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Injectable in situ forming hydrogels based on
natural and synthetic polymers for potential
application in cartilage repairt

Calogero Fiorica,® Fabio Salvatore Palumbo,? Giovanna Pitarresi,*°¢

Alessandro Gulino,? Stefano Agnello® and Gaetano Giammona®®

In this work we prepared two new hyaluronic acid (HA) based in situ forming hydrogels for the potential
treatment of articular cartilage damages. In particular the amino derivative of HA (HA-EDA) and its graft
copolymer with a-elastin (HA-EDA-g-a-elastin) were crosslinked, in mild physiological conditions via
Michael-type addition, with a,B-poly(N-2-hydroxyethyl)-bL-aspartamide (PHEA)
divinylsulfone (DV). The swelling and degradation profile of the obtained hydrogels as well as the
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1 Introduction

Cartilage diseases such as osteoarthritis (OA) affect each years
world wide thousand of people of all ages and in particular
people older than 60." OA is a progressive musculoskeletal
disorder characterized by gradual degeneration of cartilage that
causes serious tissue lesions that can induce pain, immobility
and joint destruction.»® The main characteristic of OA is an
imbalance between chondrocyte anabolic (synthesis) and cata-
bolic (resorptive) activities.* During the course of the disease,
the loss of proteoglycans from the extracellular matrix and the
disruption of the collagenous fibrillar network lead to the
development of lesions that can gradually affect the entire
cartilaginous structure.® Cartilage regeneration is particularly
challenging because of the poor auto-regenerative properties of
the tissue and the peculiar mechanical forces acting in the
regeneration site. These issues represent the main reason of the
failure of “early tissue engineering” treatments like the grafting
of autologous osteochondral tissue or the transplantation of
autologous chondrocyte suspensions, introduced to allow or
enhance the repair of articular cartilage.>® Highly porous
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free and cell containing hydrogels has been studied through atomic force microscopy (AFM).

scaffolds that interact with cells, bioactive molecules and
mechanical signals in a dynamic and synergistic manner may
contribute to the process of regeneration and could be used to
maintain differentiated cells in a given area, or to encourage
proliferation of chondrocytes.”® The development of biomate-
rials with biological, mechanical and physicochemical proper-
ties similar to those of the native extracellular matrix in the
cartilage tissue has been the goal of several research groups.
Among different types of materials, hydrogels seem to be
optimal scaffolds for cartilage regeneration. Indeed, Chung and
Burdick report that hydrogels support the transport of nutrients
and waste, and they can homogenously hold cells in a 3D
environment, where encapsulated cells typically retain a
rounded morphology that may induce a chondrocytic pheno-
type. Hydrogels are also capable of transducing mechanical
loads to exert controlled forces on encapsulated cells, similar to
physiological conditions.’ Many efforts have been also made to
develop systems that can be easily implanted into the body
through minimally invasive surgical procedures designed to
prevent actions that could further jeopardize the situation of
the pathological tissue. In order to obtain injectable hydrogels
able to gel in situ, several chemical and physical crosslinking
methods, such as photopolymerization,'®'* Schiff-base forma-
tion,' horseradish peroxidase (HRP)-mediated chemical cross-
linking, Michael-type addition reactions,"*'* and a-stacking
interactions' have been employed to obtain injectable hydro-
gels that gel in situ.*® The choice of a specific technique derives
from the compromise between the characteristics of resulting
scaffold and the effect on cell viability. We have already
demonstrated that Michael-type addition is a promising way to
obtain hydrogels in situ in the presence of cells since this
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reaction could occur in mild conditions in aqueous environ-
ment without the need of catalysts or other activants that
could affect cell viability. In this work we have employed an
ethylenediamino (EDA) derivative of hyaluronic acid (HA) and
a-elastin named HA-EDA-g-o-elastin to develop an in situ
forming hydrogel via Michael-type addition with PHEA-DV, i.e. a
synthetic water soluble polymer obtained by functionalizing
o, B-poly(N-2-hydroxyethyl)-pL-aspartamide (PHEA) with divinyl-
sulfone (DV). In addition, as a comparison, a second in situ
forming hydrogel has been also produced by using the amino
derivative of HA (HA-EDA) (without elastin) and PHEA-DV.

PHEA has been employed in the past years as a starting
polymer for the development of biomaterials both for tissue
engineering and drug delivery purposes.'®*>* In a previous paper
we have demonstrated that the presence of a-elastin in HA-EDA-
g-o-elastin based scaffolds increases cell adhesiveness towards
rat dermal fibroblasts.”® Moreover Nesic et al. reported that
protein-based natural polymers may contain ligands that can be
recognized by cell-surface.* Swelling behaviour, chemical and
enzymatic degradation, together with the possibility to incor-
porate viable bovine articular chondrocytes have been investi-
gated to verify the possibility of using these hydrogels as
injectable scaffolds for -cartilage regeneration. Moreover
mechanical properties of the obtained hydrogels, alone or in the
presence of cells, have been investigated through atomic force
microscopy (AFM).

2 Experimental section
2.1 Chemicals

All reagents were of analytical grade, unless otherwise stated.
Bis(4-nitrophenyl) carbonate (4-NPBC), divinyl sulfone (DV),
triethylamine (TEA), tetrabutylammonium hydroxide (TBA-OH),
Dulbeccos Modified Eagles Medium (DMEM), Dulbeccos
phosphate buffered saline (DPBS), trypsin-EDTA solution,
amphotericin B solution, penicillin-streptomycin, fetal bovine
serum (FBS), hyaluronidase (HAase) from bovine testes were
obtained from Sigma-Aldrich (Milano, Italy). Ethylenediamine
(EDA), anhydrous dimethylsulfoxide (DMSO), anhydrous
dimethylformamide (DMF) were all from Fluka (Milano, Italy).
CellTiter 96 AQueous One Solution Cell Proliferation Assay
(MTS) was purchased by Promega. o,B-Poly(N-2-hydroxyethyl)-
pr-aspartamide (PHEA) was prepared and purified according to
a procedure reported elsewhere.> PHEA weight-average molec-
ular weight was 41 kDa (M,/M, = 1.78) determined by size
exclusion chromatography (SEC). Hyaluronic acid (HA) having a
low weight-average molecular weight (230 kDa; polydispersity
index 1.9) was prepared by acidic degradation as already
reported by Shu* starting from a biotechnological HA sodium
salt with a M,, of 1500 kDa (Altergon, Italia). The tetrabuty-
lammonium salt of HA (HA-TBA) was produced as described by
Palumbo et al?*® The extraction of a-elastin from elastin of
bovine neck was performed following the procedure reported by
Partridge et al.*” Briefly 1 g of bovine elastin was suspended in
0.25 M oxalic acid solution and hydrolyzed by sequential cycles
of heating for 1 h in a water boiling bath. The supernatant was
collected by centrifugation and the precipitated solid was
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treated until complete hydrolysis. The collected soluble frac-
tions were dialyzed against water using a dialysis membrane
tube of 3500 Da, then freeze-dried. The obtained powder was
dissolved in acetic acid solution 0.01 M containing NaCl 0.1 M
(1 g of hydrolyzed elastin in 10 mL of acidic solution) and
heated at 50 °C for 15 min to obtain the a-elastin coacervation.
The coacervate was collected by centrifugation. The procedure
was repeated until no more elastin precipitated. The a-elastin
was finally dissolved in acetic acid solution 0.1 M and dialyzed
against acetic acid solution using a dialysis membrane of 3500
Da at 4 °C for 1 day. Finally, the solution was freeze-dried and
a-elastin was stored as a powder.

2.2 Apparatus

The "H-NMR spectra were recorded in D,O (Aldrich) using a
Bruker Avance II 300 spectrometer operating at 300 MHz.
Scanning electron microscopy (SEM) images were recorded by
using a scanning electron microscope (ESEM QUANTA FEI
200F) with an accelerating voltage of 15 kV. Samples were
dehydrated by hexamethyldisilazane (Sigma-Aldrich) and dried
under vacuum prior to be gold sputtered and analyzed. A
Thermo Labsystems Multiskan Ex 96 well microplate photom-
eter was used to evaluate cell viability after MTS test. AFM
analysis was conducted by using a Bruker FastScan atomic force
microscope equipped with a probe having a spherical SiO, tip
with radius of 3.31 um and a cantilever of 450 pm with a
constant force of 0.3 N m™* (calculated after calibration with
mica surface) (Sqube). Samples of hystologycal analysis were
observed with a Leica DMD108 optical digital microscope.

2.3 Synthesis of ethylendiamino derivative of hyaluronic
acid (HA-EDA) and ethylendiamino derivative of hyaluronic
acid g-o-elastin (HA-EDA-g-a-elastin)

First HA-EDA-TBA was synthesized as reported in our previous
work.” Briefly, 500 mg of HA-TBA was dissolved in 45 mL of
anhydrous DMSO then 184 mg of 4-NPBC, dissolved in 3 mL of
DMSO, was added dropwise to the HA-TBA solution at 40 °C
(molar ratio between 4-NPBC and HA-TBA equal to 0.75). The
solution was left at the same temperature for 4 h. After this
time, 404 pL of EDA (molar ratio equal to 10 respect to the moles
of 4-NPBC) was added and the solution was left at 40 °C for 3 h.
The obtained HA-EDA-TBA derivative was precipitated in an
excess of diethyl ether then washed 4 times in acetone and dried
under vacuum. The yield for this reaction was 75% in weight
(respect to the HA-TBA initial weight). To obtain HA-EDA, TBA
was eliminated from the final product dissolving the freeze-
dried HA-EDA-TBA in water at a concentration of 1% in the
presence of 500 puL of NaCl saturated aqueous solution. The
obtained solution was dialyzed against NaCl 5% (w/v) solution
for 2 days and then against water for other 2 days and the
product was recovered by freeze drying. "H NMR spectrum of
HA-EDA derivative in D,O showed principal peaks at 6 1.9 (-NH-
CO-CH; of HA), § 3.1 (-CO-NH-CH,-CH,-NH, of EDA),
6 3.3/3.8 (pyranosyl CH of HA). The derivatization degree in
terms of moles of EDA linked to HA, calculated by '"H-NMR
analysis (spectrum not shown), was 60 + 5 mol%. HA-EDA-g-
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a-elastin copolymer was synthesized according to a synthetic
protocol already published.”® Briefly 200 mg of a-elastin was
dissolved in 5 mL of DMSO, then 35 mg of 4-NPBC were added
and the reaction was maintained at 40 °C for 4 h. Solution of
a-elastin activated with 4-NPBC was added to 25 mL of anhy-
drous DMSO containing 550 mg of HA-EDA-TBA derivative.
After 3 h at 40 °C, the reaction was stopped by adding 1 mL of
aqueous NaCl saturated solution, then precipitated with an
excess of acetone (to remove TBA). Samples were washed with
acetone-water 8:2 v/v, DMSO and then acetone alone.
Obtained products were dried under vacuum, dissolved in
water, dialyzed against water (dialysis tubing of 12 000/14 000
cutoff) and finally freeze-dried. The yield for this reaction was
85% in weight (respect to the HA-EDA initial weight). The
amount of a-elastin grafted to HA-EDA, calculated by UV
determination at 280 nm, was 40% w/w (spectrum not shown).

2.4 Synthesis of divinylsulfone derivative of o,f-poly(N-2-
hydroxyethyl)-pr-aspartamide (PHEA-DV)

An amount of 500 mg of PHEA was dissolved in 10 mL of
anhydrous DMF in the presence of TEA and then DV was added
to the solution. The molar ratio between TEA or DV and PHEA
repetitive units was set equal to 5. The reaction was carried out
for 24 h at 50 °C, the product was recovered by precipitation in
diethyl ether, purified by at least 5 washings in the same solvent
and recovered by under vacuum drying. "H-NMR in D,O showed
peaks at ¢ 2.7 (m, 2H,-CH-CH,-CO-NH-), ¢ 3.2 (m, 2H, -NH-
CH,-CH,-OH), 3.6 (m, 2H, -NH-CH,~CH,~OH) of PHEA and
6 6.3 and ¢ 6.8 (3H, 2q: CH,=CH-) of DV. PHEA-DV weight
average molecular weight was measured by SEC analysis with
the same conditions already described for PHEA based on
PEO/PEG standards.”

2.5 Hydrogel formation and gelation time

HA-EDA or HA-EDA-g-a-elastin were dissolved in DMEM
(without other supplement) at a concentration of 3% w/v while
PHEA-DV was dissolved in the same solvent at the concentra-
tion of 6% wi/v. To allow the crosslinking reaction, solution of
PHEA-DV was added to that of HA-EDA or HA-EDA-g-a-elastin
and the resultant solution was incubated at 37 °C under gentle
shaking. The weight ratio between HA-EDA or HA-EDA-g-o-
elastin and PHEA-DV was set to 1 : 1, the final concentration of
HA-EDA or HA-EDA-g-a-elastin in the gelling solution was
2% w/v. The gelation time was qualitatively monitored by the
inversion tube test.?®

2.6 Swelling and degradation studies

Swelling data were obtained by comparing the weights of freshly
prepared hydrogels with those of the same samples after
scheduled times (from 1 to 30 days) of incubation in DPBS pH
7.4 at 37 °C in orbital shaker at 80 rpm. To obtain the swollen
weights, the excess of DPBS from each sample was accurately
removed with blotting paper. The swelling percentage was
calculated as:
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Swelling% = [(final wet weight — initial wet weight)/
initial wet weight] x 100

Each experiment was performed in triplicate. For hydrolytic
degradation studies, hydrogels were washed at least five times
with double distilled water then freeze dried and accurately
weighed. Dried hydrogels were submerged into 4 mL of DPBS
pH 7.4 and incubated at 37 °C in orbital shaker at 80 rpm. At
scheduled times (from 3 to 30 days), hydrogels were washed
five times with double distilled water, freeze dried and weighed.
The degradation was expressed as % of recovered weight,
calculated as:

Recovered weight% = (final weight/initial weight) x 100

Enzymatic degradation experiments were performed in the
same conditions used for hydrolytic degradation study but each
hydrogel was incubated until 72 hours days in DPBD pH 7.4 in
the presence of HAase at a concentration of 30 U mL ™. Also
enzymatic degradation was expressed as % of recovered weight.
Both hydrolytic and enzymatic degradation experiments were
performed in triplicate.

2.7 Incorporation, metabolic activity evaluation and
morphological analysis of bovine articular chondrocytes

Bovine articular chondrocytes were isolated as reported in a
previous published work.” HA-EDA and HA-EDA-g-a-elastin
were sterilized as powders by UV irradiation for 1 hour using a
125 Watt UV-lamp. A solution of PHEA-DV in DMEM was ster-
ilized by filtrating through a 0.22 um nylon filter. To produce
engineered constructs by incorporating cells into the hydrogels,
chondrocytes were harvested, resuspended in an appropriate
volume of solution of HA-EDA or HA-EDA-g-a-elastin in DMEM.
The concentration of each HA derivative in the cell containing
solution was 3% w/v. Afterwards, an appropriate amount of
PHEA-DV sterile DMEM solution, at a concentration of 6% w/v,
was added. 300 microliters of the so obtained gelling system
containing 5 x 10 cells was poured into each well of a 48 well
plate and incubated at 37 °C in CO, 5% atmosphere for 30 min
to allow the crosslinking reaction. 500 puL of complete DMEM,
obtained by supplementing DMEM with 10% v/v of FBS, 1% v/v
of penicillin-streptomycin solution, 1% v/v of glutamine solu-
tion and 0.1% v/v amphotericin B solution, was then added to
each hydrogel. The weight ratio between HA-EDA or HA-EDA-g-
a-elastin and PHEA-DV was set equal to 1:1 and the final
concentration of each HA derivative in the gel forming solutions
was 2% w/v. Each cell containing hydrogel was cultured for
21 days by refreshing the culture medium each two days. At
scheduled times, the metabolic activity of the incorporated
chondrocytes was evaluated by MTS assay by using supplier
instructions. The morphology of the incorporated chondrocytes
was analysed by scanning electron microscopy (SEM). For this
study at scheduled times, samples were fixed with 10% v/v
formaldehyde, rinsed with water and dehydrated with ethanol
series (30%, 50%, 70%, 90% v/v and pure ethanol), then treated
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with hexamethyldisilazane and dried in a flow hood. Dried
hydrogels were freeze fractured, situated on the stubs by using
an appropriate adhesive tape, gold coated (thickness of gold
coating between of about 20 nm) and analysed by SEM in order
to observe cells inside scaffolds. Each experiment was per-
formed in triplicate.

2.8 Histological analysis

Hydrogels were fixed by submersion in a solution of formalin in
DPBS pH 7.4 at a concentration of 10% v/v and then paraffin
embedded. Subsequently, 4 um thick sections were cut, depar-
affinized, rehydrated and evaluated with hematoxylin and eosin
staining. The sections were analysed with optical microscope.

2.9 Atomic force microscopy (AFM) analysis

The experiment was performed at room temperature by keeping
hydrogels in DPBS pH 7.4. For each sample, measurements
were taken in three different regions; loading and unloading
curves were obtained with a speed of 0.1 um s~ *. To determine
the elastic modulus from the force/separation curves, the Hertz
model has been used, considering, for all the obtained curves,
force boundary between 10 and 40%.

2.10 Statistical analysis

Data are presented as means + standard deviation, SD. T-test
was employed for the statistical analysis, p values littler than
0.05 were considered as statistically significant.
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3 Results
3.1 Synthesis of HA-EDA, HA-EDA-g-a-elastin and PHEA-DV

Following a procedure patented by our research group, primary
hydroxyl groups of HA have been derivatized with ethylenedi-
amine (EDA),* then the obtained HA-EDA derivative has been
employed for the reaction with a-elastin. The chemical char-
acterization of both HA-EDA and HA-EDA-g-a-elastin derivatives
has been already reported in previous articles.'>* PHEA-DV has
been produced following a synthetic procedure reported in
Fig. 1A. "H-NMR spectrum for the obtained product shows two
typical peaks relative to the proton belonging to the double-
bond protons of the DV moieties. The degree of derivatization
(DD%) in DV has been determined by comparing the peak
integrals at 6 6.43 and 6.90 relative to DV double-bond protons,
with the peaks at 6 2.7, 3.2 and 3.6 of PHEA protons (Fig. 1B).
The value of DD% in DV was 5 £ 2 mol%.

The molecular weight of PHEA-DV was 48 kDa and the
polydispersity index was 1.99.

3.2 Hydrogel production, swelling and degradation studies

The crosslinking reaction via Michael-type addition, between
free amino groups of HA-EDA or HA-EDA-g-a-elastin and vinyl
portions of PHEA-DV, performed in DMEM in the absence
of other supplement, takes place, for both derivatives, in
20 minutes at 37 °C (in the Fig. 2 it is reported as an example
the crosslinking process between HA-EDA-g-o-elastin and
PHEA-DV).
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Fig. 1 (A) PHEA-DV synthesis from PHEA; (B) IH-NMR spectrum of PHEA-DV.
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Fig. 2 Crosslinking process between HA-EDA-g-a-elastin and PHEA-DV.

HA-EDA/PHEA-DV and HA-EDA-g-a-elastin/PHEA-DV hydro-
gels do not show macroscopic shrinking process after 24 hours
from crosslinking at 37 °C. Obtained samples have been
weighed and submerged in DBBS pH 7.4 to evaluate their
capacity to incorporate the aqueous buffer and to swell.
Swelling behavior has been evaluated for 30 days and the trend
is shown in Fig. 3.

It is possible to observe that both hydrogels swell with a
similar profile after the first 2 weeks of incubation, indeed, after
24 hours, they increase their weight of 15% about (14.60 +
4.18% for HA-EDA-g-a-elastin/PHEA-DV and 16.53 £ 5.59% for
HA-EDA/PHEA-DV) and they maintain this value (as well as the
difference between the samples) basically unchanged until day
14. After 21 and 30 days of incubation, again no significant
change in the swelling values is observed for HA-EDA-g-o-

w
o
s

&
o
L

W HA-EDA-g-alpha-elastin/PHEA-DV l
|

¥ HA-EDA/PHEA-DV

w
o
L

% of swelling
b}

=
o

Time (days)

Fig. 3 Profiles of swelling% over time for HA-EDA-g-a.-elastin/PHEA-
DV and HA-EDA/PHEA-DV hydrogels in DPBS pH 7.4, 37 °C.
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elastin/PHEA-DV hydrogels while it is possible to observe an
increase in the swelling of HA-EDA/PHEA-DV hydrogel that
reaches values of 25.73 £ 2.72% and 37.17 £+ 6.82% at day
21 and 30, respectively (p = 0.017). For degradation studies, the
loss on weight of hydrogels was investigated until 30 days for
the hydrolytic degradation, and until 72 hours for the enzymatic
one. In Fig. 4 the hydrolytic (A) and enzymatic (B) degradation
profile are shown.

Both HA-EDA-g-o-elastin/PHEA-DV and HA-EDA/PHEA-DV
hydrogels degrade slowly in DPBS pH 7.4, indeed the recov-
ered weight% after 30 days of incubation is 88.73 & 0.8% and
81.90 + 8.5%, respectively (Fig. 4A). The degradation is
increased in the presence of HAase; after 72 hours the recovered
weight is 86.38 + 2.32% and 74.56 + 3.49 for HA-EDA-g-o-
elastin/PHEA-DV and HA-EDA/PHEA-DV hydrogels, respectively
(Fig. 4B).

3.3 Incorporation, metabolic activity evaluation and
morphological analysis of bovine articular chondrocytes

To incorporate bovine articular chondrocytes into the hydro-
gels, cells have been suspended in HA-EDA-g-a-elastin or HA-
EDA solution in DMEM before to add PHEA-DV, then the
crosslinking reaction takes place in the presence of cells at
37 °C. The presence of cells does not influence the gelation time
that remains, in both cases, equal to 20 minutes. The metabolic
activity of incorporated cells has been evaluated by MTS assay
and results have been reported in Fig. 5.

The metabolic activity of chondrocytes incorporated in HA-
EDA-g-a-elastin/PHEA-DV hydrogels for all the incubation times

RSC Adv., 2015, 5, 19715-19723 | 19719
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Fig. 5 MTS assay on chondrocytes encapsulated in HA-EDA-g-a-elastin/PHEA-DV and HA-EDA/PHEA-DV hydrogels. Data have been
expressed as absorbance at 492 nm at 7, 14 and 21 days of culture.

is about 80% of the control one (chondrocytes cultured in investigated times, a lower metabolic activity than that of the
bidimensional condition) in particular it is 85.6 + 7.15% for day elastin containing samples. Compared to the positive control,
7, 78.8 £ 1.86% for day 14 and 83.86 * 5.16% for day 21. Cells the values are 55.25 & 10.48% for day 7, 51.72 + 7.31% for day
incorporated in HA-EDA/PHEA-DV hydrogels show, for all the 14 and 62 + 3.78% for day 21 of incubation. Incorporated cells

7 DAYS 14 DAYS 21 DAYS

HA-EDA-a-
elastin/PHEA-DV

HA-EDA/PHEA-DV

Fig.6 SEM images of chondrocytes encapsulated in HA-EDA-g-a-elastin/PHEA-DV and HA-EDA/PHEA-DV hydrogels after 7, 14 and 21 days of
culture.
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HA-EDA-a-elastin/PHEA-DV

Fig. 7 Hematoxylin and eosin stained histological sections of HA-
EDA-g-a-elastin/PHEA-DV and HA-EDA/PHEA-DV cell containing
hydrogels after 7, 14 and 21 days of culture.

show in both HA-EDA-g-a-elastin/PHEA-DV and HA-EDA/PHEA-
DV hydrogels, a typical round shape morphology how it is
possible to see from the SEM images in Fig. 6. In all the cases,
chondrocytes are close to each other but not organized in
clusters.

Histological analysis confirm these results and show how
chondrocytes are homogeneously distributed into the hydrogels
(Fig. 7). However, no particular differences in the cell
morphology are observed for elastin containing and elastin free
hydrogels to support the different metabolic activity in the
samples (see magnification images in the figures).

3.4 Atomic force microscopy (AFM) analysis

The effect of the presence of cells on the Young's modulus of the
hydrogels has been investigated through AFM by analyzing cell
free and cell containing samples cultured in complete DMEM
for 48 hours before the experiment. Fig. 8 shows the values of
Young's modulus for the investigated samples.

For cell containing hydrogels, HA-EDA-g-a-elastin/PHEA-DV
sample shows a Young's modulus lower than that of HA-EDA/
PHEA-DV sample. However, interestingly the presence of cells
greatly increases the elastic modulus of the elastin containing
hydrogel from 0.096 to 0.710 MPa. This effect was not observed
for the hydrogel without elastin which shows, in the presence of
chondrocytes, only a slight and not significant increase from
0.170 to 0.191 kPa. To confirm that the increase in the Young's

This journal is © The Royal Society of Chemistry 2015
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elastin/PHEA-DV and HA-EDA/PHEA-DV hydrogels. Blacks histograms
refer to the same samples kept for one night in the fridge.

modulus for HA-EDA-g-a-elastin/PHEA-DV sample was due to
the presence of viable cells, samples were kept in the refriger-
ator overnight (4 °C) to cause cell death prior to repeat the AFM
measurements. The cell death was confirmed by performing the
MTS test on samples incubated overnight in the refrigerator
(data not shown). Referring to the values obtained after 48
hours of incubation, no significant change was observed for cell
free hydrogels as well as for cell containing HA-EDA/PHEA-DV
sample. On the contrary the elastic modulus of cell containing
HA-EDA-g-o-elastin/PHEA-DV sample decreases significantly
from 0.710 to 0.404 MPa after cell dying.

4 Discussions

The target pursued in this work has been the development of
an in situ forming hydrogel for the potential treatment of
articular cartilage defects. Hyaluronic acid derivatives bearing
free amino pendant groups (HA-EDA and HA-EDA-g-a-elastin)
have been crosslinked via Michael-type reaction in aqueous
medium and mild conditions with PHEA-DV, a synthetic and
water soluble polymer containing vinyl sulfone groups (Fig. 2).
The time occurring for the crosslinking is very important for
an optimal performance of an in situ forming hydrogel during
in vivo administration. Indeed, if the reaction takes place too
quickly, gelation could occur into the syringe and the surgeon
will not have the time necessary to inject the polymer disper-
sion into the articulation. On the other hand if the cross-
linking reaction is too slow, the solution could leak out of the
cartilage defect once injected. HA-EDA/PHEA-DV and HA-EDA-
g-1o-elastin/PHEA-DV form stable chemical hydrogels after
20 minutes of incubation in phosphate buffer pH 7.4 at 37 °C
both in presence or not of bovine articular chondrocytes. In
our opinion this time interval could potentially allow the
loading of the arthroscopic syringe, to proceed without undue
haste and to obtain an optimal in situ gelation. Prepared
hydrogels are able to incorporate phosphate buffer and to
reach a swelling equilibrium within 24 hours of incubation.
The ability to swell in aqueous medium is a crucial parameter
for a scaffold since it can influence the amount of oxygen and
nutrients into the construct and consequently the viability of
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the incorporated cells. Moreover, together with the rate of
degradation, it can also affect neocartilage formation by
chondrocytes in vivo as reported in the literature.>* However if
an excessive swelling of the hydrogel occurs, the size of the
construct could change drastically and affect its ability to stay
in place into the cartilage defect after the in vivo implantation.
The volume increase in HA-EDA-g-a-elastin/PHEA-DV hydro-
gels is not considerable and it remains constant during the
days of analysis. Instead, HA-EDA/PHEA-DV hydrogel
increases its volume after 21 days of incubation as well as its
weight because of an increased amount of absorbed water
(Fig. 3), probably due the occurrence of a degradation process.
The different behavior between investigated hydrogels could
be attributable to the presence of a-elastin which could reduce
the water uptake because of its hydrophobic domains. The
degradation profile of elastin containing and elastin free
hydrogels in the presence or not of hyaluronidase seems to be
optimal to allow the maintenance of their structural integrity
and thus their function as cell scaffolds for the time necessary
for producing new extracellular matrix (Fig. 4). On the other
hand, the sensitivity to enzymatic degradation suggests that
both HA-EDA/PHEA-DV and HA-EDA-g-a-elastin/PHEA-DV
hydrogels are potentially biodegradable and they do not
remain in the implant site for long times. To solve the prob-
lems related to the incorporation of cells into an in situ
forming system, it is necessary to answer to the following
questions: (1) is it possible to obtain a homogeneous distri-
bution of the cells in the system? (2) Is the system able to
promote the exchange of nutrients and oxygen, and then to
support cell viability? (3) Incorporated cells actually take
contact with the matrix recognizing it as a substrate? First, cell
distribution into a hydrogel is related to the viscosity of the gel
forming solution. Both HA-EDA and HA-EDA-g-a-elastin solu-
tion in DMEM at 3% w/v can be easily mixed with the cell
suspension simply by pipetting avoiding to employ more
energetic mixing procedure (for example vortex) that can
damage the cells. The confirmation of the uniform cell
distribution in the produced hydrogels has been obtained by
histological studies. The MTS test allows to determine not only
the viability of the incorporated cells but also to understand
their state of being through the evaluation of their metabolic
activity. If a reduction in the metabolic activity is obtained
(compared to a positive control) this result could indicate that
part of the cells are dead or even if alive, they are not healthy.
The metabolic activity of the chondrocytes into HA-EDA-g-a.-
elastin/PHEA-DV hydrogel is only slightly lower than that of
the cells cultured in 2D conditions but it is significantly
greater than that of cells incorporated into the HA-EDA/PHEA-
DV hydrogels (Fig. 5). Probably this result cannot be related to
a different ability of HA-EDA/PHEA-DV and HA-EDA-g-o-
elastin/PHEA-DV hydrogels in allowing the exchange of gases
and liquids since, as already shown and discussed, the degree
of swelling is similar for both investigated samples, especially
in the early days of analysis. It is reasonable to believe that the
greater metabolic activity observed for cells into HA-EDA-g-a--
elastin/PHEA-DV hydrogel can be related to the presence of
elastin. Indeed, as demonstrated in our previous work,>
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elastin contains adhesion domains that, in this case, could
allow the recognition of the material by chondrocytes, as well
the formation of a microenvironment similar to that of the
native extracellular matrix. With this in mind, we have tried to
functionalize HA with high amount of elastin starting from a
HA-EDA with a high degree of functionalization in aminic
portions. In any case, SEM analysis (see Fig. 6) confirms that in
both HA-EDA-g-o-elastin/PHEA-DV and HA-EDA/PHEA-DV
hydrogels, chondrocytes show their typical round shape,
thus suggesting that cells maintain their corrected phenotype.
The elastic modulus of both HA-EDA-g-a-elastin/PHEA-DV and
HA-EDA/PHEA-DV hydrogels, is higher than that reported in
the literature and obtained through AFM analysis on hydrogels
produced with various natural and synthetic polymers.**
Viable cells in the HA-EDA/PHEA-DV hydrogel determine only
a slight increase in the elastic modulus, whereas their pres-
ence increases greatly (about ten fold) the elastic modulus of
HA-EDA-g-a-elastin/PHEA-DV hydrogel. This result seems to
confirm the hypothesis of the recognition of chondrocytes of
the adhesion moieties on elastin. Indeed, it is reasonable to
think that when cells establish specific interactions with the
material they can compact the hydrogel itself by acting as
biological crosslinkers, thus causing a pronounced increase in
elastic modulus. To confirm that the increase in the elastic
modulus in the elastin containing hydrogel is correlated to
cells viability, samples have been placed in the fridge over-
night, in order to cause cell death. As we expected, the death of
the cells determines a decrease in the Young's modulus only in
HA-EDA-g-a-elastin/PHEA-DV hydrogel.

5 Conclusions

Two different HA based in situ forming hydrogels have been
obtained by the crosslinking reaction between the poly-
saccharide derivatives (named HA-EDA and HA-EDA-g-a-elastin)
and the divinylsulfone functionalized a,B-poly(N-2-hydroxy-
ethyl)-pi-aspartamide (named PHEA-DV). The gelling reaction
takes place without any catalyst and in Dulbeccos Modified
Eagles Medium (DMEM) giving rise, in about 20 minutes, to the
production of chemical hydrogels. The presence of a-elastin
makes hydrogels able to maintain a swelling equilibrium until
30 days of incubation in phosphate buffer without drastic
changes in the volume of samples. HA-EDA/PHEA-DV and HA-
EDA-g-a-elastin/PHEA-DV hydrogels show a good resistance
towards hydrolytic and enzymatic degradation. It has been
demonstrated that it is possible to incorporate during the
hydrogel formation viable articular chondrocytes that remain
metabolically active until 21 days of incubation showing a
typical round shape similar to that in the native tissue. Both
metabolic assay and AFM mechanical test seem to demonstrate
that cells recognize a-elastin in the scaffold through specific
interactions that favor a better metabolic activity and allow the
improvement of the elastic modulus of the hydrogel. To the
light of the results we believe that HA-EDA-g-a-elastin/PHEA-DV
in situ forming hydrogel could represent an optimal candidate
for cartilage tissue engineering purposes.

This journal is © The Royal Society of Chemistry 2015
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