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Introduction

Bioactive hydrogels based on lysine dendrigrafts
as crosslinkers: tailoring elastic properties to
influence hMSC osteogenic differentiationy

Michele Valeo,® Sébastien Marie,® Murielle Rémy,® Tiphaine Menguy,®
Cédric Le Coz, @2 ¢ Michael Molinari, (2 Cécile Feuillie, (22 Fabien Granier® and
Marie-Christine Durrieu (2 *@

Dendrigrafts are multivalent macromolecules with less ordered topology and higher branching than
dendrimers. Exhibiting a high density of terminal amines, poly-L-lysine dendrigrafts of the fifth
generation (DGL G5) allow hydrogel formation with tailorable crosslinking density and surface
modification. This work presents DGL G5 as multifunctional crosslinkers in biomimetic PEG hydrogels to
favour the osteogenic differentiation of human mesenchymal stem cells (hMSCs). DGL G5 reaction with
dicarboxylic-acid PEG chains yielded amide networks of variable stiffness, measured at the macro and
surface nanoscale. Oscillatory rheometry and compression afforded consistent values of Young's
modulus, increasing from 8 to more than 30 kPa and correlating with DGL G5 concentration. At the
surface level, AFM measurements showed the same tendency but higher E values, from approximately
15 to more than 100 kPa, respectively. To promote cell adhesion and differentiation, the hydrogels were
functionalised with a GRGDSPC peptide and a biomimetic of the bone morphogenetic protein 2 (BMP-
2), ensuring the same grafting concentrations (between 2.15 + 0.54 and 2.28 + 0.23 pmols mm~2) but
different hydrogel stiffness. 6 h after seeding on functionalised hydrogels in serum-less media, hMSC
showed nascent adhesions on the stiffer gels and greater spreading than on glass controls with serum.
After two weeks in osteogenic media, hMSC seeded on the stiffer gels showed greater spreading, more
polygonal morphologies and increased levels of osteopontin, an osteoblast marker, compared to
controls, which peaked on 22 kPa-gels. Together, these results demonstrate that DGL G5-PEG hydrogel
bioactivity can influence the adhesion, spreading and early commitment of hMSCs.

one of the main regulators of cell behaviour, modulating -
among others - cell adhesion and spreading,* migration® and

The extracellular matrix (ECM) is an essential component of the
cell microenvironment, presenting elaborated compositions
and highly tissue-specific properties.' Cells attach to the matrix
via adhesion receptors, like integrins, arranged in membrane
complexes linked to the actomyosin architecture of the
cytoskeleton.>? These focal adhesions control cytosolic tension
and act as mechanosensors that propagate forces to and from
the matrix, enabling cells to sense the mechanical or topogra-
phical features of the local microenvironment.> Cellular
mechanosensing of the environment properties emerged as
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differentiation towards specific lineages.® Notably, matrix stiff-
ness was shown to play a central role in controlling the
differentiation fate” of adult stem cells like mesenchymal stem
cells (hMSCs).*° hMSCs are bone marrow-derived, multipotent
cells capable of differentiating along multiple mesenchymal
Iineages,lo including cartilage, bone, and fat cells, that have
been extensively investigated to decipher the role of mechan-
otransduction in bone cell differentiation and development.**
Recent studies have shown that substrate stiffness induces
hMSC osteogenic differentiation by reinforcing focal adhesions
and increasing cytosolic tension, which ultimately regulate the
mechanosensitive translocation of osteogenic transcription
factors into the cell nucleus.®> On 2D'**? and 3D matrices,**”
the stiffness required for hMSC differentiation to cells of the
bone lineage is reported, in the literature, in a range from
20 kPa to at least 115 kPa in Young’s modulus (E),'>'*'®'”
sometimes with contradictory results due to the use of different

This journal is © The Royal Society of Chemistry 2024
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techniques for the mechanical characterisation.
theless, with rising demand for bone grafts, the limited
implantability and regenerative capacity of skeletal tissues,
and the shortcomings of autologous grafting,® biomaterial
engineering for bone tissue regeneration is currently at the
centre of intensive research. For this purpose, developing
engineered matrices with controllable mechanical and bio-
chemical properties can provide valuable insights into the
fundamental functioning of mechanotransduction processes
involved, for example, in bone cell differentiation. Hydrogels,
consisting of crosslinked polymer networks swollen in water,
are ECM-mimicking biomaterials extensively used to character-
ise hMSC differentiation in response to specific material
clues.*™?? The covalent functionalisation of synthetic hydrogels
allows the controlled tethering of biochemical clues, mimick-
ing the presentation of matrix-bound ligands to promote cell
adhesion, proliferation or differentiation.'>**?* Among bio-
molecules used to control cell differentiation, the bone mor-
phogenetic protein 2 (BMP-2) is a growth factor widely used in
bone tissue engineering for its osteogenic activity.>® Binding to
cell surface receptors, the BMPR-I and II, the BMP-2 and the
biomimetic peptides derived from its knuckle-epitope*>*” can
induce hMSC osteogenic differentiation and matrix deposition
in vitro*>*® and ectopic bone formation and -calcification
in vivo, provided in the soluble®*®* or immobilised
form.'*3"3> BMP-2 tethering reduces the amount of protein
required and the side effects associated with its diffusion
in vivo,” allowing the precise control of its spatial distribution.
Moreover, surface-bound BMP-2 enhances stiffness-mediated
focal adhesion formation®**%3* by interacting with fibronectin-
binding integrin subtypes, which - in turn - modulate BMP-2-
initiated signalling in a synergistic crosstalk.’’**?> As of now,
most methods to fabricate stiff PEG hydrogels®**®*” rely on
acrylate-based photo-polymerization, which allows rapid cross-
linking, confined network formation and broad-range adapt-
ability of hydrogel stiffness (1-1000 kPa). However,
photochemical reactions are limited by UV light penetration
depth, the use of radical initiators and the formation of more
network defects.”>*® Alternatively, having high surface densi-
ties of functional end-groups, dendritic polymers can be used
as multifunctional crosslinkers allowing control over the hydro-
gel’s mechanical properties and surface functionalisation.***°
Dendrimers are highly branched macromolecules synthesised
in generations (G) by the iterative addition of branched layers
around a core unit."" As the number of branching units and
functional groups increases at each generation, dendrimers
have controllable size, polymerisation degree, end-group func-
tionality, and surface charge. Amine-terminated dendrimers,
like poly(amidoamine) (PAMAM), can be modified with various
end-group functionalisation strategies to decrease the cytotoxic
effects of high surface charge,*>** allowing their use in biolo-
gical applications.**™*® Poly-i-lysine dendrigrafts (DGLs) are a
less explored class of aminated hyper-branched polymers exhi-
biting more disordered topology than dendrimers but
also higher branching and functional end-group density.*”*®
DGLs, obtained by ring-opening polymerisation (ROP) of

26,29
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L-lysine-N-carboxyanhydrides (r-Lys-(NCA)) in four generations
(G2-G5, the first generation G1 being the core and linear oligo-L-
lysine), are highly water soluble, biodegradable and non-
immunogenic.”’ Lysine dendrigrafts of the fifth generation
(DGL G5) contain approximately 1000 lysines, exhibiting either
free o-NH, groups (30%) or free e-NH, (70%), partially hindered
by steric crowding.”®>" Having the possibility to form multiple
bonds, DGL G5 are potentially useful hydrogel crosslinkers
but have never been used for this application thus far.>>™*
Therefore, this study describes for the first time the use
of DGL G5 dendrigrafts in PEG hydrogels with tunable
stiffness, characterised by multiple techniques at the macro-
and surface nanoscale. The hydrogels were functionalised
for cell experiments with a combination of RGD-containing
and BMP-2 biomimetic peptides, grafted using a maleimide-
PEG-NHS spacer. After assessing the potential release of
free DGL G5 from the crosslinked hydrogels with an in vitro
assay, we evaluated hMSC adhesion to the functionalised
DGL G5-PEG hydrogels after 6 h and the progress of
osteogenic commitment by measuring hMSC morphology and
osteopontin (OPN) expression after two weeks in osteogenic
medium.”

Materials and methods
Materials

All reagents, if not specified elsewhere, were purchased from
Sigma-Aldrich (USA), including o,0-bis{2-(3-carboxy-1-oxopropyl)-
aminoJethyl}polyethylene glycol (Mr 2000, henceforth dicarboxylic
acid-PEG) and MAL-dPEG"™,,-NHS ester (Mal-PEG-NHS spacer).
N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC) was obtained from ThermoFisher (USA). DGL G5 were
obtained from Colcom (France). The RGD-containing peptide
(GRGDSPC), per se or fluorescently labelled (GRGDSPC-TAMRA),
was synthesised by GeneCust (France). The BMP-2 biomimetic
peptide (BMP-2-bp) KRKIPKASSVPTELSAISMLYLC, containing a
modified sequence of residues 73-92 of the BMP-2 knuckle
epitope (KRKIPKASSVPTELSAISMLYLC), was synthesised as such
or TAMRA-conjugated (henceforth BMP-2 bp or BMP-2-TAMRA
bp, respectively) by GeneCust (France). Bone marrow-derived
hMSCs and hMSC growth medium were obtained from Promocell
(Germany). OsteoLife osteogenic differentiation medium without
phenol red (to avoid interference during fluorescence immunos-
taining) was purchased from Lifeline Cell Tech. (USA). For immu-
nostaining: the primary antibody anti-vinculin (V3191, mouse
mAb) was obtained from Sigma-Aldrich (USA). The primary
antibody anti-osteopontin (anti-OPN, AKm2A1, mouse mAb)
was obtained from Santa Cruz Biotech. (USA). Alexa Fluor™ 488
Phalloidin (A12379) and the secondary antibodies Alexa Fluor™
647 goat anti-mouse (IgG H + L, A21235) and 568 rabbit anti-
mouse (A11061) were bought from Invitrogen (USA). DAPI (62248,
1 mg mM ' solution), DMEM without Red Phenol, PBS, trypsin/
EDTA, penicillin/streptomycin antibiotic solution, fetal bovine
serum (FBS) and 16% paraformaldehyde (PFA) were obtained
from Thermo Fisher (USA).
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Methods
Synthesis of DGL G5-PEG hydrogels

DGL G5-PEG hydrogels were synthesised by forming amide
bonds between dicarboxylic acid-PEG chains and amine-
terminated DGL G5. Stock solutions were prepared separately
by dissolving dicarboxylic acid-PEG in PBS at 400 mg mL~ ' and
DGL G5 in water at 275 mg mL~". The final concentration of
dicarboxylic acid-PEG in the hydrogel mixture was fixed at
50 mM (100 mg mL ") or 65 mM (130 mg mL™'). Then, the
concentration of DGL G5 was varied to adjust the stoichiometry
of the crosslinking reaction (the NH,/COOH molar ratio, varied
from 3 to 6). Before adding EDC solubilized in water (3-fold
molar excess) to activate the carboxylic groups and trigger
hydrogel formation, the pH was adjusted to 5 (using HCI or
NaOH solutions). The liquid hydrogel mixture was vortexed and
cast into Silicone Isolators™ (Grace Bio-Labs, USA) placed on a
glass slide, yielding flat, 1 mm-thick hydrogel discs. The as-
prepared hydrogels were rinsed with 70% v/v aqueous ethanol
overnight and stored in sterile-filtered PBS at 4 °C until further
use. Each DGL-PEG hydrogel formulation was denoted by the
PEG concentration (50 or 65 mM) and the NH,/COOH ratio (3-
6). Four conditions were selected for the present study, named
65 mM-3, 50 mM-5, 65 mM-4 and 65 mM-5 (see Table S1, ESI
for all the formulations obtained).

Structural characterisation by ATR-FT IR spectroscopy

Fourier transform infrared absorption spectra were recorded in
attenuated total reflectance (ATR) mode with a Nicholet iS50 -
FTIR instrument, in the 4000-900 cm ™" region, averaging 100
scans with a 4 ecm™' resolution. The measurements were
conducted at room temperature, using a Germanium crystal
at 0° polarisation angle. After polymerisation, hydrogels were
immersed in 0.1 M aqueous HCI to remove TFA salts and
freeze-dried for three days. Spectra are reported (after manual
baseline subtraction) in the 2300-1000 cm™ " range.

Equilibrium swelling experiments

After crosslinking (¢;), DGL G5-PEG gels were swollen in PBS at
room temperature and weighed multiple times until a steady
weight was reached (Wg). Then, swollen gels were lyophilised to
measure the dry polymer weight (W,). The swelling ratio at the
timepoint ¢ (Q,), expressing the grams of PBS absorbed by each
gram of dry polymer, was calculated according to the following
equation:

(W,— WO)

0= TO (1)

were W, is the weight of the swollen gel at the time point ¢. The
swelling ratio at equilibrium (Qg), calculated using Wy, was
measured for at least three separate samples per condition.

Shear oscillatory rheometry

Hydrogels were polymerised between the plates of an Anton
Parr MCR301 rheometer with CP25/2 geometries for rheometry
measurements before swelling. After a strain sweep to identify
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the linear viscoelastic region, storage (G’') and loss (G”) moduli
were recorded at room temperature, at 1% shear strain and
1 Hz oscillation frequency to follow the crosslinking time.
When steady G’ values were reached, frequency sweeps were
collected between 0.1 and 10 Hz (consistent G’ values indicated
no plastic deformation occurred). For the analysis after swel-
ling, pre-swollen gels were trimmed with a hollow puncher to fit
in an 8 mm, Peltier cross-hatched plate-plate geometry of an
HR10 hybrid rheometer (TA Instruments Inc.), applying a 0.2 N
axial force to hold the hydrogels in place and avoid slipping
during the analysis. Frequency sweeps were collected between
0.01 and 15 Hz (corresponding to 0.1 and 100 rad s~ ', respec-
tively) at 2% shear oscillatory strain. Before and after swelling,
each measurement was done in triplicate on independently
prepared samples. For testing the validity of Young’s modulus
(E) theoretical calculations based on rheometrical data for DGL
G5-PEG hydrogels, the complex modulus (G*) was approxi-
mated to the value of G’ (considering that G” is negligible)
and the following equation was used:

E=2G'(1+) 2

where v is the Poisson ratio of the material (the ratio of
longitudinal to axial deformation), usually taken as 0.5 for
covalent hydrogels.

Compression tests

An HR10 hybrid rheometer (TA Instruments Inc.) was used for
compression tests. Pre-swollen gels were cut with a puncher
before loading and analysed in an 8 mm, Peltier cross-hatched
plate-plate geometry. The gels were deformed at a 1 mm per
minute compression rate. Young’s modulus (E) was calculated
by fitting the stress—strain curves in its linear part (7% max
deformation), analysing three independent samples per
condition.

Atomic force microscopy (AFM)

Apparent Young’s modulus (E) was measured on a Bioscope
Resolve™ (Bruker, USA) atomic force microscope using force
spectroscopy measurements. Considering that our samples are
1-2 mm thick, to avoid any ambiguity between the rheology and
AFM measurements we refer to the apparent Young’s modulus
measured in AFM (over a few hundreds of nm) as the “surface”
Young’s modulus. PBS-swollen hydrogels were fixed to plastic
Petri dishes using 1% aqueous agarose. Two probe geometries
were used for force spectroscopy of unfunctionalised hydrogels.
A sharp pyramidal tip allowed the probing of the sample’s local
mechanical properties, and a spherical silica bead, which
deforms a larger part of the sample. The cantilever spring
constant was calibrated with the thermal noise method and
optical sensitivity was calibrated using a glass slide. The
spherical probe was prepared by glueing a colloidal silica
microsphere of 7.75 pm in diameter (Cospheric, USA) with a
UV-curable adhesive (NOA 63, Norland Edmund Optics, Bar-
rington, USA) to tipless NP-O10 silicon nitride cantilevers
(nominal spring constant 0.1 N m™', Brucker, Billerica, USA).
For the spherical probe, the indentation setpoint was 4 nN,

This journal is © The Royal Society of Chemistry 2024
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ramp size 2 pm and probe speed 4 pm per second (testing
frequency was 1 Hz). For the pyramidal probe, MLCT-E (nom-
inal spring constant 0.1 N m™') silicon nitride cantilevers
(Bruker, USA) were used, having triangular pyramid geometry
(20 nm nominal radius). The operative parameters were the
same but the indentation setpoint was reduced to 2 nN (to
ensure indentation and not piercing). The analysis was
repeated after surface functionalisation to evaluate the impact
of peptide conjugation over the surface Young’s modulus.
Indentation data were treated with JPK software. Curves
obtained from the colloidal probe were fitted between 1 and
4 nN using the Hertz model for a spherical indenter. Curves
obtained from the pyramidal probe were fitted between 0.5 and
2 nN using the Sneddon correction of the Hertz model. With
both probes, 8 x 8 force volume curves were collected over 20 x
20 um regions (400 pm?), obtaining 68 E values measured over
as many surface locations. At least five regions were analysed
per sample, and three different samples per condition. As
previously reported,®® E values obtained from each region were
averaged to obtain one mean value, so that Young’s modulus of
each sample was represented by at least 5 mean values and
each hydrogel condition by 15 mean values.

Surface nanotopography of DGL G5-PEG hydrogels functio-
nalised with RGD/BMP peptides was measured in contact mode
in solution. MLCT-C silicon nitride cantilevers (Bruker, USA) were
used to raster-scan the surface over 400 um>squared arrays to
acquire 256 x 256 pixels per image. The deflection setpoint was
manually adjusted to the minimum to ensure limited surface
deformation while scanning. At least three different areas were
imaged per sample, using three samples per condition. Height
sensor images were treated using Gwyddion software, subtracting
the mean plane and applying line correction. To calculate surface
roughness, Gwyddion software was used to extract the surface
root-mean-square roughness (RMS).

Hydrogel functionalisation with GRGDSPC and BMP-2 peptides

The GRGDSPC and the BMP-2 peptides were conjugated to
hydrogel surfaces using the heterobifunctional Mal-PEG-NHS
ester spacer (see Fig. S10, ESIt). In a 48-well plate, 200 pL of a
5 mM solution in phosphate monobasic buffer (0.01 M, pH 7.3)
were added to cover the hydrogel surface and allowed to react
for 1 h at room temperature under gentle agitation. A 10-fold
molar excess of crosslinker to peptide was used (1 umol per
0.1 umols of peptides). The peptides were separately dissolved
in DMSO at 10 > M and diluted to 5 x 10~* M (0.5 mM) with
water. The two peptide solutions were mixed in equimolar
amounts and 200 pL of the final solution were added to the
activated hydrogels, allowing the coupling to run for an hour
under gentile agitation. Then, the functionalised hydrogels
were transferred to 50 mL-Falcon tubes and rinsed in PBS to
wash away all non-grafted peptides, changing the rinsing
solution once a day, until no colouration occurred.

Estimation of surface-grafted peptide densities

A Zeiss Axio Observer inverted confocal microscope (Zeiss,
Germany) was used to measure the density of grafted peptides

This journal is © The Royal Society of Chemistry 2024
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at the surface using a 10x objective with 0.45 numerical
aperture (NA). Three locations per gel were selected, by focusing
on the first surface plane and collecting a Z-stack of 5 pm-apart
slices (over 50 or 200 pum) at 1024 x 1024 pixels (1278 x
1278 pum, 1.25 pm per pixel). Laser excitation power was
0.03%, excitation wavelength 561 nm and detection range of
emitted light 565-605 nm, with 1 Airy unit pinhole size. The
optical section of the Z-slicing was therefore calculated as
4.49 pm, full width at half maximum (FWHM), according to
the following equation:

.88/ex
Axial resolution (FWHM) = 088 (3)

(n— m)

Where excitation wavelength (lexc) was 561 nm, the refraction
index (n) of the air was 1 and the numerical aperture (NA) of the
objective was 0.45. Surface peptide densities were obtained by
measuring the intensity of the most intense slice of each Z
stack and dividing the raw integrated density values measured
by 4, to have a density estimation over a 1 pm-thick surface
section. Fluorescence intensity values were converted into pep-
tide densities of pmols mm~? (um) ™" using calibration curves
acquired with the same settings, by placing 0.8 pL drops of
fluorescent peptide solutions over a silanised glass slide. A
Z-stack was collected per drop and fluorescence intensity was
calculated in the most intense slice (calibrations curves are
available in Fig. S12, ESIt). Images were analyzed using Image]
freeware.

Indirect cytotoxicity of DGL G5-PEG hydrogels

Indirect cytotoxicity tests were performed to verify the potential
leaching of dendrigraft nanoparticles from crosslinked hydro-
gels. Following the ISO-1993-12, the extracts obtained from
non-functionalised DGL G5-PEG hydrogels (according to ISO-
10993-12:2004) were tested on the same hMSCs line used for
cell culture experiments. Hydrogels were sterilised overnight in
70% v/v aqueous ethanol, then rinsed for a day in PBS and
equilibrated in DMEM before testing. In a plastic Falcon tube
capped, 3 gels per condition were extracted with 3 mL of DMEM
+10% FBS (1.25 cm® mL ™" extraction ratio, having materials
>1 mm thick) for 24 h under agitation in a humidified
chamber at 37 °C and 5% CO,. Sterilised glass coverslips were
used as negative test materials. The positive control was DMSO
10% in DMEM and the reference for cell viability was DMEM +
10% FBS (normal medium). hMSCs (passage 4) were subcul-
tured once before seeding in a 96-well plate at subconfluent
densities. The day after, the extraction medium (150 pL) was
added to 6 replicate wells per condition (testing materials and
controls). Cells were left in contact with the extracts for 24 h in
a humidified chamber at 37 °C and 5% CO,. Then, 50 pL of
extraction medium were replaced with the same volume of the
XTT solution. After 4 h, the optical density (O.D.) was measured
with a plate reader at 490 nm, subtracting the reading at
690 nm (reference wavelength). Three readings per well were
acquired, for 6 wells per condition. The mean cell viability is
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reported in percentage (%) of the reference viability in a normal
medium (100%).

Cell culture experiments

hMSCs at passage 4 (P4) were thawed two days before seeding
and subcultured in a growth medium at 37 °C with 5% CO,.
Hydrogels were sterilised overnight in 70% v/v aqueous etha-
nol, then rinsed for a day in PBS and equilibrated in DMEM
before cell seeding. To avoid floating, the hydrogel discs were
carefully fixed with a sterile agarose solution to the bottom of
24-well plates. For the study of cell adhesion, hMSCs (at P5)
were seeded on the hydrogel surfaces and glass coverslips
(controls) at a density of 2000 cells per cm”® in DMEM (without
Phenol Red) + 1% penicillin/streptomycin, adding 10% FBS
only to glass controls. After 6 h, cells were fixed in aqueous
paraformaldehyde at 4% for 15 minutes at 4 °C, washed
thoroughly and stored in PBS at 4 °C. For cell differentiation
studies, hMSCs (at P5) were then seeded on the hydrogel
surfaces and glass coverslips (controls) at a density of
2000 cells per cm® in DMEM (without Phenol Red) +1%
penicillin/streptomycin, without serum for the first 4 h of
culture (0.9 mL). Then, the culture medium was supplemented
with 0.1 mL FBS (10% final concentration). 24 h after seeding, the
culture medium was replaced with the osteogenic differentiation
medium, changed twice a week. After 14 days of culture, cells were
fixed in aqueous paraformaldehyde at 4% for 15 minutes at 4 °C,
washed thoroughly and stored in PBS at 4 °C.

Quantification of hMSC adhesion and osteogenic
differentiation

After fixing and washing to remove PFA traces, cells were
permeabilised with 0.3% Triton X-100 in PBS for 5 min at
4 °C, then incubated in 1% bovine serum albumin (BSA) in PBS
for 1 h at 37 °C to saturate non-specific adsorption sites. For the
cell adhesion study, focal complexes were visualised via vincu-
lin immunofluorescence staining. 200 pL of the primary anti-
body (mouse) were added to each hydrogel sample, at a 1:200
dilution in PBS/BSA 1% solution, and incubated for 1 h at 37 °C.
After rinsing in PBS, 200 pL of the secondary antibody Alexa
Fluor 568 (rabbit anti-mouse) were added, at a 1/400 dilution in
PBS/BSA 1% solution, and incubated for 1 h at 37 °C. For the
cell differentiation study, the osteogenic marker Osteopontin
was quantified via immunofluorescence staining. 200 pL of the
primary antibody (mouse) were added ata 1:200 dilution in 1%
BSA/PBS and incubated for 1 h at 37 °C. After washing in PBS,
200 pL of the secondary antibody AlexaFluor647 (goat anti-
mouse) were added at 1:400 dilution in 1% BSA/PBS and
incubated for 1 h at 37 °C. Cell morphology and cytoskeletal
architecture were visualised by labelling filamentous actin (F-
actin) with Alexa Fluor 488 (1:40 dilution) for 30 minutes at
37 °C. Cell nuclei were stained using DAPI at 1 ug mL ™" (1:1000
dilution) in UP water for ten minutes at r.t. Then, cells were
imaged with a Leica DM5500B epifluorescence microscope
(Leica Biosystems, Germany). Images were analyzed using
Image] freeware. Cell morphology in the adhesion and differ-
entiation studies was analysed at 40x magnification,
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measuring the spread area and aspect ratio (AR) with Image]
software in at least 30 cells per sample. AR (defined as the ratio
of major cell axis/minor cell axis) was measured in Image] by
outlining cell profiles in fluorescence images. Cell densities
after two weeks of cultures were assessed by counting the
number of cells (nuclei) per field of view on images taken with
a 10x objective (900 x 700 pum field of view), on at least
24 different images. Osteopontin (OPN) nuclear expression
was quantified at 40x magnification, by calculating the raw
integrated density in the nucleus (selected using the wand
tool) after background subtraction. For OPN quantification,
between 300 and 600 cells were analysed in total, seeded in
two hydrogel samples per condition, for two independent
experiments (N = 2).

Statistical analysis

Statistical significance was analysed in GraphPad Prism soft-
ware 8.0.1 for Windows (GraphPad Software Inc., La Jolla, CA,
USA). Shapiro-Wilk tests were used to determine the normality
of data distributions. Normally distributed data were analysed
using one-way ANOVA post hoc Tukey’s multiple comparison
tests. Non-normally distributed data were analysed using the
non-parametric Kruskal-Wallis test with Dunn’s correction for
multiple comparisons. The statistical test used is reported in
the caption under each graph. Differences were considered
significant for p-value < 0.05 (two-sided), and represented as
follows: P < 0.05 (¥), P < 0.01 (**), P < 0.001 (***).

Results and discussion

Synthesis and physical characterisation of DGL G5-PEG
hydrogels

DGL G5-PEG hydrogels were synthesised by end-linking of the
amine end-groups on DGL G5 macromolecules (schematised in
Fig. 1(a)) with the terminal carboxylic groups of commercially
available, difunctionalised PEG chains (dicarboxylic acid-PEG
in Fig. 1(a)). The network’s crosslinking density of amide bonds
was modulated by varying the concentration and stoichiometry
of the two reactants. For the following experiments, four
conditions were selected, named 65 mM-3, 50 mM-5, 65 mM-
4 and 65 mM-5. Because of the multivalency of DGL G5
molecules, the formation of inter-macromolecular bonds
between DGL G5 and dicarboxylic-acid PEG chains (effective
network crosslinks, shown in green in Fig. 1(b)) competes with
the formation of intra-molecular loops on a DGL G5 molecule
(surface crosslinks, in orange in Fig. 1(b)), which is favoured by
the limited mobility of PEG chains attached at one end.>**” The
formation of these topological defects was observed, for the
first time, for PAMAM dendrimers crosslinking epoxy-
terminated PEG chains*” and reported, more recently, also for
DGL G3 reacting with NHS-functionalised PEG chains.*® Con-
sequently, increasing the PEG concentration only allows the
formation of more bonds without shifting the equilibrium
towards one specific product. Conversely, we expected that
increasing the dendrigraft molar fraction (ranging here from

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Synthetic strategy of DGL G5-PEG hydrogels. (a) Schematic repre-
sentation of hydrogel precursors, DGL G5 dendrigrafts and dicarboxylic
acid-PEG polymers. (b) Crosslinking reaction based on intermolecular
amide bonds (network crosslinks) formation between the DGL G5 nano-
particles. Increasing DGL G5 concentration (intermolecular proximity) in
the hydrogel precursor solution favours the formation of intermolecular
amide bonds (network crosslinks).

0.42 to 0.92 mM) for a fixed PEG concentration (which means a
fixed number of network crosslinks possibly available), would
increase the DGL G5 intermolecular proximity, thereby promot-
ing intermolecular crosslinks formation.>* First, we verified the
formation of an amide bond network in crosslinked hydrogels.
Collectively, the infrared spectra of lyophilised hydrogels
(reported in Fig. S1, ESIT) show symmetric signals, indicating
high bond structure similarity. The quantitative reaction of
carboxylic groups is confirmed by the absence of COOH signals
in the spectra of 65 mM-3 and 50 mM-5 gels, whereas 65 mM-4
and 65 mM-5 gels show only a small shoulder peak at 1730
cm™ ' (COOH stretching). As these two last hydrogels are stiffer,
one can assume that the crosslinking speed reduces the prob-
ability of interactions between carboxylic and amine groups,
thus reducing the yield of bond formation during hydrogel
synthesis. To further confirm the validity of our strategy, we
used shear rheometry measurements to characterise hydrogel
crosslinking and rapidly screen the mechanical properties
before swelling. In situ prepared hydrogels crosslinked within
twelve minutes after EDC addition at room temperature (see
Fig. S2 and S3, ESIt for detailed characterisation of selected
DGL G5-PEG conditions before swelling). As shown in Fig. 2(a),
the storage modulus (G’) increased linearly with the DGL-G5
crosslinker concentration. This trend indicates a more rapid
increase in hydrogel stiffness at the higher dicarboxylic acid-
PEG concentration (65 mM). Increasing the PEG concentration
from 50 to 65 mM led to slightly stiffer gels (46.33 £+ 3.28 and
66.73 £ 0.90 kPa for 50 mM-5 and 65 mM-4 gels, respectively)
while doubling the DGL-G5 concentration (from 0.42 to
0.85 mM) led to an almost 8-fold increase in G’ (9.54 + 1.69
and 79.17 + 4.42 kPa for 50 mM-3 and 50 mM-6, respectively).
Consistent with previous reports on DGL G3,>” the stiffness of
DGL G5-PEG hydrogels depended on the total molecular

This journal is © The Royal Society of Chemistry 2024
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composition but was primarily dominated by the concentration
of the DGL-G5 crosslinker. Swelling measurements also con-
firm these observations, showing a decrease in the fluid
absorption capacity (FAC) with increasing DGL-G5 concen-
tration, which indicates the formation of more densely cross-
linked polymer networks (available in Fig. S4A and B, ESI%).>

Macroscale mechanical characterisation of DGL G5-PEG
hydrogels

The dynamic, viscoelastic behaviour of DGL G5-PEG hydrogels
was initially characterised by rheological measurements after
equilibrium swelling. Network expansion due to increased
water content after swelling significantly diminished the
(shear) storage modulus (G’) but did not change the overall
stiffness gradient. Collectively, G’ decreased by 6 to 10 times
after swelling, possibly due to the higher conformational mobi-
lity (and thus lower resistance to deformation and internal
friction) of the polymer chains in the swollen state, consistent
with the entropic origin of rubberlike elasticity.”®>°

Fig. 2(b) shows that the G’ of swollen gels was 2.9 + 0.3 kPa
for 65 mM-3, 4.5 + 0.6 kPa for 50 mM-5, 7.6 + 0.9 kPa for
65 mM-4 and 10.0 £ 0.9 kPa for 65 mM-5. The storage modulus
was linear and frequency-independent in the 0.01-16 Hz range,
similar to what was observed before swelling. The loss modulus
(G"), around two orders of magnitude lower than G’, displayed a
slight increase at high frequencies, more visible in the softer
samples. As the G” describes the viscous component of the
hydrogel’s viscoelastic behaviour, the slow response of polymer
network at faster deformation rates results in the uncomplete
relaxation of the chains, that can lead to a higher loss
modulus.®® Collectively, G” values ranged between 100 and
200 Pa and, consistently with the higher water content, showed
an increase from the pre-swelling values (comprised between
10 and 100 Pa, Fig. S2 and S3, ESIt). Accordingly, the loss factor
(tand, G"/G’), representative of the hydrogel viscoelastic char-
acter, was close to 0.01 for all samples tested (data not
shown).®' Collectively, these results showed that DGL G5-PEG
hydrogels have a predominantly elastic behaviour in the fre-
quency range tested, which is consistent with their covalent
bond structure.®® The gels were also analysed in compression
tests to explore whether hydrogels’ stiffness measurements at
the macroscale are influenced by the deformation mode
applied. The macroscale Young’s modulus (calculated from
stress—strain curves at 5% deformation, illustrated in Fig. S5,
ESIt) was 8,8 & 1,1 kPa for 65 mM-3, 13,1 + 1,0 kPa for 50 mM-
5, 19,0 £+ 0,5 kPa for 65 mM-4 and 25,1 + 3,1 kPa for 65 mM-5,
as shown in Fig. 2(c).

The hydrogel’s shear complex modulus (G*) can be corre-
lated to Young’s modulus by knowing the material’s Poisson’s
ratio (v) according to the following equation: E = 2G’(1 + v)
(eqn (2)). Hence, approximating G*~ G’ (as G” is negligible for
the selected DGL G5-PEG hydrogels),”®®® the Poisson’s ratio of
these gels was calculated as 0,52 for 65 mM-3, 0,46 for 50 mM-5,
0,26 for 65 mM-4 and 0,26 for 65 mM-5, as illustrated in
Fig. 2(c). Interestingly, these results show that the hydrogels
with the lower polymer volume fraction, 65 mM-3 and 50 mM-5,
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Fig. 2 Multiscale mechanical characterisation of DGL G5-PEG hydrogels. (a) Linear correlation between hydrogel stiffness (G’ before swelling, kPa) and
DGL G5 crosslinker concentration (mM), with a steeper increase (slope of the fitting line, m) for 65 mM PEG concentration (R? values are 0.956 for 50 mM
and 0.979 for 65 mM conditions). (b) Rheometry measurements: 0.01-15 Hz frequency sweeps showing the G’ (circles) and G” (diamonds) after swelling.
(c) Inter-group comparison of E values (kPa) calculated from compression (c) and rheometry (R) data, using the £ = 3G’ ratio. N = 3, one-way ANOVA
(Tukey's correction for multiple comparisons) with P < 0.05 (*), P < 0.01 (**), P < 0.001 (***). (d) AFM measurements: E values (kPa) at the surface
nanoscale measured with a pyramidal tip before (left group) and after peptide functionalisation (F, in bold characters, right group). Each point represents
the averaged E value over a squared array of 400 pm? (20 x 20). At least five different regions were analysed per gel. N (gels) = 3, one-way ANOVA
(Tukey's correction for multiple comparisons) with P < 0.05 (*), P < 0.01 (**), P < 0.001 (***). Not significant = P > 0.05. All statistical tests are reported

in the ESI.

are very close to the theoretical value of 0,5 and, thus, can be
assumed as incompressible networks. However, as the polymer
volume fraction increases for 65 mM-4 and 65 mM-5 gels, the
Poisson’s ratio decreases to 0.26, indicating that these more
densely crosslinked gels lose volume when compressed. Over-
all, E/G’ ratios ranged from 3,0 (65 mM-3) to 2,9 (50 mM-5) to
2,5 (65 mM-4 and 65 mM-5). When DGL G5-PEG hydrogels’
elastic behaviour was approximated to that of rubber-like
materials (v equal to 0.5), E calculations based on rheometrical
data were 8.8 = 0.90 kPa for 65 mM-3, 13.6 = 1.9 kPa for
50 mM-5, 22.7 + 2.8 for 65 mM-4 and 29.9 + 2.6 for 65 mM-5
(illustrated in Fig. 2(c)). Statistical testing found no significant
differences in paired E values calculated from macroscale
measurements in compression or shear rheometry. Therefore,
even though DGL G5-PEG hydrogels diverge from the theore-
tical value of 0,5 at high DGL G5 crosslinker concentrations

12514 | J. Mater. Chem. B, 2024, 12,12508-12522

(>0,54 mM), the assumption that they behave as incompres-
sible networks is still valid, as the approximation of E ~
3G'.°*® Considering inter-group comparisons, 65 mM-3 and
50 mM-5 gels showed no statistically different stiffness in
compression (E values) and oscillatory rheometry (G’ values)
measurements. To find any stiffness differences at the surface
micro- and nanoscale, the selected DGL G5-PEG hydrogels were
also analysed in atomic force microscopy (AFM).

Surface mechanical characterisation of DGL G5-PEG hydrogels

AFM nanoindentation®® with colloidal and pyramidal tips was
used to compare the influence of surface measurements and
indentation geometry on Young’s modulus calculations. More-
over, the hydrogels were also analysed after surface functiona-
lization using the pyramidal probe to evaluate if peptide
grafting impacted surface stiffness. E values (mean + SD)

This journal is © The Royal Society of Chemistry 2024
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extracted from indentations with the colloidal tip were 10.5 +
5.2 kPa for 65 mM-3, 27.9 + 3.5 kPa for 50 mM-5, 52.8 + 8.8 kPa
for 65 mM-4 and 77.7 + 13.6 kPa for 65 mM-5 kPa (Fig. S6,
ESIt). E values (mean £ SD) calculated from indentations
with the pyramidal tip were 10,4 + 1,5 kPa for 65 mM-3,
41.7 + 2.8 kPa for 50 mM-5, 53.6 + 6.2 for 65 mM-4 and
113.0 £+ 16.5 kPa for 65 mM-5. When looking at inter-group
comparisons, the colloidal tip showed no significant differ-
ences in stiffness among nearby groups, reporting statistically
different E values (P < 0.001) only for 65 mM-3 and 65 mM-4
gels, 65 mM-3 and 65 mM-5 gels and 50 mM-5 and 65 mM-5
gels (Fig. S6, ESIT). Instead, when measured with the pyramidal
tip, E values were statistically different among nearby groups,
except for 50 mM-5 and 65 mM-4 (Fig. 2(d)). Collectively,
Young’s modulus values extracted from AFM force curves were
higher than those measured at the macroscale from compres-
sive and shear deformations. Although statistical testing
showed no significant differences among E values obtained
with the two probes, the pyramidal tip afforded higher values
than the colloidal one at the highest crosslinker concentration
(65 mM-5 gels), similar to previous reports.>® This overestima-
tion, observed particularly when indenting the surface with a
pyramidal tip, is a well-known effect of AFM-based E measure-
ments and was described, in the literature, with even greater
discrepancies than those observed here.’*®®” Apart from
the inherently anisotropic behaviour of materials at the
interface”®® and nanoscale surface heterogeneities - both of
which are known to affect surface measurements - the effect of
the tip geometry is possibly due to a non-linearly elastic
deformation of polymeric networks when high local stresses
are applied, as with sharp pyramidal tips. Consequently, if the
contact area between the probe and the surface changes during
the indentation, the fitting models might underestimate this
effect and yield higher E values.**®*®>®° In contrast, colloidal
tips with spherical geometry induce larger surface deforma-
tions, having more predictable contact areas (but lower lateral
resolution) and limiting this overestimation effect. As com-
pared to E values measured in compression and rheometry
tests, these results show that the correlation observed at the
macroscale between hydrogel stiffness and DGL G5 concen-
tration is also valid for surface measurements in AFM. How-
ever, considering that AFM results are consistently higher, the
E/G' ratios deviated from the previously observed ratio of 3,
which was found valid only for 65 mM-3 gels (3,6). More
concentrated hydrogels afforded substantially higher ratios,
comprised between 6.8-7.1 (65 mM-5 and 65 mM-4, respec-
tively) and 9,3 (50 mM-5), as already reported for PEG-
maleimide gels crosslinked by thiol-containing peptides.®®
After bioactive functionalisation, the surface E values
(mean + SD) of DGL G5-PEG hydrogels were as follows:
23.2 + 3.5 kPa for 65 mM-3 (an increase of 12.8 kPa compared
to pre-functionalization), 34.9 + 9.2 kPa for 50 mM-5 (a
decrease of 6.8 kPa), 79.3 + 10.3 kPa for 65 mM-4 (increase
of 25.7 kPa), and 123.0 + 21.3 kPa for 65 mM-5 (increase of
10 kPa), as illustrated in Fig. 2(d) (right group, in bold char-
acters). While surface functionalisation generally increased

This journal is © The Royal Society of Chemistry 2024
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E values, this effect was particularly pronounced for 65 mM-4,
with smaller changes for 65 mM-3 and no statistical
significance for other conditions (as reported in Fig. S7, ESIT).
Moreover, statistical testing of hydrogel stiffness after functio-
nalisation showed significant differences among all the groups.
Few previous studies have explored the impact of surface
functionalisation on hydrogel stiffness using AFM, reporting
contradictory findings.**’® For example, recent work from
Durrieu’s group®” found that grafting the same BMP-2-derived
peptide used here onto PA hydrogels through sulfo-SANPAH led
to no significant variations of surface E values measured in
AFM. Contrasting with the results, Lanniel and coworkers”®
previously demonstrated that different surface coatings signifi-
cantly altered PA hydrogel stiffness. Our findings seem to align
with the latter, suggesting that surface functionalisation can
modify hydrogel stiffness. Additionally, topographical mapping
in contact mode (in Fig. S9, ESIt) using the pyramidal tip
confirmed that surface roughness did not change across the
four hydrogels after functionalisation, indicating that the
observed stiffening is unlikely to be caused by peptide aggre-
gates. Surface topographical features, calculated as the root
mean square roughness (RMS), ranged between 8 and 13 nm
(Fig. S9, ESIT), consistent with previous data for PEG gels.>®

These data confirm that varying the networks’ crosslinking
degree to modify the hydrogels’ stiffness did not result in
different surface topographies, which could have affected the
behaviour of cells adhering on top.

Surface functionalisation with GRGDSPC and BMP-2
biomimetic peptides

Lacking integrin-binding motifs, native DGL G5-PEG hydrogels
require surface functionalisation with adhesive ligands to sup-
port cell attachment and growth.>* In this work, the hydrogel
surfaces were functionalised with equimolar concentrations of
a GRGDSPC adhesive sequence and a BMP-2 biomimetic pep-
tide (bp), an osteoinductive factor developed by our group, to
favour hMSCs differentiation.” These peptides are known to
elicit synergic effects when co-grafted on material surfaces.*®
The peptides were covalently immobilised to avoid their
potential release and enable their density quantification. Graft-
ing was achieved using a bifunctional PEG spacing chain
bearing a maleimide group at one end and an NHS ester at
the other (Mal-PEG-NHS spacer, Fig. S10C, ESIt). For peptide
coupling, the spacer reacts by the NHS ester group with the
primary amines available in DGL G5, left unreacted after
hydrogel crosslinking (Fig. S10, ESIt step 1). After tethering
the spacer to hydrogel surfaces, cysteine-containing peptides
are coupled through the Michael addition of thiol groups to the
maleimide moiety (Fig. S10, ESIt step 2). This strategy allowed
the controlled coupling of one peptide to a single PEG spacer
selectively at the C-terminal cysteine (Fig. S10, ESIT step 3).
Therefore, it is more advantageous than widespread conjuga-
tion methods using, for example, sulfo-SANPAH,”"””? which can
result in peptide presentation in an inactive form. Surface
grating densities were estimated via confocal microscopy using
fluorescent (TAMRA-conjugated) peptides. Fig. 3 reports the
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Fig. 3 Evaluation of fluorescent peptide grafting density to hydrogel
surfaces. All hydrogels are functionalised with the same equimolar peptide
combinations. To quantify the relative density of GRGDSPC (RGD) and
BMP-2 bp (BMP), the hydrogels were functionalised adding one fluores-
cent peptide in the equimolar mixture (RGD in the left group and BMP in
the middle group) or both fluorescent peptides (RGD + BMP, right group).
Each point represents one measurement over a “surface” area of 1278 x
1278 um? (1 pm-thick). Bars express mean + SD of all surface measure-
ments. N (gels) > 3, one-way ANOVA (Tukey's correction for multiple
comparisons) with P < 0.05 (*), P < 0.01 (**), P < 0.001 (***). Not
significant = P > 0.05. All statistical tests are reported in the ESI¥

confocal estimations of peptide grafting densities calculated
over approximately 1 um, which can be considered a “surface”
density.

Overall, “individual” grafting densities of GRGDSPC and
BMP-2 bp showed no statistically significant differences within
their groups or between the two groups, even though the
relative density of GRGDSPC peptide grafting was slightly
higher. The average grafting density of GRGDSPC peptides
was 1.4 + 0.2 pmols mm~> (RGD group, left in Fig. 3) while
the BMP-2 one was calculated as 1.2 + 0.1 pmols mm~> (BMP
group, middle in Fig. 3). As expected, the fluorescence intensity
increased when the two peptides in the mixture were fluores-
cent, confirming the surface co-grafting of both peptides. The
total peptide concentration (RGD + BMP group, right in Fig. 3)
ranged from 2.2 & 0.5 (between 1,0 and 1,6 peptides nm™?) to
2,3 & 0,2 pmols mm > (between 1,2 and 1,5 peptides nm™?),
with an average grafting density of 2.2 4+ 0.4 pmols mm 2,
which well correlates with the estimations of relative peptide
density. Z-Axis profiling showed a concentration gradient for
the first tents of pm from the surface, over approximately 50 um
for GRGDSPC peptides and 150 pm for the BMP-2 bp (an
example of a 3D reconstruction obtained in confocal micro-
scopy Z-stacks is reported in Fig. S11, ESIf). The peptide
densities found on DGL G5-PEG hydrogels are consistent with
recent works on various functionalised surfaces,”® including
hydrogels.””?> The literature shows that co-grafting RGD-
containing peptides and BMP-2 proteins® or mimetic
peptides> on hydrogel surfaces, as we did, improves cell
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adhesion and reduces the concentrations of individual peptides
required for osteoinduction.**’> Zouani and collaborators
showed an upregulation of osteogenic markers in pre-
osteoblast cells already at 0.7 pmol mm 2 of GRGDSPC and
1.0 pmol mm™? of the BMP-2 bp used here,*® suggesting that
the grafting densities reported here are sufficient to allow
hMSC adhesion and advance their osteogenic commitment.
Moreover, these results prove that DGL G5 can be incorporated
into hydrogels to enable surface functionalisation with high
densities of Cys-containing peptides, that can be selectively
grafted at the C-terminus using maleimide chemistry.

Cytotoxicity of DGL G5 leaching from crosslinked hydrogels

DGL G5-PEG hydrogels were initially tested with an in vitro
indirect cytotoxicity assay to exclude the potential release of
cytotoxic DGL G5 molecules from the hydrogels. Uncrosslinked
DGLs, like other amine-terminated macromolecules, exhibit
highly polycationic surfaces at physiological pH (due to free
amine protonation), causing cell membrane disruption and
inducing concentration-dependent cytotoxic effects.**** Expo-
sure to the extracts for 24 h did not reduce hMSCs metabolic
activity, thus proving that DGL G5 can be safely incorporated as
hydrogel crosslinkers (see Fig. S13, ESIt).

Evaluation of early hMSC adhesion and spreading

In a preliminary study to evaluate the impact of functionalised
DGL G5-PEG hydrogels on early cell adhesion, hMSCs were
cultured onto hydrogel surfaces in media without serum and
fixed 6 h after seeding. As visible in the top raw images in
Fig. 4(a), the highest number of cells per field of view was
observed on control glass surfaces in the presence of serum.
Conversely, less cells adhered to all the other hydrogel condi-
tions after 6 h in serum-less media, with the lowest cell number
observed on the softest hydrogels (65 mM-3). Cell morphology
and spreading were also altered by hydrogel stiffness after 6 h.
On 65 mM-3 gels, cells exhibited spherical morphology and the
lowest spreading area (around 450 pm?) and aspect ratio,
similar to recent observations on soft PAAM hydrogels with a
short ligand spacing at 24 h (Fig. 4(b) and (c))."* As shown in
Fig. 4(b), cell area increased nearly five-fold on 50 mM-5,
65 mM-4 and 65 mM-5 hydrogels compared to 65 mM-3,
reaching a plateau around 2200 pm® on these three conditions
(with no significant differences, as reported in Table S6, ESIt)
and exhibiting greater spreading than on glass controls
(approximately 1400 um?). Conversely, while cell area remained
unchanged across these three conditions, the cell aspect ratio
(as shown in Fig. 4(c)) peaked on 50 mM-5 gels after 6 h and
then decreased on 65 mM-4 and 65 mM-5. This suggests that
once maximum spreading is achieved at a specific substrate
stiffness, cell traction forces alter the cell’s shape to more
polygonal morphologies, similar to previous observations on
substrates with comparable stiffness.”® Looking at the cytoske-
letal organisation and the formation of adhesion complexes,
phalloidin staining revealed highly anisotropic F-actin distribu-
tions and no clear localisation of the integrin-associated pro-
tein vinculin on 65 mM-3 gels. On glass controls, cells showed

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 hMSC adhere and spread on functionalised DGL G5-PEG hydrogels after 6 h without serum. (a) hMSCs cultured for 6 h in a normal medium
(DMEM without Red Phenol), adding 10% serum to glass controls. Fixed cells were stained for vinculin in magenta (anti-vinculin antibody), F-actin in green
(phalloidin) and nuclei in blue (DAPI), with 10x (top) or 40x objectives (middle and bottom). The bottom line shows magnified images of the cell
lamellipodial edge, where nascent adhesion complexes are visible. Scale bar 25 microns. (b) h(MSC spreading area (measured for isolated cells) after 6 h of
culture, depicted as mean + 1 SD. (c) Aspect ratio (calculated as the length ratio of the longest and shortest cell axis of isolated cells) of hMSCs after 6 h of
culture, depicted as mean £ 1 SD. N (gels) = 2, non-parametric Kruskal-Wallis test with Dunn'’s correction for multiple comparisons, with P < 0.05 (*),
P < 0.01 (**), P < 0.001 (***). Not significant = P > 0.05. All statistical tests are reported in the ESI.{

elongated morphologies and vinculin staining (in magenta in
the bottom raw of magnified images, Fig. 4(a)) revealed the
formation of nascent focal adhesion at the cell’s edge, mostly
oriented towards the cell nucleus. However, F-actin staining
does not evidence the clear assembly of stress fibres at this time
point, contrary to cells on 50 mM-5, 65 mM-4 and 65 mM-5 gels,
which exhibited visible and aligned stress fibres connected to
the membrane adhesion complexes. These results suggest that,
without serum addition, hMSCs could adhere and spread on

This journal is © The Royal Society of Chemistry 2024

DGL G5-PEG hydrogels functionalised with GRGDSPC and
BMP-2 bp and developed more organised stress fibres on
50 mM-5, 65 mM-4 and 65 mM-5 gels than on glass controls
in the presence of serum.

Evaluation of late hMSC morphology and osteogenic
commitment

To evaluate the biological activity of DGL G5-PEG hydrogels
at a longer time point, hMSC morphology and osteogenic

J. Mater. Chem. B, 2024,12,12508-12522 | 12517


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb01578a

Open Access Article. Published on 22 November 2024. Downloaded on 3/22/2026 11:53:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Journal of Materials Chemistry B Paper

a Phalloidin

65mM-3
9 kPa

50mM-5
14 kPa

65mM-4
22 kPa

65mM-5
30 kPa

Glass

**

. .. S
3—‘ —1
* %k %k
20000 20+ 3 300 12 —
184 2 0
16000 16 Z 280 gl
€ 2 144 © 200 € s "
= 12000 S 124 2 a $
@ 2 g i
] B 104 = 150 g6 i I
T 8000 a 84 5] 2 4 1
3 2 6] 5 100 =
© 4000 4 -l- = g,
. @ 50 o)
| % i 11,4 é ;E 214
0 T T I I T O o 0 | |
5 s
@@6@\@@\ W 6\2‘65@560@ 66«@ R o 5@\\6@0\*\6@@ W o @\\ ‘Q\v «\\\ S

Fig. 5 hMSC spreading and differentiation after two weeks in osteogenic media. (a) hMSCs cultured on selected DGL G5-PEG hydrogels and controls
were stained for nuclei in blue (DAPI column, left), osteopontin in red (OPN column, middle-left) and F-actin in green (phalloidin column, middle-right
group). The right group shows the merged channels (merged column, left group). Images were taken at 40x magnifications. Scale bar 50 microns.
(b) hMSC spreading area (measured for isolated cells) after two weeks of culture in OM, depicted as mean + 1 SD. Each dot represents one cell
measurement. N (gels) = 2. (c) aspect ratio of hMSCs after two weeks of culture in OM, depicted as mean + 1 SD. Each dot represents one cell
measurement. N (gels) = 2. (d) Estimated cell densities after two weeks of culture, calculated by counting the number of cells (nuclei) per field of view
(900 x 670 microns at 10x magnification) using ImageJ. Each dot represents the count of one field of view. N (gels) > 4, N (experiments) = 2. (e):
osteopontin (OPN) expression levels measured in the cell nucleus after two weeks of culture in OM, depicted as mean + 1 SD. Each dot represents
one cell measurement. N (gels) = 4, N (experiments) = 2. Non-parametric Kruskal-Wallis test with Dunn'’s correction for multiple comparisons, with
P < 0.05 (%), P < 0.01 (**), P < 0.001 (***). Not significant = P > 0.05. All statistical tests are reported in the ESI.}
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commitment were analysed after two weeks of culture in
osteogenic media (Fig. 5(a)). The measured cell area ranged
from 4000 um? on 65 mM-3 (9 kPa in compression) and 50 mM-
5 (14 kPa in compression) hydrogels to more than 7000 um? on
65 mM-4 (22 kPa in compression), 65 mM-5 (30 kPa in com-
pression) and glass controls. Significant differences were found
between the softest gels, 65 mM-3 and 50 mM-5, and the
stiffest, 65 mM-4 and 65 mM-5, and with glass controls
(Fig. 5(b)). Conversely, cell spreading in the two latter condi-
tions showed no statistical difference with cell spreading on
glass controls. Similarly to previous observations on substrates
with close ligand spacing,”'> hMSC spreading increased
together with the substrate Young’s modulus, as stiffer sub-
strates promote integrin clustering, the development of higher
traction forces and stronger stress fibres, all leading to flatter
and more spread morphologies. However, as shown in Fig. 5(b),
once the substrate’s E reaches a threshold value - the stiffness
of 65 mM-4 gels, approximately 22 kPa - the cell area reaches a
plateau, as integrin clustering and force application cannot
increase indefinitely.® Accordingly, cells showed more elon-
gated shapes on 65 mM-3 gels, with significantly different
aspect ratios than on the other conditions (Fig. 5(c)). As hydro-
gel stiffness increased for 50 mM-5, cell shape became more
polygonal and the aspect ratio decreased, remaining higher
than that observed on the stiffer gels (65 mM-4 and 65 mM-5)
and controls, among which we found no significant differences
in the cell aspect ratio. Cells exhibited spread, polygonal
morphologies closer to the typical shape of differentiating
osteoblasts. Cell shape is an important indicator of differentia-
tion, as the cytosolic tension developed during spreading
regulates the nuclear translocation of mechanotransduction
systems like YAP/TAZ, which activate transcription factors
associated with cell differentiation pathways in response to
substrate stiffness.>®”” Looking at cell proliferation (shown in
phase contrast images in Fig. S14A-E, ESIf) and final cell
densities, illustrated by cell counts per field of view
(Fig. 5(d)), it can be seen that cells proliferated more on
hydrogel with increasing stiffness. Overall, cells reached con-
fluency between 4 and 7 days after seeding. The highest cell
density was found on glass controls and was significantly
different from the ones on 65 mM-3, 50 mM-5 and 65 mM-4
gels. Increasing cell contractility, stiffer substrates can favour
the assembly of the cytoskeletal machinery necessary for cell
division, thus favouring cell proliferation.”® These results show
that substrate mechanics can also influence long-timescale cell
processes, such as cell proliferation or differentiation.

So, we next evaluated hMSC osteogenic differentiation by
quantifying the nuclear levels of osteopontin (OPN), a protein
highly expressed in differentiating bone cells and osteoblasts.
The lowest expression values were observed in hMSCs seeded
on glass controls lacking the BMP-2 biomimetic peptides and
on the two softest conditions, 65 mM-3 and 50 mM-5. The BMP-
2 is an osteoinductive factor that binds to BMPRI-II and
activates, in an integrin-dependent pathway,>® Smad down-
stream signalling, promoting the nuclear translocation of the
transcription factor Runx-2 and inducing the expression of

This journal is © The Royal Society of Chemistry 2024
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various osteogenic proteins, including osteopontin.”” Interest-
ingly, hMSCs seeded on glass only received the osteogenic
factors supplemented with culture medium and, despite show-
ing spread and polygonal morphologies, expressed low OPN
levels, indicating that traditional culture conditions induce
limited cell differentiation (Fig. 5(e)). On 65 mM-3 and 50
mM-5 gels, OPN expression was not different from controls.
This indicates that the combination of GRGDSPC and BMP-2
bp has a limited effect on hMSC osteogenic differentiation in
relatively soft hydrogels (below 14 kPa in this case), where
hMSCs might lack the correct actomyosin organisation for
the osteogenic differentiation."”

OPN levels increased on stiffer gels, with almost a two-fold
rise on 65 mM-5 (compared to control levels) and more than a
two-fold increase on 65 mM-4 gels, with significant differences
from the levels observed on 50 mM-5 and 65 mM-5 gels
(Fig. 5(e)). Interestingly, the gel in which we observed the
highest OPN expression, 65 mM-4, is close to the optimal range
reported in the literature for the best osteogenic differentiation
of hMSC on 2D scaffolds (27 + 10 kPa).">** The average
Young’s modulus of this gel was approximately 22 kPa at the
macroscale and 80 kPa in AFM nanoindentation after
functionalisation."®*”’° On the other hand, the average
Young’s modulus of 65 mM-5 hydrogels (where we observed
the second-highest OPN expression) was measured as 30 kPa at
the macroscale but 112.2 £ 29.29 kPa in AFM after functiona-
lisation, at the upper limit of the commonly indicated E
range.">** Collectively, these results confirm earlier literature
reports of the influence of substrate stiffness on the osteogenic
differentiation of hMSCs, and particularly the absence of a
monotonic increase in cell differentiation with increasing sub-
strate stiffness. In addition, these findings also demonstrate
the challenge of defining an absolute range of Young’s mod-
ulus values for stem cell differentiation on bioactive surfaces
(in 2D).

For this reason, other physical parameters are now consid-
ered to decipher hMSC mechanosensitive responses, such as
the cell traction forces necessary to activate the mechanotrans-
duction pathways controlling cell adhesion, spreading and
differentiation to specific cell lineages.*'*’® Our results
demonstrate that for the same density of GRGDSPC and BMP-
2 biomimetic peptides (approximately 2 pmols mm?) immo-
bilised on the surface of hydrogels, mesenchymal stem
cells achieve a more pronounced differentiation towards the
osteogenic lineage in elastic, DGL G5-PEG hydrogels with
stiffness of 22-30 kPa, in agreement with the observations on
polyacrylamide’® and alginate'® hydrogels.

Conclusions

We demonstrated, for the first time, that dendrigrafts of poly-L-
lysine of fifth generation (DGL-G5) can be used to crosslink
biomimetic PEG hydrogels for hMSC osteogenic differentiation
without eliciting cytotoxic responses. Interestingly, the high
availability of reactive amines on DGL G5 allowed us to control

J. Mater. Chem. B, 2024,12,12508-12522 | 12519


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb01578a

Open Access Article. Published on 22 November 2024. Downloaded on 3/22/2026 11:53:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

the network crosslinking density and graft a combination of
GRDGSPC and BMP-2-mimicking peptides independently from
hydrogel stiffness. Moreover, a maleimide-PEG-NHS spacer
ensured the selective coupling of the Cys-containing peptides
at the terminal cysteine. Therefore, this study paves the way for
using dendrigrafts of high generation as hydrogel crosslinkers.
In particular, dendrigraft functionalisation with other chemical
groups, not explored here, can potentially allow the tuning of
the hydrogel stress relaxation, opening new synthetic strategies
in the biomaterials field.
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