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Abstract

Hydrogel surface properties can be modified to form bioactive interfaces to modulate the
osteogenic differentiation of stem cells. In this work, a hydrogel made of gelatin methacrylamide
(GelMA) and alginate was designed and tested as a scaffold to control stem-cell osteogenic
differentiation. The hydrogel’s surface was treated with polydopamine (pDA) to create an adhesive
layer for the adsorption of the osteoinductive drug dexamethasone (Dex). The presence of the pDA
coating enhanced Dex adsorption and retention over 21 days. This effect resulted in a delay in the
osteogenic differentiation of hASCs cultured on the hydrogel treated with a pDA layer.
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Hydrogels are hydrophilic polymeric networks characterized by high water content and
tunable physical and mechanical properties. They are commonly designed to mimic the
extracellular matrix (ECM) composition and to instruct stem-cell adhesion, proliferation,
and differentiation.12 Based on this concept, hydrogels find applications as coatings to
modulate the surface properties of biomedical implants or synthetic scaffolds that often lack
the necessary biological cues to control stem-cell behavior. Such control can be achieved by
binding bioactive molecules to create a local microenvironment on the hydrogels’ surface.3
The linking strategy to the hydrogel network needs to be properly designed to retain large
amounts of biological cues without negatively affect their bioactivity. To achieve this goal,
hydrogels can be modified following several strategies including chemical conjugation,
layer-by-layer deposition of charged polymers, or the addition of a reactive layer of
polydopamine (pDA) on the surface of the polymeric network.* This last approach has been
largely explored due to its set of advantages including stability, biocompatibility, and high
adhesion to any material.®

pDA can be virtually adsorbed on any surface irrespective of their composition, size, and
shape.® Additionally, pDA incorporates many reactive groups such as catechol, ammine, and
immine that can serve as starting points for further covalent modification.” The thickness of
the pDA layer can be controlled by modulating several parameters such as the concentration
of the dopamine monomer, the time of polymerization, the type of buffer, and the pH of the
reaction.® The conventional method of pDA deposition consists of the oxidation method, in
which a material is placed in contact with a solution of dopamine in an alkaline
environment. Dopamine is first oxidized to dopamine-quinone, followed by intramolecular
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cyclization. The polymer skeleton of the pDA layer is based on the covalent bonds between
the aryl rings, although physical interactions among indoles and catechol groups play a
secondary role after the oligomerization of the primary polymeric network.? The pDA
binding layer establishes both covalent and physical bonds with drugs and peptides carrying
thiol and amine groups, thus allowing the loading and retention of sufficient amount of
therapeutic agents.10 Following this strategy, we aimed to design an osteogenic scaffold
made of gelatin methacrylamide (GelMA) and alginate that can absorb and retain the model
drug Dex to control stem-cell osteogenic differentiation. Our hypothesis is that the designed
hydrogel can find application as a coating layer for synthetic scaffolds to generate an
osteoinductive interface that controls osteogenic stem-cell differentiation. As the first part of
our investigation, we identified the optimal hydrogel composition to mimic the main
components of the ECM. To this end, both gelatin and alginate have been selected for the
hydrogel synthesis. For instance, gelatin is a well-known polypeptide derived from the
denaturation of collagen, which is naturally found in ECM.1! Gelatin can also be chemically
modified to introduce reactive functional groups that allow the formation of covalently
cross-linked hydrogels. The natural polysaccharide alginate was selected due to its intrinsic
properties including water solubility, biocompatibility, and the possibility of forming
physical cross-linking with divalent ions such as calcium,12.13

In this study, gelatin has been modified with methacrylamide groups (GelMA) to form
photo-cross-linkable hydrogels (Figure 1A). The successful methacrylation was verified by
IH nuclear magnetic resonance (NMR) spectroscopy, which revealed the presence of the
methacrylic groups. In particular, the signals at 5.4 and 5.7 ppm are relative to the protons of
the double bond of the methacrylic group.1415 As expected, these peaks were absent in the
protonic spectra of gelatin (Figure S1). Further confirmation of gelatin methacrylation was
obtained using the TNBSA free-amine assay, which allows for the quantification of free
amine groups that did not react during the synthesis. The percent of methacrylation was
found to be 85% + 0.3, and this result is consistent with other similar reports describing
GelMA functionalization.16

GelMA was photochemically cross-linked and used as the primary network component, and
its concentration was varied from 3% to 6% w/v. However, GelMA hydrogels possess poor
mechanical properties because they are too fragile and cannot be used alone as a coating for
biomedical implants.17-20 To overcome this issue, high-molecular-weight alginate (196 kDa)
was introduced and cross-linked using calcium ions during the second step of the hydrogel
preparation (Figure 1A). GelMA, alginate, and the photoinitiator were mixed in a ratio of
5:4:1. To reach a concentration of alginate 1% w/v, a stock solution of alginate of 2.5% wi/v
(0.1 Pa.s) was mixed with GelMA to obtain a homogeneous polymeric mixture with a
viscosity of 0.06 Pa.s at room temperature. This value is comparable to the one reported in a
similar study (0.08 Pa s), in which GelMA 4.5% was mixed with low-molecular-weight
alginate (33 kDa) at the concentration of 4% w/v.2!

Such a high concentration (4% wi/v) could not be used in combination with GelMA in this
study because the corresponding mixture was difficult to mix due to the high viscosity of the
stock solution of alginate (Figure S2). For this reason, alginate amount was kept constant in
all the samples prepared. The designed hydrogel represents an example of an
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interpenetrating polymer network (IPN) that displays enhanced physical and mechanical
properties compared to hydrogels made of single polymeric networks.1922 The presence of
both covalent and ionic interactions is a successful strategy to reinforce the mechanical
properties of hydrogels.?2 The concentration of calcium chloride was tested in the range of 1
to 10 mM to design hydrogels with different degree of physical cross-linking. Frequency
sweep tests of the hydrogels were carried out to evaluate this effect. At concentrations higher
than 1 mM, a significant increase in the value of G’at 1 Hz was observed, which is
indicative of a more-cross-linked hydrogel (Figure S3). However, cytotoxic effects were
observed for concentrations above 1 mM as demonstrated by /n vitro biocompatibility
studies investigating the morphology and proliferation of human umbilical endothelial cells
(HUVECS) (Figure S4). For this reason, 1 mM was kept constant as the optimal
concentration of calcium for all of the groups investigated.

GelMA concentration was the primary factor that mainly influenced the final mechanical
properties of the systems tested. The increase in GelMA concentration enabled the formation
of stiffer gels with a higher compressive modulus. Specifically, the values of the storage
modulus G’at 1 Hz increased from 490 * 40 Pa in the gels made only of alginate at 1% w/v
(IPN 0%) to 1230 + 230 Pa in the sample containing GelMA at 6% w/v (IPN 6%). However,
no significant improvement was found when GelMA at 3% w/v (IPN 3%) was mixed with
alginate (Figure 1B). Similarly, the value of tan &, which represents the ratio between the
loss modulus G ’’and the storage modulus G’, was significantly reduced only in the group
with the higher GelMA concentration, suggesting the formation of a stiffer hydrogel (Figure
1C). All of the tested gels displayed values of tan & lower than 1, which is representative of a
highly cross-linked network.

Comparable results were obtained from the compressive studies in which an increase in the
compressive modulus from 8.6 + 1.7 to 34.7 + 3.8 kPa was observed in the IPN 6% group.
This change in the elastic modulus is in accordance with the rheological results mentioned
above (Figure 1D). Additionally, the presence of GelIMA at the concentration of 6% wi/v
determined a significant change in the maximum stress value from 406.4 + 79.9 to 650.9

+ 80.9 kPa for the IPN 6% group (Figure 1E). However, the IPN 6% samples displayed a
lower mechanical resistance when subjected to a strain higher than 10%. Specifically, strain-
sweep analysis of the IPN 6% group showed an increase in the slope of tan 8 for low values
of strain (45-50%) that is reflective of a less-elastic network (Figure S5). Based on these
results, the concentration of GelMA was not increased further to avoid the formation of
much-stiffer hydrogels that would have been too brittle to be used as coatings for synthetic
scaffolds. Finally, the inclusion of GeIMA decreased the value of swelling ratio compared
with the gels made only of Alg 1% irrespective of the concentration of GeIMA used. No
significant difference was observed according to the amount of GeIMA included into the
IPN network (Figure 1F). Based on these findings, the IPN 6% system was selected as the
model gel coating due to its higher mechanical resistance and was further tested in this
project.

Aside from the optimization of the gel mechanical properties, it was important to create a
sticky pDA layer on the surface of the hydrogel. The designed IPN was coated with a layer
of pDA by soaking the samples into different solutions of dopamine ranging from 0.5 to 2.0
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mg/mL in Tris-HCI buffer (pH 8.5). The mechanism of pDA oxidation and polymerization is
summarized (Figure 2A). The hydrogel developed a brown color due to the oxidation of
dopamine and corresponding polymerization to pDA (Figure 2B). To investigate whether the
coating was biocompatible, hASCs were seeded on the hydrogels with (+pDA) and without
the coating (—pDA). pDA has been evaluated for its cytotoxicity, and several studies have
shown that pDA does not hinder the viability or proliferation of a variety of mammalian
cells including fibroblasts, osteoblasts, neurons, and endothelial cells.2® Additionally, pDA
coating can be helpful in promoting cell adhesion and proliferation mainly due to the
covalent linking of serum extracellular proteins present in the media.2425 In this study,
hASCs were able to adhere and proliferate on the surface of the hydrogels in both pDA and
—pDA groups, displaying a spindle-like morphology after 48 h of culture, as shown by
immunofluorescence staining (Figure 2C). No significant change in the internal pore size
distribution was determined by the adsorption of pDA. SEM images of hydrogels’ cross-
sections demonstrated an inter-connected porous network with an average pore size of
around 94.8 £ 19.4 and 96.2 £+ 22.2 um for the —pDA and the +pDA groups, respectively
(Figure S6). However, these values were obtained from the hydrogels in their freeze-dried
state, and a more-accurate estimation of the pore size should be carried out on the gels in
their swollen state. An average pore size of almost 100 zm is suitable to promote the
exchange of fluids and cell viability, although a larger pore size up to 500 zm is required to
promote cell migration throughout the polymeric network.26

No significant change in cell number was observed between the control and the test groups
in all of the ranges of concentrations investigated except for 2 mg/mL (Figure 2D). For this
reason, a concentration of dopamine equal to 1 mg/ mL was chosen for further testing. The
hydrogels reacted with dopamine due to the presence of amine and thiol groups in the lysine
and cysteine residues of the gelatin backbone, as reported in other studies.?’

The pDA strategy has been investigated to link peptides and drugs on the surface of other
synthetic and natural scaffolds. To create an osteoinductive hydrogel coating, the hydrogel
presenting a pDA layer was treated with Dex, which is a model drug to induce osteogenic
differentiation. Dex can interact with pDA by m— interactions and establish hydrogen
bonding with the oxidized layer of dopamine (Figure 2E). Hydrogel surfaces coated with
pDA and Dex were analyzed using EDX analysis, which provides the visual mapping of the
major elements present on the surface of the hydrogels (Figure 2F). Specifically, the
adsorption of Dex was confirmed by the detection of fluorine, which is present in the
chemical structure of the drug (Table S1). To quantify the amount of Dex linked on the
hydrogels, samples were soaked in a solution of Dex-FITC, and the fluorescence of the
unbound drug was measured before and after the adsorption. The binding efficiency of Dex-
FITC was higher in the +pDA group (81.2% = 1.5) compared with the —pDA hydrogels
(68.5% + 2.5) after 24 h of soaking. Additionally, the pDA layer enabled a greater retention
of the drug over a period of 21 days (Figure 2G). Precisely, after a week only 39.3% + 0.9 of
the drug was desorbed from the surface of the +pDA group compared to 77.3% + 6.0 from
the —pDA hydrogels. This result can be mainly attributed to the potential interaction between
the drug and the binding layer of pDA. Dex-FITC was selected instead of DEX due to the
interference caused by the photoinitiator in the UV absorbance region of DEX. The pDA
layer enabled greater adsorption and retention of DEX-FITC, and the difference was mainly
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observed in the first week of study. However, after the first week, dexamethasone was
desorbed at the same rate in both hydrogels up to 21 days.

As for the last step, we investigated whether the difference in dexamethasone adsorption and
release from the IPN 6% hydrogels with and without a pDA layer was able to modulate the
osteogenic differentiation of hASCs. To prove this concept, we tested two groups labeled as
(pDA/Dex) and (Dex), which represent the samples treated with pDA and dexamethasone
(0.1 mM) or the drug only at the same concentration. Moreover, we also tested whether the
pDA coating had any effect in promoting osteogenic differentiation of hASCs. To verify this,
we included two additional groups in which hASCs were cultured in osteogenic media on
gels with and without a pDA layer.

Alkaline phosphatase (ALP) expression was evaluated at 7 and 14 days based on our
previous study, demonstrating that the maximum expression of the ALP gene in hASCs is
observed after 14 days of culture in osteogenic medium.28 Staining of ALP revealed a more-
significant presence of the enzyme in the hASCs cultured on the Dex group compared to the
system of pDA/Dex at day 7. This difference may be due to the larger desorption of the drug
observed from the hydrogel that did not possess a pDA layer, which resulted in a higher
presence of dexamethasone in the media. This effect was not evident after 14 days of culture
probably because the drug is getting released at the same rate in both groups (Dex and pDA/
Dex) after the first week. (Figure 3A). Similarly, a higher expression of ALP was quantified
after 7 days of differentiation in the Dex group compared to the pDA/Dex sample,
suggesting that the desorption of the drug dexamethasone was faster in the group without the
pDA layer. The presence of pDA did not significantly influence the process of osteogenic
differentiation at both days 7 and 14, which was found to be similar in both groups (Ctrl (+)
and Ctrl (+) pDA; Figure 3B). Further confirmation of the modulation in osteogenic
differentiation of hASCs due to the different profile of desorption of Dex was provided by
assessing the amount of intracellular calcium formation. Calcium was assessed at 14 and 21
days as a later marker of osteogenic differentiation. Both alizarin red staining and calcium
quantification displayed a higher calcium deposition in the Dex group compared to the
pDA/Dex after 14 days. This difference was not present at day 21, at which point the two
groups displayed similar calcium content (Figure 3C,D). Finally, the addition of a pDA layer
did not enhance the production of calcium at both time points compared with the gels
without any treatment (Ctrl (+) and Ctrl (+) pDA). These results are in accordance with the
ALP findings described above.

Finally, to prove the applicability of the designed IPN hydrogel as a coating for synthetic
scaffolds, IPN 6% gels were used to coat prefabricated polycaprolactone (PCL) constructs
(Figure S7A). The polymeric solution could be efficiently used to soak the PCL scaffold.
After the process of UV irradiation, the gel firmly adhered to the surface due to the physical
interaction (hydrogen bonds and ion—dipole interaction) between GelMA/AIlg mixture and
the carbonyl groups of PCL. The hydrogel coating was dyed green to show a higher contrast
between the white scaffold and the colorless gel. SEM images displayed the homogeneous
hydrogel coating on the surface of the scaffold with a layer surrounding the filaments of the
PCL construct (Figure S7B). However, further characterization is required to test the

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 May 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pacelli et al.

Page 7

stability of the hydrogels overtime, which is an essential parameter to assess whether the gel
can be employed as a biomaterial coating to promote bone regeneration.

Additionally, the polymeric mixture of alginate and GelMA could also be bioprinted into
defined 3D structures to support and guide cell adhesion and blood vessel formation.
Attempts in this direction have been made by fabricating a bioink made of alginate at a low
molecular weight and GelMA that could support cell adhesion and proliferation.2
Moreover, the gelatin alginate IPN system has also found applicability as a template to form
a sacrificial polymeric network that can be used to design fiber-based 3D structures with
great potential in tissue engineering applications.2® Overall, a hydrogel made of GelMA and
alginate has been fabricated, creating an IPN network with improved mechanical properties
compared with the single networks made only of GeIMA. The hydrogel surface was
modified with pDA, which did not affect hASCs’ morphology and ability to proliferate.
Additionally, the pDA binding layer enabled the favorable adsorption of the osteoinductive
drug Dex. The treated hydrogel displayed a higher binding and retention of Dex over time
compared with the uncoated samples that released almost 80% of the drug after a week. Dex
was efficiently retained in the +pDA hydrogel during the first week of study leading to a
delay in the osteogenic differentiation of hASCs. This strategy could be extended to
modulate the adsorption and retention of other types of molecules including growth factors
that are required in different stages of the process of bone repair as in the case of BMP2 or
BMP?7 that do not need to be delivered in the initial inflammatory phase.3° However, to
extend the applicability of the designed system for enhancing the process of bone
regeneration /n vivo, further optimization is essential to defining the type and dose of growth
factors required and test whether their biological activity is preserved after the process of
adsorption on the pDA layer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Hydrogel coating characterization. (A) Schematic representing the hydrogel composition.
Gelatin methacrylamide (GelMA) was UV- cross-linked followed by the physical cross-
linking of alginate with calcium ions. On the right, the typical egg-box model representing
the interactions between the polymeric chains and calcium ions. (B) Storage modulus (G’)
values at 1 Hz for the different groups containing several GeIMA concentrations 0, 3, and
6% wi/v. The concentration of alginate (1% wi/v) was kept constant in all of the systems
investigated. (C) Tan & values of the samples in the range of frequencies from 0.01 up to 10
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Hz. (D) Compressive modulus values calculated from the slope of the stress—strain curves
in the region of 10% of the strain. (E) Maximum stress values obtained from the stress—
strain curves of the different groups at the point of breakage. (F) Swelling profiles of the
various samples showing a decrease in the swelling ratio dependent on the concentration of
GelMA in the hydrogels. The results are reported as a mean plus or minus standard deviation
(n=5). Single asterisks indicate p < 0.05, double asterisks indicate p < 0.01, and triple
asterisks indicate p < 0.001.
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Figure2.
Biocompatibility of the pDA coating and dexamethasone adsorption. (A) Schematic

indicating the pDA layer formation carried out in TRIS buffer at pH = 8.5. (B)
Representation of the pDA coating surrounding the gel. On the bottom, pictures displaying
the hydrogels with and without pDA coating. (C) Actin/DAPI fluorescent staining of hASCs
grown for 48 h on the hydrogels with and without the pDA coating (1 mg/ mL). Scale bar:
100 ym. (D) MTS results of hASCs grown on the hydrogels’ surface with different
concentration of dopamine compared to the sample without any coating. The results are
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reported as the mean + standard deviation (/7= 5). Single asterisks indicate p < 0.05. (E)
Schematic indicating the main physical interactions between the pDA layer and
dexamethasone. (F) SEM image of IPN hydrogels after dopamine coating and adsorption
with dexamethasone. Scale bar: 500 4m. On the bottom, elementary maps displaying the
presence of carbon, oxygen, nitrogen, and fluorine on the surface of the hydrogels. Scale
bar: 250 pm. (G) Graph displaying the percentage of Dex-FITC desorbed from the hydrogel
for 21 days. The results are reported as a mean plus or minus standard deviation (7= 10).
Single asterisks indicate p < 0.05.
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Figure 3.
Differentiation of hASCs cultured on gels coated with pDA and treated with dexamethasone.

(A) Alkaline phosphatase staining of hASCs seeded on the different gels at day 7 and day
14. A total of five groups were tested. The Ctrl (=) group indicates hASCs cultured on gel
without any treatment in culture medium without any osteogenic factor. The Dex group
represents hASCs cultured on gel soaked with Dex 0.1 mM in non-osteogenic medium. The
pDA/Dex group indicates hASCs cultured on gel precoated with a layer of pDA and soaked
afterwards with Dex 0.1 mM. Cells were cultured in the same condition as the Dex group.
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The Ctrl (+) group represents hASCs cultured on gel without any treatment in osteogenic
medium. The Ctrl (+) pDA group displays hASCs cultured on gel precoated with a layer of
pDA and cultured in osteogenic medium. Scale bar: 100 ym. (B) ALP quantification at days
7 and 14 for the different groups (n=5). (C) Alizarin red staining of calcium deposited by
hASCs seeded on the different groups at days 14 and 21. Scale bar: 100 ym. (D)
Quantification of calcium in the different samples after differentiation of hASCs for 14 and
21 days. (n=5). The results are reported as a mean plus or minus standard deviation. (n=
5). Single asterisks indicate p < 0.05, double asterisks indicate p < 0.01, and triple asterisks
indicate p < 0.001.
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