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ABSTRACT

Gelatin hydrogels have great potential in regenerahedicine but their weak mechanical properties
are a major drawback for the load-bearing appbecati such as scaffolds for tissue engineering. To
overcome this deficiency, novel biodegradable hgdi®with improved mechanical properties were
prepared by combining gelatine with 2-hydroxyetmethacrylate (HEMA), using a double
network synthetic procedure. The first, superpom@us mechanically strong network, was obtained
by free radical polymerization of HEMA at cryogertemperature, in the presence of gelatin.
Degradable pol@-amino ester) (PBAE) macromers of different cheiicenposition or molecular
weight were used as crosslinkers to introduce Hytically labile bonds in PHEMA. The second
gelatin network was formed by crosslinking gelatitth glutaraldehyde. For comparison, a set of
biodegradable PHEMA networks was obtained by pohmagon of HEMA at cryogenic
temperature. All samples were characterized revgdhat mechanical strength, swelling behavior
and degradation rate as well as high biocompaibilf new IPNs are in accordance with values
required for scaffolds in tissue engineering agians and that tuning of these properties is
accomplished by simply using different PBAE macrmne
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1. INTRODUCTION

Hydrogels are slightly crosslinked hydrophilic pmolgrs that swell and can hold varying amounts of
water, but do not dissolve. Their rapidly incregsirse in biomedical applications, such as drug
delivery and tissue engineering biomaterials, is tfutheir consistency, high water content and soft
texture, which is very similar to natural livingfstissues. Besides, there is a possibility to ttivee
hydrogel biocompatibility, chemical and physicabperties for the targeted applications using
different components and synthetic procedures.etremt years an increasing interest for highly
porous biodegradable polymeric hydrogels aroskerdevelopment of advanced tissue engineering
materials, such as implants and scaffolds in tiengeneering. Biodegradability is required in order
to avoid the need for second surgery [1]. The agetjon of biological and synthetic materials,
which are similar to the extracellular matrix (ECMmponents, is a good way to produce the
hydrogel scaffolds that mimic natural ECM for thestie engineering and regenerative medicine
applications [2, 3]. In this respect biodegradabtemponents, as gelatin and HEMA, can be
considered as a good combination for hybrid hydregaffolds in tissue regeneration, as they
consolidate the benefits of a natural and synthettdymer. Gelatin, as an enzymatically
biodegradable polymer which introduces biologiaa¢< in the scaffold, is reinforced by PHEMA
hydrogel, crosslinked with hydrolytically degradabtrosslinkers. Synthetic polymers, such as
PHEMA, also allow tuning of physical and chemicedggerties of hybrid hydrogel [4].

Gelatin gained much attention as scaffold materiele to excellent biocompatibility,
biodegradability, low immunogenicity, availabilitgasy handling and low cost [5]. PHEMA is a
synthetic polymer which is nontoxic and has goastbmpatibility, chemical stability, mechanical
properties and elasticity, as well as a relativegh degree of hydration, but it is not biodegrddab
and cannot be eliminated from the body [6]. There several examples in the literature of
introducing labile linkages in HEMA to obtain biagtadability [7, 8]. Huang et al [7] designed
degradable, elastomeric PHEMA/hydroxyapatite biggosites using a degradable crosslinker
(macromer) dimethacrylated triblock copolymers ygaktide-b-ethylene glycol-b-lactide) (PLA-b-
PEG-b-PLA) which disintegrate by hydrolytic degradia [9, 10]. Moghadam et al [8] used N,O-
dimethacryloyl hydroxylamine (DMHA), sensitive to ydrolytic cleavage, to fabricate
biodegradable PHEMA hydrogels. The use of synthéBAE macromers as degradable
crosslinkers was only investigated for the synthe$iP(HEMA/NVP) copolymers by R A. McBath
and D. A. Shipp, but they investigated only the ling and degradation properties and did not
suggest any application of these hydrogels [11].

PBAEs display numerous advantages, including geocbimpatibility, simple synthetic procedure,
and pH and temperature sensitive swelling and degian [12, 13]. A wide range of different,
structuraly diverse PBAEs can easily be aquiredhanging either the reacting amine or diacrylate
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component, or their ratio. PBAES have a large warmd applications including encapsulation and
delivery of biological molecules, as nanocarrieas mMRNA [14] and DNA [15], antioxidans [16]
and drugs for cancer [17] and cartilage treatm¢h8$. Although synthetic PBAE macromers
found numerous applications in medicine and phaymiheir use was focused on the synthesis of

PBAE polymers and copolymers [19-20]).

In recent years biodegradable macroporous polynisticogels have become highly important in
the field of biomaterials and tissue engineerinigeyl have attracted much attention, particularly in
applications such as 3D scaffolds for the repadr mgeneration of injured tissue, as templates for
tissue regeneration which guide the growth of nmsue. A scaffold should have an open-cell
structure with different pore sizes, improving batll proliferation and vascularization and also
providing the exchange of liquids and nutrientsdelt survival [21]. Due to biodegradable property
a need for additional surgeries to remove the intplar scaffold is avoided [22].

The novelty of this work is that gelatin and HEM#psslinked with PBAE macromers, were used
for the first time to prepare scaffolds for tisgmgineering applications, as a combination of @étur
and synthetic polymer which is producing new matewith tailored functional properties. The
double network sequential synthetic procedure gbgenic conditions was used to obtain the
superporous IPNs with interconnected pores, asifarommixture of these polymers. The second
set of biodegradable simple networks was obtainedenthe same conditions, by free radical
polymerization of HEMA crosslinked with PBAE macrers. The aim of this study was to tune the
degradation and mechanical properties of IPNs, ilmply changing the type and/or molecular
weight of PBAE macromer. The characterization omgles for their chemical composition,
morphology, porosity, swelling, and mechanical gmies as well as for degradation behaviour and
cytotoxicity studies confirmed that PHEMA/gelatidNs would be suitable for potential application

as scaffolds for tissue engineering.

2. MATERIALSAND METHODS

2.1 Materials

Piperazine (PIPz, 99%), HEMA, di(ethylene glycaBatylate (DEGDA), 1,6-hexanediol diacrylate
(HDDA) and gelatin (porcine, type A) were purchadedm Aldrich. Poly(ethylene glycol)

diacrylate ((PEGDA) average Mn 400) was purchasenh fPolysciences (Hirschberg, Germany).
Potassium persulfate (KPS, Aldrich), as initiatand N,N,N,N'’-tetramethylethylene diamine
(TEMED, Aldrich), as activator, were used in all lypuerizations performed in cryogenic
conditions at - 20°C. Potassium hydrogen phosph#esPO, and KHPQ,, Aldrich) were used
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for buffer preparations. Deionized water was usmdall polymerizations and the preparation of

buffer solution.

2.2. PBAE macromer synthesis

PBAE (CL1 andCL2) macromers (Scheme 1) were synthetized by Michddition of DEGDA
and piperazine, according to the previously descripprocedure [11]. PBAE macromers were used
without any further purification.

PBAE macromelCL1 was synthesized by vigorous stirring of DEGDA s$iol (3 mL in 3mL
CHCI3) at 25°C, to which was added piperazine soluti622 g in 3 mL CHG) in 3 equivalent
portions, at 0, 12 and 24 h. The molar ratio otdikate to piperazine was 1.8/1. The stirring was
continued for additional 24 h. The solvent was theaporated from the reaction mixture, leaving a

yellow viscous fluid.

Sheme 1. Synthesis o€L 1 andCL 2 macromers.

PBAE macromelCL 2 was synthesized by vigorous stirring of DEGDA ol (10 mL in 5 mL
CHCI3) at 25°C, with adding piperazine solution (3.685 & mL CHCE). The molar ratio between
diacrylate and piperazine was 1.2/1. The stirrireg wontinued for additional 6 h. The solvent was
then evaporated from the reaction mixture, lea@amtark yellow viscous fluid.

PBAE macromelCL 3 (Scheme 2) was synthesized by stirring 1,6-hexafdidcrylate solution
(7.30 g, 0.0259 mol, in 6 mL CHglat 50°C, and adding piperazine solution (1.28.9144 mol,
in 6 mL CHCE) in 3 equivalent portions, at 0, 12 and 24 h. Thelar ratio of diacrylate to
piperazine was 1.8/1. The stirring at 50°C was icoled for additional 24 h. The solvent was then

evaporated from the reaction mixture, leaving & gallow viscous fluid.

Sheme 2. Synthesis o€L 3 macromer.

2.2. PBAE characterization
Chemical structure of poly (beta amino) esters getsrmined usingH NMR spectra, recorded on
a Bruker Ultrashield Advance Il spectrometer (0 MHz), using CRCI as solvent and TMS as

the internal standard.

2.3. Cryogd syntesis (without gelatin)
The cryogels were obtained by free radical polyaation at cryogenic temperatures. HEMA (1.29
g, 9.8 mmol), PBAE macromers or PEGDA (15 % w/w REEMA) were dissolved in 5 mL of
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deionized water, using APS as initiatior and TEM&®Dactivator. The reaction mixture was purged
with nitrogen for 10 minutes, poured into petrild({® cm radius, 0.5 cm height) and cooled to -20
°C for 24 h. After thawing the cryogel at room tesrgture, it was cut into discs and washed with
deionized water for 7 days in order to remove intms. Water was changed daily. Swollen

cryogels were frozen and freeze-dried.

2.4. Cryogd synthesis (with gelatin)

PHEMA/gelatin cryogels were obtained by free radpaymerization, using APS as initiator and
TEMED as activator. HEMA (1.29 g, 9.8 mmol), PBAEatnomers or PEGDA (15 % w/w for
HEMA) and gelatin (300 mg) were dissolved in 5 nfldeionized water, by stirring at 40°C. This
mixture was purged with nitrogen for 15 min, pouretb petri dish (5 cm radius, 0.5 cm height)
and cooled to -20°C for 24 h. After thawing theaggl at room temperature, it was cut into discs
which were submerged in 4% glutaraldehyde solubieernight, in order to crosslink gelatin (Fig.
1). Cryogel samples were washed with deionized mfate7 days to remove impurities. Water was
changed daily. Swollen cryogels were frozen andzieedried. The cryogels were designated as in a

following table (Table 1).

Fig. 1. Semi-IPN and IPN synthesis.

Table 1. The composition and designation of cryogels.

Cryogel Monomer(s) Crosslinker
CG1 HEMA CL1
CG2 HEMA CL2
CG3 HEMA CL3
CG4 HEMA PEGDA

CG5 HEMA, gelatin CL1
CG6 HEMA, gelatin CL2
CG7 HEMA, gelatin CL3
CG8 HEMA, gelatin  PEGDA

2.5. Hydrogel characterization
Hydrogel composition was analysed using FTIR spectcorded on a Thermo-Scientific Nicolet
6700 FT-IR diamond crystal spectrometer, usingAttenuated total reflectance (ATR) sampling

technique.
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2.6. Swelling studies

Degree of swellingd) for the cryogels was determined using the gratrimenethod. Dry cryogel
discs were immersed in buffer solution (phosphatgfeb, pH 7.4) at 37 °C, mimicking
physiological conditions, for 24 hours. Discs werziodically removed from the buffer solution,
dried by blotting on paper to remove excess watad, weighted. Degree of swelling was calculated

using the formula:

ms —m

de m,

Where mis the initial weight of the dry cryogel, and, mas the weight of the swollen cryogel at

the time of measuring. Degree of swelling was phbts a function of time.

2.7. Mechanical Testing

Mechanical characteristics of the scaffolds wereasneed with universal testing machine
(Galdabini Quasar 50, Italy) by the applicationaofiniaxial compression with 100-N load cell at
room temperature. The Young’s modulus (E) was taled from the linear part of the stress/strain

curve and its final value is an average of threasuements.

2.8. Morphology

The morphological analysis was performed with soanmelectron microscopy (Jeol JSM-7600F).
Samples were cut into slices, fixed on holder usiahon tape, sputtered with gold (using BAL-
TEC SCD 005) and dried in vacuum chamber (VC 5WiSlahb Vacucenter). Observation was

performed for cross sections of the scaffolds.

2.9. Porosity measur ement

Porosity of cryogels was determined by solventaeginent method. Glycergh € 1,2038 g/cr)
was used as a wetting medium. Dried cryogels walemgrged in glycerol for 24 hours, and
weighted after removing excess glycerol from thdase:

(mglycerol - mi)

100
pv "

Porosity =

Where mis the initial weight of the dry cryogel,gjerol is the weight of the cryogel with glycerol,

p is the density of glycerol and V is the volumelwé cryogel sample.
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2.10. Degradation studies

In vitro hydrolytic degradation studies were conducteduiyrserging cryogel samples in phosphate
buffer solution (pH 7.4 at 37 °C). Samples wereeta&ut of the buffer solution at every two weeks,
dried at 40°C until constant mass, and measuredrddation was presented as a function of

remaining cryogel mass percentage as a functioimet

m
Percent of remaining cryogel weight = # * 100
i

Where mis the initial weight of the dry cryogel, and imthe weight of the dried cryogel sample at

the time of measuring.

2.11. Biocompatibility assay

To evaluate the biocompatibility of the novel crgtsyis the first step in evaluation of newly
synthesized molecules. For the biocompatibilityagiss this study normal human fibroblast cells,
MRC5, were used. The synthesized cryogels werevatdd in the cell culture media in 24-well
microtiter plate during 24 hours. After this inctiba period supernatants were centrifuged and
used for biocompatibility assay. The MRCS5 cells everaintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine seruniis@gere grown in culture bottles supplied
with medium for cultivation, and thereafter cellere seeded in 96-well plate. MRC5 cells seeded
in 96-well microtiter plate and cultivated in thdlfculture media in a humidified atmosphere of 5%
CO2 at 37°C during 24 hours. The next 24 hoursMIRC5 cells were incubated both with and
without prepared supernatants of the investigatgttdgels. At the end of this period modified
MTT method [23] was used for measuring the celbiity/proliferation. This test is based on the
color reaction of mitochondrial dehydrogenase filoanmg cells with MTT. Briefly, 10uL of MTT
solution (5 mg mL-1) was added to each well af@tsctreatment and cells were incubated for
additional 3 hours at 37°C. Produced formazan viesotied by overnight incubation with sodium
dodecyl sulfate (SDS)-HCI mixture (10% SDS in 0MIHCI) and absorbance was measured at
dual wavelength of 570/650 nm with an enzyme-linkethunosorbent assay (ELISA) 96-well
plate reader. The percentage of viable cells whsileded as the ratio between absorbance at each

dose of the compounds and absorbance of untreatgbkcells x100.
3. RESULTSAND DISCUSSION

3.1. PBAE macromer synthesis
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PBAE macromers, a class of biodegradable and bipatible materials, were polymerized using
the reaction of acrylates with amines, i.e. Michagdlition, which proceeds via stepwigaction
This reaction is easy to conduct and does not re@uny purification steps.

In this work different PBAES macromers were synides using an addition reaction of the same
amine component, piperazine, with two differentcdytates, di (ethylene glycol) diacrylate and 1,6-
hexanediol diacrylate. As the diacrylate to diammelar ratio was >1 in all samples, the final
macromers had acrylate end groups, permiting feslical polymerization or copolymerization
reaction and crosslinking of monomers, in ordepitepare simple polymer networks [24]. Using
diacrylates DEGDA and HDDA with different hydrophil properties, different macromer
hydrophilicity was obtained. As macromer hydrophiyi affects the swelling/degradation behavior,
this property can be used to tune the degradattsn The HDDA/piperazine ratio was 1.8/1. In
order to obtain corresponding mechanical propedies degradation rates the DEGDA/piperazine
molar ratio was varied (1.2/1 and 1.8/1). This aféal different molecular weights of macromers,
providing variation in crosslinking densities anédchanical strength.

The'H NMR spectra of PBAEL 1 confirmed that the synthetized PBAE macromerspare and
possess acrylate groups at the chain ends (Figdéermination of number-average molecular
weight of PBAE macromers was achieved by compahegntegrated NMR data of two end group
protons (vinyl protons of acrylate groups — 6 pnstan 2 vinyl groups), with characteristic protons
found in the repeating unit of the monomer (ethgl@noton peaks of ethylene glycol in DEGDA
and HDDA) [25].

Fig. 2. '"H NMR spectra of CL1 macromer, with comparison eélpintegral values.

By comparing the integral value of vinyl proton ped5.7 - 6.5 ppm) with those of ethylene proton
peaks (3.5 - 4.4 ppm) from ethylene glycole fragtngam CL 1 andCL 2 and ethylene proton peaks
(4.0-4.2 ppm) forCL 3, the number-average molecular weight of poly laeténo ester macromers
was calculated. Number-average molecular weighte vas follows: 583 g/mol fo€CL1, 2944
g/mol forCL 2 and 603 g/mol fo€L 3.

3.2. Hydrogel synthesis
Two series of highly porous hydrogel networks, denpHEMA and PHEMA/gelatin IPNs, were

successfully synthesized.

3.3. Hydrogel characterization

Comparing the FTIR spectra of PBAE macrorrl and cryogelsCG1 and CG5 (Fig. 3), the
absence of two characteristic acrylate bands fiwerCL 1 (C=C stretching at 812 ¢mand 1635
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cm™) can be observed in spectra of both cryogel sasm2é]. This shows that vinyl end groups
were converted into ethylene groups from PBAE maens. Observable bands @G1 cryogel
spectra are at — 3415 &nfor O-H stretching, 2944 cinfor C-H stretching of alkyl groups and
1722 cnt* for C=0 stretching of ester carbonyl group. Incipeof CG5 cryogel observable bands
are 3324 cnl for O-H and N-H stretching, 2944 ¢hfior C-H stretching of alkyl groups, 1722 ¢m
for C=0 stretching of ester carbonyl group, 1653'dor C=0 stretching of amide group (amide 1),
and 1549 cr for N-H bending vibrations of amid group in getetamide I1) [27].

Fig. 3. Comparison between FTIR spectra of crosslinket @hd cryogels CG1 and CG5.

3.4. Swelling studies

Swelling capacity of degradable biomaterials isyvienportant and closely connected with their
degradation, because swelling is the first stefhénhydrolytic degradation process. In the case of
PHEMA/gelatin IPNs the hydrophilicity of the polymand macromer chain length as well as the
crosslink density of the networks, influence thisgess.

Swelling studies were performed in the phosphaftebsolution of pH 7.4 at 3T, that simulates
the physiological conditions. Equilibrium degreessielling values for simple networks (without
gelatin) and IPNs (with gelatin), are plotted daraction of time (Figs. 4 and 5).

Fig. 4. Swelling vs time for gels without gelatin.

Fig. 5. Swelling vs time for gels with gelatin.

Due to their highly porous structure, mass of alfogel discs increased abruptly after being
submerged in phosphate buffer solution for less th@ minutes. The swollen mass of samples
CG1 andCG3 increased by 145% and 89%, respectively, @8@ by 160%. All cryogels samples
without gelatin reached swelling plateau after 4urBoin accordance with their degree of
hydrophilicity and their superporous structure,hatite equilibrium degree of swelling 2.88 + 0.04
for CG1, 3.38 + 0.04 foICG2, 2.38 + 0.03 foICG3 and 2.18 + 0.03 fo€G4. Due to the highly
hydrophilic nature ofCL2 monomer and lowest crosslinking densiBG2 absorbed the highest
amount of water. As all PBAE macromers were addethé same amount (15% weight of HEMA
monomer),CL2 was added in lowest molar percentage, resultintpuver crosslinking density,
which also explains its higher swelling degréé.1 has nearly identical chemical structureCas?,

but lower molecular weight, resulting in higher sstinking density, and lower swelling degree of
CG1, compared t&€CG2. Due to the hydrophobic nature of the hexylenaigr&G3 has the lower
swelling rate compared to other PBAE cryogels.
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CG4 sample, in which PEGDA was used as a crosslirdterwed lower swelling rate compared to
cryogels with PBAE crosslinkers. This can be exmdi by the positively charged nitrogen in
PBAE crosslinker structure and its higher abilityform hydrogen bonds with water molecules,
making it more hydrophilic than PEGDA. As it candeen from Figs 4 and 5, samples with gelatin
(CG5 - CG8) swell more than those without gelatin, which tanexpected due to gelatin’s highly
hydrophilic nature. Furthermore, as PHEMA/gelatiemsIPNs are formed during the
crosslinking/polymerization of HEMA with PBAE magners, gelatin molecules move apart
PHEMA chains, acting as a pore forming agent. Adicmly, larger pores are formed than in the
absence of gelatin, which is also confirmed by SMrographs (Fig. 6).

All cryogels with gelatin reached swelling plateafter 5.5 hours, with the equilibrium degree of
swelling 4.95 + 0.10 fo€G5, 5.92 + 0.06 foICG6, 4.22 + 0.08 folCG7 and 3.55 £ 0.07 foCG8.

3.5. Cryogel mor phology

Morphology of the cryogels was observed by Scanklegtron Microscope. Micrographs showed
interconnected polyhedral, elongated pores, withllspores surrounded by polymeric thick walls
of macropores. Samplg3G1 and CG3, obtained using macrome@_1 and CL 3, with a small
difference in average molecular weight, show simasgout but with smaller pores f@G3, which

is probably due to HDDA diacrylate more hydrophobature. Sample€G1 andCG3 both show
small pores interconnected by large can@i&2 has largest pores, due to longer chairCaf2
macromer than in the case 651 and CG3. Cryogel with PEGDACG4, showed the smallest
pores due to PEGDA lowest hydrophilicity and lowsrmber-average molecular weight. In
general, cryogels without gelatin (Fig. 6. a, bgd)have smaller pores compared to their analogous
IPN cryogels with gelatin (Fig. 6. e, f, g, h), thdth series follow the comparable trend for pore
size, which is obviously dictated by the type aature of the poly(beta amino) ester macromer.

Fig. 6. SEM micrographs for cryogels without gelatinfle€G1 (a),CG2 (b), CG3 (c), CG4 (d)
and with gelatin (right)CG5 (e), CG6 (f), CG7 (g) andCGS8 (h). (bar — 20@um).

3.6. Porosity measur ements

Convenient pore size is necessary to enable sdutesdls seeding and diffusion throughout the
matrix of both cells and nutrients. Scaffolds mhbst permeable with interconnecting pores to
facilitate cell growth, migration and nutrient fldar cell survival, proliferation, and migrationgR

A relatively high porosity (80—-90 %) is also wanfed adequate cell adhesion [29, 30]. The degree
of porosity has a great influence on the mechamecaperties with the stiffness of the scaffold
decreasing as porosity increases [31].



350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373

374
375
376

Porosity measurements show an increase of pormsityyogel samples with gelatin compared to
their analogous samples without gelatin. This trezwl be explained by the higher swelling ratio of
cryogels with gelatin, which have a larger watdalke, resulting in larger pore formation from ice
crystals during cryogelation. All cryogels contaigigelatin show porosity in the range of 80.21-
87.04%. Cryogels withCL2 crosslinker displayed the highest porosity, duetlie lowest
crosslinking degree (Table 2).

3.7. Mechanical properties

The elastic modulus of the scaffolds is a very ingn@t physical property because it determines
their use in biomedical applications. Ideally, tosld match the mechanical properties of
physiological tissue surroundings were the scafisldmplanted and must be strong enough to
allow surgical handling during implantation [32].

Mechanical properties of our samples consideraleiyedd on the type of crosslinker, showing
similar trends in both sample groups, with and autihgelatin (Table 2). Values of Young modulus
obtained for hydrogels based on methacrylamide-fieaddgelatin and poly(ethylene glycol) [3] or
methacrylamide-modified gelatin and PHEMA [33, 34)| in the range of 4.4 to 327.7 kPa and in
the case of unmodified gelatin hydrogels even lovednes were obtained [35]. In this respect it can
be concluded that considerable increase in Youngluthovas achieved by producing new
gelatin/HEMA IPNs, with moduli values in the rangfe3.24 - 4.52 MPa.

Table 2. Equilibrium degree of swelling values, Young’s dotus, porosity, percentage of

degradation for cryogel samples, and percentagéoafjation on break.

Cryogel Egsglrzgu;? Young's Porosity Percentage of Elongation
. modulus (MPa) (%) mass loss  on break (%)
swelling

CG1 2.88+ 0.04 4.38+0.25 73.85 2595158 24.42+1.32
CG2 3.38+0.04 3.51+0.21 79.60 3271+ 1.65 22.85+1.30
CG3 2.38+0.03 4.21+0.22 72.49 21.41.60 27.73+1.43
CG4 2.18+0.03 4.76+ 0.22 66.93 7.1400.96 28.24+1.42
CG5 4.95+ 0.10 4.06+ 0.20 81.93 20.8%40.94 23.51+1.30
CG6 5.92+ 0.06 3.24+0.18 87.04 26.54-0.67 20.26 +1.04
CG7 4.22+0.08 3.96+ 0.20 82.79 15.950.76 25.69+1.32
CG8 3.55+ 0.07 452+ 0.24 80.21 438081 26.17+1.30

The modulus data are presented in Tab. 2. GenetIN samples show slightly lower modulus

values, in the range of 3.24 - 4.52 MPa, due to kigher porosity and larger pore size compardtieo
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samples without gelatin, with modulus value inttwege of 3.51 - 4.76. The sample&4 andCGS8,
crosslinked with PEGDA, which has the lowest averagplecular weight, have highest modulus
value, while the samplég8G2 andCG6 show the lowest modulus values in their respedneeips.
The values for Young modulus decrease with theess® of average molecular weight of the
PBAE crosslinker and are in accordance with theakegf swelling, showing the mutual influence
of crosslinker molecular weight and its hydrophiiidrophobic nature. Values for elongation at
break follow a similar trend to Young's modulus wed, in the range of 22.85 - 28.24 % for
cryogels without gelatine, with slightly lower vakifor cryogels with gelatin, in the range of 20.26
- 26.17 %. It can be concluded that mechanical gntags of synthesized IPNs can be tuned by
changing the crosslinker component.

3.8. Degradation studies

Hydrolytic degradation of polymer networks is geallgr complex. Main properties that influence
the degradation are: crosslink density, hydropityficydrophobicity, swelling capacity, surface
charges and topography, specimen thickness, pHoand strength of the solution, and interaction
between two hydrogel networks in the case of IHNsddition, the relative concentration of the
components during polymerization is also impor{a6{.

Another important parameter influencing the hydtioly degradation of investigated

PHEMA/gelatin IPNs and PHEMA networks, is also tixge of PBAE macromer. The macromers
used in this study were designed in order to obtairable rates of degradation, allowing for a

variety of degradation profiles for samples witld avithout gelatin (Fig. 7).

Fig. 7. Percentage of weight loss for cryogels with andheut gelatin after 16 weeks.

Among the cryogels with PBAE crosslinker€G3 exhibits the slowest degradation rate,
presumably due to the hydrophobic structure of HDDBACL 3 crosslinker. The more hydrophilic
nature of the PBAE crosslinkers with DEGDA, in sd@spCGl and CG2, allows more water
molecules to enter the cryogel network, resultm@pster degradation. Longer PBAE chain€ln2
macromer, and lower crosslinking densityd®2 additionally sped up degradation rates. Therefore,
CG2 scaffold showed the highest rate of degradatiath fractional mass loss of 32.71 = 1.65 %
after the period of 16 weeks. The degradation rat€3G3 andCG1 were lower, with respective
mass loss of 21.4 + 1.60 % and 25.95 + 1.58 % dfteweeks.CG4 showed less than 8%
degradation (Table 2).

Addition of gelatin slowed down the hydrolytic dadation rates of cryogels. Analogue ©G2,
cryogel CG6 showed the highest rate of degradation, with ilvael mass loss of 26.54 + 0.67 %
after the period of 16 weeks. The degradation rat&3G5 and CG7 had respective mass loss of
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20.87 £ 0.94 % and 15.95 £ 0.76 % after 16 weakshé same period sampls8 showed less
than 5% degradation.

3.9. Biocompatibility testing

Results of biocompatibility testing showed a vemtisying biocompatibility of the tested
hydrogels containing gelatin (Fig. 8). Biocompdiipiis expressed as a high percent of viable
normal human fibroblast after 24 hours treatmerh wrepared cryogel supernatants. Viability of
MRCS5 cells after treatment with prepared cryogelgesnatants was higher than 90 % for all test
samples with gelatin, showing 20% or higher inceeiasviability, compared to hydrogels without

gelatin.

Fig. 8. Effect of supernatants of cultivated cryogelsitility of normal human fibroblast (MRC5

cell line).

Results represent mean +/- standard error of percanviable cells after 24h treatment with
supernatants of new synthetized hydrogels. Thigemesentative experiment of two/three

performed experiments.
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4. Conclusion

Novel degradable HEMA/gelatin based IPNs with ddgfg PBAE crosslinkers were successfully
fabricated and characterized. Additional cryogehgles without gelatin were synthesized to assess
the effects of gelatin addition and IPN formationaryogel properties. Cryogels displayed different
morphologies, porosity, and swelling and degradatades based solely on the structure of PBAE
crosslinker. The addition of gelatin increased pbeosity of the cryogels, along with the swelling
and degradation rates, which resulted in slightguced mechanical strength. All cryogels
containing gelatin showed great biocompatibilityhaMRC5 viability (over 90%).

The results obtained indicate that PHEMA/gelatihldFhave favourable swelling and mechanical
characteristics, along with slow degradation ratekjch can be tuned by changing PBAE

crosslinker composition or molecular weight, foe thotential application as scaffolds in tissue



449 ‘regeneration. Aditional studies are required toesssbiocompatibility and degradation of the
450  cryogel samples under vivo conditions.
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Synthesis and characterization of novel biodegradable poly(2-hydroxyethyl
metacrylate)/gel atine based IPN scaffolds.

Tunable IPN scaffold properties with different PBAE crosslinkers for HEMA networks.

The advantages of gelatine containing IPNs, due to the combination of natural and synthetic
hydrogel, confirmed by comparison with a second set of cryogels without gelatine.

High viability with MRCS cells validated for all novel IPNs.



