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A B S T R A C T

Injectable hydrogels that polymerize directly in vivo hold significant promises in clinical settings to support the
repair of damaged or failing tissues. Existing systems that allow cellular and tissue ingrowth after injection are
limited because of deficient porosity and lack of oxygen and nutrient diffusion inside the hydrogels. Here is re-
ported for the first time an in vivo injectable hydrogel in which the porosity does not pre-exist but is formed con-
comitantly with its in situ injection by a controlled effervescent reaction. The hydrogel tailorable crosslinking,
through the reaction of polyethylene glycol with lysine dendrimers, allows the mixing and injection of precursor
solutions from a dual-chamber syringe while entrapping effervescently generated CO2 bubbles to form highly in-
terconnected porous networks. The resulting structures allow preserving modular mechanical properties (from
12.7 ± 0.9 to 29.9 ± 1.7 kPa) while being cytocompatible and conducive to swift cellular attachment, prolifera-
tion, in-depth infiltration and extracellular matrix deposition. Most importantly, the subcutaneously injected
porous hydrogels are biocompatible, undergo tissue remodeling and support extensive neovascularisation, which
is of significant advantage for the clinical repair of damaged tissues. Thus, the porosity and injectability of the de-
scribed effervescent hydrogels, together with their biocompatibility and versatility of mechanical properties,
open broad perspectives for various regenerative medicine or material applications, since effervescence could be
combined with a variety of other systems of swift crosslinking.
Statement of significance: A major challenge in hydrogel design is the synthesis of injectable formulations allow-
ing easy handling and dispensing in the site of interest. However, the lack of adequate porosity inside hydrogels
prevent cellular entry and, therefore, vascularization and tissue ingrowth, limiting the regenerative potential of
a vast majority of injectable hydrogels. We describe here the development of an acellular hydrogel that can be
injected directly in situ while allowing the simultaneous formation of porosity. Such hydrogel would facilitate
handling through injection while providing a porous structure supporting vascularization and tissue ingrowth.

1. Introduction

Hydrogels are promising materials in the biomedical field, owing to
their proven biocompatibility, similarity to native extracellular matrix

EPH, effervescent porous hydrogel; DGL, poly (L-lysine) dendrimers; PEG,
polyethylene glycol; Pc, potassium carbonate; Gaa, glacial acetic acid

⁎ Corresponding author.
E-mail address: jerome.sohier@ibcp.fr (J. Sohier).

and modularity in terms of stiffness and cell adhesion [1–3]. However,
one of the major need for hydrogel applications in clinical settings is to
develop injectable systems that can polymerize in situ to conform accu-
rately to irregularly shaped cavities and integrate to adjacent tissues via
minimally invasive surgery [4–6]. Such hydrogels would cost-
effectively shorten the surgical operation time and hospital stay, mini-
mize the damaging effects on tissues, reduce scar size and lower post-
operative pain.
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Once injected, and to be used as support for regeneration, hydrogels
should allow efficient cellular and tissue ingrowth with blood vessel
neoangiogenesis to prevent hypoxia [7]. However, hydrogel candidates
that can be readily infiltrated and colonized by cells without preformed
porosity are so far limited and related to poor mechanical stability and
versatility [8–10]. The induction of porosity inside injectable hydrogels
is therefore critical for regenerative purposes. A variety of techniques
such as electrospinning [11], freeze drying [12,13], gas/salt leaching
[14,15], emulsion templating [16,17], phase separation [18] or gas
foaming techniques using CO2 [19–24] have been proposed to induce a
porous structure inside hydrogels. However, even though these ap-
proaches are interesting, they are not suitable with direct injection due
to mandatory production steps beforehand or to the use of harsh sol-
vents. Moreover, if some instances have been able to combine the for-
mation of a porosity with injectability [24], they generally fail to ad-
dress the challenge of direct in situ injectability or to provide adequate
porosity for cellular infiltration and tissue ingrowth.

Among gas foaming techniques, the use of effervescent reactions
hold promise to generate porosity while preserving injectable potential
of hydrogels due to their inert and non-toxic nature, lack of organic sol-
vents [25,26] and preservation of the biochemical integrity of proteins
[27,28]. They provide a convenient tool to create porosities in a variety
of materials, such as cement to create bone grafts [29,30], PLLA or PEG
hydrogels for cartilage regeneration [31,32] or elastin-like recombi-
namers [33] for connective tissue support. However, in all these in-
stances, slow crystallization or crosslinking speeds impose additional
steps to be able to entrap CO2 bubbles inside the network, which are
non-transposable to in situ delivery systems [34]. To allow the forma-
tion of porosity during an injection, we hypothesized that the efferves-
cence should be concomitant to the hydrogel polymerization.

These conditions are present in our candidate formulations, based
on recently developed poly (L-lysine) dendrimers (DGL) and N-
hydroxysuccinimide (NHS) bi-functionalized polyethylene glycol (PEG)
hydrogels, which present the advantages of a swift and tailorable
crosslinking (seconds to minutes), extensively controllable mechanical
properties (from 8 to 90 kPa), inherent interactions with cells through
polycationic charges brought by the DGL and biocompatibility [35,36].
Thus we hypothesized that the introduction of potassium carbonate
(Pc) and glacial acetic acid (Gaa) as CO2 producers in the DGL/PEG hy-
drogels’ precursors, to allow an effervescent reaction to occur, could be

a facile strategy enabling the formation of a porosity inside DGL/PEG
hydrogels while preserving their injectable and mechanical versatility
potential as illustrated in Fig. 1. To investigate this hypothesis, we de-
signed and characterized injectable and porous hydrogel systems based
on effervescence and studied the cytocombatibility and biocompatibil-
ity of these formulations for tissue engineering applications.

2. Materials and methods

2.1. Non-porous hydrogel preparation

Poly(L-lysine) dendrimers of third generation (DGL), (molecular
weight of 22000 g/mol, Colcom, France) and Poly(ethylene glycol)
(PEG)-bis(N-succinimidyl succinate) (PEG-NHS, 2000 g/mol, Sigma
Aldrich) were solubilized at 400 mg/mL in phosphate buffered saline
(PBS, Euromedex) and DMSO (Sigma Aldrich) respectively before use.
Stock solutions of PEG-NHS in DMSO and DGL in PBS (400 mg/mL)
were added to the adjusted volume of PBS to obtain the desired concen-
trations (i.e; 1.6/25, 2/25 and 2/37 mM DGL/PEG) in 2 ml conical
tubes (Maxymum Recovery, Axygen) followed by vigorous homoge-
nization. To form cylinders, 400 µL of hydrogel precursors were al-
lowed to crosslink inside the tubes to then be retrieved and sectioned
using a vibratome (7550 Integraslice) at a 50 Hz frequency, 1 µm ampli-
tude and a slow blade speed of 0.10 to 0.15 mm/s to obtain hydrogel
discs of 2 or 3 mm high and 9.1 mm diameter. To form drops, 90 µL of
the hydrogel precursor mix were swiftly deposited onto a PTFE plate,
immediately after homogenization. Hydrogels were allowed to
crosslink for 10 min in wet chambers, detached from the hydrophobic
surface and immediately used for subsequent experiments without any
washing.

2.2. Time needed to obtain DGL/PEG self-standing hydrogel

The time needed to obtain self-standing hydrogels made of DGL and
PEG-NHS was investigated by adding DGL in PBS in a small glass vial
(8 × 25 × 35 mm) under agitation with a magnetic rod (5 mm long).
The vial was placed at exactly 4 cm from the magnetic stirrer and the
time needed to form the self-standing material was defined as the time
needed to halt the magnetic rod after adding the PEG-NHS in DMSO to
the mix at room temperature (RT) to obtain a final volume of 50 µL.

Fig. 1. Schematic representation of the innovative approach developed to realize effervescent porous hydrogels (EPH). DGL and Pc are combined in a compartment
of a dual-chamber syringe, PEG, Gaa and a surfactant (the pluronic® F-68) are combined in the second compartment. Once injected through the static mixing nozzle,
(A) DGL and PEG react to form the self-standing material while (B) Gaa and Pc reaction generate CO2 bubbles stabilized by the pluronic® F-68. (C) The appropriate
parameters were found to control the entrapment of CO2 bubbles inside the hydrogel network enabling the creation of the porous structure.
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2.3. Interaction of effervescent reactions with DGL/PEG hydrogel
precursors

Glacial acetic acid from Carlo Erba was used as received at 17.67M.
Potassium carbonate (Sigma Aldrich) was used at saturation in distil-
lated water (8.1 M). Potassium carbonate (Pc) was mixed with glacial
acetic acid (Gaa) in phosphate-buffered saline (PBS) to obtain various
molar ratios (from 2:1 to 1:1 Acid:Base) and various final molarities
(0.5; 1.1 and 1.5 M). The effervescence power and CO2 bubbles genera-
tion were visually assessed. The pH of the solutions after effervescence
was monitored at 25°C using a pH meter (Mettler Toleda, FiveEasy) at
various time points. Then, the effect of Gaa:Pc on DGL/PEG hydrogels
was studied by adding Gaa:Pc solutions at various ratios (1.33:1 and
1.75:1) and a 1.1 M final molarity (i.e. Gaa at 0.707 M and 0.635 M and
Pc at 0.405 M and 0.477 M for 1.75:1 and 1.33:1 molar ratios respec-
tively) to DGL and PEG precursors followed by vigorous homogeniza-
tion. The effect of a non-ionic surfactant (pluronic® F-68, Thermo
fisher scientific) on hydrogel crosslinking was also studied by replacing
the buffer with solutions of surfactant in PBS (from 1.7 % up to 7.5 %).
Fluorescent non-porous 2/25 mM DGL/PEG hydrogel drops containing
various Gaa:Pc molar ratios and pluronic® F-68 concentrations were
also prepared using fluorescein-labelled DGL (Colcom) at 0.2 % of the
final DGL concentration. After crosslinking, hydrogel drops were trans-
ferred into 48 well plates, immersed in PBS (600 µL) without washing
or post formulation treatments and incubated at 37 °C. After 24 h, su-
pernatants were harvested, and their fluorescence measured using a flu-
orescence microplate reader (TECAN infinite® 200) at excitation 485
nm and emission 535 nm.

2.4. Porous DGL/PEG hydrogel formulation using an effervescent approach

Effervescent porous DGL/PEG hydrogels (EPH) were prepared by
mixing DGL and Pc at desired concentration in PBS in a conical tube
(mix 1) to obtain a 200 µL final volume and Pluronic® F-68, Gaa and
PEG-NHS in DMSO at desired concentration in a second conical tube
(mix 2) at a 200 µL final volume. Both mixes were extensively homoge-
nized and tubes immersed in 37°C water bath. For manual homogeniza-
tion of EPH, the mix 2 was added to the mix 1 and homogenized by re-
peated pipetting. The injectability of EPH was studied by transferring
both 200 µL mixes in different compartments of a dual-chamber syringe
(adhesive dispensing Ltd) at a ratio 1:1. Both mixes were then injected
into a 2.0 mL conical tube through a static mixing nozzle (adhesive dis-
pensing Ltd) to obtain a 400 µL final volume. After crosslinking, EPH
were immersed in PBS and their volume expansion was quantified as
the ratio between the volume of EPH after reticulation and non-porous
hydrogels of the same concentrations and same initial volume of liquid
precursors (400 µL). EPH were then removed from tubes and manually
cut to obtain 2 or 3 mm-high cylinders. Injected or manually homoge-
nized EPH cylinders were prepared with various Gaa:Pc molar ratios
(1.33:1; 1.5:1 and 1.75:1) at a final 1.1 M concentration, pluronic® F-
68 concentrations (1.7; 3.3 and 5 %) and DGL/PEG concentrations
(1.6/25, 2/25 and 2/37 mM). Representative pictures by optic mi-
croscopy were performed on injected EPH cylinders, previously stained
with a 0.1 % Coomassie brilliant blue G-250 in methanol/acetic acid/
water (20/10/70; v/v/v) solution for one hour, followed by three rins-
ing in PBS.

2.5. Injectability assessment

Injectability was assessed with porous 2/25 and 2/37 mM DGL/PEG
hydrogels prepared as described above. Control non-porous 2/25 and
2/37 mM DGL/PEG hydrogels were prepared as follows: DGL in PBS
were placed in the first compartment of a dual-chamber syringe and
PEG-NHS with PBS in the other compartment to obtain 300 µL in each
cartridge. The dual-chamber syringe connected to a mixing nozzle was

placed in a Texture Analyzer TA.HDplus (Texture Technologies, Hamil-
ton, MA) and the force needed to push the plunger while maintaining a
2 mm/s velocity was recorded using a 500 kg-load cell. Distillated wa-
ter was tested as a positive control.

2.6. Hydrogels characterization

2.6.1. Dynamic mechanical analysis
Non-porous (2 × 9.1 mm) and porous hydrogel discs (3 × 9.1 mm)

of various compositions (DGL/PEG and Gaa:Pc molar ratio) were ana-
lyzed by cyclic compression with a dynamic mechanical analyzer (DMA
242 E Artemis, NETZSCH, Germany). Hydrogels domain of linearity
was first determined with a strain sweep test in compression performed
in PBS immersion, at room temperature. Samples were then subjected
to compression at 10 % and 30 % strain (for non-porous and porous hy-
drogels respectively) with amplitudes of 50 µm and frequency of 1 Hz in
PBS immersion at a constant 25 °C temperature.

2.6.2. Swelling ratio measurements
The swelling ratio (Qs) of 2 mm thick and 9 mm diameter half circle

hydrogels was determined in PBS at 37 °C from non-porous hydrogels.
Briefly, hydrogels were immersed in nitrogen and freeze-dried (Cos-
mos, Cryotec) for 48 h at 400 mTorr. Freeze-dried samples were
weighed using an analytical balance, immersed in a 37 °C PBS solution
and kept at 37 °C. Samples were weighed using analytical balance after
1;2;4;8; 24 and 48 h of immersion. Measurements were taken until
reaching equilibrium. The swelling ratio was calculated using the fol-
lowing equation:

Where Ws represents the swollen weight of the sample at time t and
Wd represents the dry weight of the freeze-dried sample.

2.6.3. Gel fraction
The gel fraction was measured to evaluate the extent of network for-

mation. Drops of 200 µL of hydrogel precursors were prepared with var-
ious concentration of DGL/PEG, pluronic® F-68 and Gaa:Pc molar ra-
tio. Briefly, the mass of non-porous hydrogels was recorded for each
specimen after freeze-drying (Cosmos, Cryotec) for 24 h, and after incu-
bation in ultrapure water at room temperature for 24 h and freeze-
drying, until a constant mass and an equilibrium was reached. The final
weight divided by the initial freeze-dried weight without the mass of
salts was then expressed as gel fraction, in percentage.

2.6.4. Porosity characterization
Porosity characterization was performed on EPH cylinders produced

as described above (injected or with manual homogenization) using flu-
orescein-labelled DGL (DGL-FITC) at 0.4 % of the final DGL concentra-
tion. Their structure was quantified by image analysis from 400 µm z-
stacks made by laser scanning confocal microscopy imaging (LSCM
Zeiss Imager.Z2) in PBS immersion. A stack was performed on both
sides of three 2-mm high cylinders per hydrogel leading to 6 stacks/hy-
drogel. At least three hydrogels/condition were prepared for character-
ization at three different time points.

2.7. In vitro characterization

2.7.1. Cytotoxicity of non-porous hydrogels extracts
Non-porous 2/25 mM DGL/PEG hydrogel drops were formulated

with Gaa:Pc at a final concentration of 1.1 M and 1.33:1 and 1.75:1 mo-
lar ratios or with pluronic® F-68 at 1.7 and 5 %. Immediately after for-
mulation and without washing, 2/25 mM DGL/PEG hydrogel drops
were immersed in 0.5 mL culture medium (Dulbecco's Modified Eagle
Medium (DMEM) F-12 supplemented with 10 % fetal bovine serum
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(FBS) and 1 % Penicillin/Streptomycin (P/S), Thermo fisher scientific)
for 24 h at 37 °C and 5 % CO2. In parallel, normal human dermal fibrob-
lasts (NHDF, Promocell) were seeded on 24 wells plate at a density of
2000 cells/cm² and grown in culture medium at 37 °C with 5 % CO2. Af-
ter 24 h, culture medium was removed and cells were immersed in a 1
mL mix of culture medium and 24h-hydrogels-extracts at a ratio 1:1 or
in a mix of the acid:base ratio and culture medium at a ratio 1:1 as con-
trol. Cell proliferation was assessed by an alamar® blue assay (Thermo
fisher scientific) after 48 h in contact with 24h-hydrogel-extract or
acid:base solutions of various molar ratio as follows: the culture
medium was removed, cells were washed with Dulbecco phosphate
buffered saline (DPBS, Gibco) and immersed in 400 µL of a 10 % ala-
mar® blue mix in culture medium. After 3 h of incubation at 37 °C, 5 %
CO2, the supernatants were harvested and their fluorescence measured
with a fluorescence microplate reader (TECAN infinite® 200) at excita-
tion 535 nm and emission 610 nm.

2.7.2. EPH cytocompatibility
EPH of various conditions (1.6/25; 2/25 and 2/37 mM DGL/PEG)

with Gaa:Pc at 1.1 M and 1.33:1 molar ratio and 3.3 % pluronic® F-68
were injected inside 2 mL conical tubes under sterile conditions to ob-
tain 2 mm high cylinders as described above. Directly after formulation
and cutting, and without any washing or post-formulation treatments,
EPH cylinders were transferred into non-cell-treated 24-well plates
(Corning). 5 × 104 NHDF were seeded onto non-washed EPH in 600 µL
culture medium and incubated at 37 °C and 5 % CO2. Culture medium
was refreshed 24 h post seeding and every two days for 21 days. Cell vi-
ability was assessed by a live/dead assay after 6, 24 and 48 h in direct
contact with EPH. Briefly, EPH containing cells were washed once with
DPBS and 400 µL of a mix of propidium iodide and calcein (Thermo
fisher scientific) at 6 and 1 µM respectively in DPBS was added to sam-
ples. After 20 min of incubation at 37 °C and 5 % CO2, samples were ob-
served by LSCM (Zeiss Imager.Z2) within 20 min (live cells excitation at
488 nm and emission at 509 nm, dead cells excitation at 561 nm and
emission at 572 nm). The viability percentage was determined 24 h
post seeding as the number of live cells on the total number of cells
(dead and alive) on EPH. After 21 days, EPH containing cells were
rinsed once with DPBS and fixed for 30 min with PFA 4 % (Thermo
fisher scientific) at room temperature (RT) followed by DPBS extensive
washing. Fixed EPH containing cells were used whole or manually
sliced. Samples were permeabilized with 10 min’ incubation in a solu-
tion of PBS and 0.1 % triton (Euromedex) and then immersed in block-
ing solution (5% goat serum) for one hour. Antibodies directed toward
type I collagen (Novotec, dilution: 1/200) or toward fibronectin (Ab-
cam, dilution:1/250) were applied on samples in goat serum 0.1 % for 2
h. Samples were then incubated with the secondary antibody (Abcam
Alexa Fluor 647, dilution 1/500) for 2 h. For nuclear and actin counter-
staining, whole cylinders or slices were incubated for 10 min in a mix of
DAPI (5 µg/mL) and rhodamine-conjugated phalloidin (5 µg/mL) in
DPBS. All incubations steps were performed at room temperature, sam-
ples were rinsed three time in DPBS between each step and imaged im-
mersed in DPBS by LSCM (Zeiss Imager.Z2).

2.8. In vivo EPH biocompatibility

All procedures were carried out in accordance with the guidelines
for ethical care of experimental animals of the European Community
and approved by the Ethics Committee of Animal Experiments of
French Ministry of Agriculture (CECCAPP-IBCP-2016-004, #8098).
Seven-weeks old male hairless SKH1 mice (Charles River, Ecully) were
anesthetized by intraperitoneal xylazin-ketamin injection. A small inci-
sion was performed at the lower back of the mice and two subcutaneous
pockets were created with a sterile spatula along mice flanks. Various
hydrogels conditions (1.6/25; 2/25 or 2/37 mM DGL/PEG) were in-
jected (400 µL) directly into the subcutaneous pockets. Non-porous

DGL/PEG hydrogels of various conditions in PBS were injected as con-
trol (500 µL). After hydrogel injection, the incision was sutured. EPH
were made using a set Gaa:Pc 1.1 M concentration and 1.33:1 molar ra-
tio and 3.3% pluronic® F-68. Mice, fed ad libitum, were monitored
every two days for recovery and signs of distress. After three weeks, the
mice were euthanized by anesthetic overdoses (intra-peritoneal injec-
tion of thiopental) and hydrogel samples were recovered with sur-
rounding tissue. Samples were fixed with paraformaldehyde (PFA) in
PBS at 4 % overnight at 4 °C, embedded in paraffin, sectioned and
stained with Masson's trichrome using standard procedures. To high-
light the penetration of blood vessels in the implanted hydrogels, sec-
tions were stained for type IV collagen (Novotec, France) by immuno-
fluorescence, cell nuclei were counter-stained with 2 µg/mL DAPI solu-
tion and observed by confocal microscopy. Macrophages inside hydro-
gels were detected with antibodies against F4/80 (Novotec, France) by
immunohistochemistry. The entire sample area with surrounding tis-
sues was imaged at 3 various heights for each condition using a Zeiss
Axio Scan Z1 for brightfield acquisitions and a LSCM (Zeiss Imager.Z2)
for fluorescent acquisitions. Pore size after injection was quantified us-
ing the ZEN software at 2 various heights for each hydrogel. Three hy-
drogels per condition were quantified, accounting to an average of 300
pore diameter values for each condition.

2.9. Statistical analysis

Statistical analyses were performed with Graphpad prism. Tests
were performed using variance analysis (ANOVA) after a Shapiro-Wilk
normality test. Graphical data are presented as mean ± standard devia-
tion (SD) and p-values of 0.05 and below were considered significant.
Data values are presented as mean ± standard error (SEM). Each exper-
iment was repeated at least 3 times.

3. Results

3.1. Adequacy and concomitancy of effervescence with DGL/PEG hydrogel
crosslinking

A series of optimization and characterization studies on the interac-
tions and suitability of effervescent reactions with DGL/PEG hydrogels
crosslinking was first carried out to match both reactions and allow to
select adequate effervescent components and range of compositions
(Fig. 1). Since effervescent reactions can produce by-products that are
involved in biological processes, such as coagulation (sodium citrate
[37]) or skeletal muscle contraction (calcium ion [38]), an acid and
base pair suitable for direct in vivo injection is mandatory. Hence, we se-
lected glacial acetic acid (Gaa) and solubilized potassium carbonate
(Pc) effervescent pair, as it only results in carbon dioxide, water and
potassium acetate (an acidity regulator). Furthermore, upon mixing,
this pair ensures a strong and long-term effervescence while avoiding
ions re-precipitation. Logically, modifications of Gaa:Pc molar ratio al-
lowed to control final solution's pH (Fig. 2A), which, in turn, drastically
influenced the DGL/PEG hydrogel crosslinking. For instance, the time
needed for a 2/25 mM DGL/PEG hydrogel to form a self-standing mate-
rial was delayed to 350 s at acidic pH (5) while an alkaline pH (10) re-
sulted in its immediate crosslinking (Fig. 2B). Therefore, to synchronize
the effervescent reaction with the hydrogel formation, a range of Gaa:
Pc molar ratios between 1.75:1 and 1.33:1, resulting in a final pH be-
tween 5.5 and 7.4, was found to be adequate by providing a crosslink-
ing of the hydrogels within seconds to minutes, regardless of the hydro-
gel concentration used (Fig. 2C). Confirming a strong influence of the
pH on DGL/PEG chemistry, unrelated to the concentration used and the
presence of surfactant, final molarities of Gaa:Pc and concentrations of
pluronic® F-68 did not play a role (Fig. 2D, E). The pH influence was
further reflected in the efficiency of the chemical reaction between DGL
and PEG, leading to hydrogel formation (Fig. 3A and B). When prepared
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Fig. 2. Compatibility of effervescent reactions with DGL/PEG hydrogels. (A) pH of Gaa:Pc solutions right after effervescence as a function of Gaa:Pc molar ratio. (B)
Influence of Gaa:Pc molar ratio on the time needed for a 2/25 mM DGL/PEG hydrogel to form a self-standing material. (C) Time needed to form self-standing hydro-
gel between various DGL/PEG concentrations, as a function of a range of Gaa:Pc molar ratio. (A), (B), (C): Gaa:Pc solutions used for a given 1.1 M final concentra-
tion. (D) Influence of Gaa: Pc final molarity on time needed to form a 2/25 mM DGL/PEG hydrogel for a given 1.75:1 Gaa:Pc molar ratio. (E) Influence of Pluronic®
F-68 final concentration on time needed to form a 2/25 mM DGL/PEG hydrogel. (A) and (B) One-way Anova with Tukey's multiple comparison test. (C) Kruskal
Wallis with Dunn's multiple comparison test versus PBS 1X. (D) and (E) Kruskal Wallis with Dunn's multiple comparison test. (B), (C), (D), and (E) the term “cross
linking time (sec)” was used to refer as the time needed to form the self-standing material. Results presented as mean ± SD. Ns: no significance, *: p < 0.05, **:
p < 0.01, ***: p < 0.001 - (at least n=3 per condition).

in presence of Gaa:Pc, an increase of unreacted DGL (up to 2 folds)
could be measured, as compared to a control 2/25 mM FITC-DGL/PEG
hydrogel prepared in PBS (Fig. 3A), contrarily to the presence of
pluronic® F-68 which did not have any influence (Fig. 3B). As a corol-
lary, the hydrogel's mechanical properties, gel fraction and swelling
properties were as well influenced by the final pH induced by the
Gaa:Pc pair. Indeed, the complex modulus (E*) of all DGL/PEG non-
porous hydrogels compositions, determined by mechanical dynamic
analysis, showed a steep decrease of about 40 % and 30 % when pre-
pared with 1.75:1 and 1.33:1 Gaa:Pc molar ratio, respectively (Fig. 3C).
Nonetheless, the presence of Gaa:Pc at various ratios did not prevent to
control the hydrogel bulk mechanical properties from 10 to 50 kPa,
through the variation of DGL/PEG concentrations.

In line with the mechanical properties decrease, a decrease of the
gel fraction was observed for hydrogels prepared with Gaa:Pc regard-
less of the hydrogel composition (Fig. 3E). The gel fraction was ob-
served to decrease by respectively 18.7 ± 1.4 %, 10.3 ± 1.8 %, and
17.9 ± 0.9 % for 1.6/25, 2/25 and 2/37 mM DGL/PEG hydrogel for-
mulated with Gaa:Pc at 1.75:1 compared with controls made in PBS.
This demonstrates that the addition of Gaa:Pc at 1.75:1 molar ratio has
an influence on the DGL/PEG hydrogel network formation. This was
further confirmed by an increased swelling ratio of all hydrogels com-
positions prepared with Gaa:Pc (Fig. 3F). Further confirming a lack of
interactions with the crosslinking reaction, the addition of pluronic® F-
68 did not result in variations of mechanical and swelling properties or
gel fraction (Figs. 3D, 3G and S1).

Overall, these results confirm the influence of effervescence, and
more precisely the resulting pH, on DGL/PEG hydrogels. All measured
properties of hydrogels prepared with more acidic solutions (crosslink-
ing delay, higher level of unreacted DGL, stronger decrease of mechani-

cal properties and higher swelling) are in agreement with a lower level
of crosslinking.

However, by selecting the suitable ratios of Gaa and Pc dissolved in
PEG and DGL precursor solutions, neither the effervescence reaction
nor the hydrogels’ crosslinking were hampered. The tolerance towards
acid and alkaline components of the covalent reaction of NHS ester end
groups at the extremities of PEG molecules with free amine groups
available at the surface of lysine dendrigrafts allows the crosslinking re-
action to occur upon mixing while rapidly entrapping the produced gas
(Fig. 4A and video S1).

3.2. Design and characterization of porous and injectable DGL/PEG
hydrogels

Confirming our hypothesis, the successful entrapment of stabilized
CO2 bubbles in solid hydrogels ultimately result in pore formation. Log-
ically, the resulting foamy structures showed an important volume ex-
pansion of 600 %, 500 % and 200 % for 1.6/25, 2/25 and 2/37 mM
DGL/PEG hydrogels respectively, due to the effervescent reaction (Fig.
4B). An advantage of using two sole precursor solutions is to allow in-
jection of the effervescent formulations with a commercial dual-
chamber syringe system combined with a static mixer (Video S2). The
strength needed on the plunger to inject non-porous and porous DGL/
PEG hydrogels was close to that of water, confirming that hydrogel pre-
cursors are still in liquid form during injection (Fig. 4C).

After injection and within the range of Gaa:Pc molar ratio targeted,
an open pore structure was formed after removal of the entrapped CO2
bubbles, regardless of their compositions (Fig. 4D,E). The use of effer-
vescence inside DGL/PEG hydrogels allowed to form a porosity com-
prised between 75.0 % ± 2.3 % and 79.7 % ± 1.9 % with an average
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Fig. 3. Influence of pH induced by effervescence on non-porous DGL/PEG hydrogels. (A), (B) DGL-FITC release from non-porous 2/25 mM DGL-FITC/PEG hydro-
gels formulated with (A) various Gaa:Pc molar ratios at a final 1.1 M concentration or with (B) various pluronic® F-68 concentrations. The fluorescent signal is
normalized to the one of control hydrogels (formulated in PBS 1X). (C), (D) Complex modulus (E*) in kPa of various non-porous hydrogel conditions formulated in
PBS 1X (control) or with (C) 1.75:1 and 1.33:1 Gaa: Pc molar ratio at 1.1 M final concentration or (D) with pluronic® F-68 at a final 1.7% and 5% concentration.
(E) Gel fraction of DGL/PEG hydrogels of various concentration formulated in PBS or with Gaa:Pc at 1.1 M and 1.75:1 molar ratio. (F), (G) Swelling ratio at equi-
librium (48h post rehydration) of various DGL/PEG hydrogels formulated in PBS (control) or with (F) 1.75:1 and 1.33:1 Gaa:Pc molar ratio at 1.1 M final concen-
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tration or of a (G) 2/25 mM DGL/PEG hydrogel formulated with various pluronic® F-68 concentrations. One-way Anova + Dunnett's vs control hydrogel. Results
presented as mean ± SD. Ns: no significance, *: p < 0.05, **: p < 0.01, ***: p < 0.001, (at least n=3 per condition), (E) t-test control hydrogel vs hydrogel for-
mulated with Gaa:Pc at 1.75:1 molar ratio.

◀

Fig. 4. (A) Time lapse of the volume expansion generated by the effervescence simultaneous to a 2/25 mM DGL/PEG hydrogel crosslinking reaction. (B) Calcula-
tion of volume expansion during formulation of porous VS non-porous 1.6/25; 2/25 and 2/37 mM DGL/PEG hydrogels. (C) Strength applied on dual-chamber sy-
ringe plunger to maintain a 2 mm/s injection speed to inject H2O (positive control) non-porous and porous 2/25 mM DGL/PEG hydrogels. (D), (E) Coomassie blue
staining of effervescent porous hydrogels to show (D) porosity obtained within 1.6/25, 2/25, and 2/37 mM DGL/PEG hydrogels and (E) windows of interconnec-
tion in a 2/25 mM DGL/PEG hydrogel (red star: one window of interconnection) scale bar 400 µm. Hydrogels formulated with 1.33:1 Gaa:Pc molar ratio and 1.1 M
final concentration and 3.3% pluronic® F-68 . One-way Anova + Tuckey multiple comparison. Results presented as mean ± SD. Ns: no significance, *: p < 0.05,
**: p < 0.01, ***: p < 0.001, (n=3 per condition) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.).

pore size between 280.1± 54.9 µm and 313.0 ± 32.3 µm (Fig. 5A, B,
Table 1 and video S3,). Reflecting the entrapment of the CO2 bubble
population, the pore sizes were characterized by a broad distribution
(35 to 3000 µm), the most abundant fraction being comprised between
50 and 100 µm (Fig. 5B).

Strikingly, windows of interconnection were visible between pores.
They are the voids linking one pore to another, enabling to form a path-
way inside the hydrogel network. From 1 to 50 windows of intercon-
nection per pore were observed throughout the entire construct, regard-
less of the composition of the hydrogels. Similarly to pore distribution,
the numerous windows of interconnection between pores were broadly
distributed for all injected hydrogels, with average diameters spanning
from 100.7± 14.9 µm to 131.4 ± 12.9 µm and population mode com-
prised between 10 and 30 µm (Fig. 5C and Table 1).

Neither the DGL/PEG concentration, the Gaa: Pc ratio, nor the
pluronic® F-68 percentage significantly influenced the hydrogels’
pores and interconnection sizes, supporting the possibility to vary the
stiffness of the support without impacting the resultant porosity (Table
S1). However, lower porosities were obtained with lower amounts of

pluronic® F-68 and acidic Gaa:Pc ratios, suggesting that a threshold
concentration and molar ratio is needed to have homogeneous porosity.
The use of a dual-chamber syringe to homogenize the precursor solu-
tions interestingly resulted in bigger pores than manual mixing, which
provides perspectives on a possible porosity modulation through way of
delivery.

Since mechanical properties are dependent on the porosity gener-
ated inside the material, the mechanical properties of non-porous ver-
sus porous hydrogels were studied. The porosity induced by the effer-
vescent reaction logically reduced the overall mechanical properties by
respectively 37 % to 49 % for porous 2/25 and 2/37 mM DGL/PEG hy-
drogel, compared with their non-porous counterparts (Fig. 5D). How-
ever, in our system, both the composition in DGL/PEG and the chosen
Gaa: Pc molar ratio allowed EPH mechanical properties modulation
from 12.7 ± 0.9 to 29.9 ± 1.7 kPa while forming a self-standing mater-
ial (Figs. 5E and S2). This versatility combined with the highly inter-
connected porosity is an asset to meet the requirements of various tis-
sue engineering and regenerative medicine applications [39,40].

Cytotoxicity and cytocompatibility of effervescent porous hydrogels
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Fig. 5. Porosity characterization of various effervescent porous hydrogel (EPH) made by injection. (A) Representative picture of 2/25 and 2/37 mM FITC-DGL/PEG
effervescent porous hydrogels (EPH). (B) Pore size of various FITC-DGL/PEG EPH compositions and (C) windows of interconnection size of 2/25 mM DGL/PEG
EPH, formulated with 1.33:1 Gaa: Pc molar ratio at 1.1 M and 3.3% Pluronic® F-68 by injection. (D) Complex modulus (E*) in compression of non-porous vs porous
DGL/PEG hydrogels of similar composition (i.e. Gaa: Pc molar ratio at 1.33:1 and 1.1 M final concentration and Pluronic ® F-68 at 3.3%). (E) Complex modulus
(E*) in compression of various DGL/PEG EPH formulated with 1.33:1 or 1.75:1 Gaa: Pc molar ratio and 3.3% pluronic® F-68. t-test (D) non-porous versus porous
hydrogels and (E) EPH formulated with Gaa: Pc at 1.75:1 versus 1.33:1 molar ratio. Results presented as mean ± SD. Ns: no significance, *: p < 0.05, **: p < 0.01,
***: p < 0.001, (at least n=3 per condition).

Table 1
Comparison of the resultant porosity created in various EPH compositions:
1.6/25, 2/25 and 2/37 mM DGL/PEG with a set 1.33:1 Gaa:Pc molar ratio at
1.1 M and with pluronic F-68 concentration set at 3.3%. The porosity was
made by injection through the dual-chamber syringe. No significant differ-
ences were reported between conditions (One-way Anova + Tukey's multiple
comparison test, n=3 hydrogels per condition).

Parameter studied Porosity characterization
Hydrogel

concentration
mM DGL/PEG

Pore Size
(µm)
-Mean ±
SEM
[Mode] -
Median

%
Porosity

Size of windows of
interconnection (µm)
-Mean ± SEM
[Mode] - Median

1.6/25 280.1 ±
54.9
[50-100]
-203

75.0 ±
2.3

100.7 ± 14.9
[10-20] - 38

2/25 307.2 ±
36.5
[50-100]
-243

76.8 ±
1.4

130.4 ± 21.2
[20-30] – 44

2/37 313.0 ±
32.3
[50-100]
-272

79.7 ±
1.9

131.4 ± 12.9
[20-30] - 93

Since the porous hydrogel is formed through an effervescent reac-
tion, the potential toxicity of the effervescence by-products was initially
evaluated with normal human dermal fibroblastic cells (NHDF). Cells
exposed to 24h-extracts of effervescent hydrogels indicated a signifi-
cant decrease of metabolic activity compared to similar hydrogels pre-
pared without effervescent components, regardless of the Gaa:Pc con-
centrations employed (Fig. 6A). This decrease was not related to the
presence of pluronic® F-68 surfactant (Fig. 6C) but appeared linked to
the acid/base couple employed, as was observed when Gaa:Pc was

added directly onto NHDF at the same concentration (Fig. 6B). How-
ever, NHDF placed directly in contact with unwashed EPH showed cel-
lular adhesion, which was assessed after 6 h and confirmed after 48 h
through clear cellular spreading (Fig. 6D). Strikingly, NHDF were 72 ±
4%, 88 ± 3% and 85 ± 2% viable after 24 h on 1.6/25, 2/25 and 2/37
mM DGL/PEG EPH respectively, without any washing or post-
formulation treatment, demonstrating that neither the acid/base couple
nor the CO2 bubbles were harmful to cells (Fig. 6E). Cell viability on un-
washed EPH was not different from their extensively washed counter-
parts used as positive controls, confirming the non-cytotoxicity of the
formulations described here, and demonstrating the potential of EPH to
be used in direct in vivo injection.

It was also observed that by varying the DGL/PEG composition of
EPH, cells behaviour in terms of early adhesion and cell spreading
could be varied (Fig. 6F). Soft conditions (i.e. 1.6/25 mM DGL/PEG) re-
sulted in less spread cells than stiffer ones (i.e. 2/25 and 2/37 mM DGL/
PEG).

The effect of DGL/PEG mechanical and biochemical versatility on
cells [35] was thus preserved in the EPH settings.

Aside cytotoxicity, cytocompatibility of the porous hydrogels is an
equally crucial property for any potential tissue engineering and regen-
erative medicine applications [41], which require cell survival, adhe-
sion and proliferation within the hydrogels’ pores to allow the forma-
tion of a new tissue. DAPI/fluorescent phalloidin staining of NHDF cells
showed a homogeneous distribution throughout 2 mm-thick hydrogel
after 24 h (Fig. 7A), indicating a rapid entry within the hydrogel pores,
due to the highly interconnected porous architecture. NHDF effectively
covered a major part of the available inner surface and began to fill the
porous structure and create a network of cells 21 days post seeding, at-
testing their ability to proliferate inside the EPH (Fig. 7B). Finally, EPH
allowed in vitro deposition of extracellular matrix (ECM) proteins, such
as fibronectin and type I collagen, for all tested conditions (Fig. 7C).
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Fig. 6. In vitro EPH suitability for direct in situ injection purposes: cytotoxicity. (A) NHDF metabolic activity after 48 h in contact with 24h-extract of non-porous 2/
25 mM DGL/PEG hydrogels formulated with various Gaa: Pc molar ratios at 1.1 M. (B) NHDF metabolic activity after 48 h in contact with only Gaa: Pc molar ratios
at 1.1 M or (C) with 24h-extract of non-porous 2/25 mM DGL/PEG hydrogels formulated with various pluronic® F-68 concentrations. (A), and (C) are presented as
the overall fluorescence normalized to that of the control hydrogel. (B) is presented as the overall fluorescence normalized to that of the control cells. (D) Live/Dead
assay of NHDF cells in direct contact with EPH, 6 and 48 h post seeding (live cells represented in green and dead cells in red, the hydrogel is represented in blue, 6h,
scale bar: 50 µm, 48h, scale bar: 200 µm). (E) Quantification of live cells versus the total number of cells after 24 h on 1.6/25, 2/25 and 2/37 mM DGL/PEG EPH
used immediately after formulation, without any washing or post-formulation treatment, versus cells on washed EPH of the same conditions as control. (F) Live/
dead assay on EPH of various compositions showing various cell spreading 24 h post seeding. (A), (B), (C): One-way Anova + Dunnett's vs control hydrogel or con-
trol cells. E: t-test unwashed EPH versus washed EPH (control). Results presented as mean ± SD. Ns: no significance, *: p < 0.05, **: p < 0.01, ***: p < 0.001,
(n=3 per condition) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

3.2.1. In situ injectability and biocompatibility of effervescent porous
hydrogels

Since the important hydrogels’ pores interconnection allows cells to
infiltrate and colonize the entire porous structure in vitro, tissue in-
growth inside in vivo formed porosity was evaluated by EPH subcuta-
neous injection in the back of mice (Fig. S3A and video S4). Immedi-
ately after initiating the injection, an important volume expansion was
visible due to the effervescent reaction and CO2 bubble formation. In
less than a minute, hydrogel crosslinking was sufficient to remove the
syringe, leaving a porous implant in place. The injected material was
excised after 3 weeks, during which no evidence of sepsis, infection or

pain were detected on the animals. Upon excision of the injected im-
plants, EPH were visibly of darker and more reddish coloration than
their non-porous counterparts (Fig. S3B). Staining with Masson's
trichrome clearly revealed the porous structure within the injected EPH
as well as a mild foreign body reaction with the formation of a fibrous
capsule surrounding both non-porous and porous hydrogels (Fig. 8).
The porous structure formed directly in vivo exhibited a decreased pore
size compared with hydrogels injected in tubes (Fig. S4). However, the
compatibility of the resultant effervescent porous structure to sustain
cellular infiltration and tissue formation was indicated by the presence
of cells (nuclei in purple and cytoplasm in light purple) and neo-tissues
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Fig. 7. In vitro EPH suitability for direct in situ injection purposes: cytocompatibility. (A) Cellular distribution throughout a 2/25 mM DGL/PEG EPH 24 h post seeding
by DAPI/Phalloidin staining (cell nuclei in cyan, actin cytoskeleton in red and hydrogel in pink). (B) Cellular morphology and pores filling after 21 days of culture in-
side a 2/25 mM DGL/PEG EPH (cell nuclei in blue, actin cytoskeleton in green and hydrogel in purple). (C) ECM deposition by cells 21 days post seeding in various
EPH compositions (cell nuclei in cyan, fibronectin and type I collagen deposition in red, hydrogel in blue). Scale bar 100 µm (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.).

within the hydrogels (collagen deposits in green). Cells with elongated
nuclei and light cytoplasm, presumably fibroblasts, were visible within
the hydrogel in close contact with collagen. This cellular infiltration
and collagen deposition were promoted despite the formation of a fi-
brous capsule surrounding the hydrogel (highlighted with the black
dotted line). These results clearly indicate that the hydrogel was well
integrated by tissues and was not isolated by the fibrous capsule. On the
contrary, non-porous hydrogels did not exhibit any porosity aside from
the void path created by the mixing nozzle (Fig. 8B). Similarly to EPH,
non-porous hydrogels were surrounded by a fibrous capsule made of fi-
broblasts and collagen deposition. However, contrarily to their porous
counterparts, non-porous hydrogels exhibited a too tight network to al-

low cells to enter the structure, confining them to hydrogel rims. They
thus showed no tissue deposition apart from the fibrous capsule.

Aside fibroblasts-like cells, various cell populations could be distin-
guished inside EPH, among which a low density of inflammatory cells
(granulocytes or lymphocytes) and macrophages, concentrated at the
rim, with evidence of hydrogel phagocytosis (blue close-ups Fig. 8B). A
specific staining for macrophages confirmed their slight presence inside
the injected EPH, underlining a mild inflammatory reaction (Fig.S5).
Cellular migration inside the hydrogel with low presence of inflamma-
tory cells indicated the porous formulation has no harmful effect on
cells and surrounding tissues.
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Fig. 8. EPH and non-porous DGL/PEG hydrogels directly injected in subcutaneous pockets on the back of mice. (A), (B) Masson's trichrome staining of the full ex-
plants after 3 weeks implantation and close-ups highlighting hydrogel (#), the fibrous capsule (black dotted line), macrophages ($), synthetized collagen (in green,
red arrow), fibroblasts (+) and blood vessels (*). Cell nuclei appear in purple and cytoplasm in light purple. (A) Porous hydrogel of various compositions (2/25 and
2/37 mM DGL/PEG) formulated with 1.33:1 Gaa:Pc molar ratio at a final 1.1 M and 3.3 % pluronic® F-68. (B) Non-porous DGL/PEG hydrogels of various composi-
tions (2/25 and 2/37 mM DGL/PEG) formulated in PBS 1X. Scale bar whole explant 1 mm, scale bar close up: 100 µm (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.).

In the injected EPH, an extensive vascularization could be observed
within the pores throughout the entire hydrogel thickness (Fig. 8A),
which was further confirmed with a specific staining for type IV colla-
gen (Fig. S6). These results confirm that the porosity is well intercon-
nected and sufficiently large to sustain vascular infiltration. On the con-
trary, no vascularization was visible inside non-porous control hydro-
gels. This observation further confirms the requirement of an adequate
porosity to enhance neovascularization of hydrogels.

Of note, no gas cavity was observed after implantation demonstrat-
ing the absence of deleterious effect of the CO2 bubbles on surrounding
tissues.

4. Discussion

This is the first time that an effervescent approach has been used to
develop a straightforward and injectable hydrogel that allows both pore
formation and in situ delivery. The reaction of carboxylic acid and car-
bonate base to produce CO2 bubbles is known since the 30’s, and has
been successfully and extensively used to produce effervescent tablets.
The ease of this method, the lack of organic solvent and the cell biocom-
patibility of CO2 [25] have logically prompted biomedical researchers
to explore the potential of effervescently-produced CO2 bubbles as
porogens in hydrogels [29,30,32,33,42,43]. However, all previous at-
tempts have never considered their potential for direct in situ injection
and pore formation. Our data demonstrate that the DGL/PEG hydrogel,
with controllable and swift polymerization in aqueous solutions, is suf-

ficiently versatile to allow the effervescent reaction to occur while
rapidly entrapping the produced gas to form porous hydrogels upon
mixing. This rapid crosslinking is possible through the highly tunable
reaction of NHS ester end groups at the extremities of PEG molecules
with free amine groups available at the surface of lysine dendrigrafts.
By taking advantage of the fast-setting DGL/PEG hydrogel, we bring
closer the potential of porous hydrogels for tissue engineering applica-
tions and their practical use in clinical settings.

However, similarly to other crosslinking reactions that can be signif-
icantly disturbed or boosted by pH [44,45] the concomitancy of hydro-
gel formation and effervescent reaction relies in part on the pH sensitiv-
ity of the PEG and DGL polymerization. At acidic pH the NHS function
on PEG molecules is less likely to undergo hydrolysis but is also less re-
active, while at alkaline pH the function is more reactive but less stable
[46]. Similarly, the α-amino group (pKa 9.16) and ε-amine (pKa 10)
present at the DGL surface are not equally available at acidic or alkaline
pH [47]. As a result, the DGL/PEG hydrogel crosslinking is delayed and
less complete in acidic conditions, as demonstrated by a significant in-
crease of unreacted DGL release from such hydrogels, a decrease of
their mechanical properties and an increased swelling. Particularly, the
decreased gel fraction observed in hydrogels formulated with acid:base
at a 1.75:1 molar ratio compared with hydrogels formulated in PBS
demonstrates that the pH influences the network formation of the hy-
drogels. This behavior is exploited here to orchestrate and match the re-
actions of effervescence and crosslinking of different DGL/PEG hydro-
gels via the carboxylic acid and carbonate base pair ratio. Contrarily to
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acid and base pair, the presence of pluronic® F-68 in the resulting effer-
vescent porous hydrogels (EPH) had no quantifiable effect on DGL/PEG
hydrogels chemistry but was mandatory to stabilize the effervescence
during crosslinking, especially for slow-setting hydrogels (i.e., 1.6/25
and 2/25 mM DGL/PEG).

Therefore, thought the careful optimization of effervescence para-
meters, we obtain a spontaneous and interconnected porosity, remnant
of the produced bubbles entrapment inside the simultaneously gener-
ated DGL/PEG network. As a result, this straightforward method to in-
duce a porosity inside tunable DGL/PEG hydrogels further allows tai-
loring of its mechanical properties through the choice of acid and base
molar ratio used.

The characteristics of porosity in a hydrogel play a major role for the
promotion of angiogenesis, to guide cellular fate inside the scaffold, and
for a successful host tissue ingrowth, especially for large implants, since
cell infiltration, proliferation, migration and differentiation is depen-
dent on pore size and interconnection [25,48–50]. In our formulations,
the porosity obtained is well in line with other systems using efferves-
cence in non-injectable settings [30,31,45,51]. There is no clear con-
sensus on a universal optimized pore size that could be suitable for all
tissue-engineering applications [52]. For instance, fibrous or unminer-
alized tissues grow better in pores with size comprised between 10 to
100 µm while osteoblasts regenerate mineralized bone in larger pores
(100-200 µm) [53,54]. However, the macroporosity herein described
allows targeting a broad range of potential tissue engineering applica-
tions, such as myotube formation and skeletal muscle regeneration
[55,56], osteoblast infiltration and mineralization [57,58], chondro-
cyte proliferation and cartilage ECM production [59] or vessel infiltra-
tion [14,60].

In addition to pore size, the interconnection between pores has been
shown to be particularly relevant for many tissue engineering applica-
tions as a pathway between pores is required to provide the space for
tissue to grow. Both cellular and vascular infiltration need to be en-
hanced inside porous hydrogels as they participate in tissue ingrowth.
In our case, the produced pores are highly interconnected throughout
the entire construct forming a continuity between pores. Such intercon-
nection can be attributed to the explosive effervescence, which leads to
a high density of bubbles in close contact with each other, and to the
surfactant that stabilizes CO2 bubbles and allows their local fusion
[61,21]. This was related in our system to a relevant number of high-
diameter windows of interconnection per pore. While the size of win-
dows of interconnection plays an important role in neo-vascularization
inside implanted scaffolds [62–64] the number of interconnections per
pore is of particular relevance to increase tissue invasion [65] further
consolidating the potential of the created porosity for tissue engineer-
ing applications.

As previously emphasized, the porosity is paramount to guide cell
fate and tissue ingrowth. Therefore, its modulation could provide an in-
teresting tool to meet the requirements of specific tissues. In this work,
we highlighted that the homogenization method affected pore size
without influencing the pathways between pores. Future work could
thus focus on homogenization process through various static mixers to
control the porous structure and thus influence cell behavior and tissue
formation.

Regardless of the porosity created, any material that is aimed to be
injected in the body must not induce any significant toxicity, either on
cells or on the surrounding host tissue [66,67]. Moreover, they should
not trigger excessive inflammation to allow correct tissue formation
[68,69]. In our system, the DGL/PEG crosslinking modifications caused
by the effervescent conditions result in a slight decrease of cell meta-
bolic activity when cultured in contact with extracts from non-porous
hydrogels. In addition to the effect of acidic pH on cells, the pH-related
decrease of polymerization and resulting unreacted-DGL release could
also account for this observation, since DGL becomes cytotoxic above a
concentration of 5 µg/mL [36]. However, in the case of injected effer-

vescent porous hydrogels, the DGL is sufficiently sequestrated inside
the network to prevent cell mortality in direct contact. As a result, the
inherent cell-interaction properties of the DGL/PEG hydrogels (brought
by the DGL amine residues [35]) are conserved and cells can attach,
spread and proliferate on the porous hydrogels surface without any
washing or post formulation treatments. Of particular interest, cell be-
haviour and morphology could still be modulated through the con-
served ability to tune the DGL/PEG hydrogels mechanical properties by
varying their compositions.

In addition to be non-cytotoxic, injected porous matrices should al-
low cells to swiftly enter and colonize the structure to support in-depth
tissue formation [70,71,48]. The important interconnection obtained in
EPH allows the cells to rapidly and homogenously infiltrate the entire
porous structure thereby creating tissue. Similarly, once injected in
mice for 3 weeks, the porous structure formed directly in vivo allows for
an extensive vascularization and cellular infiltration although having a
decreased pore size compared with hydrogels injected in tubes. This de-
creased pore size was correlated with a structure flattening probably
due to a combined effect of the skin weight exerting a pressure on the
porous hydrogel and the contraction of the panniculus carnosus. How-
ever, the porous architecture could be sufficiently maintained to allow
cell infiltration and tissue ingrowth for all the conditions studied.

Moreover, the effervescently porous hydrogel could be injected di-
rectly in vivo while eliciting a mild inflammatory reaction with the pres-
ence of macrophages degrading hydrogel walls as previously shown for
DGL/PEG systems [35]. The local blood flow around the injected im-
plants and the hydrogel water content are hypothesized to help the dif-
fusion and solubility of CO2 gas generated by effervescence in the
bloodstream and biological tissues, preventing the formation of a gas
cavity.

Overall, these results provide a proof-of-principle that the DGL/PEG
effervescent porous hydrogel can be injected in situ while enabling the
formation of a suitable porosity that enhances cellular infiltration, vas-
cularization and tissue deposition, while eliciting a mild inflammatory
reaction. Therefore, these innovative porous and injectable hydrogels
with tunable mechanical properties offer many perspectives for in situ
tissue engineering applications.

5. Conclusion

In conclusion, although numerous attempts have been made to de-
velop porous hydrogels able to provide a variety of mechanical cues re-
quired by cells and tissues, many failed to provide in situ injectability
[13,51,60]. On the contrary, injectable hydrogel designed to embark
cells in situ, generally result in poor cell migration due to sterically hin-
dered spreading, or lack of oxygen and nutrient transport. The efferves-
cent method described herein provides a basis for the synthesis of
macroporous multifunctional and highly tunable hydrogels with direct
in vivo injectable potential. A simple optimization of the acid-base effer-
vescence was carried out to match the DGL/PEG hydrogel crosslinking
reaction and enable to entrap generated CO2 bubbles inside the hydro-
gel network. Resultant innovative effervescent porous DGL/PEG hydro-
gels are easily produced in vivo, allowing for an extensive vasculariza-
tion and cellular infiltration, without harming effect on tissues. In fur-
ther studies, we will evaluate the potential of effervescent porous hy-
drogels to provide a suitable environment for the repair of muscle volu-
metric loss. On a wider perspective, the strategy developed herein could
be transposed to other biomaterial system of tailorable setting or
crosslinking, to create an extensive and highly interconnected porosity
using a non-cytotoxic and cell-friendly process suitable for injection, in
versatile applications.
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