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Primers for the Adhesion of Gellan Gum-Based Hydrogels to

the Cartilage: A Comparative Study

Diego Trucco,* Laura Riacci, Lorenzo Vannozzi, Cristina Manferdini, Lorenzo Arrico,

Elena Gabusi, Gina Lisignoli, and Leonardo Ricotti

A stable adhesion to the cartilage is a crucial requisite for hydrogels used for
cartilage regeneration. Indeed, a weak interface between the tissue and the
implanted material may produce a premature detachment and thus the failure
of the regeneration processes. Fibrin glue, cellulose nanofibers and
catecholamines have been proposed in the state-of-the-art as primers to
improve the adhesion. However, no studies focused on a systematic
comparison of their performance. This work aims to evaluate the adhesion
strength between ex vivo cartilage specimens and polysaccharide hydrogels
(gellan gum and methacrylated gellan gum), by applying the mentioned
primers as intermediate layer. Results show that the fibrin glue and the
cellulose nanofibers improve the adhesion strength, while catecholamines do
not guarantee reaching a clinically acceptable value. Stem cells embedded in
gellan gum hydrogels reduce the adhesion strength when fibrin glue is used

cell survival and proliferation framework.
Besides, the possibility to deliver them in
the articular cavity through minimally inva-
sive procedures to match irregular defects
makes hydrogels promising for substitu-
tion or regenerating damaged articular car-
tilage after traumas or degenerative patholo-
gies. In both cases, integrating hydrogels
and surrounding tissues is crucial to re-
store the native properties (e.g., mechanical
ones) and promote healing processes.l’] In-
deed, a weak integration may produce pos-
sible detachment over time, a sub-optimal
transmission of mechanical loads and other
undesired phenomena ultimately leading to
the failure of cartilage substitution or regen-

as a primer, being anyhow still sufficient for in vivo applications.

1. Introduction

Injectable or in situ crosslinked hydrogels for cartilage tissue en-
gineering constitute a hot topic in the field of orthopedics.['-*) Hy-
drogels are based on three-dimensional networks of polymeric
chains featured by high water content. They have similarities
with the natural extracellular matrix (ECM), constituting a porous
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eration objective.®]

At present, the achievement of a stable
and durable hydrogel adhesion after its de-
position onto the native articular cartilage
tissue represents an often-neglected problem. Especially when
dealing with soft and deformable hydrogels, the investigation of
the adhesion strength between the cartilage and the deposited
material is of utmost importance to guarantee that the biomate-
rial safely remains in the target region, providing its stimuli (ei-
ther due to the own material properties or to the cells embedded
in it) at a local level.’ The use of adhesive primers can be used
for this purpose. An adhesive primer, or adhesion promoter, con-
sists of a coating applied to a surface to promote the adhesion of
other materials on it. The medical adhesives used in orthopedics
(e.g., cyanoacrylates) usually employed in the clinics show rela-
tively some disadvantages, thus joint brittleness, gap curing lim-
itation, poor solvent and temperature resistance and stress crack-
ing may occur if bonded with some polymers resulting in low
performances and weak tissue adhesion. This aspect deserves at-
tention and dedicated studies.

Different strategies have been proposed to address this
challenge.['®!1] Among them, the use of fibrin glue (FG), cellu-
lose nanofibers (CNFs) or catecholamines (CATs) may constitute
a promising route to be pursued. FG is a surgical glue typically
used in the clinic to create a fibrin clot for hemostasis or wound
healing. It has been investigated both as a cell-laden hydrogel for
cartilage tissue engineering!'?! or as a primer to promote the ad-
hesion of other materials on the cartilage surface.l}] Some as-
pects related to FG crosslinking have been studied in the past
years (e.g., the difference between commercial formulations and
autologous FG from human donors, or the influence of fibrin
concentration and reaction times on the adhesion strength onto
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the skin!'*)). In particular, Dehne et al. have analyzed the bond-
ing strength of FG-based tissue adhesives on bone and cartilage
tissues, testing different timings (30 and 60 s) between FG de-
livery and the subsequent adhesion of bone/cartilage samples or
a poly(lactic-co-glycolic acid) scaffold.['5] The authors found that
the adhesive strength was higher for 60 s with respect to 30 s.
However, no hints are still available on FG efficiency as a primer
for a broader range of time points (over 60 s), and on hydrogels
to be crosslinked in situ on the cartilage site.

CNFs at a concentration of 0.5% (w/v) have been recently
proposed as a solution to increase the adhesion strength of
poly(ethylene glycol) dimethacrylate/alginate (PEGDMA) hydro-
gels to the articular cartilage.'®] The physical entrapment of
CNFs within hydrogels was ensured by the formation of hy-
drogen bonds due to their hydrophilic nature and CNFs acted
as mechanical interlocks to integrate materials with tissues.!'”]
They also represented a biocompatible reinforcement that im-
proved the hydrogel mechanical properties.l'®1°] However, no in-
sights are reported in the state-of-the-art on the behavior of CNFs-
embedded hydrogels acting as an adhesion promoter layer using
different concentrations of CNFs.

CATs constitute another interesting strategy for promot-
ing material adhesion to surfaces. In a recent study, CAT-
modified gelatin synthesized via an EDC/NHS (1-ethyl-3-(3-
dimethyl aminopropyl) carbodiimide/N-hydroxy succinimide)
chemistry has been employed as a light-triggered primer, report-
ing low cytotoxicityl?) and good adhesive behavior. However, no
comparisons between CATs, FG and CNFs-embedded hydrogels
used as primers are available in the state-of-the-art.

In recent years, gellan gum (GG) has been widely stud-
ied for cartilage tissue engineering due to its biocompatibility,
biodegradability, and ductility.»] GG is a water-soluble an-
ionic polysaccharide produced by the bacterium Sphingomonas
elodea. Its structural similarity with native articular cartilage gly-
cosaminoglycans due to the presence of glucuronic acid residues
in its repeating unit makes its attractive for cartilage-related ap-
plications. Moreover, this polymer has shear-thinning properties
and allows gel formation at body temperature, characteristics that
favor its use as an injectable material. In this paper, we report the
systematic comparison of adhesion strength between FG, CNFs
and CATs used to GG. The investigation was carried out on GG
hydrogels crosslinked both ionically (using MgCl,,2!)) or using
visible light (by methacrylating the GG, thus turning it into a pho-
tocrosslinkable polymer).

2. Results and Discussion

As shown in Figure 1a, FT-IR spectra of GG and GGMA both
presented the typical gellan gum IR bands at 3300 cm™! (O—H
stretching), 2900 cm™~! (C—H stretching), 1604 cm~! (COO asym-
metric stretching), 1404 cm™~! (COO symmetric stretching), and
1020 cm™! (C-O stretching), in agreement with previous litera-
ture reports.[2226] In the case of GGMA, an additional band char-
acteristic of the methacrylic group at 1708 cm™" appeared (C=0
stretching), confirming the modification of the native GG.[232¢]
Further verification of the GG modification was carried out
by recording the '"H NMR spectrum (Figure 1b). Both the NMR
spectra showed the typical resonance peak of the rhamnose
methyl group at 1.45 ppm. However, in the case of GGMA, a set of
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new peaks become evident in the region 6.6-6 ppm and 2.1 ppm,
associated with the protons of the methacrylic unit.[*?%! By com-
paring the integrated area of the peak associated with the methyl
protons of the methacrylic group (A,;,) and the integrated area of
the rhamnose methyl unit (Ay) in the GGMA 'H spectra, it was
possible to determine the degree of methacrylation (DOM) of the
GGMA, defined as follows (Equation 1)

AMA A
R
DOM = x 100 (1)

Moy

where n, is the number of reactive hydroxyl groups per repeti-
tive unit of the native GG. In our case, the methacrylation reac-
tion gave a GGMA with a DOM of 10%.

The swelling kinetics of the GG and GGMA hydrogels were
evaluated by immersing the cross-linked gels in deionized water
at 37 °C and by evaluating their swelling ratios at specific time
points (Figure 1c). The submersion of GG cross-linked hydro-
gels caused an initial decrease of the hydrogel weights, probably
either as a consequence of ions exchange between the hydrogels
and the water or a partial dissolution of not crosslinked polymer
chains. After 1 h, the GG hydrogels reached the maximum weight
loss (=9 + 3%). Then, a slight increase of the hydrogel weight was
evident up to 2 h, when it reached a value of —4 + 2%. On the con-
trary, GGMA cross-linked hydrogels showed an increase in their
swelling ratio. In particular, after 1 h, the swelling ratio reached
a value of 74 + 15%, and remained almost constant after 2 h (77
+ 25%). This behavior points to a lower crosslinking efficiency in
the case of GGMA hydrogels.

Initially, GG and GGMA hydrogels were tested to evaluate their
adhesion strength without primers. As shown in Figure 2a, we
found that the peak adhesion strength values were significantly
different between GG (2.53 = 0.69 kPa) and GGMA (6.46 + 1.81
kPa) (* p < 0.05). Furthermore, both crosslinked hydrogels de-
tached from the bovine cartilage samples while remaining com-
pletely intact after the tests, suggesting that the tissue and the
hydrogel interface underwent rupture (Figure S1, Supporting In-
formation). It has been shown that the clinical value considered
suitable to permit a stable hydrogel adhesion with the surround-
ing tissue is at least 10 kPa.’! Indeed, Learmonth et al. found a
rather limited adhesiveness of GG to biological tissues and a con-
sequent scarce stability of GG-based implants.l?”] On the other
hand, the adhesiveness of GGMA photocrosslinked with a vis-
ible light-sensitive photoinitiator has never been tested so far.
Our results indicate that the photocrosslinked hydrogel shows
a stronger adhesion than the ionically crosslinked one. A higher
adhesiveness enabled by photoresponsive materials has been de-
scribed for phenol- and catechol-modified gelatins tested after
photo- or ionic-crosslinking,[2°) although using a slightly differ-
ent set-up for the evaluation. Probably this behavior is due be-
cause ionic crosslinking typically occurs through reversible in-
teractions, whereas photocrosslinking forms covalent bonds that
increase the interface stability. A similar explanation could also
be applied in the case of GG and GGMA.

The adhesion strength of GG improved in the presence of the
FG primer (Figure 2a) with respect to the control with no primer.
In particular, the maximum adhesion strength increased to 6.50
+2.36kPa (** p < 0.01),t0 7.91 + 2.39 kPa (** p < 0.01) and 12.64
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Figure 1. a) ATR FT-IR spectra of the native GG (black) and GGMA (red). b) "H NMR spectra of GGMA (red) and GG (black). c) Swelling ratio of GG
(black) and GGMA (red) hydrogels in deionized water measured at 30 min, 1, 2, 5, and 24 h. In the case of GGMA hydrogels, the measurements were

carried out only for 2 h.

+0.87 kPa (** p < 0.01) after 30 s, 5 min and 15 min, respectively,
while it decreased to 4.64 + 0.99 kPa after 30 min with a statisti-
cally significant difference with respect to the 15 min value (** p
< 0.01).

Analyzing the adhesion strength of GGMA (Figure 2a), we
found no statistically significant differences among the tested
conditions. Nonetheless, the maximum adhesion strength trend
tended to slightly increase with respect to the control (no primer)
in the sample provided with FG. The strength values resulted
7.58 + 0.91 kPa (after 30 s), 9.80 = 3.03 kPa (after 5 min), 10.99
+ 3.14 kPa (after 15 min) and 7.71 & 2.01 (after 30 min) (Fig-
ure 2a). Only the waiting time of 5 and 15 min guaranteed clini-
cally acceptable values (~10 kPa), on average. Although the adhe-
sion strength values did not differ considerably between GG and
GGMA hydrogels provided with a FG adhesion layer, the stress—
strain curves instead had a different behavior.

Analyzing average stress-displacement curves for GG (Fig-
ure 2b), the timing of 5 min and 15 min showed a fragile be-
havior, with the highest peak reached before a displacement of
0.1 mm, then the stress sharply decreased to zero. Differently,
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after 30 s and 30 min, the hydrogels showed a ductile behavior.
For GGMA, all cases showed a clear ductile behavior, as shown in
Figure 2c. The work of adhesion of GG cases did not show signif-
icant differences between the samples (Figure 2d). We observed
a statistically significant difference between GG and GGMA for
samples evaluated after 5 min (* p < 0.05). The area calculated
for the GGMA samples gradually increased reaching a maximum
for the 15 min time-point, with statistically significant differences
with respect to the “no primer” condition (** p < 0.01) and to the
30 s time-point (* p < 0.05). Then, it decreased for the 30 min
time-point (** p < 0.01), showing a similar trend as the maxi-
mum adhesion strength values. Interestingly, the work of adhe-
sion, which derived from the strength-displacement curve, larger
values were reached in the case of GGMA due to its ductile be-
havior. The GGMA, being a photocrosslinked matrix, resembles
a less fragile and more dissipative matrix than GG.[!%)
Analyzing the interface between the tissue and the applied
hydrogel more in depth, we observed that the FG always de-
tached from the cartilage when left for only 30 seconds before
GG/GGMA casting, revealing that such a time was not sufficient

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 2. Adhesion test of GG and GGMA hydrogels to the cartilage using fibrin glue as a primer, evaluated at different waiting times between primer
and hydrogel deposition: 30 s, 5 min, 15 min, and 30 min. a) Maximum adhesion strength values found for GG and GGMA at various waiting times for
the fibrin glue. b) Adhesion strength over displacement curves for GG. c¢) Adhesion strength over displacement for GGMA. d) Work of adhesion of GG
and GGMA calculated as the area below the adhesion strength over the displacement. The dashed line represents the adhesion strength threshold (10

kPa) suitable for clinical applications!®]; * p < 0.05, ** p < 0.01.

for the FG to guarantee an effective adhesive behavior to the tis-
sue (Figure S2a—d, Supporting Information). On the contrary,
when the FG was left onto the cartilage to react for 5 min (Fig-
ure S2e-h, Supporting Information) and 15 min (Figure S2g-1,
Supporting Information), the primer presented a higher adhesive
behavior since it remained at least adhered to the cartilage sam-
ple. Interestingly, in the case with the highest adhesion strength
(GGMA, 15 min), parts of the GGMA hydrogels also remained
adhered, demonstrating the higher effectiveness of such a pa-
rameter setting (Figure S2k,1, Supporting Information). Lastly,
the FG showed a dehydrated or vitreous-like appearance in the
case of the longest time-point (30 min), as shown in Figure S2m-—
p (Supporting Information).

Macromol. Biosci. 2022, 2200096 2200096 (4 of 15)

Dehne et al. evaluated two different waiting times (30 s and 60
s) for the FG, focusing on specific clinical scenarios (e.g., bone
on bone, cartilage on cartilage, pull-out cartilage, and pull-out
transplant).[>] Considering the pull-out transplant model, which
is the condition closest to our study, the adhesion strength re-
sulted in 33.7 and 47.2 kPa for 30 and 60 s, respectively. These
values are not comparable with the ones found in our case (due
to different hydrogels tested, a different set-up used and differ-
ent waiting times—we did not test 60 s), but anyhow confirmed
larger values for higher time-points. Our results allowed clari-
fying the FG adhesive layer behavior at longer time points. The
decrease of the adhesion strength when 30 min passed between
FG deposition and hydrogel deposition could be due to the layer

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Table 1. Sol fraction (%) of GGMA hydrogels with embedded CNFs at a
concentration of 0.1% w/v and 0.5% w/v, photocrosslinked varying the
exposure time: 2.5, 5, and 10 min.

Exposure time CNFs 0.1% w/v CNFs 0.5% w/v

2.5 min 34.74 +22.26 28.02 +3.67
5 min 14.43 + 5.04 11.90 +6.73
10 min 9.15 + 8.47 3.89+ 1.61

drying exposed to the air and thus a lack of efficacy over time.
Indeed, increasing the waiting time between the FG application
and the hydrogel solution pouring, the FG may totally crosslink
and also dehydrate, thus gradually losing its stickiness property
toward the hydrogels. The absorption of GG and GGMA solu-
tions within FG may occur before their crosslinking, leading to
a possible FG/GG entanglement. Nonetheless, such a hypothe-
sis seems insufficient for justifying the adhesive properties when
the hydrogel solutions are applied after 30 min, as also high-
lighted by the results. The FG composition is an important pa-
rameter to be taken into account. Indeed, the time needed for the
FG to crosslink is strongly affected by the thrombin/fibrinogen
concentration, which determines the setting time of the fibrin
sealant, ranging from 30 s (rapid setting) to several minutes
(slow setting).!”8] The composition also affects the conversion of
fibrinogen into fibrin clots, which form a mesh and an dense
protofibril packing with a nanometer size, which probably im-
pedes the entanglement of the GG polymeric chains (the average
weight of the polymeric chains is 500 000 Da) upon FG assembly.
This may hamper material penetration within the crosslinked so-
lution over time.[?°! Thus, the 15 min time-point represents the
best compromise, in our case, for the formation of the FG clot
while the GG/GGMA remains entangled within the FG solution
before its complete crosslinking.

Our results about FG are in line with those shown by Karami
et al,l'® in which the use of another FG (from Tisseel, Baxter
International Inc.) showed an adhesion strength up to 14.3 +
2.6 kPa between the cartilage and a photocrosslinked hydrogel
(in their case, a double-network matrix composed of covalently
crosslinked PEGDMA and ionically crosslinked alginate rein-
forced with CNFs). However, in this study, the authors did not
evaluate the role of the waiting time before primer and hydro-
gel deposition, but they rather tested the stability of the hydrogel
deposited immediately after the FG deposition.

Concerning CNFs, two concentrations (0.1% and 0.5% w/v)
were evaluated without testing any waiting time because the
CNFs were embedded directly into the GG and GGMA hydrogels,
subsequently crosslinked (with ions or light, respectively). Thus,
to test these primers, such intermediate layers were produced to
let the hydrogels adhere to the cartilage. First, we evaluated the
crosslinking degree of GGMA hydrogels with CNFs embedded
by measuring the sol fraction (%) at different time points."’

Table 1 shows that the sol fraction (%) increased (average val-
ues from 9.15 to 34.74) while decreasing the exposure time to
the visible light (from 10 to 2.5 min). A shorter crosslinking time
may leave unreacted MA moieties in the primer layer, leading to a
stronger adhesion between primer and GGMA hydrogels, poured
subsequently, after the final hydrogel crosslinking of 10 min.
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Following this hypothesis, we proceeded with the evaluation of
the GGMA with CNFs embedded, applying an exposure time of
2.5 min for the primer crosslinking.

Regarding the adhesion test results, the CNFs improved the
stress needed to detach the GG hydrogels from the cartilage with
respect to the bare materials (Figure 3a) but resulted smaller than
the ones achieved using FG (15 min) as a primer. Interestingly,
the adhesion strength reached a value of 12.13 + 4.69 kPa in the
case of 0.1% w/v CNFs (statistically higher than the no primer
condition), while the strength was smaller for a higher concentra-
tion of fibers (0.5% w/v), reaching a value of 6.56 + 2.58 kPa, still
higher with respect to the control, but without a significant sta-
tistical difference. Thus, only the smaller concentration of CNFs
(0.1% w/v) allowed overcoming the clinically acceptable value (10
kPa). Similarly to GG, GGMA also showed higher adhesion when
a CNF concentration of 0.1% w/v was used as a primer (9.71 +
3.84 kPa), with respect to the absence of primer (Figure 3a) but
without statistically significant differences. Also in this case, a
slight decrease was observed when 0.5% w/v CNFs was applied
respect to 0.1% w/v sample, resulting in an adhesion strength of
6.91 + 3.58 kPa. From such results, the higher concentration of
CNFs seemed to be detrimental to our purpose.

The interface constituted by the embedding of CNFs at a con-
centration of 0.1% w/v endowed the GG with a ductile behavior,
as shown in Figure 3b, while the case of 0.5% w/v a fragile be-
havior was found. Also in the case of GGMA, the use of CNFs
at 0.1% w/v provided a slightly ductile-like behavior, despite the
presence of an initial peak before the displacement of 0.1 mm,
while a fragile behavior was found for the 0.5% w/v concentra-
tion (Figure 3c).

The corresponding areas under the curve were considerably
higher in the case of 0.1% w/v CNFs, with respect to the absence
of primer (** p < 0.01) for GG and GGMA (Figure 3d). Also for
this primer, the cases with a ductile-like behavior showed a higher
performance in terms of maximum adhesion strengths, in agree-
ment with Karami et al.l*¢],

Analyzing the interface between the tissue and the hydrogels,
we noticed that the primer layer remained intact on the bovine
cartilage sample after the adhesion tests for both GG and GGMA,
suggesting that the interface between the primer and the hydro-
gel underwent rupture (Figure S3, Supporting Information).

To the best of our knowledge, this is the first time that a ioni-
cally crosslinked hydrogel is tested in terms of adhesion strength
using CNFs. The mechanism through which CNFs act is prob-
ably similar to the one reported by Karami et al.['! The authors
showed that the ability of the hydrogels to transfer energy was
improved due to entanglement effects allowing to generate hy-
drogen bonds and thus increasing the overall bonding energy, as
well as the density of contact points between the tissue surface
and the hydrogel (enabled by nanoscale fibers), resulting in an
enhancement of the interface quality.'%! Karami et al. assessed
this behavior for a concentration of CNFs of 0.5% w/v. Our re-
sults show that this mechanism is more efficient (at least for GG
and GGMA hydrogels) at a concentration of 0.1% w/v, while a
higher presence of CNFs probably causes the embrittlement of
the primer—tissue interface, or the primer-hydrogel one, making
crack propagation upon mechanical stress more likely.

Figure 4 shows the adhesion strength results obtained with the
photocrosslinked CAT-based gelatin used as the adhesive layer.

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 3. Data on GG and GGMA hydrogels using embedded cellulose nanofiber into a primer’s layer at different concentrations: 0.1% and 0.5% w/v.
a) Maximum adhesion strength values found for GG and GGMA varying the concentration of cellulose nanofibers (0.1% and 0.5% w/v). b) Adhesion
strength over displacement curves for GG. c) Adhesion strength over displacement curves for GGMA. d) Work of adhesion of both GG and GGMA
obtained from the adhesion test curves. The dashed line represents the adhesion clinical value equal to 10 kPal®l; * p < 0.05, ** p < 0.01.

For GG-based hydrogels, the adhesion strength of hydrogels de-
posited on the primer with CATs concentration of 100 mg mL~!
slightly increased (6.16 + 1.86 kPa) with respect to the control (**
p <0.01). Instead, the hydrogels deposited on the primer with 125
mg mL™" of CATs showed a strength of 8.85 + 2.40 kPa, which
resulted statistically different with respect to the control (** p <
0.01) and to the concentration of 100 mg mL™! (* p < 0.05) (Fig-
ure 4a). Regarding the GGMA, the adhesive layers at different
concentrations of CATs have different effects on the stability of
GGMA hydrogels on the cartilage tissue: the adhesion strength
was 6.33 + 0.74 and 8.06 + 1.38 kPa using a CATs concentra-
tion of 100 and 125 mg mL~!, respectively, showing no statis-
tical differences between them. It was noticeable that the CAT-

Macromol. Biosci. 2022, 2200096 2200096 (6 of 15)

based primer improved significantly only the adhesion strength
of the GG-based hydrogels, ionically crosslinked. As shown in
Figure 4b, CATs concentrations of 100 and 125 mg mL~! showed
a fragile behavior with GG. Such behavior was similar for the
GGMA case applied after the CATs at 125 mg mL™", while in the
case of 100 mg mL! the hydrogels showed a more ductile behav-
ior, similar to the no primer condition (Figure 4c).

A relatively small work of adhesion for GG was found in both
cases when compared with the previously analyzed primers, as
shown in Figure 4d, finding a significant difference between the
condition without primer and the condition at 125 mg mL™". For
GGMA, as shown in Figure 4d, the work of adhesion values re-
sulted similar to the GG cases with no significant differences.

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 4. Data on GG and GGMA hydrogels using a photocrosslinked catecholamines-based layer at two different concentrations between the bovine
cartilage sample and the hydrogel: 100 and 125 mg mL™". a) Maximum adhesion strength values found for GG and GGMA varying the catecholamines
concentration. b) Adhesion strength over displacement for GG. c) Adhesion strength over displacement for GGMA. d) Work of adhesion obtained from
the adhesion test curves for both GG and GGMA. The dashed line represents the adhesion clinical value equal to 10 kPal®l; * p < 0.05, ** p < 0.01.

The low energy of absorption due to the fragile behaviors re-
flected a low performance of CAT-based primers for both GG and
GGMA hydrogels, in agreement with.[*¢]

Our data do not match with the values found by Liu et al. (61.8
+ 1.8 kPa in the presence of a CAT-based primer).[?”) However, in
this study the authors evaluated the role of CAT layers by testing
the adhesion between two egg membranes, thus not employing
a cartilage tissue and a specific hydrogel, and using a different
tensile set-up, thus making their results and ours poorly compa-
rable. As shown in Figure S4 (Supporting Information), the in-
terface provided by the CAT-based primer at both concentrations
remain adhered to the bovine cartilage tissue after the adhesion
test. In all cases, the hydrogels detached from the primers.

Macromol. Biosci. 2022, 2200096 2200096 (7 of 15)

By comparing all data, we evidenced that the highest adhesion
strength was obtained using the FG and injecting the hydrogel
solutions after 15 min (12.64 + 0.87 kPa for GG and 10.99 + 3.14
kPa for GGMA) (Figure 2a). In view of the results obtained with
this analysis, we further tested such an optimal adhesive condi-
tion by embedding 10° cells mL~! within each hydrogel type, thus
simulating another potential clinical scenario (injection of a cell-
laden hydrogel on the cartilage site). As shown in Figure 5a, the
maximum adhesion strength of GG significantly decreased from
12.64 + 0.87 kPa (without cells) to 9.52 + 1.10 kPa (with embed-
ded cells) (** p < 0.01).

The GGMA also showed a decrease from 10.99 + 3.13 kPa to
9.27 + 0.68 kPa, although the difference was not significant (Fig-

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 5. Data on GG and GGMA hydrogels using fibrin glue 15 min (the best condition from previous evaluations) and comparing cases without and
with embedding 106 cell mL™". a) Maximum adhesion strength values found for GG and GGMA for the best fibrin glue condition, with and without
cells. b) Adhesion strength over displacement for GG. c) Adhesion strength over displacement for GGMA; d) Work of adhesion of both GG and GGMA
obtained from the adhesion test curves The dashed line represents the adhesion clinical value equal to 10 kPal®l; In all graphs, data about fibrin glue 15
min without cells was compared with data about fibrin glue 15 min with embedded cells. ** p < 0.01.

ure 5a). A fracture behavior was found in both cases (Figure 5b,c),
similar to the “no cells” condition for the GG, and slightly differ-
ent for the GGMA hydrogel, which behavior was more ductile
for the cell-free formulation. Despite the decrement in adhesion
strength caused by the presence of cells, such a condition still
showed a performance that is in line with the clinically accept-
able threshold of 10 kPa. To get more insights on the crosslinking
degree of the GGMA hydrogels, we evaluated the GGMA sol frac-
tion without and with embedding cells. Results demonstrated the
absence of a statistically significant difference, being the sol frac-
tion 7.49 + 3.01% (without cells) and 6.51 + 1.31% (with cells),
respectively.

Finally, the work of adhesion (Figure 5d) of both hydrogels re-
sulted similar (without any statistical difference) in the presence
and absence of cells. However, in GGMA, the work of adhesion
of cell-laden hydrogel was lower with respect to the “no cell” con-
dition, even if not statistically relevant.

Macromol. Biosci. 2022, 2200096 2200096 (8 of 15)

With respect to the existing state-of-the-art, this is the first time
that the adhesion strength of GG-based hydrogels with embed-
ded cells onto cartilage tissues is reported in the presence and
the absence of an adhesive primer. Despite the extensive litera-
ture existing on chemical and photoreactive tissue adhesives, our
outcomes show the possibility to make bare hydrogels (GG and
GGMA) adhesive to the cartilage without chemically modifying
them with tissue adhesive cues.?!]

2.1. Biological Evaluations on hASCs Laden in GG and GGMA
Hydrogels

Live/Dead staining showed a high number of viable cells (shown
in green) in both hydrogels on days 2 and 7 after seeding (Figure
6a). Conversely, a low number of dead cells (shown in red) was
found in all hydrogels.
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Figure 6. a) Live/Dead assay performed on hASCs encapsulated in GG and GGMA hydrogels on day 2 and 7. Viable cells are shown in green; dead cells
are red (indicated by yellow arrows). Scale bars = 100 um. b) LDH release from hASCs embedded in GG and GGMA hydrogels on day 2 and 7. Data are
expressed as a percentage of cytotoxicity. c) AlamarBlue analysis of hASCs embedded in GG and GGMA hydrogels on day 2 and 7. Data are expressed
as a percentage of the reduction of AlamarBlue. Data presented as mean + SD, n =5; * p < 0.05, ** p < 0.01.

Lactate dehydrogenase (LDH) release was assessed to evalu-
ate the hydrogel cytotoxicity on hASCs. Although the detected
enzyme slightly increased on day 7 in both hydrogels, its level
remained lower or equal to 20% in all hydrogels analyzed (Fig-
ure 6b). Both formulations confirmed that the microenvironment
created by the hydrogels did not negatively affect the encapsu-
lated hASCs, supporting the nontoxic nature of the hydrogel ma-
trices following the UNI EN ISO 10993-5:2009.

Moreover, the analysis of metabolic activity showed that on day
2 the amount of metabolically active cells in the GGMA hydro-
gels was statistically significant higher respect to the GG ones
but remained similar on day 7 (Figure 6¢). A slight but statis-
tically significant decrease (* p < 0.05) of the metabolic activity
was observed for GGMA between day 2 and day 7. However, cell
viability can be considered high in all formulations.

Finally, we analyzed hASCs migration both toward and out-
ward the hydrogels. As shown in Figure 7a—c, we observed a
higher cell migration toward the GGMA compared to the GG
hydrogels (Figure 7b). Similarly, the migration of hASCs from

Macromol. Biosci. 2022, 2200096 2200096 (9 of 15)

inside to outside of hydrogels was significantly higher in the
GGMA with respect to the GG (Figure 7c).

In this work, for the first time, the cell migration properties
of GG-based hydrogels were evaluated. As reported in Bacelar
et al.,3?l GG hydrogels lack anchorage points for cell adhesion
(i-e., Arg-Gly-Asp peptide); the absence of cell-adhesive cues has
been attributed to their extreme hydrophilic nature. However,
our results highlight that GGMA guarantees a better cell migra-
tion than GG. This could be due to the presence of hydropho-
bic methacrylic groups in GGMA, changing the hydrogel capa-
bility to bind water molecules to the polymer backbone and, con-
sequently, positively affecting cell migration?3].

3. Conclusion

A stable adhesion to the target tissue is of paramount importance
for the clinical translation of hydrogels in the orthopedic field. A
systematic comparison between fibrin glue, cellulose nanofibers
and catecholamines used as primers to promote the adhesion

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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the hydrogels; c) analysis and quantification of the migration of hASCs outward the hydrogels. Data presented as mean + SD, n = 6; ** p < 0.01.

strength of polysaccharide-based hydrogels was performed. In
particular, we tested hydrogels based on gellan gum (GG) and its
methacrylated derivative GGMA. GGMA was obtained starting
from the pristine GG through a methacrylation procedure that
allowed us to introduce methacrylic units onto the backbone of
GG and to achieve a degree of methacrylation of ~10%, as ob-
served by FT-IR spectroscopy and quantified by 'H NMR anal-
ysis. Ionically crosslinked GG and photocrosslinked GGMA hy-
drogels showed different swelling behaviors, indicating a higher
crosslinking efficiency in the case of the GG-based hydrogel. In
addition, the investigation of the adhesion strength on ex vivo
cartilage tissue revealed that photocrosslinked GGMA showed a
higher adhesion strength with respect to ionically crosslinked GG
hydrogels in the absence of primers. However, in both cases, the
adhesion strength values found were far from clinically accept-
able ones. With the fibrin glue applied as a primer, the best con-
dition for both hydrogel types resulted in a waiting time of 15 min
between primer deposition on the cartilage and subsequent hy-
drogel pouring. The embodiment of cellulose nanofibers within
GG and methacrylated GG increased the adhesion strength of
both hydrogels for a fiber concentration of 0.1% w/v, while the
use of a higher concentration (0.5% w/v) was detrimental. A
CAT-modified gelatin layer used as a primer was not effective

Macromol. Biosci. 2022, 2200096 2200096 (10 of 15)

to promote the adhesion between the GG-based hydrogels and
the cartilage. The condition showing the best performance (fib-
rin glue and a waiting time of 15 min before hydrogel pouring)
was also evaluated after embedding hASCs into the hydrogels,
thus to mimic a possible translation-relevant scenario in the re-
generative medicine field. Results showed a slight decrease in the
adhesion strength for the cell-laden hydrogel with respect to the
cell-free one, for both GG-based hydrogels, but still compatible
with the clinically acceptable threshold. Biological experiments
on GG and GGMA hydrogels embedding hASCs showed that
both GG-based hydrogels are able to host viable cells at least for 7
days, and both hydrogels permit hASCs migration. Interestingly,
GGMA considerably favored cell migration toward and outward
the hydrogel, with respect to GG.

The results of this study highlight the potential of using
primers as intermediate layers to improve the adhesion of in-
jectable materials to be crosslinked in situ, without the need for
chemical modifications of the hydrogel. These results can be rele-
vant for future in vivo translation of injectable hydrogels for sub-
stituting or regenerating chondral and osteo-chondral tissues, al-
though further efforts should be conducted in the future to as-
sess if the adsorption of proteins and other molecules found in
the vivo scenario could interfere with the priming process.
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Figure 8. Chemical structure a) of the repetitive units of GG and b) of a
representative repetitive unit of GGMA.

4. Experimental Section

Materials Preparation and Chemical Characterization: Gellan gum
(GG) was purchased from Merck (trademarked as Gelzan CM by CP Kelco,
USA). GG is alinear polymer where the repeating unit is [—3)-4-D-glucose-
(1 — 4)-p-D-glucoronic acid-(1 — 4)-p-D-glucose-(1 — 4)-a-L-rhamnose-
(1-], as detailed in Figure 8a. The molecular weight of GG was 10 Da,
as reported in the certificate of analysis of the used Gelzan CM (lot #
SLCHO0978).

To obtain the methacrylated gellan gum (GGMA, Figure 8b), a
methacrylation procedure was performed similarly to Coutinho et al.[26]
Briefly, GG was dissolved in deionized water (1% w/v) with a magnetic
stirrer at 75 °C for 1 h. The solution was then cooled to 60 °C, and 8.5 mL
of methacrylic anhydride (MA, Merck) per 100 mL of solution were slowly
added. The solution reacted for 6 h at a controlled pH range (8-9.5), then
was centrifuged (3500 rpm for 3 min) at 30 °C to remove the unreacted
MA, and the supernatant was diluted (1:2) with deionized water pre-heated
at 40 °C. The solution was dialyzed (MWCO 12-14 kDa, Cellu Sep, USA)
at 60 °C for 5 d, quickly frozen in liquid nitrogen and stored at —80 °C.
Finally, aliquots were lyophilized (Labconco, FreeZone 2.5 Plus) for 3 days
to obtain the GGMA powder and kept at —80 °C before use.

FT-IR spectra were collected in attenuated total reflection (ATR) mode
on dry GG and GGMA powders, using an IRAffinity-1 FT-IR spectropho-
tometer equipped with an ATR MIRacle-10 accessory (Shimadzu Scien-
tific Instrument, Japan). The spectra were recorded in the range 4000-600
cm~! using 64 scans and a resolution of 4 cm™! and they were corrected
by subtracting the background spectrum recorded immediately before the
samples and obtained with the same instrumental parameters. The 'H
NMR spectra were recorded on a Bruker Ascend 400 at 50 °C, using solu-
tions of 5 mg of GG or GGMA in 1 mL of D,0.

Fibrin glue (FG) was purchased from Ethicon (Evicel Fibrin Sealant (Hu-
man) kit): it is based on two components: a human conjugable protein
(50-90 mg mL™"), made mainly of fibrinogen and fibronectin, and hu-
man thrombin (800-1200 Ul mL™"). The two components were stored at
—20 °C until use.

Cellulose nanofibers (CNFs) were purchased from Valida Visco-S (fibril-
lated cellulose in water, solid content: 8.0 & 0.02%) as a water dispersion.
To obtain the CNFs containing GG and GGMA based primers, CNFs were
stirred for 2 min and then added to GG and GGMA hydrogels (2% w/v) at
two concentrations (0.1 and 0.5% w/v).

CAT-modified gelatin was prepared via chemical reaction using EDC
(Merck) and NHS (Merck), referring to the existing literature.[?] The used
gelatin was purchased from Merck (from porcine skin, gel strength 300,
Type A). Briefly, 1.0 g of gelatin was dissolved in 100 mL of degassed 2-(N-
Morpholino) ethane sulfonic acid hydrate (MES, Merck) buffer (pH 4.5,
100 x 1073 m) at 37 °C. EDC (575.1 mg) and NHS (345.3 mg) were added
to the solution. After stirring for 20 min, dopamine hydrochloride (Merck,

Macromol. Biosci. 2022, 2200096 2200096 (11 of 15)

www.mbs-journal.de

568.9 mg) was dissolved in 3 mL of MES buffer (pH 3.3, 100 x 1073 m), and
this solution was added to the mixture. The solution was left reacting at
37 °Ciin the dark and on orbital shaking at 100 rpm for 24 h. The resulting
solution was purified through a dialysis membrane (MWCO 3500 Da, Cellu
Sep, USA) against acidified d-H,O (pH ~3) four times for 1 h and finally
against deionized water (pH =~7) for 2 h under vigorous stirring. The final
product was lyophilized and stored at —20 °C until use.

Preparation and Characterization of GG and GGMA Hydrogels: GG hy-
drogel was obtained by dissolving the GG powder in deionized water at a
concentration of 2% w/v by stirring for 1 h at 70 °C, and the obtained solu-
tion was kept at 37 °C for 10 min before its use. After the deposition of 400
uL of this gel, GG was crosslinked with 400 pL of MgCl, (Merck) solution
(1% w/v in d-H,0) added on the top of the hydrogel and removed after
10 min.

GGMA hydrogel was obtained by dissolving the lyophilized GGMA in
phosphate-buffered saline (PBS, Merck) to achieve a concentration of 2%
w/v and kept for 1 h at 37 °C. Then, tris(2,2’-bipyridyl) ruthenium(ll) chlo-
ride hexahydrate (Ru, Merck) and sodium persulfate (SPS, Merck) were
added to the GGMA solution at a concentration of 0.2 x 1073 and 2 x 1073
M, respectively, to make the solution sensitive to visible light. Ru and SPS
were prepared as 20 X 1073 and 200 x 1073 ™ stock solutions in d-H20,
respectively. After the deposition of 400 uL of this solution, GGMA hydro-
gel was crosslinked by using a white LED source (RfQ—Medizintechnik-
GmbH & Co) on the top of the solution at a distance of 3 cm (intensity:
15 mW cm~2) for 10 min.

For both GG and GGMA hydrogels, the swelling ratio was measured
in deionized water at 37 °C. After the cross-linking procedure, the gels
surfaces were gently dried with a paper tissue and their weights (wp) were
measured (n = 5). Then, all the gels were immersed in deionized water,
and after specific time points (30 min, 1, and 2 h), they were taken out of
the water, gently blotted with a paper tissue and their weights (w,) were
measured. The swelling ratio for each time point (5,%) was calculated as
follows (Equation 2)

Wi —Wo
5% =

1 2
e x 100 (2)

Cell Cultures and Cell Encapsulation into Hydrogels: Human adipose
tissue-derived stem cells (hASCs, derived from three subjects, 2 males and
1 female of 52 + 7 years old) were purchased from Lonza (Milan, Italy).
They were thawed and expanded in culture with Alpha Minimum Essential
Medium (a-MEM, Merck) containing 15% fetal bovine serum (FBS, Euro-
clone) and 100 U mL~" penicillin/streptomycin (Life Technologies). Cells
were detached from the tissue culture plate, and a concentration of 10°
cells mL~" was gently encapsulated into GG and GGMA solutions before
casting and crosslinking.

Sol Fraction Analysis:  The sol fraction analysis was carried out to deter-
mine the influence of the CNFs content on the crosslinking degree of the
GGMA hydrogels at different light exposure doses, according to the pro-
tocol reported in Lim et al.[3] Briefly, 200 uL of the GGMA solution were
poured into a cylindrical PDMS mold (diameter = 0.8 mm, height = 0.5
mm) and then photocrosslinked as reported in the “Preparation and char-
acterization of GG and GGMA hydrogels” section, by varying the exposure
time: 10, 5, and 2.5 min.

All samples were weighed, then dehydrated through a freeze dryer (Lab-
conco, FreeZone 2.5 Plus, Kansas City, MO, USA) and weighed again to
measure their dry weight (Wgyy,). At this point, PBS solution was added to
all samples that were incubated at 37 °C for 24 h. Then, each sample was
blotted, lyophilized and weighed (Wgy,). The sol fraction (%) was calcu-
lated as follows (Equation 3)

Wdry1 - Wdryz

Sol fraction (%) = X 100 (3)

dryl
Set-Up and Procedure for Adhesion Strength Testing: A dedicated set-up

to evaluate the adhesion strength of hydrogels to the cartilage tissue was
designed on SDK Solidworks 2020. It was thought to be adapted to an
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Figure 9. a) Depiction of the components of the set-up for the adhesion strength test. Single parts (bottom part, cartilage-hosting parts, and hydrogel-
hosting part) are shown. b) Assembly of the set-up: the biopsy from bovine cartilage is loaded, and the set-up is assembled to block it. Finally, the set-up
is fixed to the load cell (+ 10 N) of the Instron Mechanical Testing System to perform the traction test. The zoomed image shows the hydrogel-hosting
part cross-section to identify primer and hydrogel position on the cartilage biopsy. c) Depiction of the adhesion strength test steps: biopsy preparation
from bovine cartilage, biopsy loading and set-up assembling, primer deposition (and crosslinking), hydrogel deposition, crosslinking, and adhesion

strength assessment through a traction test.

Instron Mechanical Testing System (model 2444, Instron, Norwood, MA,
USA) (Figure 9a). Inspired by the work of Karami et al. work,['®! a bottom
part was designed to anchor the set-up to the Instron machine through a
spline. Two cartilage-hosting parts were designed to have an empty cylin-
der at the center (diameter = 6.4 mm; height = 7 mm) to fit in and block
the cartilage tissue samples (Figure 9b). A top hydrogel-hosting part was
designed to be linked to the load cell (+ 10 N) of the tensile machine by
using a spline and to let the pouring of the hydrogel solution directly in
contact with the surface of the cartilage tissue samples on the other side.
The hydrogel was poured within the hydrogel-hosting part featured by a
cavity with a diameter of 15 mm and a height of 5 mm. All components
were printed using a Visijet M3 Crystal material and a 3D printer (Projet
MJP 3600 Series, 3D Systems).

Cartilage samples from the knee of an adult bovine were cut to fit
the cartilage-hosting parts using a surgical instrument for bone/cartilage
biopsies (Longueur) with an inner diameter of 6.4 mm. The cylindrical-
shaped cartilage biopsies (diameter = 6.4 mm, length = 10 mm) were
blocked between the cartilage-hosting parts by fitting them in the bottom
part.

Figure 9c depicts the adhesion strength test steps. After performing
the biopsy from bovine cartilage, the tissue was loaded and fixed within
the cartilage-hosting parts, and the set-up was assembled. For testing
the primers, 100 pL of primer were poured on the sample. Then, 400 uL
of hydrogel were delivered and crosslinked. Immediately after hydrogel
crosslinking, the hydrogel-hosting part was hooked to the load cell, and
the test was performed in traction modality using a displacement speed
of 1T mm min~" until mechanical failure of the interface. Force curves as
a function of the displacement were obtained from each tensile test, and
the adhesion strength (in kPa) was determined by dividing the force by the
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contact area between the hydrogel and the cartilage tissue. From each ad-
hesion strength curve, the maximum adhesion strength (kPa) value was
considered. Furthermore, the work of adhesion (in ] m~2) was obtained
by considering the area under the load-displacement curve up to T mm of
displacement divided by the hydrogel—cartilage tissue contact area.

A summary of the tested conditions for all primers and both GG and
GGMA based hydrogels is reported in Figure 10.

For the FG, the two components were extruded simultaneously through
a double-lumen tip provided by the FG supplier (Evicel Application De-
vice) by applying manual pressure. In particular, 100 uL of this primer were
poured directly on the bovine knee cartilage, and different waiting times
(30 s, 5 min, 15 min, or 30 min) were investigated (Figure 10a). Then,
400 pL of GG or GGMA hydrogels were deposited onto the primer and
crosslinked as described in Section 2.3.

For the primers containing CNFs, 100 uL of CNF-laden GG- or GGMA-
based adhesive layer were poured on the bovine knee cartilage and
crosslinked for 10 min with MgCl, solution (1% w/v in d-H,0) in the
case of GG, or with a white LED source (intensity: 15 mW cm™2, for 2.5
min) in the case of GGMA, before casting the respective hydrogel solu-
tion on top of it. Then, 400 uL of GG or GGMA hydrogels were deposited
and crosslinked for 10 min, as previously reported in the case of FG (Fig-
ure 10b).

For the CAT-based primer, either 100 mg mL~" or 125 mg mL~" of the
CAT-modified gelatin was dissolved in tris buffered saline (TBS) (pH 7.4)
solution containing 1x 1073 M Ru and 20 X 1073 m SPS. Ru and SPS were
prepared as 50 X 1073 m and 1 m stock solutions in d-H, O, respectively.
100 pL of the CAT-modified gelatin solution were cast on the bovine knee
cartilage and irradiated with a white LED lamp for 30 s (intensity: 15 mW
cm™2). Then, 400 pL of GG or GGMA solutions were cast on top of the
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Figure 10. Depiction of the samples analyzed and the experimental conditions for applying a) FG, b) CNF-embedded GG and GGMA layers, and c) CAT-
modified gelatin layers as primers. GG, gellan gum; GGMA, gellan gum methacrylated; FG, fibrin glue; CNF, cellulose nanofibers; CAT, catecholamines.

primer and crosslinked for 10 min, as previously reported in the case of
FG and CNFs-laden layers (Figure 10c).

After performing the adhesion tests, representative images of all condi-
tions were captured using 3D Digital Microscope HRX-01 (Hirox Europe,
Limonest, France). Photos from a top and side view were acquired.

Biological Characterization of hASCs Encapsulated in Hydrogels:  Cell vi-
ability, cytotoxicity, and metabolic activity of hASC encapsulated in GG and
GGMA were analyzed after 2 and 7 d of culture.

Macromol. Biosci. 2022, 2200096 2200096 (13 of 15)

Cell viability was evaluated using the Live/Dead kit (Life Technologies).
Briefly, hydrogels were washed in D-PBS (Aurogene Srl) and incubated with
the Live/Dead solution for 35 min at 37 °C. After staining, hydrogels were
washed again with DPBS and visualized through a fluorescence micro-
scope (Nikon Instruments Europe BW) to evaluate the live cells, stained
in green, and the nuclei of dead cells, stained in red.

Cytotoxicity was assessed by using the LDH assay kit (Roche). The su-
pernatants were collected after 2 and 7 d, and quantification was carried
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out with a microplate reader (TECAN Infinite 200 PRO, Tecan ltalia S.r.l.),
setting absorbance at 490 nm.

Cell metabolic activity was analyzed through the Alamar blue test.
Briefly, samples were incubated with 10% Alamar blue (Life Technologies);
after 5 h, absorbance was read at 570 and 600 nm using an automated
spectrophotometric plate reader (TECAN Infinite 200 PRO, Tecan ltalia
S.r.l.). The results were expressed as percentages of AlamarBlue reduction,
as indicated by the manufacturer’s data sheet (Biorad Laboratories).

Migration of hASCs toward the Hydrogels: To evaluate cell migration
toward the hydrogels, 1x 10* hASCs were seeded in 8 um pore-sized HTS
transwell polycarbonate insert systems (Corning). The two hydrogels (GG
and GGMA) were placed in the lower chamber, and 150 pL of serum-free
culture medium was added onto the insert. After 24 h, the hASCs migrated
through the transwell on the lower surface of the membrane were gently
washed twice with PBS and fixed by 4% paraformaldehyde for 30 min. The
nonmigrated cells (on the upper surface of the membrane) were gently
wiped off with cotton swabs and the membrane was stained using 1% crys-
tal violet for 10 min. From each well, photographs were taken in various
membrane areas by an inverted microscope. Then, to quantify cell migra-
tion toward the hydrogels, the crystal violet was dissolved using 10% acid
acetic for 20 min, and absorbance was measured at 590 nm. Serum-free
culture medium and 20% fetal bovine serum (FBS) were used as negative
(CTR-) and positive (CTR+) controls, respectively.

Migration of hASCs outward the Hydrogels: To evaluate cell migration
outward the hydrogel, the hydrogels encapsulating cells were placed in
the transwell polycarbonate insert systems, and 150 pL of culture medium
containing 20% of FBS (used as positive chemoattractant for the cells)
were added. After 24 h, the cells migrated were analyzed as described in
the previous section.

Statistical Analyses: A normality test (Shapiro—Wilk) was performed on
all experimental data to assess the data distribution, which resulted nor-
mal in all cases. Results were expressed as mean + SD. Data analysis was
performed using the unpaired t-tests to evaluate statistically significant dif-
ferences between two group types under analysis, while ordinary one-way
ANOVA with Tukey's post-hoc tests were adopted for multiple compar-
isons. For biological evaluations, we used Wilcoxon paired test. Results
were expressed as mean + SD. Statistical analyses were carried out using
GraphPad Prism (v 8.0.2). The significance threshold was set at 5% (* p <
0.05) and 1% (** p < 0.01).
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