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A B S T R A C T   

The cellular microenvironment plays a major role in the biological functions of cells. Thus, biomaterials, espe
cially hydrogels, which can be design to mimic the cellular microenvironment, are being increasingly used for 
cell encapsulation, delivery, and 3D culture, with the hope of controlling cell functions. Yet, much remains to be 
understood about the effects of cell-material interactions, and advanced synthetic strategies need to be developed 
to independently control the mechanical and biochemical properties of hydrogels. To address this challenge, we 
designed a new hyaluronic acid (HA)-based hydrogel platform using a click and bioorthogonal strain-promoted 
azide-alkyne cycloaddition (SPAAC) reaction. This approach facilitates the synthesis of hydrogels that are easy to 
synthesize and sterilize, have minimal swelling, are stable long term, and are cytocompatible. It provides bio
orthogonal HA gels over an uncommonly large range of stiffness (0.5–45 kPa), all forming within 1–15 min. More 
importantly, our approach offers a versatile one-pot procedure to independently tune the hydrogel composition 
(e.g., polymer and adhesive peptides). Using this platform, we investigate the independent effects of polymer 
type, stiffness, and adhesion on the secretory properties of human adipose-derived stromal cells (hASCs) and 
demonstrate that HA can enhance the secretion of immunomodulatory factors by hASCs.   

1. Introduction 

Using synthetic biomaterials to study cell-material interactions is a 
booming area of research. Over the past decade, extensive work has 
been dedicated to deciphering the role of the extracellular matrix (ECM) 
in cell behavior using synthetic materials as model ECMs. These in
vestigations rapidly evolved from 2D to more representative 3D in
teractions thanks to the development of new generations of cell-friendly 
materials. In particular, innovative hydrogels have attracted increasing 
attention because of their ability to recapitulate the hydrated nature, 
composition, and mechanical properties of natural ECM. Yet, indepen
dently tuning the physicochemical and biochemical properties of cyto
compatible hydrogels remains a challenge. Consequently, while the 
influence of mechanical properties (e.g., stiffness), which are the easiest 
to tune from a material perspective, have been largely studied [1–3], 
much work remains to be done on the effect of biochemical cues (e.g., 
polymer composition and biomimetic peptides) on cell behavior. More 
importantly, the influence of these parameters is often questioned 

separately due to the limited tunability of existing systems, impairing 
our ability to screen and combine desired conditions. Thus, building a 
new hydrogel platform to investigate cell-material interactions would 
require combining ease of synthesis, sterilizability, and a customizable 
range of gelation time with features necessary for 3D cell culture (e.g., 
cytocompatibility, absence of swelling, and long-term stability) with 
independently tunable mechanical and biochemical properties. 

When developing a new hydrogel platform, hyaluronic acid (HA) is 
particularly relevant because it is a natural component of the ECM, 
commercially available and affordable, and is relatively easy to chemi
cally modify [4,5]. However, most common HA crosslinking strategies 
require multiple and complex synthetic steps [6], and external stimuli or 
small molecule reagents that are not entirely compatible with physio
logical conditions [7,8], or have inherent limitations, such as poor me
chanical properties and slow gelation rate [9]. To address these issues, 
researchers have been exploring new crosslinking strategies that follow 
two major chemistry concepts: click chemistry and bioorthogonality. 
Ideally, click reactions are reactions that are efficient under mild 

Peer review under responsibility of KeAi Communications Co., Ltd. 
* Corresponding author. 

E-mail address: vianney.delplace@univ-nantes.fr (V. Delplace).  

Contents lists available at ScienceDirect 

Bioactive Materials 

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials 

https://doi.org/10.1016/j.bioactmat.2022.12.022 
Received 21 September 2022; Received in revised form 30 November 2022; Accepted 21 December 2022   

mailto:vianney.delplace@univ-nantes.fr
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2022.12.022
https://doi.org/10.1016/j.bioactmat.2022.12.022
https://doi.org/10.1016/j.bioactmat.2022.12.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2022.12.022&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioactive Materials 24 (2023) 438–449

439

conditions, and by extension, under physiological temperature and pH, 
and that do not produce byproducts, eliminating the need for purifica
tion [10]. Bioorthogonality refers to chemical reactions that do not alter, 
or are not altered by, biological components and biochemical processes 
[11,12]. Together, these two concepts encompass a short list of chemical 
reactions (e.g., Diels-Alder, inverse electron-demand Diels-Alder, and 
strain-promoted azide-alkyne cycloaddition [SPAAC]) that are consid
ered ideal for hydrogel design [13]. However, most of the click and 
bioorthogonal reactions investigated to date produced hydrogels with 
inherent limitations such as a slow gelation rate (e.g., Diels-Alder) [14] 
or a limited range of mechanical properties (e.g., inverse 
electron-demand Diels-Alder) [15]. 

To our knowledge, there has been only one report of HA-only 
hydrogels that use SPAAC, where the authors used a complex syn
thetic route involving organic solvents and compounds that are not 
commercially available [16]. The resulting hydrogels had slow gelation 
rates, requiring high polymer content (>100 min for 1% [w/v] polymer 
content), with extremely limited stability in culture medium (<4 days). 
Other groups combined HA and PEG crosslinkers in various 
SPAAC-based strategies, however, these strategies required the use of 
high molecular weight HA (2 MDa) [17], which is difficult to sterilize, or 
high polymer content (10% [w/v]) [18], which typically increases the 
viscosity of hydrogel precursors, both leading to hydrogels with a 
limited range of stiffness (≈100–1000 Pa) and unwanted swelling 
[17–19]. HA-PEG crosslinking via SPAAC was also investigated for the 
development of an innovative bioprinting process, where a support bath 
composed of gelatin microbeads allowed the diffusion of a PEG cross
linker toward a printed polymer filament for spatially controlled gela
tion. Although extremely promising, this strategy required a rather long 
incubation of the construct under non-physiological conditions (several 
hours at 4 or 20 ◦C) to complete the crosslinking process [20]. Other 
polysaccharides, such as alginate or cellulose, have also been used as 
polymer backbones to synthesize SPAAC hydrogels, leading to hydrogels 

with limited mechanical properties or stability [21,22]. Therefore, 
designing a new HA-based hydrogel platform ideal for investigating 
cell-material interactions required a new click and bioorthogonal 
crosslinking strategy. 

In this study, we investigated the use of the SPAAC chemistry be
tween a cyclooctyne and an azide as a click and bioorthogonal cross
linking mechanism to synthesize tunable HA hydrogels (Fig. 1). We 
successfully functionalized HA with either a cyclooctyne (bicyclono
nyne, BCN) or an azide (N3) via a single-step synthesis and obtained HA- 
only hydrogels that form within minutes at low polymer content. By 
carefully investigating the influence of the crosslinking density on the 
hydrogel properties, we were able to design a variety of fast-forming and 
stable HA hydrogels over a large range of stiffness (0.5–45 kPa), 
including gels with minimal to no swelling (0.5–5 kPa). We demon
strated the cytocompatibility (>95% viable cells after 7 days) and use of 
these new HA hydrogels for 3D cell culture using L929 murine fibroblast 
cells and human adipose-derived stromal cells (hASCs). We also showed 
that, independent of a chosen stiffness, the composition of SPAAC HA- 
based hydrogels can be tuned by immobilizing biomimetic peptides or 
co-crosslinking additional glycosaminoglycans (e.g., chondroitin sul
fate), making these hydrogels a versatile platform to investigate cell- 
material interactions. Moreover, to demonstrate the usefulness of this 
platform, we investigated how the composition and stiffness of the 
hydrogels influence the secretions of encapsulated hASCs, which are 
central to their use as therapeutic cells [23,24]. Our results showed that 
HA advantageously increases the secretion of a series of immunomod
ulatory factors by hASCs cultured under pro-inflammatory conditions, 
paving the way for new cell-material investigations and the potential 
development of next-generation, material-assisted cell therapies. 

Fig. 1. Designing ultra-tunable hyaluronic acid (HA)-based hydrogels via strain-promoted azide-alkyne cycloaddition (SPAAC) crosslinking for the investigation of 
cell-material interactions. In this study, we investigated the tunability and cytocompatibility of a new click and bioorthogonal HA hydrogel platform and demon
strated its use for investigating the effects of cell-material interactions on stem cell immunomodulatory properties. 
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2. Experimental section/methods 

2.1. Materials 

Sodium hyaluronate was purchased from Lifecore Biomedical (USA). 
Chondroitin sulfate C sodium salt (CS) was purchased from Carbosynth 
(USA). Alginate (Protanal LF10/60) was purchased from FMC Corpo
ration (USA). 2-(N-morpholino)ethanesulfonic acid (MES) and 4-(4,6- 
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT- 
MM) were purchased from TCI Chemicals (Belgium). Azido-PEG2-amine 
was purchased from Broadpharm (USA). Dulbecco’s Phosphate Buffered 
Saline (without Ca & Mg), Dulbecco’s Modified Eagle Medium (DMEM), 
Penicillin/Streptomycin (P/S), Alexa Fluor 568 phalloidin, Hoechst 
33258, and the Live/Dead Kit were purchased from ThermoFischer 
Scientific. L929 cells were purchased from ATCC (USA). Fetal Bovine 
serum (FBS) was purchased from Dominique Dutscher. Otherwise 
stated, all other reagents were purchased from Sigma-Aldrich. 

2.2. Methods 

2.2.1. Polysaccharide modification 
Synthesis of HA-N3: HA-N3 was synthesized by adapting a previously 

described protocol [15]. Typically, HA (100 mg) with various molecular 
weights (100 kDa and 300 kDa) was dissolved in MES buffer pH 5.5 (9 
mL) at room temperature while stirring. DMT-MM (0.69 mg; 1 eq) was 
added and allowed to react for 30 min. Then, azido-PEG2-amine (22 mg; 
0.5 eq) was dissolved in MES buffer pH 5.5 (1 mL), added dropwise to 
the polymer solution, and allowed to react for 3 days at room temper
ature while stirring. To tune the DS, a similar procedure was followed 
with adjusted equivalents of DMT-MM (34 mg; 0.5 eq) and 
azido-PEG2-amine (11 mg; 0.25 eq). The solution was dialyzed against 
0.1 M DPBS for 1 day, then against deionized water for 2 days, before 
filter sterilization, lyophilization, and storage at − 20 ◦C. The DS of 
HA-N3 was determined using 1H NMR (400 MHz, D2O): after subtracting 
the signals from unmodified HA between 3.1 ppm and 4.4 ppm, the 3 
protons of the N-acetyl group of HA (2.1 ppm) served as a reference to 
calculate the relative amount of grafted N3 (13 protons between 3.3 and 
4.1 ppm). CS-N3 and alginate-N3 were functionalized and characterized 
using the same procedure. 

Synthesis of HA-BCN: HA-BCN was synthesized as described above 
with some modifications. HA (100 mg) with various molecular weights 
(100 kDa and 300 kDa) was dissolved in MES buffer pH 5.5 (9 mL) at 
room temperature while stirring. DMT-MM (27 mg; 0.4eq) was added 
and allowed to react for 30 min. BCN (16 mg; 0.2eq) was dissolved in 
DMSO (1 mL) prior to dropwise addition. The solution was allowed to 
react for 3 days at room temperature while stirring. To tune the DS, a 
similar procedure was followed with adjusted equivalents of DMT-MM 
(14 mg; 0.2 eq) and BCN (8 mg; 0.1 eq). The solution was dialyzed 
against 0.1 M DPBS containing 2% DMSO overnight, 0.1 M DPBS for 8 h, 
and deionized water for 2 days, prior to filter sterilization, lyophiliza
tion, and storage at − 80 ◦C. The DS of HA-BCN was determined by 1H 
NMR (400 MHz, D2O): the 3 protons of the N-acetyl group of HA (2.1 
ppm) served as a reference to calculate the relative amount of grafted 
BCN (2 protons at 1.1 ppm, 2 protons at 2.4 ppm, and 2 protons at 4.3 
ppm). CS-BCN and alginate-BCN were functionalized and characterized 
using the same procedure. 

Synthesis of fluorescent CS: CS or CS-N3 was functionalized with a 
fluorophore using a procedure similar to that described in section 4.2.1. 
Polysaccharide modification. Briefly, the polymer (50 mg) was dissolved 
in MES buffer pH 5.5 (4.5 mL) at room temperature while stirring. DMT- 
MM (3 mg) was added and allowed to react for 30 min. Alexa Fluor™ 
488 hydrazide (0.5 mg) was dissolved in DMSO (0.5 mL) prior to 
dropwise addition. The solution was allowed to react for 3 days in the 
dark at room temperature while stirring. The solution was dialyzed 
against 0.1 M DPBS containing 2% DMSO overnight, then 0.1 M DPBS 
for 8 h, and deionized water for 2 days, prior to filter sterilization, 

lyophilization, and storage at − 20 ◦C. 

2.2.2. Hydrogel formation and characterization 
Hydrogel formation: Hydrogels were obtained by separately dissolv

ing HA-BCN and HA-N3 in the desired medium (e.g., PBS or DMEM with 
serum), prior to mixing them together in a chosen volume ratio. The 
initial concentrations and volume ratios of the two components were 
calculated to control both the final total concentration of poly
saccharides and the BCN:N3 molar ratio. For direct comparison, 
hydrogels with distinct DS or distinct MW but similar crosslinking 
densities (1.4 mM) were obtained by adjusting the polymer content and/ 
or the BCN:N3 molar ratio. 

Gelation time evaluation: Rheological characterization was performed 
using a HAAKE™ MARS™ (ThermoFisher Scientific) equipped with a 
20-mm titanium upper plate and a Peltier plate to control the temper
ature. All oscillatory time sweep experiments were performed at a 
constant stress of 1 Pa and at a constant frequency of 0.1 Hz (within the 
linear viscoelastic region). Pre-hydrogel solutions were prepared as 
described in section 4.2.2. Hydrogel formation and characterization, 
and measurements were performed immediately after mixing the 
hydrogel precursors. Gelation time experiments were conducted at 37 ◦C 
with a solvent trap to prevent evaporation. Gel points were determined 
as the time when the shear storage modulus (G′) value equals that of the 
shear loss modulus (G′ ′). 

Viscosity evaluation: Viscosity characterization was performed using a 
HAAKE™ MARS™ (ThermoFisher Scientific) equipped with a 35-mm 1◦

titanium upper cone and a Peltier plate to control the temperature. 
Viscosity measurements of HA solutions were performed at 37 ◦C in a 
shear rate range of 0.1–1000 s− 1. Flow curves were fitted using the 
simplified Cross model to determine the zero-shear viscosity values (η0). 

Stiffness evaluation: A volume of 200 μL of pre-hydrogel solution was 
cast between two glass plates separated by a 1-mm silicon spacer and left 
at 37 ◦C overnight in a humid atmosphere for complete gelation. 
Hydrogels were then punched (2 mm in diameter) and subjected to 
unconfined compression tests using a Microtester® (CellScale), with 
measurements performed under 20% strain. Young’s modulus was 
calculated according to the manufacturer recommendations and the 
standard expression: = stress

strain =
F/A

ΔI/I0 
, where E is the Young’s modulus; F, 

the force applied to the gel; A, the area on which the force is applied; ΔI, 
the displacement, and I0, the initial thickness. For each formulation, 3 
distinct hydrogels were prepared and punched in at least 4 locations. 

Stability and biodegradability studies: 200 μL of various pre-hydrogel 
solutions were transferred to pre-weighted Eppendorf tubes and left at 
37 ◦C overnight for complete gelation. The hydrogel-containing tubes 
were weighed, and 800 μL of PBS (37 ◦C) was added. At specific time 
points (0, 1, 2, 4, 6, and 24 h; then 3, 7, 14, 21, 42, and 63 days), the 
supernatant was removed before weighing the hydrogel. A biodegrad
ability study was then conducted on three formulations of interest for 
their stability by adding 800 μL of hyaluronidase (100 U mL− 1 in PBS; 
37 ◦C) on top of the stable hydrogels. The three formulations investi
gated were the following: (i) 1 kPa HA hydrogel (1% HA w/v; DS: HA- 
BCN, 15%; HA-N3, 40%; BCN:N3 ratio of 4:1); (ii) 2.5 kPa HA hydro
gel (1% HA (w/v); DS: HA-BCN, 15%; HA-N3, 40%; BCN:N3 ratio of 1:4); 
and (iii) 5 kPa HA hydrogel (1.5% HA (w/v); DS: HA-BCN, 7%; HA-N3, 
40%; BCN:N3 ratio of 1:1). At specific time points (0, 2, 6, and 24 h; then 
2, 3, 4, and 7 days), the supernatant was removed before weighing the 
hydrogel. The reported mass ratio represents the hydrogel mass at a 
specific time point divided by its initial mass. 

Polymer switching: The four formulations investigated were the 
following: (i) 1 kPa HA hydrogel (1% HA [w/v]; DS: HA-BCN, 15%; HA- 
N3, 40%; BCN:N3 ratio of 4:1), (ii) 3 kPa HA hydrogel (1% HA [w/v]; DS: 
HA-BCN, 15%; HA-N3, 40%; BCN:N3 ratio of 1:4), (iii) 1 kPa Alginate 
hydrogel (0.5% alginate [w/v]; DS: alginate-BCN, 8%; HA-N3, 30%; 
BCN:N3 ratio of 1:1), (iv) 3 kPa Alginate hydrogel (1% alginate [w/v]; 
DS: alginate-BCN, 15%; HA-N3, 40%; BCN:N3 ratio of 1:1). 
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GAG enrichment evaluation: Fluorescent CS or fluorescent CS-N3 was 
dissolved at 0.1% (w/v) in PBS. Then, HA-N3 was dissolved at 1% (w/v) 
in PBS containing either fluorescent CS or fluorescent CS-N3. Each of the 
two HA-N3 solutions were mixed with a 1% (w/v) HA-BCN solution in a 
volume ratio corresponding to an HA-BCN:HA-N3 molar ratio of 4:1. 
100 μL of the forming HA gels containing either fluorescent CS or 
fluorescent CS-N3 were transferred to a 96-well plate and allowed to gel 
overnight at room temperature. 100 μL of PBS was added on top of each 
fluorescent hydrogel before monitoring fluorescent CS release: at spe
cific time points (0, 2, 8, and 24 h; then 3 and 7 days), the supernatant 
was removed and the fluorescence of both the hydrogel and the super
natant was measured (Ex: 485 nm, Em: 535 nm; Tristar 2 S plate reader, 
Berthold Technologies). The results were normalized to the initial 
hydrogel fluorescence. 

2.2.3. Biological investigations 
Cell culture and encapsulation: Murine fibroblastic L929 cells were 

amplified in DMEM medium supplemented with 10% FBS and 1% P/S. 
As previously described [25], hASCs were isolated from lipoaspirates of 
patients with their informed consent and amplified in Promocell growth 
medium supplemented with 1% P/S. hASCs were used between passage 
2 and 5. For cell encapsulation, HA-BCN and HA-N3 were first dissolved 
in DMEM medium supplemented with 10% FBS and 1% P/S. Cells were 
then pelleted and resuspended in the HA-N3 solution. The solutions of 
HA-BCN and HA-N3/cells were mixed in a calculated volume ratio to 
obtain the desired total HA concentration (1% w/v), the desired BCN:N3 
molar ratio (1:4), and a final cell concentration of 106 cells/mL. 
Cell-containing pre-hydrogel solutions (100 μL) were rapidly transferred 
to inserts (8 μm pore; Sarstedt) and allowed to gel for 30 min at 37 ◦C 
before adding cell medium. The medium was changed every 2–3 days. 

Viability and metabolic assays: Cell viability and metabolic activity 
were assessed at day 0, 3, and 7 using LIVE/DEAD™ staining and the 
CCK-8 assay, respectively. For LIVE/DEAD™ staining, gels were trans
ferred to an 8-well chamber slide (IBIDI) and incubated with Calcein AM 
and ethidium homodimer per the manufacturer’s recommendations. 
Images were acquired via confocal microscopy (A1RS, Nikon). Cell 
viability was calculated as the number of living cells divided by the total 
number of cells. Cell distribution was calculated as the number of cells 
per 125 μm gel section divided by the total cell number in a 500 μm 
volume of gel. Regarding the metabolic activity assay, gels were trans
ferred to a 48-well plate and incubated for 2 h with a CCK-8 solution per 
the manufacturer’s recommendations. The absorbance of the superna
tant at 460 nm was measured (Tristar 2 S plate reader, Berthold Tech
nologies), and the results were normalized to the absorbance measured 
on D0. The viability and metabolic activity experiments were performed 
on 3 distinct batches of polymers (i.e., HA-BCN and HA-N3). 

One-pot peptide immobilization: HA-BCN, HA-N3, and the RGD-N3 
peptide (N3-KGSGSGRGDSP; GenScript) were first dissolved in DMEM 
medium supplemented with 10% FBS and 1% P/S. The solutions of HA- 
BCN and RGD-N3 were mixed and allowed to react for 30 min at 37 ◦C. 
The solutions of HA-BCN (with or without RGD-N3) and HA-N3 were 
mixed in a calculated volume ratio to obtain the desired total HA con
centration (1% w/v) and the desired BCN:N3 molar ratio (4:1). 200 μL of 
the RGD-containing pre-hydrogel solutions were rapidly transferred to a 
24-well plate and allowed to gel for 30 min at 37 ◦C before cell seeding 
(30 000 hASCs/well) on top of the hydrogel. After 1 day of cell culture, 
hydrogels were washed with PBS to remove non-adherent cells, then 
fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X- 
100. Cells were then labeled with Alexa Fluor 568 phalloidin (dilution of 
1:200) and Hoechst 33258 (dilution of 1:50 000). Images of cells 
adhering to the gels were acquired using confocal imaging (A1RS, 
Nikon), prior to adhesion quantification expressed as number of nuclei 
per cm2. 

Evaluation of hASC secretions: hASCs were amplified before FBS 
deprivation overnight and encapsulated as described in section 2.2.3. 
Biological investigations. Cells were encapsulated in one of the five 

following formulations: (i) 1 kPa HA hydrogel (1% HA (w/v); DS: HA- 
BCN, 15%; HA-N3, 40%; BCN:N3 ratio of 4:1); (ii) 5 kPa HA hydrogel 
(1.5% HA (w/v); DS: HA-BCN, 7%; HA-N3, 40%; BCN:N3 ratio of 1:1); 
(iii) 1 kPa RGD HA hydrogel (1% HA (w/v); DS: HA-BCN, 15%; HA-N3, 
40%; BCN:N3 ratio of 4:1; RGD-N3: 300 μM); (iv) 1 kPa CS HA hydrogel 
(1% HA (w/v); DS: HA-BCN, 15%; HA-N3, 40%; BCN:N3 ratio of 4:1; CS- 
N3: 0.1%); or (v) 1 kPa alginate hydrogel (0.5% alginate (w/v); DS: 
alginate-BCN, 8%; alginate-N3, 30%; BCN:N3 ratio of 1:1). 100 μL of the 
cell-containing pre-hydrogel solutions were rapidly transferred to a 96- 
well plate and allowed to gel for 30 min at 37 ◦C. The gels were then 
transferred to a 48-well plate before adding culture medium. After 4 h, 
the medium was removed, and cells were stimulated with medium 
containing 50 ng/mL of human tumor necrosis factor-α (TNF-α) and 
human interferon-γ (INF-γ) (Miltenyi Biotec). After 3 days of stimula
tion, the release of soluble factors in the supernatant was evaluated. The 
presence of indoleamine-2,3-dioxygenase (IDO) in the supernatant was 
evaluated based on the measurement of its enzymatic activity (i.e., 
tryptophan-to-kynurenine conversion) using an Ehrlich test as previ
ously described [26]. The Prostaglandin E2 (PGE2) content was evalu
ated using an ELISA kit (Cayman Chemical) following the 
manufacturer’s instructions. The level of interleukin-6 (IL-6) was eval
uated using an ELISA kit (DuoSet®, R&D Systems) following the man
ufacturer’s instructions. 

2.3. Statistical analysis 

All data are shown as mean ± standard deviation. Statistical analysis 
was carried out using GraphPad to evaluate statistical significance via 
Student’s t-test or one-way ANOVA with Tukey’s post hoc test. 

3. Results and discussion 

3.1. SPAAC hydrogel components can be synthesized in a single step 

We hypothesized that SPAAC chemical reagents (i.e., strained 
cycloalkyne and azide) could be advantageously combined with HA for 
the design of click and bioorthogonal HA hydrogels that are easy to 
synthesize, tune, and use for 3D cell culture. Regarding the cyclooctyne, 
we chose to investigate the use of the Bicyclo[6.1.0]nonyne (BCN) over 
the commonly used dibenzocyclooctyne (DBCO) for its higher hydro
philicity and good balance between stability and reactivity [27]. For 
ease of use, the synthetic route of hydrogel precursors must be accessible 
and straightforward, with limited use of organic solvents and few syn
thetic/purification steps. Here, the two HA hydrogel components, 
namely HA-BCN and HA-N3, were each synthesized in a single step using 
commercially available compounds via a standard amidation procedure 
(i.e., DMT-MM activation) under mild aqueous conditions of reaction 
and purification (Fig. 2a). Low to average HA MWs (20–300 kDa) were 
chosen to allow filter sterilization without polymer loss, thus enabling 
straightforward precursor sterilization. We successfully synthesized 
HA-BCN and HA-N3 as confirmed by 1H NMR (Fig. 2b), with high yields 
(>90%). More importantly, adjusting reagent equivalents allowed us to 
tune the degree of substitution (DS) of each functional group, from 7% 
± 1%–15% ± 1% for HA-BCN, and from 21% ± 2%–40% ± 3% for 
HA-N3 (Fig. 2c). Relatively low DS were targeted for BCN grafting due to 
the relative water solubility of the cyclooctyne, which could hamper 
filter sterilization for any DS > 20%. Interestingly, the use of DMT-MM 
as a coupling agent allowed us to obtain a higher BCN substitution yield 
(≥70%) than previously reported with the commonly used EDC reagent 
(≈25%) [28]. The synthesis of HA-N3 and HA-BCN had good 
batch-to-batch reproducibility and could be applied over a range of MWs 
(from 100 to 300 kDa) without differences in substitution (Fig. S1). This 
range of MWs allows for filter sterilization, ensuring the synthesized 
polymers can be easily sterilized. Overall, we showed that the proposed 
strategy for the synthesis of SPAAC hydrogel precursors follows green 
chemistry principles (e.g., aqueous conditions, room temperature, 
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single-step reactions, efficiency, and safety) and is reproducible and easy 
to implement, making it broadly applicable. 

3.2. SPAAC hydrogels are fast gelling and offer a broad range of stiffness 

Controlling the gelation kinetics of a gel is key to its broad applica
tion. For 3D cell culture, a relatively fast gelation (<10 min) is required 
to prevent cell sedimentation [15], yet a quasi-instantaneous gelation 
(<1 min) is not practical and can lead to inhomogeneous cell distribu
tion. Gelation kinetics is related to the crosslinking reaction rate, the 
number of reactive functions per polymer chain, and the overall con
centration of potential cross-links to be formed [29–31]. While the 
crosslinking reaction rate is determined by the reactivity of the chosen 
functional groups, the two other parameters can be adjusted by varying 
the polymer MW, DS, and content, as well as the molar ratio between 
reactive functions. Therefore, we carefully investigated the influence of 
these four variables on the gelation time of HA-based hydrogels formed 
via SPAAC. Of note, the overall concentration of potential cross-links is 
equivalent to the theoretical maximal crosslinking density. For 
simplicity, we will use the term “crosslinking density” throughout the 
text to designate both the concentration of potential cross-links (before 
gelation) and the theoretical maximal crosslinking density (after gela
tion). In the following experiments, we managed to compare hydrogels 
with similar crosslinking densities but either distinct DS or distinct MW 
by adjusting the polymer content and/or molar ratio between reactive 
functions. Using dynamic shear rheological measurements on 1% (w/v) 
HA gels (HA-BCN: DS of 7%; HA-N3: DS of 40%) at a fixed crosslinking 
density (1.4 mM), we showed that increasing the MW of HA from 100 
kDa to 300 kDa significantly reduced the gelation time from 8.8 ± 0.2 
min to 3.1 ± 0.4 min (Fig. 3a). While the effect of polymer entanglement 
cannot be entirely excluded, these results mainly highlight the influence 
of the number of reactive groups per polymer chain on gelation kinetics, 
as previously observed [15,32]. To further confirm this result, we 

showed that increasing the DS of 100 kDa HA-BCN from 7% to 15% 
while keeping the crosslinking density (1.4 mM) constant significantly 
decreased the gelation time from 8.8 ± 0.2 min to 5.6 ± 0.2 min 
(Fig. 3b). These results highlight the advantage of working with tunable 
side-chain functionalized polymers over end-functionalized polymers, 
such as PEG, to tune the gelation time. 

Following these experiments, we investigated the effects of the 
polymer content and the BCN:N3 molar ratio, both of which are directly 
linked to the crosslinking density, on gelation time. As expected, we 
showed that the gelation time is strongly influenced by the polymer 
content, with an increase in overall modified HA concentration from 
0.5% to 1.5% (w/v), leading to a decrease in gelation time from 10 ±
0.4 min to less than 1 min (Fig. 3c). Interestingly, we demonstrated that 
getting closer to a BCN:N3 molar ratio of 1:1, which maximizes the 
crosslinking density, reduces the gelation time to a low of 2.8 ± 0.1 min 
for 1% (w/v) HA gels (HA-BCN: DS of 7%; HA-N3: DS of 40%) (Fig. 3d). 
By plotting the gelation time of a large panel of hydrogel formulations as 
a function of their crosslinking densities, we further demonstrated that 
increasing the overall crosslinking density is key to reducing the gelation 
rate (Fig. 3e). More importantly, most of the formulations that we 
investigated gelled between 1 and 10 min, including some at ultra-low 
polymer content (typically 0.5% w/v), making SPAAC one of the fast
est click crosslinking reactions ever reported for the synthesis of HA 
hydrogels. Overall, we identified formulations that offer a range of 
gelation times suitable for a variety of biomedical applications, 
including 3D cell culture [15]. 

While customizing the gelation time mainly serves a practical pur
pose, the stiffness of a gel has been shown to directly impact cell and 
tissue behaviors [1,2,33]. This makes stiffness an important parameter 
to control for the investigation of cell-material interactions. Thus, 
designing hydrogels that are tunable over a wide range of stiffness is 
desirable. The crosslinking density, which in this study is the density of 
junctions formed within a gel, is known to contribute to hydrogel 

Fig. 2. Single-step synthesis of SPAAC precursors for the design of HA-based hydrogels. a) Single-step reaction conditions used for the synthesis of bicyclonyne 
(BCN)-modified and azide (N3)-modified HA. b) Representative 1H NMR (400 MHz, D2O) of HA, HA-BCN, and HA-N3 confirming the successful chemical modification 
of HA. The 3 protons of the N-acetyl group of HA (blue circle, 2.1 ppm) served as a reference to calculate the degrees of substitution of HA-BCN (orange circles, 
including 2 protons at 1.1 ppm, 2 protons at 2.4 ppm, and 2 protons at 4.3 ppm) and HA-N3 (green circles, accounting for 13 protons between 3.3 and 4.1 ppm). c) 
Tunable degrees of substitution of HA-BCN and HA-N3 using defined reagent equivalents. Data are shown as mean ± SD (N = 3 distinct polymer batches) with 
statistical significance determined by Student’s t-test (****p < 0.0001). 
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stiffness [34,35] and could vary with the polymer MW, DS, and content, 
as well as the molar ratio between reactive functions. Using compression 
measurements on 1% (w/v) HA gels at a fixed crosslinking density (1.4 
mM) and fixed DS (HA-BCN: 7%; HA-N3: 40%), we showed that varying 
HA MW (from 100 to 300 kDa) did not affect stiffness (Fig. 3f), consis
tent with a previous study [15]. At a fixed crosslinking density (1.4 mM), 
our results also showed that the stiffness of SPAAC gels is independent of 
the DS (7% vs 15%) (Fig. 3g). Along with our results on gelation time, 
these findings suggest that tuning the MW and/or DS of HA is a simple 
way to tune the gelation time of an HA-based hydrogel without altering 
its stiffness. Next, we evaluated the influence of the crosslinking density 
on stiffness by varying the polymer content or the BCN:N3 molar ratio. 
As expected, at a fixed MW (100 kDa) and fixed DS (HA-BCN: 15%; 
HA-N3: 40%), increasing the polymer content from 0.5% to 1.5% (w/v) 
in HA gels led to an increase in stiffness from 1.5 ± 0.1 kPa to 6.4 ± 0.5 
kPa (Fig. 3h). We further tuned the hydrogel crosslinking density by 
varying the BCN:N3 molar ratio. As observed for gelation time, maxi
mizing the crosslinking density by using a BCN:N3 molar ratio of 1:1 
maximized the stiffness of HA gels for a given set of HA precursors; and 
molar ratios of 4:1, 1:4, and 1:1 led to stiffness values of 0.8 ± 0.1 kPa, 
2.7 ± 0.6 kPa, and 4.6 ± 0.2 kPa, respectively (Fig. 3i). We further 
showed that increasing the crosslinking density, either by increasing the 

polymer content or tuning the BCN:N3 molar ratio, increases hydrogel 
compressive strength (Fig. S2). Markedly, plotting the stiffness of 
various hydrogel formulations as a function of their crosslinking den
sities revealed a linear relationship between crosslinking density and 
stiffness over several orders of magnitude, independently of the MW and 
DS of HA (Fig. 3j). This relationship allowed us to easily determine the 
crosslinking density required to produce a gel with a desired stiffness. As 
a proof of concept, we showed that low MW HA (typically 20 kDa) can 
be combined with 100 kDa HA to increase the overall polymer content 
(i.e., the crosslinking density) without affecting the viscosity of the 
precursor solution, producing HA-based hydrogels with a stiffness (45.3 
± 3.5 kPa) rarely seen before (Fig. S3). In general, using SPAAC as a 
crosslinking mechanism allowed us to design a new HA-based hydrogel 
platform with independently controlled gelation time and stiffness 
suitable to biomedical applications. 

3.3. SPAAC hydrogels are stable with tunable swelling behavior 

Hydrogel swelling and stability are important parameters to consider 
for 3D cell culture and tissue engineering purposes. Swelling and 
shrinking behaviors typically alter the mechanical properties of a gel, 
thus affecting cell-material interactions. Similarly, an unstable hydrogel 

Fig. 3. Mechanical characterization of SPAAC HA-based hydrogels. The influence of a) HA MW, b) BCN DS, c) concentration of HA, and d) BCN:N3 ratio on hydrogel 
gelation time, evaluated using dynamic shear rheometry. e) Relationship between hydrogel gelation time and crosslinking density, revealing the role of MW and 
crosslinking density on gelation kinetics. The influence of f) HA MW, g) BCN substitution, h) concentration of HA, and i) BCN:N3 ratio on hydrogel stiffness, evaluated 
via compression testing. j) Overall plot of hydrogel stiffness vs crosslinking density, demonstrating a linear relationship. Data are shown as mean ± SD (n = 3) with 
statistical significance determined using Student’s t-test or one-way ANOVA with a Tukey’s post hoc test (ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001). 

N. Lagneau et al.                                                                                                                                                                                                                                



Bioactive Materials 24 (2023) 438–449

444

that degrades within hours to days under regular culture conditions is 
not appropriate for cell culture. Thus, a stable hydrogel with minimal to 
no swelling/shrinking is desirable. To study the swelling and stability of 
SPAAC HA gels, we monitored their mass after immersing them in PBS at 
37 ◦C. First, we investigated the role of MW and DS of HA on hydrogel 
swelling/shrinking. At a fixed crosslinking density (1.4 mM), we 
observed no difference in swelling/shrinking when varying the MW 
(100 vs 300 kDa) and DS (HA-BCN: 7% vs 15%) of HA (Fig. 4a,b, and 
S4a,b), together excluding the contribution of the number of reactive 
functions per polymer chain to the swelling/shrinking of SPAAC 
hydrogels. 

We then investigated the BCN:N3 molar ratio at a fixed total HA 
concentration of 1% or 1.5% (w/v), which resulted in inverted bell 

curves of shrinking/swelling behavior as a function of the HA content 
and BCN:N3 molar ratio. We found that approaching an equimolar ratio 
of BCN:N3 led to more shrinking, while extreme BCN:N3 ratios (i.e., 8:1 
and 1:8) led to swelling (Fig. 4c, S4c and S4d). Moreover, increasing the 
polymer content from 1% to 1.5% (w/v) led to more swelling, no matter 
the BCN:N3 molar ratio. We expected this result as HA is a negatively 
charged and hygroscopic polymer that commonly induces hydrogel 
swelling in a wet environment due to osmotic pressure [36–38]. Overall, 
our results demonstrate that the swelling/shrinking behavior of SPAAC 
HA-based hydrogels depends solely on the HA content and crosslinking 
density, and finely tuning the crosslinking density for a given HA content 
can counterbalance osmotic pressure to produce HA gels with the 
desired swelling/shrinking property. Based on this new understanding, 

Fig. 4. Stability and swelling characteristics of SPAAC HA-based hydrogels. The influence of a) the MW and b) the BCN substitution of HA on hydrogel mass ratio at 
day 7. c) The influence of both HA concentration and BCN:N3 ratio on hydrogel mass ratio at day 7. d) Relationship between hydrogel swelling, hydrogel crosslinking 
density, and HA concentration, highlighting swelling (yellow arrow), minimally-to non-swelling (green arrow), and shrinking (purple arrow) hydrogel formulations. 
e) The enzymatic degradation of three SPAAC HA-based hydrogel formulations of interest (stable long term and minimally-to non-swelling with distinct stiffness) 
using hyaluronidase (100 U mL− 1), confirming the biodegradability of the newly designed hydrogels. Data are shown as mean ± SD (n = 3), with statistical sig
nificance determined by Student’s t-test (ns: not significant). 
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we identified several formulations for which SPAAC crosslinking density 
and HA concentration balanced each other to produce minimally-to 
non-swelling HA-based hydrogels, including some at ultra-low poly
mer content (0.5% [w/v]) (Fig. 4d). 

Most of the SPAAC HA-based hydrogel formulations that we inves
tigated reached their swelling/shrinking equilibrium within 3 days and 
were then stable over at least 2 months (Fig. S4) while remaining 
biodegradable under enzymatic degradation (Fig. 4e), making them 
suitable for long-term cell culture. To date, there has been only one 
report of stable, minimally-swelling, click and bioorthogonal HA gels 
[15]. These gels were obtained via inverse electron-demand Diels-Alder 
crosslinking, which induced the formation of nitrogen bubbles within 
the gels and produced gels with a low stiffness (≈0.5–3 kPa). In addition, 
previously reported SPAAC HA-based hydrogels all showed swelling 
and/or a lack of stability over time [16–18], emphasizing the impor
tance of developing a new hydrogel platform with tunable swelling 
behavior. 

Overall, we demonstrated that SPAAC can serve as an adequate 
crosslinking strategy to design click and bioorthogonal hydrogels that 
are easy to synthesize and use. A complete physicochemical character
ization of this new system allowed us to obtain a series of HA-based 
hydrogels that form within minutes, are stable and non-swelling while 
remaining biodegradable, and offer a range of stiffness suitable to in 
vitro applications, overcoming the limitations of current hydrogels. 

3.4. SPAAC hydrogels are cytocompatible 

Conventional crosslinking reactions (e.g., carbodiimide and photo
crosslinking) can impair cell viability, limiting their use for 3D cell 
culture [8,39]. Because of this limitation, developing new click and 
bioorthogonal crosslinking strategies for cell encapsulation is of 
particular interest. First, we performed a rheological evaluation of the 
viscosity of the hydrogel precursors, and showed that the zero-shear 
viscosity of all of the precursor solutions investigated did not exceed 
0.2 Pa s (Fig. S5). These low viscosity profiles confirmed that the 
hydrogel precursors can be easily mixed together and allow for cell 
encapsulation. Next, we evaluated the cytocompatibility of SPAAC 
HA-based hydrogels using a model cell line recommended by 
ISO10993-5 standards (L929 murine fibroblasts) and hASCs, which are 
of interest for tissue engineering and cell therapy. A 1% HA hydrogel 
formulation (DS: HA-BCN: 15%; HA-N3: 40%; BCN:N3 ratio of 1:4) with 
fast gelation (5.6 ± 0.2 min), minimal shrinking, long-term stability, 
and a stiffness of 2.5 kPa was used to assess the cytocompatibility of the 
new system. Three distinct polymer batches of HA-BCN and HA-N3 were 
used to confirm the safety of the proposed synthetic approach. We first 
confirmed that these hydrogels displayed similar swelling/stability 
profiles in PBS and culture medium, and that they showed similar me
chanical properties (≈2.5 kPa) either in PBS, culture medium, or in the 
presence of cells over 7 days of cell culture (Fig. S6). Additional in vitro 
experiments confirmed the usability of these hydrogels for 3D cell cul
ture experiments of several months (data not shown). 

We then assessed cell viability via live/dead staining and confocal 
microscopy, as well as metabolic activity using a metabolic assay (CCK- 
8). Encapsulated L929 cells had a cell viability of >95% with no sig
nificant change over 7 days (Fig. 5a and b). At day 7, we observed a 7.4 
± 0.6-fold increase of the metabolic activity compared to day 0, 
consistent with cell proliferation (Fig. 5c), which is common at day 7 of 
culturing L929 cells [7,40]. In addition, over 7 days of cell culture, 
encapsulated hASCs were >95% viable (Fig. 5d and e) with constant 
metabolic activity (Fig. 5f), which is commonly observed with MSCs 
[41,42]. We did not observe a difference in hASC metabolic activity 
when immobilizing RGD into the SPAAC hydrogels as an adhesive 
peptide (Fig. S7), ruling out the effect of a lack of adhesion onto hASC 
proliferation. Thus, the constant metabolic activity could be due to the 
lack of a specific stimulus (e.g., proliferation or differentiation medium) 
in the chosen hASC culture conditions, as well as the cell confinement 

[43,44]. Finally, to demonstrate the efficient mixing of cells and 
hydrogel precursor solutions, we evaluated cell distribution in the 1% 
HA gels after complete gelation (2 h) using confocal imaging. For both 
L929 cells and hASCs, the number of cells per volume was not signifi
cantly different between hydrogel sections (250 μm), signaling the 
absence of cell sedimentation and suggesting a homogenous cell distri
bution throughout the gels (Fig. 5g and h). This finding further 
confirmed that a gelation time of ≈5–10 min is most appropriate for cell 
encapsulation and 3D cell culture, as previously suggested [15]. 
Therefore, our results showed that using SPAAC as a click and bio
orthogonal crosslinking strategy facilitates homogeneous and harmless 
cell encapsulation. 

3.5. SPAAC hydrogels allow for straightforward composition 
modifications 

While the role of hydrogel mechanical properties (e.g., stiffness and 
viscoelasticity) on the behavior of cells has been extensively reviewed 
[2,45], the roles of biochemical cues remain to be explored. A tunable 
hydrogel platform that allows for the straightforward incorporation of 
additional molecules of interest without affecting its mechanical prop
erties would thus facilitate these investigations. Here, we hypothesized 
that the composition of the new SPAAC hydrogels could be modified via 
a versatile one-pot procedure in three different ways: first, by replacing 
HA with another polysaccharide of interest (i.e., polymer switching), 
such as alginate as a non-bioactive polymer control (Fig. 6a); second, by 

Fig. 5. Cell viability and distribution in SPAAC HA-based hydrogels. a) 
Representative 3D view, b) cell viability, and c) metabolic activity of encap
sulated L929 cells during 7 days of 3D cell culture. d) Representative 3D view, 
e) cell viability, and f) metabolic activity of encapsulated hASCs during 7 days 
of 3D cell culture. g) Relative cell distribution within the hydrogel, showing 
homogenous encapsulation for both cell types used (the dashed line indicates 
the expected relative cell number in each of the four bins, which is 25%). Data 
are shown as mean ± SD (n = 3) with statistical significance determined using 
one-way ANOVA with a Tukey’s post hoc test (ns: not significant, *p < 0.05 and 
****p < 0.0001). 
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immobilizing azide-modified biomimetic peptides (i.e., peptide graft
ing) to promote cell adhesion (Fig. 6b); and third, by co-crosslinking 
additional glycosaminoglycans (GAG) such as chondroitin sulfate (CS) 
for GAG enrichment (Fig. 6c). 

To investigate polymer switching, we used a synthetic strategy 
similar to that of SPAAC HA gels to design SPAAC alginate gels by 
mixing alginate-BCN and alginate-N3. By optimizing the polymer con
tent, we obtained two alginate hydrogel formulations that were non- 
swelling and stable for more than 2 months, including after hyaluroni
dase treatment (Fig. S8), with the same stiffness (1 and 3 kPa) as that of 
the chosen SPAAC HA hydrogel formulations (Fig. 6a). Being able to 
modify the polymer backbone of otherwise identical hydrogels (e.g., 
crosslinking mechanisms, swelling, and mechanical properties) could 
facilitate future investigations of the effect of individual polymers on cell 
behavior. 

We then investigated the feasibility of incorporating an adhesive 
peptide (RGD) or of co-crosslinking CS, which have both been shown to 
play important roles in the regulation of mesenchymal stromal cells 
(MSC) functions, including MSC secretion and chondrogenesis [46,47]. 
A commercially available azide-modified RGD peptide (300 μM) was 
incorporated into a 1% HA gel by simply mixing the peptide solution 
with one of the two precursors (i.e., HA-BCN) 30 min prior to regular gel 
formation. This one-pot strategy allowed us to adjust the number of 
incorporated molecules without an additional synthetic and purification 
step. To confirm the immobilization and bioactivity of the incorporated 
adhesive peptide, we assessed 2D cell adhesion using hASCs and 
cytoskeletal/nuclei (phalloidin/hoechst) staining. After several washes, 
most cells were washed off in the absence of RGD, whereas immobilizing 

RGD allowed hASCs to adhere and remain on top of the gel (Fig. 6b). To 
immobilize CS in SPAAC HA gels, CS was first functionalized with azide 
functions (CS–N3) via a similar synthetic procedure to that of HA-N3. 
CS-N3 (0.1%) was then dissolved with HA-N3 prior to mixing with an 
HA-BCN solution. To confirm CS co-crosslinking, we compared the 
release of an azide-modified CS vs unmodified CS from SPAAC HA gels 
using fluorescently labeled polymers. Monitoring the fluorescence of 
immersed CS-containing gels, we observed that only the relative amount 
of incorporated CS-N3 remained constant over time (104.8% ± 4.6% at 
day 7), while unmodified CS diffused out of the gel (16.2% ± 1.8% at 
day 7) (Fig. 6c). These results indicated successful CS co-crosslinking 
and GAG enrichment. Overall, this one-pot incorporation procedure is 
broadly applicable to any polymer or peptide and allowed us to further 
tune the hydrogel composition in a simple way. 

3.6. SPAAC HA-based hydrogels influence hASC secretions 

MSCs naturally interact with their microenvironment and respond 
strongly to physical and biochemical variations in their surroundings. 
But while it may be possible to guide the cell fate or immunomodulatory 
potential of MSCs by synthetically tuning hydrogels to influence cell- 
material interactions [3,45], much remains to be done to understand 
these interactions and their effects on MSC secretory ability. To date, the 
few studies that have investigated the influence of hydrogel stiffness on 
MSC immunomodulatory potential showed that soft scaffolds (≤5 kPa) 
tend to increase MSC secretory ability [48–51]; however, the influence 
of hydrogel composition on cell secretions remains largely unexplored. 

Using our new SPAAC hydrogels, we independently evaluated the 

Fig. 6. Versatility of the new SPAAC hydrogel platform with an easily tunable hydrogel composition. a) SPAAC can be applied to other polymers, such as alginate, to 
obtain hydrogels with similar stiffness and stability but differing in their composition (formulation details can be found in the methods section). b) SPAAC allows 
peptide grafting to promote cell adhesion, as demonstrated with an azido-RGD peptide immobilization. c) SPAAC facilitates the enrichment of HA hydrogels with 
other glycosaminoglycans (GAGs), as demonstrated by the monitoring of CS-N3 retention over 7 days. Data are shown as mean ± SD (n = 3) with statistical sig
nificance determined using Student’s t-test or one-way ANOVA with a Tukey’s post hoc test (ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p 
< 0.0001). 
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effects of stiffness (1vs 5 kPa), adhesion (RGD vs no RGD), and polymer 
type (HA vs HA + CS vs alginate) on MSCs’ ability to secrete immuno
modulatory factors in response to a pro-inflammatory environment. 
Specifically, hASCs were encapsulated in our different hydrogels and 
cultured under pro-inflammatory conditions (TNF-α and INF-γ) for 3 
days. We then analyzed the supernatants to quantify the presence of 
three soluble factors known to mitigate inflammation: indoleamine 2,3- 
dioxygenase (IDO), prostaglandin E2 (PGE2), and interleukin-6 (IL-6) 
(Fig. 7a) [23,52]. Our results showed that IDO activity (trypto
phan-to-kynurenine conversion) and PGE2 and IL-6 levels were consis
tent across our different hydrogels, suggesting that tuning HA hydrogel 
stiffness (1 vs 5 kPa) or enriching gels with CS did not affect hASC se
cretions (Fig. 7b, c, and d). This is the first report of the potential lack of 
effect of CS enrichment on hASC paracrine functions. Regarding the 
effect of changes in stiffness, our results are consistent with a previous 
study that showed that varying the shear elastic modulus of covalently 
crosslinked hydrogels between 0.25 kPa and 2.5 kPa did not affect the 
secretion of PGE2 by encapsulated MSCs [53]. 

Regarding adhesion, our data showed that the chemical immobili
zation of the adhesive RGD peptide to a soft HA hydrogel (1 kPa) did not 
significantly alter the secretion of IDO and IL-6 by the encapsulated 
MSCs (Fig. 7b, d); however, immobilizing RGD did decrease the secre
tion of PGE2 (3.16 ± 0.48 ng/mL vs 6.28 ± 0.94 ng/mL) (Fig. 7c). Our 
finding that RGD did not alter IL-6 secretion is consistent with another 
study, where the encapsulation of MSCs in a PEG hydrogel containing 
RGD vs a non-adhesive scrambled control (RDG) did not lead to signif
icant differences in the secretion of IL-6, IL-8, and VEGF [54]. Moreover, 
the observed reduced secretion of PGE2 may have resulted from an early 
stage of cell differentiation triggered by cell adhesion, as differentiated 
cells are known to secrete fewer immunomodulatory factors than un
differentiated MSCs [55]. The reduction of PGE2 could also have been 
the result of decreased stress due to adhesion to the matrix, as stress has 

been previously correlated with increased PGE2 secretion via the NF-κB 
pathway [56]. 

Interestingly, compared to a HA hydrogel control, when hASCs were 
encapsulated in a SPAAC alginate hydrogel (1 kPa), the supernatant 
showed significantly reduced IDO activity (55.47 ± 4.2 μM vs 77.58 ±
2.81 μM) and significantly reduced levels of PGE2 (2.4 ± 1.2 ng/mL vs 
6.28 ± 0.94 ng/mL) and IL-6 (17.11 ± 3.34 ng/mL vs 24.74 ± 1.43 ng/ 
mL). While we could not fully exclude distinct diffusion properties, the 
two hydrogels had similar mechanical properties with similar cross
linking densities, suggesting that the altered secretion in alginate gels 
may be the result of distinct polymer structures and cell-material in
teractions. Unlike alginate, HA is a bioactive polymer and is known to 
interact with cells through receptors such as CD44 and RHAMM [5,57]. 
While HA is most often considered and used as a polymer of interest for 
its biological relevance, this is the first time an HA gel has been reported 
to have a positive effect on MSC secretions based on a direct comparison 
to a non-HA-based hydrogel. While beyond the scope of this article, our 
results call for further investigations of potential pathways activated by 
HA, possibly leading to tailored HA-based materials for improved 
biomedical applications, such as stem cell therapy. Conversely to the use 
of HA, the incorporation of CS to the SPAAC hydrogels had no effect on 
the secretion of IDO, PGE2, and IL-6. A previous study showed that 
incorporating CS into scaffolds could increase the production of NO and 
PGE2 by MSCs [58]. However, this was demonstrated using 
collagen-based scaffolds with a stiffness higher by several orders of 
magnitude, where cells were seeded onto the scaffolds. The differences 
in culture conditions (2D vs 3D), polymer composition and stiffness 
could explain the divergent results. Overall, the versatility of our new 
SPAAC hydrogel platform, where composition and stiffness can be easily 
adjusted without compromising gelation time and stability, has pro
vided us with a new avenue to investigate cell-material interactions. 

Fig. 7. The ultra-tunable SPAAC hydrogel platform revealed that HA has a positive effect on encapsulated MSC secretions, while CS has no effect. a) Schematic of the 
procedure: hASCs are deprived of FBS overnight prior to being encapsulated in hydrogels and stimulated with pro-inflammatory cytokines (TNF-α and INF-γ). After 3 
days, the supernatant is collected to evaluate b) the presence of IDO via its enzymatic activity, and the levels of c) PGE2 and d) IL-6. Data are shown as mean ± SD (n 
= 4), with statistical significance determined using one-way ANOVA with a Tukey’s post hoc test (ns: not significant, *p < 0.05, **p < 0.01). 

N. Lagneau et al.                                                                                                                                                                                                                                



Bioactive Materials 24 (2023) 438–449

448

4. Conclusion 

Using SPAAC as a click and bioorthogonal crosslinking strategy, we 
successfully developed a practical and easily tunable HA-based hydrogel 
platform. Our unique hydrogels are easy to synthesize and sterilize, have 
a controlled gelation rate and long-term stability with minimal swelling, 
are cytocompatible, and are ultra-tunable in terms of mechanical 
properties (i.e., stiffness ranging at least 2 orders of magnitude) and 
biochemical properties (i.e., polymer composition and adhesion). As 
such, these hydrogels can easily be tailored for a variety of biomedical 
applications and translational research, including 3D cell culture to 
investigate cell-material interactions. Using this new platform, we 
demonstrated for the first time that HA can enhance the secretion of 
immunomodulatory factors by encapsulated hASCs, potentially laying 
the foundation for a new generation of material-assisted cell therapies. 
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