mono-
mer mixture), or the so called sacrificed templates
(porogens)®, is a frequently used method of the formation
of pores with a defined size and shape. After the polymeri-
zation is completed, these particles are washed out by
aproper solvent, leaving just imprints of their shape
(pores) in the gel matrix, without any detrimental effect
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due to a possible presence of their residues in the hydrogel.
The template can have a very accurately defined geome-
try®. It is advantageous to use the particles of salts or sug-
ars which are easy to extract by water and safe from the
standpoint of biocompatibility of the resulting material*.

The concentration, size, shape and arrangement of the
particles in the monomer mixture determine the overall
volume of the pores and the extent of their possible com-
munication in the hydrogel formed. If the template particle
concentration is too low, individual pores do not intercon-
nect and the given hydrogel intended for the cell cultiva-
tion would not act as the so-called 3D substrate. If there
are too many particles, the gel is not continuous and disin-
tegrates to bigger or smaller fragments. Therefore, the
amount of particles should be tuned so that it ranges be-
tween these two critical limits and thus the walls of major-
ity of particles partially overlap, leading to a formation of
passable channels. The space arrangement of the pores
formed in this way can be simulated mathematically by,
e.g., the Monte Carlo approach, enabling one to generate
the topology of paths originating by a random distribution
of objects: such tasks belong to the field of the so-called
closely packed systems® 2.

The cryogelation techniques® use a similar effect: the
particles forming the future pores are generated during the
polymerization by freezing. The diluent itself, most com-
monly water, sometimes mixed with dimethyl sulfoxide
(DMSO), acts as the porogen®. During the polymeriza-
tion, the monomer solution must be frozen sufficiently
deep below the melting point of the diluent which freeze-
separates in a form of small crystals, driving thus the mon-
omer mixture out to their environment where the polymer-
ization itself takes place. After heating to room tempera-
ture, the crystals melt, giving rise to pores. In case of the
cryogelation of 2-hydroxyethyl methacrylate, in addition
to freezing, a process of microsyneresis took place in the
partition walls between the crystals, thus forming a dual
pore size hydrogel, i.e., the matrix with two different char-
acteristic sizes of pores, cf. Fig. 2.

There are also more recent methods to form hydrogels
with defined space structure, such as 3D printing®®, elec-
trospinning®', and a production of injectable gelation solu-
tions forming the hydrogel in situ™. Further, attention is
devoted to the laser cutting of given objects in a pre-
formed block of a hydrogel***.

5. Methods of hydrogel visualization

Material researchers, striving to develop new objects
for tissue engineering, need to have methods at their dis-
posal, enabling them to visualize, reconstruct in space
(typically, using a sophisticated software), characterize
and, if possible, quantify the inner structure of hydrogels
and its parameters, such as the volume of the gel phase,
characteristic sizes of the pores and their distribution, or
the volume of communicating vs. isolated pores. The
knowledge of the complex space structure of the gel makes
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Fig. 2. Macroporous cryogel from poly(2-hydroxyethyl methacrylate) depicted using the laser scanning confocal microscopy of
samples in a swollen state at room temperature. (a) magnification 5x, (b) magnification 50x, (c) computer reconstruction obtained by
assembling the x-y planar scans obtained by laser scanning confocal microscopy method. For details see the text.

it possible to simulate also its deformation behavior. The
fluorescence laser scanning confocal microscopy (LSCM)
in connection with an advanced software represents an
efficient method enabling to determine parameters of hy-
drogels under study in situ, i.e., in the state of equilibrium
swelling in water. The requirements for sample prepara-
tion for the wide-spread family of the scanning electron
microscopy techniques (SEM) differ substantially from
those required for the LSCM method as they typically
involve sample volume change caused by drying or cool-
ing. In the high voltage SEM (HVSEM) the specimen is
examined in its dried state which includes some way of
drying of the hydrated gel, most often deep temperature
freeze-drying, then trimming the sample, its sputtering
with metal at room temperature and finally the dry metal
coated sample scanning in the microscope vacuum cham-
ber at room temperature. In the cryogenic low vacuum
SEM (cryo-SEM or cryo-LV SEM) the sample has
a somewhat different temperature history. The swollen gel
is first rapidly frozen (flash freeze or “quenching” using
liquid nitrogen or even helium) and then, without being
consequently treated at room temperature, the sample is
passed to the scanning chamber where the process of elec-
tron detection (in this case back scattered electrons) typi-
cally runs at temperatures below zero such as —10 °C. Ob-
viously, various profiles of temperature changes applied to
such delicate water-swollen materials like hydrogels can
induce various effects on gels morphology.

Presently, the LSCM method is widely used to study
cell structures and cell processes in their native (hydrated)
state®. Its great merit lies in the possibility to observe the
sample inner structure without the necessity to make thin
slices of the material. When following the substrates colo-
nized by cells, the cells are not killed, as it is the case with

SEM. In practice, therefore, LSCM make it possible to
observe the cell processes in real time. This efficient and
non-invasive method, which is still being refined, was
invented and applied in biology, medicine, and material
sciences by Czech researchers M. Petrani and M.
Hadravsky***" in sixties and is acknowledged by global
scientific community.

The use of the LSCM method is demonstrated in
Fig. 2 where a case of a cryogel is presented, as prepared
by a crosslinking polymerization of 2-hydroxyethyl meth-
acrylate (HEMA) at —20 °C in aqueous media. During the
polymerization, HEMA forms crosslinks to some extent
even without any addition of the crosslinking agent be-
cause a certain amount of bifunctional diester is formed
through a spontaneous transesterification of this monomer.
The partition walls between the pores consist of a fine
structure of sintered balls of poly(2-hydroxyethyl methac-
rylate) (pHEMA) which have approx. one micrometer in
diameter and were formed by a phase separation in the
gelling system. The gel was colored by fluorescein, as seen
in Fig.2 (green regions). The overall structure of the
swelled hydrogel is accentuated in Fig. 2a where large
pores are well perceptible (ca. 26—-60 um); they are formed
by washing out the particles of the porogen and mutually
separated by porous gel partition walls. 3D computer re-
construction of this sample obtained by composing of 205
x,y-planar surfaces sliced at a distance of 0.44 um along
the z-axis.

As complementary methods, SEM or cryo-SEM?® can
be used simultaneously, especially to elucidate the fine
details of the structures which are below the detection limit
of LSCM. However, in some cases, cryo-SEM may yield
misrepresented images due to the structure change induced
by sample flash freezing. It was demonstrated that, when
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Fig. 3. Effect of diluent (aqueous NaCl solution), in which the crosslinking polymerization of 2-hydroxyethyl methacrylate pro-
ceeded, on the final morphology of the hydrogel, as imaged by the cryo-scanning electron microscopy. The content of the diluent in
the mixture was 60 vol.% in all cases, the concentration of NaCl in water was (a) 1.4 M, (b) 0.5 M, (c) 0.6 M, the concentration of the

crosslinking agent was 1 mol.% with respect to the monomer only

highly swollen hydrogels are subject to freezing, even
though rapid, not all water transforms into amorphous state
and a part of it forms ice crystals. Then the formation of
crystals leads to a permanent porosity or even mechanical
failure of the gel matrix. In case of macroporous gels, the
SEM results show only moderate distortion because water
forms ice crystals in already-existing pores and the matrix
structure in the partition walls remains preserved. During
the freezing, however, the degree of swelling changes, and
so does the hydrogel matrix volume; then, the thickness of
the walls does not correspond to the swollen state at the
application (usually room or physiological) temperature.
The advantage of the SEM methods lies in their large
depth of focus and high contrast: the methods yield images
with a high resolution and excellent clarity. If the for-
mation of artifacts can be avoided or the system is known

enough, i.e., the artifacts can be identified clearly, then
SEM methods yield a valuable insight into inner structures
of complex soft systems.

Although SEM is not a trouble-free method for the
study of the porous swollen hydrogel matrix® (in contrast
to LSCM), it can be accepted as a complementary source
of data. When compared to LSCM, SEM enables one to
get a deeper spatial view in a single scanned plane of the
sample. In comparison with light microscopy, SEM offers
a substantially higher magnification. However, when using
high energy (HV) for a prolonged scanning time, some
samples may show signs of degradation under the beam of
electrons due to excess heat. In contrast, the confocal mi-
croscopy provides a possibility to display the material
structure within a layer having several tens to hundreds
micrometers in thickness (depending on the overall light

Fig. 4. Macroporous hydrogel depicted by (a) scanning electron microscopy, (b) laser scanning confocal microscopy in a swollen
state at room temperature, and (c) the same substrate settled by mesenchymal stem cells obtained from the rat femur. For details
see the text
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permeability) after image rendering.

The use of cryo-SEM can be illustrated on the exam-
ple of the crosslinking polymerization of 2-hydroxyethyl
methacrylate and of the influence of the aqueous sodium
chloride solution (with varying concentration) as a diluting
agent having a salting-out effect on the polymer being
formed. Samples prepared in aqueous NaCl showed
amilky turbidity, whereas the monomer mixture (i.e.,
a mixture of monomers and a crosslinking agent with con-
centrations in units of molar per cents) of the same compo-
sition, polymerized in pure water, yielded an optically
clear hydrogel®'. Fig. 3 shows a gradual change of the
structure of the macroporous hydrogel: from a cellular
structure (Fig. 3a) to a perfect bicontinuous one (Fig. 3c)
caused by a change of the concentration of the salt (0.4,
0.5, and 0.6 M aq. NaCl) in the diluting agent used during
the polymerization of this gel.

When studying the morphological structure of swol-
len hydrogels it is definitely worth of performing an analy-
sis of the samples simultaneously both on confocal and on
electron microscope. This is illustrated in Fig. 4 showing
a macroporous hydrogel prepared from HPMA in presence
of a washable particle porogen using the crosslinking-
induced phase separation in the partition walls. The image
in Fig. 4a taken with HV SEM shows that the freeze-
drying resulted in compacting the gel walls, in which no
fine porosity is therefore visible (this, on the contrary, can
be seen in Fig. 4b) and, on the other hand, in increasing the
large pores (the freeze drying caused a deswelling of the
gel phase, accompanied by a change of volume). Thus,
images of the equilibrium-swollen sample taken by the
confocal microscopy show a real thickness, as well as the
real fine structure of the partition walls, and bring a proof
that the shape and size of pores differ from the preceding
way of imaging.

6. Conclusion

The examples of the imaging of the macroporous
hydrogels described above show that both the scanning
electron microscopy (HV SEM and cryo-SEM) and the
confocal light microscopy yield important and mutually
complementary results for the study of the spatial structure
of soft, swollen materials. The laser scanning confocal
microscopy (LSCM) enables one to get an overall picture
of the morphological features of a swollen gel, if the gel
can easily be distinguished from the swelling media (e.g.,
by an incorporation of a fluorescent dye) and to obtain
planar slices in the depth of the material, from which the
3D structure can be reconstructed by a computer. In order
to reveal fine details of the structure, it is advantageous to
use SEM; however, when using this method, the danger of
artifacts (caused by the preparation of samples) should be
kept in mind. Therefore, one must be sure whether or not
the structure of the gel of a given composition changes
when studied by SEM; this certainty can be obtained by
using a parallel experiment of LSCM. In case of the cell
tests and the study of the polymer network degradation,
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however, it is necessary to rely on the confocal microsco-
py only which makes it possible to follow sample changes
in real time. Regrettably, the SEM method destructs the
samples, and this hinders observing the dynamics of the
processes under study by this technique.

The research was supported by the Grant Agency of
the Czech Republic, projects No. 17-08531S (2017-2019)
and 17-111408 (2017-2019).

REFERENCES

1. Jones R. G., Kahovec J., Stepto R., Wilks E. S., Hess
M., Kitayama T., Metanomski W. V.: Compendium of
Polymer Terminology and Nomenclature, The Royal
Society of Chemistry, Cambridge 2009.

2. Mikos A. G. and 12 co-authors: Tissue Eng. 12, 3307
(2006).

3. van Tomme S. R., Hennink W. E.: Expert Rev. Med.
Devices 4, 147 (2007).

4. Wan W. K., Campbell G., Zhang Z. F., Hui A. J,
Boughner, D. R.: J. Biomed. Mater. Res. 63, 854
(2002).

5. Lozinsky V. L, Plieva F. M., Galaev I. Y., Mattiasson
B.: Bioseparation /0, 163 (2001).

6. Wichterle O., Lim D.: Nature 765, 117 (1960).

7. Michalek J., Chmelikova D., Chylikova Krumbhol-
cova E., Podesva J., Duskova Smrc¢kova M.: Chem.
Listy 712, 143 (2018).

8. Pradny M., Duskova Smrckova M., Dusek K., Janous-
kova O., Sadakbayeva Z., Slouf M., Michalek J.: J.
Polym. Res. 21, 1 (2014).

9. Michalek J., Duskova Smrckova M., Pfadny M., Chy-
likova Krumbholcova E.: Chem. Listy 772, 490
(2018).

10. Duskova Smrckova M., Sadakbayeva Z., Steinhart M.,
Dusek K.: Macromol. Symp. 372, 28 (2017).

11. Burdick J. A., Anseth, K. S.: Biomaterials 23, 4315
(2002).

12. Antoine E. E., Vlachos P. P., Rylander M. N.: Tissue
Eng,. Part B 20, 683 (2014).

13. Popryadukhin P. V, Yukina G. Y., Dobrovolskaya I.
P., Ivankova E. M., Yudin V. E.:. Cell Tissue Biol. /2,
247 (2018).

14. Linnes M. P., Ratner B. D., Giachelli C. M.: Biomate-
rials 28, 5298 (2007).

15. Gyles D. A., Castro L. D., Silva J. O. C., Ribeiro-
Costa R. M.: Eur. Polym. J. 88, 373 (2017).

16. Aizawa Y., Owen S. C., Shoichet M. S.: Prog. Polym.
Sci. 37, 645 (2012).

17. Bracher M., Bezuidenhout D., Lutolf M. P., Franz T.,
Sun M., Zilla P., Davies N. H.: Biomaterials 34, 6797
(2013).

18. Mammadov B., Sever M., Guler M. O., Tekinay A.
B.: Biomater. Sci. 7, 1119 (2013).

19. Dusek K., Sedlacek B.: Collect. Czech. Chem.
Commun. 36, 1569 (1971).



Chem. Listy 773, 726-731 (2019)

20. Sadakbayeva Z., Duskova Smrckova M., Sturcové A.,
Pfleger J., Dusek, K.: Eur. Polym. J. 101, 304 (2018).

21. Karpushkin E., Duskova Smrékova M., Slouf M.,
Dusek K.: Polymer 54, 661 (2013).

22. Kopecek J., Kopeckova P.: Adv. Drug Delivery Rev.
62,122 (2010).

23. Wang B, Jin P, Yue Y., Ji S, Li Y., Luo H.: RSC
Adv. 5, 5072 (2015).

24. Kubinova S., Horék D., Hejcl A., Plichta Z., Kotek J.,
Proks V., Forostyak S., Sykova E.: J. Tissue Eng.
Regener. Med. 9, 1298 (2015).

25. Baule A., Makse H. A.: Soft Matter 10, 4423 (2014).

26. Tian J.,, Xu Y., Jiao Y., Torquato S.: Sci. Rep. 3,
16722 (2015).

27. Xu W., Zhu Z., Zhang D.: Soft Matter /4, 8684
(2018).

28. Sedlagik T., Proks V., Slouf M., Dugkova Smr&kova
M., Studenovska H., Rypacek F.: Biomacromolecules
16,3455 (2015).

29. Ozmen M. M., Okay O.: React. Funct. Polym. 68,
1467 (2008).

30. You S., LilJ., Zhu W., Yu C., Mei D., Chen S.: J. Ma-
ter. Chem. B 6, 2187 (2018).

31. Hochleitner G., Jingst T., Brown T. D., Hahn K.,
Moseke C., Jakob F., Dalton P. D., Groll J.: Biofabri-
cation 7, 35002 (2015).

32. Huebsch N. and 17 co-authors: Nat. Mater. /4, 1269
(2015).

33. Applegate M. B., Coburn J., Partlow B. P., Moreau J.
E., Mondia J. P., Marelli B., Kaplan D. L., Omenetto
F. G.: Proc. Natl. Acad. Sci. U.S.A. 112, 12052
(2015).

34, Lee K. S., Yang D. Y., Park S. H., Kim R. H.: Polym.
Adv. Technol. 77, 72 (2006).

35. Ishikawa-Ankerhold H. C., Ankerhold R., Drummen
G. P. C.: Molecules 77, 4047 (2012).

36. Kopecky M.: Vesmir 95, 222 (2016).

37. Frank L., Kubinova L., Petran M., Delong A., Nebesa-
tova J., Hozak P.: Vesmir 83, M1 (2004).

38. Miller D. R., Peppas N. A.. Biomaterials 7, 329
(1986).

39. Paterson S. M., Casadio Y. S., Brown D. H., Shaw J.
A., Chirila T. V., Baker M. V.: J. Appl. Polym. Sci.
127,4296 (2012).

Review Articles

Abstract

Macromolecular hydrogels provide model synthetic
substrates widely applied in biomedical research, especial-
ly for studies of the cellular settlement. Today, hydrogels
are tailored with respect to specific needs of the given
model or a real tissue. Key characteristics of the hydrogel
substrates are their chemical composition, morphological
structure, and, most notably, the porosity and its topology:
size, shape, and mutual connectivity of pores. To develop
new substrates, it is therefore necessary to use methods for
the visualization and reconstruction of their inner structure
in space and to characterize, if possible quantify, its pa-
rameters, such as the total volume of the pores, the fraction
of communicating pores, characteristic patency and the
total area of the inner walls of the connecting corridors.
Fluorescent confocal microscopy in combination with an
advanced software represents an efficient method to deter-
mine parameters mentioned above, in order to characterize
hydrogels in situ, i.e., in the state of equilibrium swelling
in water. Thus, this method differs significantly from an-
other widespread technique, i.e., the scanning electron
microscopy, where the samples, saturated with water, have
to be freeze-dried first, and then the structure of each sam-
ple is determined in the frozen state. This paper compares
the results of both imaging methods, as applied to
macroporous hydrogels. Advantages and shortcuts of both
methods are discussed.
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