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Abstract

Hyperbranched poly(ester amide) polymer (Hybrane™ S1200; M,, 1200 g/mol) was functionalized
with maleic anhydride (MA) and propylene sulfide, to obtain multifunctional crosslinkers with
fumaric and thiol-end groups, S1200MA and S1200SH, respectively. The degree of substitution of
maleic acid groups (DS) was controlled by varying the molar ratio of MA to S1200 in the reaction
mixture. Hydrogels were obtained by UV crosslinking of functionalized S1200 and
poly(ethyleneglycol) diacrylate (PEGDA) in aqueous solutions. Compressive modulus increased
with decreasing the S1200/PEG ratio and also depended on the DS of the multifunctional
crosslinker (51200). Also, heparin-based macromonomers together with functionalized
hyperbranched polymers were used to construct novel functional hydrogels. The multivalent
hyperbranched polymers allowed high crosslinking densities in heparin modified gels while
introducing biodegradation sites. Both heparin presence and acrylate/thiol ratio have an impact on
degradation profiles and morphologies. Hyperbranched crosslinked hydrogels showed no evidence
of cell toxicity. Overall, the multifunctional crosslinkers afford hydrogels with promising
properties that suggest that these may be suitable for tissue engineering applications.

1duosnue|y Joyiny [NHH

Keywords

bioconjugated hydrogels; hyperbranched polymers; multifunctional crosslinkers; biodegradable;
heparin

1. Introduction

Hydrogels are of widespread interest for applications in the pharmaceutical, biomedicall
and biotechnological fields.1,2 These materials offer a wide range of possibilities from drug
delivery to wound healing due to their biocompatibility and resemblance to biological
tissues.3,5 Recent trends in the development of /in situ forming biomaterials have focused on
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preparing multifunctional monomers that contain reactive groups to form crosslinked
scaffolds. The crosslinker plays an important role in determining the final swelling and pore
size of the hydrogel matrix, thus making it an ideal target for synthetic modifications to
control physical properties of hydrogels. The advantages of hyperbranched macromers for
hydrogel formation include high crosslinking densities at low polymer concentrations,
varied physical properties through judicious choice of the macromer structure, and low
viscous aqueous solutions for injection in an /n vivo site of irregular shape for subsequent
crosslinking to form a well-integrated polymer network.6 Low viscosities of the hydrogel
precursors in water7 can lead to gels with high solid contents and consequently excellent
mechanical properties.7

Photopolymerization of multifunctional monomers is an efficient method applied for the
preparation of hydrogels, allowing /n situ formation of three-dimensional polymeric
networks9 in a minimally invasive manner.10 However, it is possible that the network
properties of the hydrogels may be affected by the polymerization conditions.11,12 For
example, it has been successfully applied for chondrocyte delivery to cartilage defects,
promoting cell survival13,14 and cartilage matrix synthesis.15

For many tissue regeneration applications, hydrogels are generally expected to degrade
during or after tissue formation. The ideal hydrogel should degrade completely once the new
tissue is formed.16—20 The erosion of the material by degradation of the hydrogel is
accompanied by changes in the physical properties, and this feature provides an opportunity
to tune the biological response by selecting the desired shape of the mass loss profile.20

In this work, a polyamide ester (Hybrane™S1200) was explored as a crosslinker suitable for
the fabrication of gels with tunable properties. First, gel degradation was pre-engineered by
different approaches including selection of the chemistry and structure of the degradable
blocks, along with the connectivity of the final network structure. Hydrogels fabricated
through a thiolacrylate mixed-mode reaction scheme degrade hydrolytically at physiological
pH through cleavage of ester linkages with the number of carbon atoms between the ester
and sulfide groups affecting the rate of ester hydrolysis.21 To incorporate biological
functionality into the gel, heparin (Hp)22 was incorporated as an enzymatically
biodegradable component with the goal of promoting cell interactions and activity.

Here, we report the synthesis of two series of degradable crosslinked hydrogels, Hp-
conjugated hydrogels and non-bioconjugated hydrogels. For this purpose, we synthesized
two new types of crosslinkers based on a hyperbranched poly(ester amide) (Hybrane™
S1200). Their hydroxyl end-functionalities were modified to incorporate maleic or thiol
moieties, and the photopolymerizable hyperbranched polymers were copolymerized with
PEG diacrylate for the preparation of the hydrogels. The bioconjugated hydrogels,
containing heparin, were prepared in the presence of (meth)acrylate-functionalized heparin
following the same procedure. We selected a hyperbranched polymer possessing carboxylic
ester functionalities in its backbone due to their well-understood mechanism of hydrolysis.
Also, lower cytotoxicity is expected than that of low molecular weight crosslinkers, which
are more readily internalized by cells. Mechanical properties and swelling behavior of these
hydrogels were determined with varying composition and crosslinker concentration.

2. Materials and Methods
2.1. Materials

Hybrane™ S1200 (1\/_1n 1200 Da) was kindly provided by DSM, The Netherlands. Heparin
sodium salt from porcine intestinal mucosa (unfractionated, 1\/_1w 15 kDa), 4-(N, -
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dimethylamino) pyridine (DMAP), propylene sulfide, poly(ethyleneglycol) diacrylate (1\2”
700 Da), triethylamine, acryloyl chloride, monoacrylate of poly(ethylene glycol) (M, 375),
succinic and maleic anhydrides and dicyclohexyl carbodiimide (1M in dichloromethane)
were from Sigma Chemical Co. (St. Louis, MO). Glycidyl methacrylate (GMA) and

poly(ethylene glycol) (11;1" 4000 Da) were purchased from Fluka, A~hydroxysuccinimide
(NHS) from Pierce and 2-Hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-propanone
(Irgacure 2959, purity 98%) was provided by Ciba Specialty Chemicals. CDCl3 was
supplied by Cambridge Isotopes. Chloroform and methylene chloride were from Scharlau
and diethylether from SDS. Heparin-NHS was synthesis from heparin sodium salt as
described previously.23

2.2. Synthesis

Synthesis of S1200MA—The hyperbranched polyol S1200 (3g, 2.5 mmol) was dissolved
in chloroform (20% wi/v). After the S1200 was clearly dissolved, maleic anhydride (1 g, 10
mmol) and a catalytic amount of DMAP (0.05 mol of the hydroxyl groups, 122 mg, 1 mmol)
were added to the solution. Different amounts of maleic anhydride were added, 0.5 and 1.5
M respect to hydroxyl groups of S1200, in order to obtain different degrees of
functionalization of the hyperbranched polymer. The reaction was conducted for 8 h at 60°C
under nitrogen atmosphere. The reaction mixture was dialyzed against distilled water
(Spectra/Por™ CE, MWCO 100) and lyophilized. The degree of substitution (DS, the
number of derivatized hydroxyl groups) of the S1200MA samples was determined by H
NMR.

Synthesis of S1200SH—Thiol-end functionalized hyperbranched polymer was prepared
by treating a 20% wi/v solution of polyol (3g, 2.5 mmol) in distilled water with a 1.2 fold
molar excess (respect to the concentration of hydroxyl groups, 24 mmol, 1.9 ml) of
propylene sulfide at room temperature during 24h. After the reaction, the solution was
dialyzed against distilled water (Spectra/Por™ CE, MWCO 500) and lyophilized.

Synthesis of poly(ethylene glycol) diacrylate—Poly(ethylene glycol) diacrylate
(PEGDA, M, 4000, 10 g, 2.5 mmol) was synthesized by reaction of PEG with acryloyl
chloride (2 fold molar excess based on PEG hydroxyl end groups, 0.8 ml, 10 mmol), using
triethylamine (equimolar with acryloyl chloride, 1.4 ml, 10 mmol) as a proton acceptor in
methylene chloride. The acrylation efficiency (87%) was determined by 1H NMR
spectroscopy.

Heparin methacrylate (HpMA)—The incorporation of photopolymerizable methacrylate
groups to heparin (Scheme 1) was carried out through the epoxide opening reaction of
glycidyl methacrylate. Briefly, we prepared HpMA polymers by treating a 20% wi/v solution
of heparin (0.7 g, 3.4 mmol of hydroxyl groups) in distilled water with a 10 fold molar
excess of glycidyl methacrylate (4.6 ml, 34 mmol) in the presence of a catalytic amount of
hydrochloric acid (50 p.l) at room temperature during 24h. After the reaction, the solution
was dialyzed against distilled water (SpectraPore™ MWCO500) and lyophilized. The
methacrylation efficiency was 60%, based on the ratio of the integrals for heparin protons
and the terminal vinyl protons of the methacrylic moiety. The percentage of methacrylation
refers to the number of methacrylate groups per heparin pentasaccharide unit.

Synthesis of PEG-acrylated heparin—In a first step heparin was modified with amine
groups by 2 hours reaction of heparin-NHS (600 mg, 0.05 mmol) with ethylenediamine (5
fold molar excess of carboxylic groups, 4.8 mmol, 0.27 ml) in PBS pH 8.0 and purified by
dialysis against water (Spectra/Por™ CE MWCO 500). The amine concentration per heparin
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molecule was determined by Fluoraldehyde test (Fluoraldehyde™ Reagent Solution, Pierce,
Rockford, IL). The result was a concentration of two free amino groups per heparin
pentasaccharide, 80% of the total amount of present amines.

The poly(ethylene glycol) monoacrylate (M= 375 Da, 3.75 g, 10 mmol) and succinic
anhydride (1.2 g, 12 mmol) were reacted in chloroform in the presence of a catalytic amount
of DMAP (60 mg, 0.05 mmol), under nitrogen atmosphere at 60°C for 5 hours. The
resulting product was washed with a solution of hydrochloric acid 1% v/v, dried and solvent
was distilled off to obtain a white solid. The resulting product was dissolved in
dichloromethane and reacted with A-hydroxysuccinimide (1.3 g, 11.5 mmol) in the presence
of dicyclohexyl carbodiimide (40 ml 1M solution dichloromethane, 11.5 mmol) for 12 hours
under inert atmosphere. Reaction stopped with the addition of 3 ml of distilled water, and
the resulting urea derivative was filtered. After drying, solvent was evaporated by
distillation under vacuum to obtain a white solid. The resulting product (0.11 g, 0.22 mmol)
reacted with heparin (0.1 g, 0.009 mmol), previously modified with amine functional
groups, in PBS pH 8.0 during 30 minutes at room temperature (Scheme 2). After dialysis for
48h, a white solid was obtained by lyophilization. The 1H NMR integration of acrylate and
PEG backbone peaks showed a modification of 30% (considering there is an average of two
amine groups per heparin pentasaccharide that are susceptible for reaction with acrylated
PEG).

Hydrogels preparation—Hydrogels were prepared by dissolving various amounts of
modified hyperbranched crosslinker (from 5 to 15 wt %), poly(ethylene glycol) diacrylate
and 0.5 wt% of Irgacure 2959 in PBS pH 6.5 at mass fraction of 25 wt%. The solution was
photopolymerized between glass slides under UV light (Black Ray) at 365 nm and 13=10
mW/cm? for 10 min (for PEG700DA) or 20 min (for PEG4000DA). Both sides of the gel
were equally exposed to UV light to reach the maximum conversion of reactive groups
according to rheological measurements. Table 1 collects the composition and physical
characteristics of the different hydrogels prepared. Heparin conjugated hydrogels were
prepared following the same procedure and using heparin monomers, methacrylate (Hp2-7,
11-19) or PEG-acrylate (Hp8, 9 and 10), to achieve concentrations from 0.1 to 10 mM for
hydrogels with 25 wt% of solid content. Detailed composition and properties of these gels
are given in Table 2.

A colorimetric reaction (DMMB assay) to detect glycosaminoglycans was used to measure
the content of heparin in the gel networks.25

2.3. Characterization of gel samples

IH NMR spectroscopy—H NMR spectra were recorded in D,O and CDCl3 on a Varian
Inova-500 NMR spectrometer.

Size Exclusion Chromatography (SEC)—Molecular weights and polydispersity of
heparin-based macromers were measured using a Waters 1515 Isocratic HPLC Pump,
equipped with a precolumn, two serial connected columns (Waters Ultrahydrogel™ 500y
250) and a refraction index detector (Waters 2414). Calibration was performed using
polyethylene oxide standards. The elution phase used was acetonitrile/KNO3 (0.1 M
solution) (15:85 v/v), with a flow rate of 0.5 mL/min.

MALDI TOF—The modification of the S1200 polymer was analyzed by Matrix Assisted

Laser Desorption/lonization-Time of Flight. The analysis was carried out in a Voyager DE-
PRO (Applied Biosystems, Foster City, CA, USA) mass spectrometer equipped with pulsed
nitrogen laser (A.337 nm, 3 ns and 3 Hz). The positive ions generated by desorption passed a
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flight tube (1.3 m) with an acceleration voltage of 25 kV. Spectra were obtained in the range
of m/z 0.1-4 ku. Standards were angiotensin I, adrenocorticotrope hormone and bovine
insulin.

Compression testing—The compression modulus of the hydrogels after
photopolymerization and swelling was measured at room temperature using a mechanical
testing machine MTS Bionix 100 (Model 810, MTS Systems Corp., Eden. Prairie, MN).
After zeroing and taring the probe, sample disks of 4 mm diameter and 1.4 mm height were
placed between parallel plates. Samples were compressed at a constant rate of 0.5 mm/s
until a deformation of 20% was reached. The modulus (£) was calculated from the slope of
the linear region of the curve at less than 10% deformation. Results are reported for data
collected from at least 3 specimens for each material.

Swelling of hydrogels—In order to measure water absorption, disk-shaped hydrogels (5
mm diameter, 1 mm thickness) were prepared, transferred into pre-weighted glass vials and
their initial weight (Wg) was recorded. Next, the vials were filled with 10 ml PBS pH 6.5
and pH 8.0. The hydrogel was removed at regular time intervals, surface water was gently
removed with a paper towel and the hydrogel was then weighted (W) until no further weight
change was detected. The instant swelling ratio is defined as the percentage ratio between
the weight increase of the gel at time t and its initial weight ([(W-Wq)/Wg]x100). The
swelling ratio at the equilibrium, g, is defined as the relation between the weight of the
swollen hydrogel at the equilibrium and the weight of the dried hydrogel (Ws/Wg).26

Estimation of network parameters—Two methods utilized to elucidate the structure of
hydrogels are equilibrium-swelling theory (that can be analyzed by the Flory-Rehner
theory27) and rubber-elasticity theory.28 In the present case, the average molecular weight
between crosslinks (M,) of hydrogel materials can be calculated with the following equation
derived from the rubber elasticity theory neglecting chain ends (Eq. 1):

where p is the specific density of the hydrogel (g/cm3), Ris the gas constant, T is the
absolute temperature and £'is the Young's modulus (Pa) obtained from the mechanical
analysis data. The density of the hydrogel was estimated from the density of the PEGDA
(1.12 g/mL), S1200 (1.1750 g/mL) measured by means of a helium picnometer, and the
content of water of the hydrogel in the equilibrium swelling (1.0 g/mL). Defining
crosslinking density, 14, as (Eq. 2):

Scanning Electron Microscopy (SEM)—To visually examine the surface and interior
structure of the hydrogel in the swollen state, a Philips XL-30 SEM was used (25 kV). The
hydrogel samples were swollen in water for 24 h to reach equilibrium, and then quickly put
into liquid nitrogen for ten minutes and transferred to a freeze-dryer for 72 h.

In vitro degradation of hydrogels—The degradation experiments were conducted at
pH 7.4. The samples were weighed (W), subsequently immersed in the buffer and incubated
at 37 °C. At different time intervals, some samples were taken out and mechanical properties
were measured. The remaining samples were rinsed with deionized water, lyophilized, and
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weighed as Ws. The percentage of remaining sample weight was calculated as [W4/
W,]x3100.

Valvular Interstitial Cells (VICs) isolation and culture—VICs were isolated from
porcine aortic valves29 purchased from Quality Pork Processors Inc. (Austin, MN) by
sequential collagenase digestion and cultured in growth media consisting of 15% FBS, 2%
penicillin/streptomycin, 0.2% gentamicin in Media 199 (Invitrogen Corp.) at 37 °C in a 5%
COs environment. VICs were cultured at subconfluent densities and seeded on UV sterilized
hydrogel disks at 50,000 cells/cm?.

Statistics—Data were presented as mean + standard deviation (SD). At minimum, three
samples were represented for each data point. Data were compared using a two-tailed,
unpaired #test, and p values less than 0.05 were considered statistically significant.

4. Results and Discussion

4.1. Synthesis and characterization of hyperbranched crosslinkers

Different synthetic approaches have been used to obtain a new generation of crosslinkers by
end-group functionalization of a commercial hyperbranched polymer. The introduction of a
photopolymerizable group into hyperbranched S1200 was carried out following two
different synthetic strategies, illustrated in Scheme 3. The synthesis of S1200MA was
performed using a similar synthetic method as previously described for dextran
modification.30 The hydroxyl groups of the hyperbranched polyol reacted with the carbonyl
group of maleic anhydride to form an ester linkage. This step also led to a ring opening of
the anhydride group and generated a carboxylic acid group at the end of the attached
segment. This mechanism preserves the functionality of the polymer irrespective of the DS
and increases the hydrophilicity of hydrogels with the DS. The newly available carboxylic
acid functional group can then be used in any further incorporation of drugs or other
bioactive agents.

The degree of substitution of S1200 was determined by both 1H NMR and MALDI TOF
techniques, and a good agreement was found between both methods. Two hydrogels with
different DS (2 and 5) were obtained by varying the molar ratio of MA to S1200 in the
reaction mixture. For example, a DS value of 5 indicates that 5 out of 8 hydroxyl groups of a
S1200 molecule are esterified with fumaric groups. Variations in the reaction conditions,
such as temperature, molar ratio or time did not lead to a full conversion of hydroxyl groups.
Formation of aggregates due to hydrogen-bond interactions and steric hindrance may
explain a lower reactivity compared to other branched polymers containing hydroxyl end
groups.

The addition of thiol groups to S1200 was carried out through the ring opening reaction of
propylene sulfide in the presence of the hyperbranched polyol, resulting in a DS 2. FTIR
spectra also confirmed the reaction of hydroxyl groups of the polyol with the thiirane
showing a band at 2560 cm™2, which is related to the stretching vibration of S-H bond. The
novel hyperbranched crosslinkers were termed S1200MA and S1200SH, depending on the
reactive final groups.

4.2. Hydrogel formation and characterization

Hydrogels were prepared by photocrosslinking of PEGDA with end-functionalized
hyperbranched macromonomers (S1200MA and S1200SH) at different concentrations in the
initial solution. Table 1 summarizes the composition of the precursor formulations and
crosslinking density of the prepared hydrogels. Polymerization was photochemically
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initiated using Irgacure 2959, which is water-soluble and cytocompatible.31 The resulting
S1200MA/PEGDA hydrogels were flexible and semitransparent whereas S1200SH/PEGDA
gels were opaque and white; indicating that phase separation occurred in gels with
propanethiol groups. While S1200MA copolymerized with PEG diacrylate by a classic
chain-growth reaction, thiol-end modified S1200SH was incorporated to PEGDA through a
mixed-mode polymerization mechanism, a combination of chain-growth and step-growth
reactions, where both reactions are radically mediated. The unique structure of the thiol-
acrylate evolved from the mixed-mode polymerization mechanism and was directly
impacted by the thiol:acrylate ratios, transitioning from being more chain-like to more step-
like as the thiol:acrylate ratio increased.32

The swelling behavior of these hydrogels, which influences solute transport and cell
viability from a tissue engineering perspective,33 was studied and results are shown in
Figure 1. The water content at equilibrium also depends on the crosslinking density, which
was directly related to the concentration of crosslinkable and total reactive groups (Table 1).
The swelling ratio increases when the S1200SH crosslinker content is increased from 5 to
25wt%,; by further increasing the concentration (up to 50 wt%), a slight decrease in the
swelling ratio is observed. This behavior may be explained by the mixed mode
polymerization, giving rise to a change of the network structure. The loss of transparency as
increasing the concentration of S1200SH suggests that phase segregation and increased
hydrophobicity limits swelling in these gels. This effect is also enhanced by the increase in
the concentration of crosslinkable groups and the formation of a more compact structure.
For hydrogels crosslinked with S1200MA, only a slight increase in the swelling degree is
observed at the highest concentrations used here. In this case, the increase in the
crosslinking density is compensated by the hydrophilicity coming from the carboxylic
groups in the fumaric acid.

Figure 1 also compiles the compressive modulus of S1200SH and S1200MA hydrogels. The
decline in the reactive groups is accompanied by a softening of the hydrogel structure; only
gels with a high increase in the concentration of crosslinkable groups show a stiffer structure
(10 and 17). The compressive modulus decreased from 5.8 MPa for hydrogel 1 (in the
absence of S1200MA) to 3.4 MPa for hydrogel 10 (15 wt% S1200MA, DS 5). The modulus
decreased as end-modified hyperbranched polymer concentration increased in all cases,
independently of the end-group functionality and its degree of substitution. Hydrogel 13
presents higher crosslinking density and modulus when compared to hydrogel 1 as a
consequence of an increase of thiol conversion.35

The swelling behavior of the hydrogels as a function of time is shown in Table 3, and their
magnitudes depend on the functionality and nature of hyperbranched macromer along with
the pH of the media. A maximum swelling ratio is achieved in pH 6.5 medium for
S1200MA crosslinked hydrogels (5 and 10). At pH 6.5 a high proportion of carboxilic acid
groups in the hydrogel are expected to be in the form of carboxylates since fumaric acid has
pK; values of approximately 3.5 and 4.5, and therefore, the resulting electrostatic repulsion
in the polymer network cause the hydrogel to swell. At higher pH, counterions pair with the
ionized carboxylic groups, resulting in a lower swelling ratio at pH 8.0. However, the
hydrogel containing S1200SH (15) exhibited the highest swelling ratio in alkaline medium,
which can be explained by a faster and irreversible degradation process in alkaline buffer.
An increase in the swelling ratio of S1200MA crosslinked hydrogels (from 5 to 10) is
accompanied by a decrease in the time to reach equilibrium, irrespective of the pH of the
medium. This is opposed to observations in hydrogels prepared by conventional crosslinking
of vinyl groups,34 and is explained by means of an increase in the hydrophilicity with the
incorporation of maleic acid segments as the DS increases.
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In order to study the network structure of the hydrogels, it was essential that certain aspects
of the gel structure were determined.36 The average molecular weight between crosslinks
(M) and the crosslinking density of the hydrogels at equilibrium swelling were calculated.
The results of the estimated crosslinking density are given in Table 1 together with the
crosslinkable acrylate and thiol groups concentration in the hydrogel precursor formulations.
It should be noted that to calculate M,, this model assumes that (i) the end-to-end distances
of the chain are Gaussian, (ii) network deformation is affine and isothermal and (iii)
dangling ends are absent. Likely, the hyperbranched networks do not fulfill these criteria and
consequently, the presented data can only be considered in a relative way as reported
elsewhere.37

Based on the above analysis, the thiol-ended crosslinkers led to hydrogels with higher
crosslinking degree than those crosslinked with S1200MA using the same concentration of
crosslinker with the same substitution degree. This result is more pronounced for low
S1200SH concentration, and this fact agrees well with an enhancement of thiol conversion,
as mentioned before. Increasing the molar concentration of thiol groups in the hydrogel
formulation increases the amount of chain transfer occurring during polymerization,
shortening the thiol-polyacrylate chains and reducing the number of crosslinks attached to
each kinetic chain, which produces higher molecular weights between crosslinks. The
introduction of multifuctional crosslinkers increases the number and the accessibility of
functional groups available for reaction with PEG acrylate groups. Therefore, introduction
of S1200MA hyperbranched macromer with DS5 would be expected to increase the
crosslinking density, when compared to difunctional crosslinkers. Table 1 displays a general
increase in v, when increasing the degree of substitution. Furthermore, both the unusual
structure and high molecular weight of these hyperbranched crosslinkers play a key role in
dictating the final network crosslinking density.38 In this regard, it should be noted the
reduction of the total concentration of photoreactive groups by increasing the content of
HBP DS 2 in the hydrogel formulations (Table 1). The latter gives rise to a decrease of v, as
the hyperbrached crosslinker content increases. Further, these hydrogels composed of
hyperbranched polymers may show no homogeneous structures compared to ideal
crosslinked networks, presenting crosslink density gradients at a macroscopic level.39

Degradation of the hydrogels was carried out in PBS at pH 7.4 and 37°C. It was found that
the weight loss profile was dependent on chemical composition (Figure 2). As the crosslinks
were hydrolytically cleaved, the network crosslinking density decreased corresponding to an
increase in the swelling ratio and a drop in the elastic modulus. Hydrogel 13 lost 25% of its
mass after 25 days incubation and £ decreased from 6.7 to 5.4 MPa, while no significant
change was observed for hydrogel 1, which does not contain the hyperbranched macromer,
for the same period of incubation. These assays also reveal that gels with higher crosslinking
densities exhibit higher degradation rates. The fastest mass loss of the hydrogel 13 compared
with that of the other two hydrogels with the same content of hyperbrached crosslinker (3
and 7) is likely due to an easier dissociation of the hydrogel network and diffusion of the
degradation products.

The increased liability of the S1200SH hydrogels is due to the presence of a thioether bond
proximal to the acrylate ester bond. The presence of this moiety establishes a more positive
atomic charge on the carbonyl carbon of the ester, enhancing its reactivity towards hydroxyl
anions in base-catalyzed hydrolysis.40 Thus, gel 13 (vs=9.0) degraded 20% while gel 3 (v~
5.7) lost only~10% of its weight in 25 days of incubation. The amount of HBP in the
hydrogel formulation also modified degradability, hydrogels 7 and 13 made from 5 wt% of
S1200MA (DS 5) and S1200SH, respectively, lost around 30% of their weights after 45
days, while gels with higher amounts of S1200MA or S1200SH (5, 15 and 17) only lost 5 to
10% over the same time of incubation. As explained previously, the increase in the
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hyperbranched crosslinker concentration, leads to looser networks with fewer links to be
cleaved before reaching reverse gelation (7.e., complete dissolution).

Equilibrium swelling varies inversely to crosslinking density as degradation proceeds: when
the ester bonds within the S1200 blocks hydrolyze, the crosslinking density decreases, and
the network equilibrium swelling ratio increases. In 25 days of incubation, the equilibrium
swelling ratios of S1200SH crosslinked gels increased depending on thiol concentration.
Hydrogel 17, which contains 50 wt% of S1200SH, shows a decline in the modulus with no
mass loss, suggesting that crosslink cleavage occurs with no release of kinetic chains from
the network due to the enhancement of final conversion.

4.3. Heparin-functionalized hydrogels: Formation and characterization

Heparin (Hp) was derivatized with methacrylate groups (Scheme 2) and incorporated to
hydrogels via photopolymerization. Heparin-modified hydrogels were prepared using
PEGDA of two molecular weights (700 and 4000 Da) and the end-functionalized
hyperbranched macromers (Table 2). Hydrogels without HBP were prepared as a reference.
Heparin incorporation to hydrogels was determined by a DMMB assay, suggesting an
almost complete attachment of HDMA to the network (> 90%) in hydrogels Hp2-7 and
Hp11-19. However, incorporation of PEG-acrylated heparin in hydrogels Hp8-10 was less
than 50% for all concentrations due to the lower degree of functionalization of this
macromonomer. Figure 3 shows the GPC chromatograms of the heparin macromers.

The presence of heparin, in S1200 crosslinked hydrogels, decreased water absorption at
neutral pH while it was increased at pH 8.0, presented in Table 4. The chemical structure of
heparin is characterized by the presence of carboxylic groups that confer sensitivity to pH,
conditioning the total water uptake. At low pH more groups are protonated causing a
reduction of electrostatic repulsions, giving rise to a more compact structure than that in
basic media and therefore, hindering the swelling. Swelling experiments confirm the
structure of the network envisaged on the basis of calculated crosslinking parameters (Table
2). The water content in the gels increase with heparin content, the more polar component,
which contributes to a higher water uptake for bioconjugated gels. Heparin-modified
hydrogels show lower crosslinking density, which should also favor water sorption in
adequate pH solution. As an example, Hp12 (10 mM Hp) showed an equilibrium swelling
of 9.7 at pH 6.5 compared to 4.5 of Hp11, which contained 5mM Hp. By increasing the
length of the PEG spacer using PEGDA, M,, 4000Da, the swelling ratio (g) is enhanced even
for lower Hp contents (7.e., Hp4, 0.1mM). Another interesting pattern is that the swelling
ratio is independent of pH for these hydrogels, likely due to hindered electrostatic
interactions by enlarging the distance between neighboring heparin moieties.

By increasing the amount of Hp the compressive modulus decreases for highly crosslinked
hydrogels (Hp1, 4.3MPa to Hp3, 2.2MPa), as well for more loosely crosslinked hydrogels
(Hp4, 444 kPa to Hp7, 85 kPa). In general, the presence of hyperbranched crosslinkers in
the bioconjugated gels leads to a further reduction of the elastic modulus.

The modulus dramatically decreases when increasing the heparin/PEG ratio in the
formulation. This effect is observed in all heparin gels, but the magnitude depends on the
spacer chain between the polyacrylate and the polysaccharide, see PEG-acrylated heparin.
The modulus of gel Hp3 (10 mM heparin concentration) is half of that of Hp2, containing
10 times less the amount of heparin. Also, the spacer between the Hp molecules played an
important role, and the decrease of £and increase of swelling ratio are not as marked in the
PEG-acrylated heparin as in heparin methacrylate based hydrogels. For example, gel Hp6
has a lower modulus and higher swelling ratio than gel Hp10, due to a reduction of the
electrostatic repulsions between heparin molecules.
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The general trend is that v, decreases as Hp content increases, with the exception of Hp15
that showed the highest crosslinking density amongst HBP-crosslinked hydrogels. The
presence of S1200MA leads to an improvement of mechanical properties in the most
compliant gels composed of PEG4000 and high content of heparin, such as Hp18 compared
to Hp6. Degradation assays exhibit a higher loss of weight for gels Hp1, Hp2 and Hp3 in
45 days of incubation, when compared to gel 1, see Figure 4. Also the addition of S1200MA
to heparin hydrogels increas the degradation rate, deduced from the Hp11 and Hp12 data.
Young modulus was also measured during the degradation process, and a good correlation
was observed between the bulk degradation and mechanical property measurements (data
not shown). The general trend follows the concentration of reactive groups in the
formulation so that hydrogels having higher modulus appear more stable towards hydrolysis.
Hp13 showed the highest stability amongst the heparinized gels. Additionally, selective
enzymatic degradation of these gels may allow tailored delivery of soluble heparin
fragments, which may influence cell behavior.

4.4. Morphology of hydrogels

It is expected that hyperbranched nuclei with high segmental density may form a separated
phase from the continuous one, composed mainly of linear chains and crosslink junctions.
Figure 5 shows the micrographs of several hydrogel surfaces where differences in the
network crosslinking density are evident. The hydrogels containing both heparin and end-
functionalized hyperbranched macromer (Figure 5a—b) exhibit the presence of larger holes
in the surface than those containing Hp or hyperbranched macromer. While both
components define macroscopic structure, it can be deduced from Figure 5¢ and 5d that
hyperbranched polymers have a major influence on porosity. The surface of gel Hp3 with 10
mM heparin is rough while non-bioconjugated gels 7 and 10 have smoother surfaces and
smaller pores (not shown in the figure). Regarding HBP content, the increase of
hyperbranched macromers decreases the concentration of reactive groups in the medium as
described previously. This decline in crosslinking density leads to the formation of less
dense and more porous structures in non-bioconjugated hydrogels.

The physical properties and structural parameters, compiled in Tables 1 and 2, correlate well
with the variation of the morphological features observed by SEM. Figure 6 shows the
section micrographs of some selected hydrogels. These images depict the influence of the
DS and reactive groups of the multifunctional crosslinker in the hydrogel structure, as well
as the presence of heparin. The cross-sectional images of hydrogels containing only
hyperbranched macromer (Figure 6a) or Hp macromer (Figure 6b) show a more compact
morphology compared to those containing both Hp and hyperbranched macromers (Figures
6¢—f). This result is in agreement with the observed surface morphology and also
corresponds to hydrogels 3 and Hp3 with higher crosslinking densities and lower degree of
swelling compared to Hp12, Hp14, Hp15 and Hp19. Crosslinking density of each hydrogel
is included in the legend of the figure to envisage the impact of this parameter in the
morphology. Moreover, it was observed that highly crosslinked hydrogel 8 (v=9) exhibited
a very compact structure and, hydrogels containing hyperbranched crosslinker S1200MA
with DS 2, formed less compact structure than that of hydrogel with S1200MA DS 5
(images not shown). Different behavior was observed for heparin containing hydrogels.
When we looked at the cross section of the hydrogels Hp12, Hp14, Hp15 and Hp19, larger
pores were present in S1200SH hydrogels (Figure 6e—f) than S1200MA (Figure 6¢—d).
Although cell growth is believed to be affected by complex factors, the effect of scaffold
pore size on cell growth has been previously reported.42,43

Preliminary studies about how this unusual crosslinked networks impact cell behavior show
improved VIC-material interactions when poly(ethylene glycol) is copolymerized with
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heparin and/or S1200MA (supplementary information). This initial cell-material interaction
studies try to demonstrate how physico-chemical characteristics of this hydrogel materials
can be tuned to promote cell attachment and morphology. Further, the presence of longer
poly (ethylene oxide) chains in the network increases the porosity and gives rise to more
compliant scaffolds. Thus, among all the gels tested hydrogel Hp18, prepared by
photopolymerization of PEG4000DA, 10 wt% S1200MA (DS 2) and 10 mM HpMA,
showed to promote desired VIC interactions.

5. Conclusions

In summary, we prepared novel biodegradable hydrogels based on PEG and a
hyperbranched poly(ester amide) by UV photo-crosslinking. These hydrogels exhibit
tunable properties, including swelling ratio, network parameters, and degradation rates
depending on the crosslinker chemical structure and degree of substitution. This last
parameter, DS, in hyperbranched macromers can be adjusted by tuning the ratio of maleic
anhydride to the hyperbranched polymer S1200. The swelling ratio and network parameters
change regularly with the hyperbranched polymer content, while the degradability of the
hydrogels is highly related to the crosslinking density and pH conditions. On the other hand,
the described gels were modified with heparin at different concentrations, leading to a
decrease in crosslinking density. No significant cytotoxicity of the resulting gels was
observed for valvular interstitial cells seeded on various formulations, and improved
attachment and spreading occurred on more porous substrates, suggesting potential
applications of these hydrogels as scaffolds for tissue engineering applications. Finally, the
best results for VICs culture were obtained with bioconjugated hydrogels containing
hyperbranched macromers, among the almost 40 hydrogels tested.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Swelling ratio at the equilibrium, g (bars), and Young modulus, £ (lines), of hydrogels based

on PEGDA and S1200MA DS 5 (a) or S1200SH (b) in PBS pH 6.5. Error bars represent
mean = SD. Asterisks denote statistical significance (* p<0.01 and ** p<0.05) from the
PEG700DA hydrogel. The number over each bar corresponds to the hydrogel number
indicated in Table 1.
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Degradation profiles over time of PEGDA hydrogels with hyperbranchedpolymers
S1200MA (1, 3,5 and 7) and S1200SH (13, 15 and 17).
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Figure 3.
Elution chromatogram obtained for PEGacrylated-Hp (dotted line) and HpMA macromer

(slashed line) compared to non-modified heparin profile (straight line). The normalized
signals of refractive index detector are presented here versus time.
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Degradation profiles of PEGDA hydrogels with hyperbranched polymers S1200MA and
S1200SH and bioconjugated with methacrylated heparin (HpMA). Values are normalized to
hydrogel 1.
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Figure 5.

SEM micrographs of the surface of bioconjugated Hp hydrogels: (a) Hp12 (HPMA 10 mM /
PEGDA and 5 wt% S1200MA DS 2); (b) Hp15 (HpMA 10 mM /PEGDA and 15 wt%
S1200MA DS 5); (c)9 (10 wt% S1200MA DS 5) and (d) Hp3(HpMA 10 mM and PEGDA).
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Figure 6.

SEM micrographs of the hydrogel sections. (a) hydrogel 3 (5 wt% S1200MA DS 2); (b)
Hp3 (10 mM HpMA); (c) Hp12 (10 mM HpMA + 5 wt% S1200MA DS 2); (d) Hp14 (1
mM HpMA+ 15 wt% S1200MA DS 5), (e) Hp19 (10 mM HpMA + 5 wt% S1200SH), (f)
Hp15 (10 mM HpMA+ 15% wt S1200MA DS 5). Crosslinking densities are 5.7, 3.0, 1.4,
2.9, 3.3 and 4.4 respectively.
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Representation of the derivatization of hyperbranched polymer S1200 with maleic acid and

thiol functional groups.
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Pedron et al.

Table 3

Page 25

Swelling behavior of hydrogels with 15 wt% S1200MA (hydrogel 5 with DS 2 and hydrogel 10, DS 5) and 15
wt% S1200SH (hydrogel 15).

Hydrogel pH % Swelling ratio att =10 min % Swelling ratio at t = 100 min % Swelling ratio at t = 1000 min
5 6.5 225+18 333+10 315+22

10 6.5 454+20 451 +11 490 + 10

15 6.5 400+16 413+8 497 + 15

5 8.0 202+12 139+5 169 +5

10 8.0 364+25 305+ 15 257+8

15 8.0 1111+62 1079+ 71 1195+ 55
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Pedron et al.

Table 4

Page 26

Comparison of swelling behavior of a bioconjugated hydrogel, Hp15, and a non-bioconjugated one, 10, as a
function of time at two different pH values.

Hydrogel pH % Swelling ratio att=10 min % Swelling ratio at t = 100 min % Swelling ratio at t = 1000 min
10 6.5 45040 450 =10 490 £ 10
Hp15 6.5 30030 310+20 370+ 20
10 80 36020 300 +20 260 + 10
Hpl5 8.0 520+30 390 + 30 530 + 20
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