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a b s t r a c t 

Cell-based therapies for articular cartilage lesions are expensive and time-consuming; clearly, a one-step 

procedure to induce endogenous repair would have significant clinical benefits. Acellular heterogeneous 

granular hydrogels were explored for their injectability, cell-friendly cross-linking, and ability to promote 

migration, as well as to serve as a scaffold f or depositing cartilage extracellular matrix. The hydrogels 

were prepared by mechanical sizing of bulk methacrylated hyaluronic acid (HAMA) and bulk HAMA in- 

corporating sulfated HAMA (SHAMA). SHAMA’s negative charges allowed for the retention of positively 

charged growth factors (GFs) (e.g., TGFB3 and PDGF-BB). Mixtures of HAMA and GF-loaded SHAMA mi- 

crogels were annealed by enzymatic cross-linking, forming heterogeneous granular hydrogels with GF 

deposits. The addition of GF loaded sulfated microislands guided cell migration and enhanced chondro- 

genesis. Granular heterogeneous hydrogels showed increased matrix deposition and cartilage tissue mat- 

uration compared to bulk or homogeneous granular hydrogels. This advanced material provides an ideal 

3D environment for guiding cell migration and differentiation into cartilage. 

Statement of significance 

Acellular materials which promote regeneration are of great interest for repair of cartilage defects, and 

they are more cost- and time-effective compared to current cell-based therapies. Here we develop an 

injectable, granular hydrogel system which promotes cell migration from the surrounding tissue, facili- 

tating endogenous repair. The hydrogel architecture and chemistry were optimized to increase cell mi- 

gration and extracellular matrix deposition. The present study provides quantitative data on the effect of 

microgel size and chemical modification on cell migration, growth factor retention and tissue maturation. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Traumatic injuries to articular cartilage, left untreated, can 

redispose the affected joint to osteoarthritis (OA). OA places 

 significant burden on patients, whose functional impairment 

eads to a loss of independence, and on society, due to the 

arge healthcare expenditure and loss of labour power. The num- 

er of standard cartilage-repair procedures (bone marrow stim- 

lation or microfracture (MF), osteochondral transplantation, and 

utologous chondrocyte implantation) performed is still small, 

ompared to total joint replacement [1] . Total joint arthroplasty, 
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urrently the only effective, long-term (15-25 years) treatment 

vailable, presents many drawbacks, such as postsurgical compli- 

ations, infections, or limited lifetime of the implant. A treatment 

o prevent the progression of cartilage lesions to end-stage OA 

ould be ideal but remains a significant challenge in orthopaedic 

edicine. 

Tissue engineering (TE), cell-based therapies combined with 

caffolds and biomolecules, is an ideal strategy for cartilage regen- 

ration [2] . Although autologous chondrocyte- and mesenchymal 

tem cell (MSC)-based techniques have several advantages (e.g., 

aster regeneration and mechanical stability), cell-based therapies 

re time-consuming, costly, and have variable outcomes due to low 

ell-survival rates, exogenous infection, or poorly targeted cell de- 

ivery [3] . Furthermore, the EMA and FDA consider cell-based ther- 

pies to be combination products (both a medical device and a 
c. This is an open access article under the CC BY license 
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iologic) that require an expensive and lengthy approval process; 

ommercialisation is, therefore, complex, and only a few TE prod- 

cts have reached the market. 

In recent years, homing endogenous cells to an injury site has 

een intensively explored for facilitating cartilage repair [4–12] . 

his strategy uses the host’s regenerative capacity and relies on 

iofunctional scaffolds. An ideal scaffold should provide enough 

oid space, structural support, and a suitable microenvironment 

o recruit endogenous cells and facilitate their chondrogenic dif- 

erentiation. In this context, granular hydrogels are an exciting 

lternative to conventional bulk hydrogels [13] . They consist of 

icrometre-sized gels cross-linked through annealing or jammed 

hrough centrifugation [14–16] . Their modular nature [17–19] , in 

ombination with their injectability and tunable structural charac- 

eristics, presents limitless combinations to support tissue repair 

 15 , 20 , 21 ]. For example, there is compelling evidence that, thanks

o their large void space, they can stimulate endogenous repair in 

issues, including the myocardium [22] , brain after stroke [23] , and 

kin [24] . However, in cartilage tissue engineering, they have so far 

een chiefly used as cell-laden injectable microgels [ 25 , 26 ]. 

To guide cells to colonize acellular materials, growth factors 

GFs) are essential, but their translation to clinical use has been 

imited [27] . One challenge is that GFs are poorly retained upon 

mplantation, leading to low efficiency and undesired secondary ef- 

ects [28] . Physiologically, GF interactions with extracellular matrix 

ECM) components facilitate localised and spatially regulated sig- 

alling [ 29 , 30 ]. In the human body, they are retained mainly by

eparin, the most negatively charged glycosaminoglycan in human 

CM. Heparin’s high binding affinity towards positively charged 

roteins (i.e., electrostatic interactions) has caused it to be used 

n TE for the delivery of GFs [31] . However, its fast degrada- 

ion, impurity, anticoagulant properties, and desulfation present 

rawbacks [ 32 , 33 ]. In order to mimic the GF-binding affinity of

eparin, we prepared sulfated hyaluronic acid and incorporated 

ulfated microislands into our granular hydrogel. Significantly, 

ulfated materials can instruct cells to undergo chondrogenesis. 

ecently, Chasan et al. compared differentially sulfated biomate- 

ials and determined that sulfation can instruct directs cells to 

ollow the chondral rather than the endochondral pathway [34] . 

urthermore, much literature highlights the beneficial effects of 

ulfated polymers in chondrogenesis [35–37] , but it has not been 

et explored how their localization at the microscale affects cell 

ehaviour. 

Taking advantage of granular hydrogels’ high modularity, we 

enerated hot spots of growth factors (GFs) using sulfated microis- 

ands. Similar approaches have been explored for skin regenera- 

ion [31] or for osteoarthritis [38] ; both showed better GF reten- 

ion and subsequently enhanced MSC recruitment compared to ap- 

roaches without controlled release of GFs. Interestingly, as shown 

y L. Pruett et al., cell migration was greater when granular gels 

ere 10% heparin-containing particles, compared to 100% heparin- 

ontaining particles with the same total amount of GFs. This result 

onfirmed that heterogeneity, and not simply heparin content, was 

esponsible for the observed increase in in vitro cell migration [31] . 

PDGF-BB has been extensively used to recruit human MSCs, be- 

ng more specific and potent than its dimer isoforms (e.g. PDGF- 

A and PDGF- AB), IL-8 and SDF-1 [39–43] . It has also been shown

hat a combination of GFs can be beneficial in recruiting cells [44] . 

iebesny et al. showed that PDGF-BB or TGF- β1 alone could not 

nduce MSC migration, but their combination could [45] . In this 

tudy, we hypothesized that the combination of PDGF-BB and TGF- 

3 would effectively promote cell migration and subsequent chon- 

rodifferentation. 

The goal of this study was to design a cell-free granular hydro- 

el material which promoted the recruitment of both MSCs from 

he subchondral bone and chondrocytes from the surrounding car- 
70 
ilage ( Fig. 1 ). To achieve maximal repair, the void space, pore in-

erconnectivity, and GF localization were studied to promote car- 

ilage self-repair and overcome the significant limitations of MF 

i.e., high failure rate and formation of fibrocartilage). Such a pro- 

edure could result in shorter operation times and lower overall 

osts compared to cell-based approaches like autologous chondro- 

yte implantation. 

. Materials and methods 

.1. Materials 

Hyaluronic acid (HA) (intrinsic viscosity: 1.92 m 

3 /kg) was pur- 

hased from HTL Biotechnology. Gentamycin, Dulbecco’s modified 

agle medium (DMEM 31966) and fetal bovine serum (FBS) were 

btained from Gibco. ITS + Premix Universal Culture Supplement 

as purchased from Corning and fibroblast growth factor-2 (FGF- 

) and transforming growth factor- β3 (TGF- β3) from PreproTech. 

etrabutylammonium hydroxide solution (TeBA-OH) (40%) was ob- 

ained from Fluka; all other reagents were from Merck. Fibrogam- 

in (FXIII) was acquired from CSL Behring and thrombin (Thr) 

rom Tissucol, Baxter. 

.2. Methods 

.2.1. Hyaluronic acid methacrylate (HAMA) synthesis 

Hyaluronic acid methacrylate (HAMA) was synthesised as de- 

cribed previously in the literature [ 46 , 47 ]. Briefly, 1% high molec- 

lar weight HA (1.2 MDa) was dissolved in ultrapure water 

vernight. The next day, the solution was placed in an ice bath 

nd the pH was adjusted to 8.0 with NaOH. A 20-fold molar excess 

per disaccharide unit) of methacrylic anhydride was added under 

igorous stirring. During the first 3 h, the pH was maintained at 

.0 by adding 5 M NaOH, after which the reaction was allowed to 

roceed for 24 h at 4 °C. After 24 h, HAMA was precipitated by 

ripping the solution into an excess of ice-cold ethanol. The pre- 

ipitate was then collected by vacuum filtration. After redissolving 

he precipitated HAMA in 0.5 M NaCl, the resulting solution was 

ialysed for 3 days against ultrapure water (Spectra/Por 5, MWCO 

2–14 kDa). The water was changed two times every 24 h. The 

roduct was freeze-dried and stored at −20 °C before use. NMR 

pectroscopy (D 2 O, 500 MHz) revealed successful methacrylation 

f the hyaluronan. The degree of substitution (DS) was calculated 

y the ratio of the integrals of the vinyl protons at 5.6 ppm and 

.1 ppm to the protons from the methyl groups of both HA and 

he methacryloyl residues at 1.9 ppm. The calculated DS for the 

atches used in this work ranged from 25–34.6%. Chemical syn- 

hesis scheme can be found in Scheme S1 . 

.2.2. Synthesis of sulfated hyaluronic acid methacrylate (SHAMA) 

Sulfation of HAMA was carried out in a two-step procedure. 

n the first step, water-soluble HAMA becomes hydrophobic via 

ubstitution of the Na + ion with tetrabutylammonium hyaluronate 

TeBA 

+ ) to allow polymer solubility in dimethylformamide (DMF); 

nd in the second step, sulfation is performed using sulfur triox- 

de pyridine complex (SO 3 -Py) solution in DMF. Chemical synthesis 

cheme can be found in Scheme S1 . 

.2.2.1. Preparation of Tetrabutylammonium hyaluronate (TeBA- 

AMA). HAMA (1.17 g, 2.5 mmol) was dissolved in 100 mL of 

illi-Q water to obtain 1.17% w/v polymer solution. 25 mL of 0.6 

 HCl was gradually added to the solution and the solution was 

tirred for 6 h in an ice bath to complete the acidification of the 

AMA. The solution was precipitated in cold ethanol, centrifuged, 

ashed again with ethanol and dried under vacuum. The resultant 

yaluronic acid was dissolved in 150 mL of Milli-Q water, and the 
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Fig. 1. Illustration of granular hydrogels for cell recruitment containing SHAMA microislands. A) A cartilage lesion can be filled with the injectable granular hydrogel and 

cross-linked in situ ; after a few days, cells start migrating following the gradient generated by the GF-loaded 25% SHAMA microislands and start producing ECM. B) Chemical 

structure: macromers were designed from hyaluronic acid (to bind to specific cell receptors), modified with methacrylates for photocross-linking and with transglutaminase- 

sensitive peptides containing the RGD sequence, to permit secondary enzymatic annealing and cell spreading. C) Cell recruitment: 25 % SHAMA microislands were generated 

with the same modified HA but adding a third modification, sulfation. Sulfation allows for the retention of positively charged growth factors (PDGF-BB and TGF β3), forming 

microislands – microgels that can direct cells. D) Microgel production: bulk gels were produced by photopolymerising methacrylated hyaluronic acid, then mechanically 

fragmenting to obtain microgels; lyophilised, sterilised, and finally reconstituted in buffer with/without GFs (blue = HAMA, green = 25% SHAMA). E) Microgel cross-linking: 

preparation of SHAMA granular hydrogels by blending 25% SHAMA and HAMA microgels at a 1:1 ratio and annealing them by adding FXIII and Thr for 30 min at 37 °C. 
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H was carefully adjusted to 8 using 40% TeBA-OH solution. The 

olution was immediately frozen and then lyophilised. 

.2.2.2. Preparation of sulfated HAMA (SHAMA). Completely dried 

eBA-HAMA (0.585 g) was dissolved in 100 mL anhydrous DMF at 

oom temperature under nitrogen. SO 3 -Py (2.75 g) was dissolved 

n 15 mL of DMF and added to the solution (Polymer/SO 3 1:20). 

he solution was stirred for 3 h at room temperature under nitro- 

en. The reaction was quenched by adding 15 mL of cold water, 

fter which the solution pH was adjusted to 8-9 by adding 1 M 

aOH to obtain sodium salt of sulfated hyaluronic acid. The so- 

ution was precipitated in cold ethanol, centrifuged, washed again 

ith ethanol and dried under vacuum. The resulting white powder 

as dissolved in Milli-Q-water, dialysed with Spectra/Pro mem- 

ranes (MWCO 3500) against distilled water for 3 days, and then 

yophilised resulting in a white foam. Fourier-transform infrared 

pectroscopy (FTIR) was performed to detect sulfate bands. 

.2.3. HAMA peptide modification 

HAMA was functionalized with the following peptides: TG- 

 (NQEQVSPL-ERCG), TG-K (TG/Lys: FKGG-ERCG), and TG-K/RGD 

FKGG-ERCGG-RGD). The peptides containing a cysteine amino acid 

ere conjugated to the HAMA backbone with a Michael addition 

eaction between the methacrylate groups and the thiol groups of 

ach peptide [ 4 8 , 4 9 ]. HAMA (240 mg) was dissolved in 100 mL

f 300 mM triethanolamine-buffered saline (pH 8) and reacted at 
71 
7 °C overnight in the presence of 93.29 mg TG-Q or 58.21 mg TG- 

 or TG-K-RGD, followed by dialysis and lyophilization. This cou- 

ling ratio was designed to consume no more than 20% of available 

ethacrylate groups on the HAMA. 

.2.4. Bulk hydrogels preparation 

The different compositions were prepared as follows: HAMA 

els were prepared with a 2% HAMA in PBS containing 

.05% lithium-phenyl-2,4,6,-trimethylbenzoylphosphinat (LAP). 25% 

HAMA gels were prepared by 0.5% SHAMA and 1.5% HAMA in 

BS containing 0.05% LAP. 50% SHAMA gels were prepared by 1% 

HAMA and 1% HAMA in PBS containing 0.05% LAP. The solutions 

ere irradiated by UV.VIS (405 nm) for 5 min. 

.2.5. Granular hydrogel preparation 

Bulk hydrogels were cross-linked in transparent BD syringes. 

fter cross-linking, the bulk gel was transferred into a 10 mL 

omemade extruder connected to a metal sieve with average aper- 

ure diameters of 20, 150 μm. Bulk gels were manually sieved 

hree consecutive times, transferred into 2 mL Eppendorf and 

yophilized. Lyophilized HAMA and SHAMA microgels, were split in 

qual parts, resuspended in triethanolamine-buffered saline (pH 8) 

nd each part reacted at 37 °C overnight in the presence of TG-Q or 

G-K or TG-K/RGD, followed by 8 cleaning repetitions, centrifuged 

180 0 0 rpm, 10 min) with dH2O, and lyophilized. Finally, a solution 

f 6% w/v of microgels in TBG (50 mM TRIS, 200 mM D-glucose, 
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H 7.6) + 100 mM CaCl2 was produced. To prepare 100 μL of 

omogenous granular hydrogel, 41.75 μL of microgels substituted 

ith TG-Q were mixed with 41.75 μL of microgels substituted with 

G-K or TG-K/RGD, 2.5 μL of thrombin (500 U/mL), 5 μL of FXIII 

200U/mL), and 10 μL of buffer or cells. To prepare 100 μL of het- 

rogeneous granular hydrogel, 20.9 μL of HAMA microgels substi- 

uted with TG-Q were mixed with 20.9 μL of HAMA microgels sub- 

tituted with TG-K or TG-K/RGD, 20.9 μL of SHAMA microgels sub- 

tituted with TG-Q, 20.9 μL of SHAMA microgels substituted with 

G-K/RGD, 2.5 μL of thrombin (500 U/mL), 5 μL of FXIII (200U/mL), 

nd 10 μL of buffer or cells. Therefore, presenting a ratio of 1:1 

etween HAMA and SHAMA microgels. The solutions were cast on 

DMS molds and incubated at 37 °C for 30 min in a humid atmo- 

phere. 

.2.6. Size distribution 

HAMA bulk hydrogels were made by preparing 2% HAMA, 0.05% 

AP, and 0.06 mg/mL fluorescein O-methacrylate in PBS. Bulk hy- 

rogels were cross-linked in transparent BD syringes by UV-VIS 

405 nm) irradiation for 5 min. After cross-linking, the bulk gel 

as transferred into a 10 mL homemade extruder connected to a 

etal sieve with average aperture diameters of 20, 150 μm. Bulk 

els were manually sieved three consecutive times. Microgel size 

as determined by dispersing the microgels into glass slides and 

maging with a fluorescent microscope (SP8, Leica). Microgel diam- 

ter was evaluated using imageJ software with the particle analysis 

ool. 

.2.7. Scanning electron microscopy (SEM) and energy-dispersive 

-ray (EDX) 

100 μL of HAMA, 25% SHAMA and 50% SHAMA solutions were 

ast in PDMS rings and UV cross-linked. The hydrogels were 

ashed several times with dH 2 O, snap-frozen in liquid nitrogen, 

ractured, and lyophilized. Samples were coated with a 10 nm car- 

on layer (CCU- 010 Carbon Coater Safematic). Then, samples were 

maged with SEM (Zeiss Merlin) at an operating voltage of 3–5 kV. 

.2.8. Enzymatic degradation 

Hydrogel precursors were cast into PDMS molds and enzymati- 

ally cross-linked or UV cross-linked for 30 min or 5 min, respec- 

ively. After cross-linking, gels were immersed in PBS for 1h and 

eighed. Afterwards, each gel was immersed into 1 mL of PBS so- 

ution containing 10 U/mL type II hyaluronidase from sheep testes. 

t regular intervals, the supernatants were gently removed and 

he samples weighed. Fresh hyaluronidase solution was added af- 

er each measurement to ensure constant enzymatic activity. The 

egradation rate was determined as the hydrogel mass at a given 

ime divided by its initial mass. 

.2.9. Swelling 

HAMA and SHAMA gel precursors were cast into five 4 × 1 

m-diameter PDMS molds, secondary cross-linked for 10 min, and 

ransferred to 1.5 mL Eppendorf tubes containing 1 ml PBS. After 

4 h, supernatants were removed and the samples weighed. The 

welling ratio was calculated as the ratio of hydrogel mass at a 

iven time point divided by its initial mass after 1 h of swelling. 

.2.10. Mechanical testing 

Unconfined compression experiments were performed on a 

A.XTplus texture Analyser (Anton Paar) equipped with a 500 g 

oad cell. For each sample (4 mm in diameter and 1 mm in height),

 pre-load was applied to the sample until it reached full contact 

ith the plate and was then allowed to relax completely. Samples 

ere compressed at a rate of 0.01 mm/s until they reached a 15% 

train. The compressive modulus was extracted from the slope of 

he first 3% of the stress vs strain curve. 
72 
.2.11. Porosity calculation 

Bulk hydrogels were made by preparing 2% HAMA, 0.05% LAP, 

nd 0.06 mg/mL Fluorescein methacrylate. Bulk hydrogel was sized 

nd cross-linked as previously mentioned. Samples were imaged 

y confocal microscopy (SP8, Leica). Porosity and pore area were 

etermined by converting the stacks into single images and using a 

hreshold to select the void spaces. Cross-sectional areas occupied 

y void spaces were determined for each image and averaged for 

he whole stack. 

.2.12. Percentage of microgel volume within the heterogenous 

ranular hydrogels 

HAMA bulk hydrogels were made by preparing 2% HAMA, 0.05% 

AP, and 0.06 mg/mL Fluorescein methacrylate in PBS. SHAMA 

ulk hydrogels were made by mixing 0.5% SHAMA, 1.5% HAMA 

nd high-molecular-weight TRITC dextran (Mw � 500 kDa) at a 

mg/mL concentration in PBS containing 0.05% LAP. Bulk hydro- 

el was sized, cross-linked and washed as previously mentioned. 

amples were imaged by confocal microscopy (SP8, Leica). IMARIS 

oftware package was used to visualize the 3D reconstruction of 

he gel and calculate the volume fraction distribution of the two 

ypes of microgels within granular hydrogels. 

.2.13. Rheology 

Hydrogel precursors were precisely loaded onto the centre of 

he bottom plate. The upper plate was lowered to a measuring gap 

ize of 0.2 mm, ensuring proper loading of the space between the 

lates and gel precursors; the dynamic oscillating measurement 

as then started. Humidity in the thermal hood was controlled by 

lacing a wet tissue inside to prevent drying of the sample. The 

volution of storage modulus (G 

′ ) and loss modulus (G 

′ ′ ) were 

t a constant when equilibrium was reached, and measurement 

oints were recorded every 20 s. Microgels were swollen in TBG 

50 mM TRIS, 200 mM d-glucose, pH 7.6) + 100 mM CaCl 2 , and

ross-linking was performed by the addition of 12.5 U/mL FXIII and 

0 U/mL Thr. The solution was immediately placed on the rheome- 

er and the test started about 2 min after the addition of the en- 

ymes. The measurements were performed on an Anton Paar MCR 

01 rheometer at 37 °C equipped with a 20 mm parallel-plate ge- 

metry and a Peltier element equipped with a thermal hood (H- 

TD 200, Anton Paar). 

.2.14. Fluorescence recovery after photobleaching 

Stock solutions of FITC-dextran of 10 and 500 kDa were pre- 

ared at a concentration of 10 mg/mL in Tris buffer. Discs (12 μL) 

f the selected HAMA, 25% SHAMA and 50% SHAMA were formed 

n the presence of differently-sized FITC-dextran solutions at a fi- 

al concentration of 1 mg/mL. Hydrogels were then equilibrated 

vernight at 37 °C in a solution containing the same concentra- 

ion of the corresponding FITC-dextran. FITC-dextran-loaded hy- 

rogels were transferred to imaging chambers (μ-Slide 18-well 

lass bottom, Ibidi), and recovery curves were taken with a Leica 

CS SP8 confocal microscope using the FRAP booster option with 

0 × magnification objective and argon laser at 488 nm. A bleach 

pot of 20 μm diameter was selected for all measurements. The 

rea was monitored by 15 pre-bleach image scans (500 ms inter- 

al) at a laser power of 1% and bleached by 3 image scans (83 

s interval) at 100% laser power. The fluorescent recovery was de- 

ected by 240 post-bleach image scans (500 ms interval), again at a 

ow power of 1%. For the quantitative analysis, the Leica processing 

oftware was used, allowing to obtain the mobile fraction, T-half 

half maximal recovery time); and the diffusion coefficient D was 

alculated by D = w2/T-half, where w is the radius of the bleached 

pot (20 μm). 
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.2.15. ELISA for quantification of PDGF-BB and TGF β-3 release 

Lyophilized microgels were swollen overnight in TBG buffer 

ontaining 1.66 μg/mL of TGF β-3 (Peprotech) and 8.3 μg/mL of 

DGF-BB to reach a 6 w/v% of microgels in solution. Solutions were 

ast on PDMS molds and gelled as previously explained. Granular 

ydrogels were incubated in PBS 1X containing 0.1% (w/v) bovine 

erum albumin (BSA) for up to 2 weeks. At given time points, 

he buffer was replaced completely and was stored at −20 °C un- 

il used. PDGF-BB and TGF β-3 release from hydrogels was quanti- 

ed by PDGF-BB and TGF β-3 ELISA kits (R&D Systems) according 

o manufacturer protocols. 

.2.16. Human BMSC isolation and culture 

Human bone marrow-derived stromal cells (hBMSCs) were iso- 

ated, as described previously, from bone marrow aspirates of 

ealthy donors obtained during orthopedic surgical procedures af- 

er informed consent and in accordance with the local ethical com- 

ittee (EKSG 08/14). Cells were cultured at 37 °C in a humidified 

tmosphere at 5% CO 2 in minimal essential medium (MEM α) (with 

ucleosides, Gibco), supplemented with fetal bovine serum (FBS, 

0%, Gibco), penicillin (100 U/mL, Gibco), gentamicin (100 μg/mL, 

ibco), and fibroblast growth factor 2 (FGF-2, 5 ng/mL, PeproTech). 

ells were passaged until they reached 90% confluency. 

.2.17. Spheroid formation 

The cells were trypsinized, counted and stained with Cell- 

racker Deep Red (Invitrogen). Specifically, cells were incubated for 

0 min in suspension at 37 °C with 20 μM working solution (cell 

edium w/o serum). Cells were centrifuged to wash away the ex- 

ra dye and resuspended at a concentration of 750 0 0 cells/mL in 

 maintenance medium with 0.2% methyl cellulose and without 

GF-2. Droplets of 10 μL were placed in non-adhesive cell culture 

ishes and cultured O/N as hanging drops. After 24 h, cells were 

arvested in maintenance medium and washed once with main- 

enance medium. Spheroids were then encapsulated on HAMA hy- 

rogels at a final concentration of 250 spheroids per mL. Hydro- 

els were prepared in a 48-well plate with a PDMS ring as mold. 

els were cultured for 4 days in 500 μL of maintenance medium 

ith and without PDGF. PDGF was purchased as lyophilized pow- 

er form Sigma Aldrich and re-suspended in 50 μM/mL Tris pH 

.6 supplemented with 0.1% bovine serum albumin. Afterwards, 

amples were washed with PBS and observed using confocal mi- 

roscope (Leica SP-8). When evaluating collagen deposition Leica 

P-8 multiphoton microscope equipped with a 25x water immer- 

ion objective was used. Excitation was performed at 900 nm (Mai 

ai XF, Spectra-Physics) and second-harmonic generation collected 

rom 440 to 550 nm. 

.2.18. Time-lapse microscopy 

The μ-slide chemotaxis from ibidi was unpacked and put into 

 sterile Petri dish; a wet tissue was added around the slide 

o decrease evaporation. The cells were trypsinized, counted, and 

tained with CellTracker Red CMTPX (Invitrogen). Specifically, cells 

ere incubated for 30 min in suspension at 37 °C with 20 μM 

orking solution (cell medium w/o serum). Cells were centrifuged 

o wash away the extra dye and resuspended at concentration of 

 M cell/mL in HAMA, 20 μm sized-, or 150 μm sized-granular hy- 

rogel. 6 μL of each sample was carefully pipetted onto the mid- 

le channel of the chambers. To the left reservoir we added 60 μL 

f DMEM containing 100 ng/mL of PDGF-BB and to the right only 

MEM without any GF. After filling the ports, the lids were added, 

nd the samples were left in the incubator for 2 h before starting 

he imaging. The sample was imaged on the Zeiss Apotome micro- 

cope with a 5x objective, and an image was taken every 15 min 

or 3 days. After that, videos were analysed with the TrackMate 

lugin from Fiji [ 50 , 51 ]. 
73 
.2.19. Cell viability 

Viability was assessed by a Live/Dead staining. Samples were 

ashed twice in PBS, stained for 20 min with 1 μM Calcein AM, 

 μM propidium iodide (PI) and 0.3 μM Hoechst, and washed again 

hree times with PBS 1X for 10 min. Images were recorded on a 

eica SP8 confocal equipped with a 10 × dry objective. 100 μm 

-stacks were acquired with 5 μm steps. Viability was determined 

fter 21 days as the number of viable cells (Calcein AM) divided by 

he total number of cells (Calcein AM + PI). 

.2.20. In vitro chondrogenesis 

HAMA and SHAMA granular hydrogels were cultured in chon- 

rogenic medium containing DMEM, 10 μg/mL gentamycin, 1% 

TS + , 50 μg/mL L-ascorbate-2-phosphate, 40 μg/mL L-proline, 10 

g/mL TGF- β3, and 0.1 μM dexamethasone. Medium was changed 

very 3–4 d. In vitro differentiation experiments were stopped after 

1 days for mechanical and histological analysis. 

.2.21. Histology and immunohistochemistry 

Samples were fixed in 4% paraformaldehyde for 2h and dehy- 

rated in an ethanol sequence (20%, 40%, 60% and 70%, being 1h 

n each); finally, they were embedded in paraffin wax (Milestone 

ogosJ) and cut into 5 μm sections. All samples were progressively 

eparaffinized and rehydrated before staining. Brightfield images of 

tained sections were recorded on a 3DHistech Pannoramic 250- 

lide scanner and visualized with the case viewer 2.4 software. 

afranin O staining was performed by staining in Weigert’s Iron 

ematoxylin for 5 min, differentiating in 1% acid-alcohol for 2 s, 

taining in 0.02% Fast Green solution for 1 min and rinsing with 

% acetic acid for 30 s. Finally, sections were stained in 1% Safranin 

 for 30 min. Hematoxylin and Eosin staining were performed by 

taining in Mayer’s Hematoxylin for 8 min, rinsing under tap water 

or 10 min, and counterstaining with Eosin Y for 1 min. 

Collagen I and II immunohistochemistry (IHC) staining were 

erformed as previously described [52] . Antigen retrieval was first 

erformed in hyaluronidase (1200 U/mL) at 37 °C for 30 min. Sec- 

ions were blocked with 5% bovine serum albumin (BSA) in PBS for 

 h. Primary antibody, mouse anti-collagen I (1:1500, ab138492, 

bcam), and mouse anti-collagen II (1:20, II-II6B3-s, DSHB Hy- 

ridoma) were dissolved in 1% BSA in PBS, and sections were in- 

ubated overnight at 4 °C. Sections were incubated with the sec- 

ndary antibody, goat anti-mouse IgG-HRP for collagen II (1:10 0 0, 

b6789, Abcam), in 1% BSA in PBS for 1 h and developed with 

he DAB substrate kit (ab64238, Abcam) for 5 min. Sections were 

tained with Weigert’s iron hematoxylin (Thermo Fisher Scientific) 

or 3 min, destained in 1% acid-alcohol, blued in 0.1% Na 2 CO 3 , de-

ydrated to xylene and mounted. 

.2.22. Sample preparation for biochemical analysis 

The scaffolds were washed with dH 2 O, frozen at -80 °C and 

yophilized overnight. Each sample was weighed before adding 

00 μL of a 0.27 mg/mL solution of papain from Papaya Latex in 

 buffer containing 10 mM L-cysteine HCl, 100 mM sodium phos- 

hate, and 10 mM EDTA in milliQ water, pH 6.3. The digestion was 

one at 60 °C overnight with shaking (10 0 0 rpm). 

.2.23. DNA quantification (Picogreen) 

The amount of DNA was quantified using a Quant-iT PicoGreen 

sDNA assay kit (Invitrogen) as per manufacturer’s protocol. Briefly, 

he samples were pre-diluted in TE buffer. 50 μL of this dilution 

as transferred into a 96-well plate and 50 μL of Picogreen solu- 

ion was added. The fluorescence was measured with a micro-plate 

eader (excitation 480 nm, emission 520 nm). The DNA content 

as calculated as ng DNA/mg gel; it was not normalized to day 

 because it was an acellular gel. 
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.2.24. Glycosaminoglycans (GAGs) quantification assay 

The amount of GAGs was quantified using the Blyscan Gly- 

osaminoglycan Assay of the digested sample. 50 μL of the sample 

as mixed with 0.5 mL of Blyscan dye reagent and incubated at 

oom temperature for 30 min in a shaker. The samples were spun 

own at 120 0 0 rpm for 10 min. The supernatant was discarded 

nd 0.25 mL of dissociation reagent added. Finally, the samples 

ere vortexed, centrifuged at 120 0 0 rpm for 5 min to remove the 

oam, and 100 μL were added to a 96-well plate. The absorbance 

as measured at 656 nm. 

.2.25. Osteochondral explants 

Osteochondral explants were harvested from bovine stifle joints 

f 3- to 5-months-old calves, obtained from a local abattoir (Angst 

G, Zurich, CH). Osteochondral plugs were drilled, cleaned and col- 

ected for culture. 

.2.26. Statistical analyses 

All statistical analyses were performed in GraphPad Prism ver- 

ion 9. One-way or two-way ANOVA with Tukey’s multi compar- 

son test were used to analyze the data. A level of p < 0.05 was

onsidered significant. All results were reported as mean ± stan- 

ard deviation. 

. Results and discussion 

.1. Fabrication and characterisation of granular hydrogels 

The design of an injectable, highly porous, and in situ cross- 

inkable material is of utmost importance for achieving a one-step 

edical procedure for articular cartilage repair. We designed the 

ranular hydrogel by double-modifying HA: methacrylate groups to 

chieve the primary cross-linking (to form the microgels) and ad- 

ition of TG-sensitive peptides for the secondary cross-linking (to 

nneal the microgels) [53] . 

HA was modified with methacrylic anhydride [47] ; the addition 

f 20 equivalents of methacrylic anhydride to HA corresponded to 

 DS of ∼ 30% ( Fig. S1 ). The addition of methacrylate groups could 

e observed by FTIR spectroscopy by the appearance of a peak 

t ∼1708–1712 cm 

−1 corresponding to the C = O ester bond in the 

ethacrylate group added to the HA backbone ( Fig. S2 ) [54] . The

ompressive modulus was 11 kPa, and the degree of swelling 100%. 

ulk hydrogels prepared from HAMA of 30% DS were mechanically 

ressed through a grid of 150 μm (large)- and 20 μm (small)- di- 

meter pores three times, resulting in injectable ( Fig. 2 A top) mi- 

rogels of 144 ± 94 μm, and 48 ± 20 μm in diameter ( Fig. 2 A

ottom, 2B). The two sizes were selected because small microgels 

resent a higher number of paths to allow cell infiltration, but big- 

er microgels instead present larger continuous 2D surfaces, which 

ould also enhance cell migration. Once the microgel slurry was 

btained, the microgels were functionalised with TG-K/RGD-K and 

G-Q. Upon addition of thrombin (Thr)-activated FXIII to the gran- 

lar hydrogel mix, crosslinking onsets immediately indicating the 

uccessful peptide grafting to the microgels. The granular hydro- 

els reached 3924 ± 210 Pa and 3156 ± 68 Pa in storage modu- 

us for 20 μm and 150 μm sized granular hydrogels, respectively 

 Fig. 2 C). The storage values were similar to the ones obtained 

y Muir et, al. when preparing granular hydrogels by extrusion 

ragmentation, around 30 0 0 Pa [55] . However, their void fraction 

as much lower at around 8%, indicating that the methods for 

amming and crosslinking the microgels provoke significant differ- 

nces in their physical properties. Furthermore, to prove the TG-K 

eptide functionalization to single HAMA chains via Michael addi- 

ion (between the cysteine thiols of the peptide and the methacry- 

ate groups of the HAMA), we visualized by 1 H NMR the appear- 

nce of new peaks and the decrease in vinyl protons ( Fig. S3 ). 
74 
lso, photo-rheology showed the two possible cross-linking mech- 

nisms (enzymatic and UV-light) of these double-functionalized 

acromonomers ( Fig. S4 ). 

The microgel slurry was cast in PDMS molds of 4 mm in 

iameter and 1 mm in height and cross-linked at 37 °C with 

hr-activated FXIII for 30 min. While microgels without sec- 

ndary annealing dispersed upon immersion in PBS, enzymatically 

ross-linked microgels remained stable ( Fig. 2 D, left). The granu- 

ar hydrogels’ morphology was evaluated by confocal microscopy 

 Fig. 2 D, right), showing high void space ideal for cell proliferation 

nd ECM deposition. Scanning electron microscopy (SEM) showed 

ow hydrogels surface morphology changes when using granular 

ystems. The surface is less uniform and composed of different mi- 

rogels ( Fig. S5 ). 

As shown by Qazi et al., Blender can be a useful tool for eval- 

ating pore interconnectivity within granular hydrogels [56] . Fol- 

owing their protocol, we simulated the displacement of an ar- 

ay of small beads and tracked their x, y, and z positions over 

50 frames ( Fig. 2 E, Video S1, supporting information). Simula- 

ions predict improved pore interconnectivity with 20 μm-sized 

icrogels based on differences in the tortuosity of bead trajec- 

ories and travel speed ( Fig. 2 E, top and bottom left). Using Im- 

geJ, we were able to evaluate the porosity: granular hydrogels 

omposed of 20 μm-sized microgels presented a smaller total void 

pace (29 ± 3 %) when compared to 150 μm-sized microgels (36 

5 %) ( Fig. 2 F). Thus, even though 150 μm-sized microgels led to 

igher void space, they did not correlate with higher interconnec- 

ivity (lower bead path tortuosity). We therefore hypothesised that 

ells would colonise faster in hydrogels composed of 20 μm-sized 

icrogels. 

We next evaluated the mechanical properties and stability of 

he generated granular hydrogels. Compression tests revealed an 

nverse correlation between the elastic modulus and the total void 

pace, with E = 8.5 ± 2.3 kPa and 6.5 ± 0.8 kPa for 20 μm and

50 μm-sized hydrogels using HAMA compared to 11.8 ± 1.4 kPa 

or bulk gels ( Fig. 2 G). When immersed in a hyaluronidase 10 U/mL 

olution at 37 °C, secondary cross-linked microgels showed com- 

lete degradation after 4 days. Note that the degradation rate was 

ot affected when comparing granular vs bulk hydrogels, which 

ight be due to the high weight/volume ratio of microgel slurry 

6% weight/volume) needed for the secondary annealing ( Fig. 2 H). 

n summary, HAMA microgels formed moldable and stable an- 

ealed structures with tunable porosity and interconnectivity as 

 function of microgel size, which allows for fast cell coloniza- 

ion. The summary of the granular hydrogels’ properties when 

ized with different meshes can be found in Table S1. 

.2. Evaluation of cell migration in granular hydrogels 

The first step towards endogenous repair is cell migration, so 

e encapsulated aggregates of 750 hBMSCs within the bulk and 

ranular hydrogels to evaluate cell colonization. We studied three 

ifferent parameters that can influence cell migration: (i) micro- 

el size, (ii) incorporation adhesion peptides (RGD) on the TG se- 

uence, and (iii) the presence of PDGF-BB (100 ng/mL) in the me- 

ia. Additionally, as a positive control, we used a small amount 

f fibrin (Fib) (2 μg/mL) mixed into the microgels to promote cell 

igration. The different systems were evaluated after four days of 

ulture; a projection of 100 μm z-stack ( Fig. 3 A) was analysed with

 Python script, and two parameters were quantified: sprout length 

 Fig. 3 B, left) and sprout number ( Fig. 3 B, right). From Fig. 3 A it

as observed that RGD and PDGF-BB increase considerably sprout 

ength and sprout number achieving similar values as Fib con- 

aining hydrogels. As was also observed in Muir et al., the sprout 

ength increased considerably when RGD was incorporated, which 

lays a major role in cell adhesion and migration [57] . Therefore, 
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Fig. 2. Characterization of granular hydrogels. A) Images of granular hydrogels’ injectability (top) and confocal images of HAMA microgels after being sized with the two 

different grids (bottom). Fluorescein O-methacrylate was incorporated into the resin mixture for visualization purposes. Scale bar 100 μm. B) Average diameter after sizing. 

C) Cross-linking of granular hydrogels sized with a 20 μm or 150 μm mesh. D) Optical images of granular hydrogels after being enzymatically cross-linked (left) and confocal 

image of cross-linked microgels (right). Scale bar 1 mm and 50 μm, respectively. E) Simulations with Blender for 20 μm-sized microgels (top, left) and 150 μm-sized 

microgels (bottom, left), granular hydrogels, bead-predicted path tortuosity (top, right) and travel speed (bottom, right). Scale bar 100 μm. F) Void fraction present in the 

cross-linked granular hydrogels. G) Compression modulus of the gels after being sized and secondary cross-linked. H) Degradation rate of differently sized granular hydrogels 

with hyaluronidase. Data are represented as mean ± standard deviation. Statistical significance was determined using one-way ANOVA with a Tukey’s multiple comparisons 

test ( ∗p < .05, ∗∗p < .01, ∗∗∗p < .001, and ∗∗∗∗p < .0 0 01). 

75 
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Fig. 3. In vitro hBMSC spheroids sprouting in granular hydrogels in the presence of RGD and PDGF-BB (100 ng/mL); these factors induce a similar sprouting to fibrin (Fib). 

A) Spheroids consisting of 750 hBMSCs in granular HAMA hydrogel (20 μm- and 150 μm-sized hydrogels) cultured for 4 days in the presence of RGD, PDGF, combined or 

with Fib. Scale bar = 100 μm. The images were used to quantify B) Sprout length (right) and sprout number (left) for 20 μm- (top) and 150 μm (bottom)-sized granular 

hydrogels. C) Microscope images of cells seeded in ibidi chambers. D) Mean speed, travelled distance and linearity of cells migrating in bulk, 20 μm-, and 150 μm-sized 

granular hydrogels containing RGD and PDGF in the media. Scale bar = 100 μm. Data are represented as mean ± standard deviation. Statistical significance was determined 

using a two- and one-way ANOVA with a Tukey’s multiple comparisons test ( ∗p < .05, ∗∗p < .01, ∗∗∗p < .001, and ∗∗∗∗p < .0 0 01). 
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rom this point on we used only granular hydrogels containing the 

G-RGD-K peptide. The same behaviour was noted in the presence 

f PDGF-BB, but to a lesser extent [58] . Interestingly, when both 

DGF-BB and RGD were present, the migration effect increased, 

emonstrating a synergistic influence and reaching similar values 

s the ones obtained with Fib, our positive control ( Fig. 3 B, left).

urthermore, no migration was observed when spheroids were en- 

apsulated within bulk hydrogels ( Fig. S6 ). Thus, our data suggest 
76 
hat when using granular hydrogels, RGD and PDGF-BB are nec- 

ssary for maximising the mobility and the recruitment of hBM- 

Cs and for avoiding the addition of Fib (which normally leads to 

he formation of fibrocartilage) to the healing cartilage. The similar 

igration behaviour was observed with 20 μm- and 150 μm-sized 

icrogels. Significant differences between the microgel sizes were 

nly observed when counting the number of sprouts, which was 

igher with 20 μm-sized microgels ( Fig. 3 B, right). This suggests 
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hat having 150 μm-sized microgels limits the number of available 

aths for the cells to infiltrate, corroborating the results obtained 

rom the tortuosity analysis. 

To further investigate cell migration on granular hydrogels vs 

ulk gels, we used time-lapse microscopy on chemotactic cham- 

ers from Ibidi. A small amount of gel precursors mixed with hBM- 

Cs (fluorescently labelled with CellTracker) were added to the 

iddle chamber. To the left chamber, medium containing PDGF- 

B (100 ng/mL) was added, and on the right, medium without 

DGF-BB. Images were taken every 15 min for 72 h ( Fig. 3 C and

ideos S2a, S2b and S2c). Using ImageJ and TrackMate plugin, it 

as possible to determine average speed, total distance and lin- 

arity. Considerable differences were observed between cell cul- 

ure in 2D vs 3D. Cells displayed a significantly lower speed in 3D 

ulk gels than on 2D flat substrates (0.03 ± 0.02 μm/s and 0.59 

0.16 μm/s, respectively). Accordingly, the total distance travelled 

as smaller in bulk gels, 85 ± 28 μm, compared to 2D flat sub- 

trates, 746 ± 499 μm. When comparing the linearity, the ratio be- 

ween the mean straight-line speed and the track mean speed, we 

ound that the difference is much lower: 0.19 ± 0.27 for 2D flat 

urfaces and 0.17 ± 0.23 for bulk hydrogels. Instead, when using 

ranular hydrogels, either 20 μm- or 150 μm-sized microgels, we 

ould increase the values of average speed (0.09 ± 0.14 and 0.09 

0.09 μm/s), total distance (237 ± 221 μm and 1678 ± 167 μm), 

nd linearity (0.23 ± 0.29 and 0.23 ± 0.28), bringing them closer 

o the ones obtained in 2D. Also, a slight increase in linearity was 

bserved, which could be related to the presence of more con- 

trained paths ( Fig. 3 D) [59] . Cells encapsulated in bulk hydrogels 

ave their motility constrained if no degradable moieties exist. As 

lready shown by F. Anjum et al., cell migration in bulk gels is en-

anced in the presence of RGD and, most importantly, when the 

els contain matrix metalloproteinase-sensitive domains [60] . In- 

tead, in granular hydrogels, there is enough void space where the 

ells can easily infiltrate without the need for matrix degradation 

61] . 

.3. Design of heterogeneous granular hydrogels 

As shown previously, the addition of PDGF-BB is crucial to 

chieving good cell infiltration. The efficient retention of GFs could 

revent undesired side effects, burst release, and the need for mul- 

iple injections, besides increasing GFs’ half-life time. Therefore, 

imicking nature, we modified HA to generate sulfate groups for 

etaining GFs and slowly releasing them. HAMA was grafted with 

ulfate groups following the protocol of Feng et. al. FTIR spec- 

roscopy of SHAMA exhibited two absorption bands at 1240 and 

20 cm 

−1 , due to the S = O asymmetric stretching and S-O-C sym- 

etrical stretching, respectively, and thereby confirmed the suc- 

essful sulfation of the polymer ( Fig. S7 ) [ 35 , 36 ]. The sulfation re-

ction led to a final atomic sulfur content of 7%, as shown by el- 

mental analysis, corresponding to a degree of sulfation of 1.32. 

fter the addition of the sulfate groups, the physical properties of 

he polymer changed. These changes include a shortening of the 

olymer chains, an increase in hydrophilicity (showing a higher 

welling ratio), and the increase of steric hindrance, which reduces 

nzymatic degradation. 

We therefore selected a mixture of SHAMA and HAMA poly- 

ers containing just enough negatively charged groups to con- 

ey GFs’ retention and cell-homing properties without altering the 

hysical properties of the microgels. Bulk gels containing two dif- 

erent percentages of SHAMA, 25% and 50%, were therefore eval- 

ated. To confirm the successful incorporation of SHAMA, energy- 

ispersive X-ray spectroscopy (EDX) was conducted to detect sulfur 

S) atoms ( Fig. S8 ). Results showed an even distribution of S ele-

ent in the bulk gels, indicating that SHAMA was well mixed and 

etained in the hydrogels. 
77 
Swelling ratios showed that HAMA hydrogels did not swell, 

hereas SHAMA hydrogels did undergo minimal swelling (1.25 and 

.35 over 24 h for 25% SHAMA and 50% SHAMA, respectively) 

 Fig. 4 A). Diffusion coefficients of FITC-labelled dextran probes 

with molecular weights of 10 and 500 kDa) entrapped in the dif- 

erent hydrogel formulations were studied by FRAP ( Fig. 4 B). While 

0 kDa (featuring a hydrodynamic diameter of ≈ 2.3) [62] dif- 

used with good efficiency in all hydrogel conditions, the diffu- 

ion of 500 kDa (featuring a hydrodynamic diameter of ≈ 30.6 nm) 

63] was mostly restricted. 50% SHAMA hydrogels displayed signif- 

cantly higher diffusion coefficients compared to HAMA hydrogels, 

ndicating that the pore size of pure HAMA is slightly smaller than 

0% SHAMA. However, no significant differences were observed be- 

ween HAMA and 25% SHAMA. Also, the storage moduli of all hy- 

rid hydrogels remained within the range of 800 to 1200 Pa, with 

HAMA 50% being in the softer range ( Fig. S9 ). 

The biological interaction between hBMSCs and the different 

aterials was evaluated by incubating 20 μm-sized microgels 

ade of HAMA, 25% SHAMA and 50% SHAMA with hBMSCs for 

8 h and Live Dead stained ( Fig. 4 C). The cells surrounding HAMA 

icrogels were fibroblastic in appearance, and they spread in the 

lastic culture plate. Surprisingly, the cells surrounding SHAMA 

icrogels covered the entire microgel surface. The high cell at- 

achment to un-loaded SHAMA microgels could be due to the re- 

ention of proteins and GFs present in the cell culture medium. 

his attachment was independent of SHAMA percentage, indicating 

hat 25% is enough to exert an effect on cells without significantly 

hanging the physical properties of the hydrogels. 

Therefore, 25% SHAMA microgels were used as GFs microislands 

o guide the recruitment of BMSCs and chondrocytes. A one-to-one 

atio of 25% SHAMA (Rhodamine labelled) microgels and HAMA 

icrogels (FITC labelled) were mixed to form heterogenous granu- 

ar hydrogels ( Fig. 4 D). For 20 μm-sized microgels, the volume dis- 

ribution is 42% HAMA, 34% of 25% SHAMA, and 21% void, and for 

50 μm-sized microgels it is 27% HAMA, 28% of 25% SHAMA, and 

5% void. Again, the void space is higher for 150 μm-sized micro- 

els due to the highly irregular shape that makes it more difficult 

or the microgels to be tightly packed. 

.4. Chondrogenesis in heterogeneous granular hydrogels 

To achieve chondral endogenous repair, we need chemical cues 

o stimulate cell migration but also chondrogenesis. Therefore, we 

ought to characterize the capacity of granular hydrogels to pro- 

ote cartilaginous matrix deposition by hBMSCs with and without 

ulfated microislands in the presence of TGF β-3 in the cell culture 

edium. hBMSCs were encapsulated at 10 M cells/mL concentra- 

ion in bulk, 20 μm- and 150 μm-sized hydrogels and cultured for 

 weeks in chondrogenic media. In all cases, viabilities were higher 

han 85% after 3 weeks, indicating no cytotoxicity derived from 

he prepared materials ( Fig. 4 E and F). In bulk hydrogels, strong 

ericellular, but not homogenous, deposition of proteins and GAGs 

as observed ( Fig. 4 E). Instead, tissue maturation was enhanced 

nd more homogeneous for the microgel-based scaffolds [52] . This 

ndicated that void space is favourable for matrix cell deposition. 

owever, both types of collagen were present in all systems in- 

ependently of the microgel size or composition. The main dif- 

erences were found on the distribution of Collagen II, presenting 

ones with higher intensity when heterogenous granular hydrogels 

ere used. Instead, the production of GAGs was not affected when 

ncorporating sulfated microgels. Negative controls are shown in 

ig. S10 . 

Complementary to the analysis of tissue composition, biome- 

hanical properties have been considered an essential parameter 

or evaluating the quality of the generated cartilage tissue. An 

ncrease in compressive modulus was observed after 21 days of 
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Fig. 4. Physical characterization of SHAMA bulk hydrogels and chondrogenic evaluation of homogenous and heterogenous granular hydrogels. A) Swelling ratio of HAMA, 25% 

SHAMA, and 50% SHAMA bulk hydrogels. B) Diffusion coefficient of different MW FITC-Dextran in HAMA, 25% SHAMA and 50% SHAMA bulk hydrogels. C) Cell attachment 

to 20 μm-sized microgels composed of HAMA, 25% SHAMA, and 50% SHAMA; microgels’ contour is colored in white, scale bar = 50 μm. D) 3D reconstruction of the 

heterogenous gels prepared by sizing with the 20 μm (top) or 150 μm (bottom) grid, scale bar = 50 μm. E) Chondrogenic analysis of hBMSCs encapsulated within hydrogels 

with different architectures (bulk, 20 μm-, and 150 μm-sized granular hydrogels) and different chemical composition (HAMA and 25% SHAMA). Live/dead immunofluorescence 

and histological analysis showing collagen I, collagen II and glycosaminoglycans (Safranin O). Scale bar = 100 μm and 1 mm inset. F) Live/dead quantification. G) Compression 

modulus of the constructs after 3 weeks of culture. Data are represented as mean ± standard deviation. Statistical significance was determined using one-way ANOVA with 

a Tukey’s multiple comparisons test ( ∗p < .05, ∗∗p < .01, ∗∗∗p < .001, and ∗∗∗∗p < .0 0 01). 
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a

g

s

a
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c
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s

s

a

c

ulture, 13 ± 3 kPa, 37 ± 8 kPa, and 34 ± 14 kPa for bulk, 20 μm-

nd 150 μm-sized hydrogels of HAMA composition. As expected, 

ranular hydrogels promoted better tissue maturation: these re- 

ults are in accordance with the data shown by Li et al., achieving 

 compressive modulus of 16 ± 1 kPa for the bulk hydrogel and 19 

Pa ± 1 kPa for the PEG-succinimidyl glutaramide-assembled mi- 
78 
rogels when hBMSCs were encapsulated and cultured for 21 days 

64] . The compressive modulus with either 20 μm- or 150 μm- 

ized hydrogels in the presence of 25% SHAMA microgels was 

lightly lower than with HAMA but still in the range of 20-40 kPa, 

s previously found for hBMSCs culture ( Fig. 4 G). Overall, we 

an say that granular hydrogels perform better than bulk gels in 
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a

chieving cartilage; and hydrogels containing sulfated microislands 

an promote chondrogenesis of hBMSCs and are more effective in 

erms of localized collagen II production. 

.5. Guiding cell migration in heterogeneous granular hydrogels 

Previous results suggested that PDGF-BB and TGF β-3 are crucial 

n stimulating cell migration and chondrogenesis; for that reason, 
ig. 5. Sulfated microislands in heterogenous gels promote cell migration and recruitment

nd SHAMA (filled symbols) systems when 20 μm-(A) or 150 μm-(B) sized microgels are e

n different systems at day 0 (top), after 3 weeks (middle) and 3D reconstruction after 3 w

ar 100 and 50 μm, respectively. D) Ratio of the shortest distance (d) to HAMA vs the s

0 μm sized microgels (top) 150 μm sized microgels (bottom). E) Spheroid migration as

owards HAMA (H) or SHAMA (S) microgels. Data are represented as mean ± standard dev

 Tukey’s multiple comparisons test ( ∗p < .05, ∗∗p < .01, ∗∗∗p < .001, and ∗∗∗∗p < .0 0 01

79 
e encapsulated both GFs into 25% SHAMA microgels [42] . Both 

GF β-3 and PDGF-BB have high isoelectric points (8.3 and 9.8, re- 

pectively), making them positively charged at a neutral pH [65] . 

heir positive charges will interact with the negatively charged sul- 

ate groups present in SHAMA microgels. 

To validate our hypothesis that sulfated microislands (red mi- 

rogels) can sequester and provoke GF gradient distributions in a 

issue-like environment, we swelled the lyophilized 25% SHAMA 
. Release curves of TGF- β3 (left) and PDGF-BB (right) from HAMA (empty symbols) 

mployed. C) Confocal images of cells labelled with CellTracker Deep Red embedded 

eeks incorporating the SHG signal indicator of collagen production (bottom). Scale 

hortest distance to SHAMA with ( + ) and without ( −) GFs incorporated over time, 

say after 4 days of culture. Scale bar 100 μm. F) Cell shortest distance calculation 

iation. Statistical significance was determined using one and two-way ANOVA with 

). 
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nd HAMA (as controls) microgels in TRIS buffer containing GFs. 

he GF release was evaluated for 2 weeks by ELISA assays ( Fig. 5 A

nd B). Less than 20% and 2% of encapsulated TGF β-3 and PDGF-BB 

ere released in 20 μm-sized hydrogels containing SHAMA micro- 

els; instead, for purely HAMA granular hydrogels, the release was 

aster. However, this effect could not be established for 150 μm- 

ized hydrogels. Therefore, we conclude that: (1) the release is 

lower with the presence of SHAMA microgels in 20 μm-sized 

ydrogels; (2) the release of PDGF-BB is lower than TGF β-3 be- 

ause of its higher isoelectric point; and (3) the release is faster 

n 20 μm-sized hydrogels because of the higher surface area-to- 
olume ratio. t

ig. 6. Filling cartilage defects with granular hydrogels to promote cell recruitment and

CG: (i) OCG are obtained from bovine knees from the slaughter house; plugs are obtain

artilage holes are obtained by using biopsy punchers of 4 mm in diameter, and four hole

nd (iv) incubated for 6 weeks (to promote migration and differentiation). B) Photographs

nd filled with microgels. D) Live/Dead tiles scan of the filled defect after 6 weeks. E) Q

y the Pico-Green assay, and GAGs quantification by the DMMB assay (G), bonding stre

epresented as mean ± standard deviation. Statistical significance was determined using

∗∗p < .001, and ∗∗∗∗p < .0001). 

80 
Once the GFs’ retention was validated, we evaluated the direc- 

ion of cell migration on these heterogeneous granular hydrogels. 

ells were labelled with CellTracker Deep Red, and two different 

etups were evaluated: (1) single cell migration and (2) sprout out- 

rowth from spheroids ( Fig. 5 C and E). For the single cell migra-

ion experiment, pictures were taken over a period of three weeks. 

t time point 0, the ratio between the different types of micro- 

el and single cell distances (distance of each single cell to the 

earest HAMA microgel (green) vs SHAMA microgel (red), Figs. 

11 and S12 ) was almost 1 in all granular hydrogel compositions, 

ndicating a homogenous cell distribution. Interestingly, this ra- 

io changed considerably over time, becoming higher than 1 af- 
 de novo cartilage formation in vitro. A) Procedure to prepare cartilage defects on 

ed by using surgical mosaicplasty tools (7.4 in diameter and 6 mm in height); (ii) 

s at 0.5 mm are made in the bone; (iii) the defect is filled with a granular hydrogel 

 of the plugs in steps i, ii, and iv. C) Optical image of the holes created on the plugs 

uantification of number of cells per mm 

2 . Scale bar: 1 mm. F) DNA quantification 

ngth between the gel and the cartilage measured by push-out tests (H). Data are 

 one-way ANOVA with a Tukey’s multiple comparisons test ( ∗p < .05, ∗∗p < .01, 
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er just one week for both 20 μm- and 150 μm-sized hydrogels 

cell distance to SHAMA becomes smaller than to HAMA). This 

henomenon is significantly enhanced when GFs are encapsulated 

ithin the sulfated microgels ( Fig. 5 D). Also, we can observe dif- 

erences between 20 μm- and 150 μm-sized hydrogels that could 

e correlated to the slower GF release in 150 μm-sized hydrogels. 

verall, this demonstrates that cells can sense the sulfated mi- 

roislands and migrate towards them. Another striking feature is 

hat collagen production was more pronounced near the SHAMA 

icrogels, as observed by second-harmonic generation (SHG) 

 Figs. 5 C and S13) . 

The same setup as in Fig. 3 was used to analyse the direction of

he spheroids’ sprouts after four days in culture ( Fig. 5 E). It is note-

orthy that cell migration was significantly enhanced when GFs 

ere encapsulated in SHAMA microgels, achieving similar values 

o when PDGF-BB was present in the cell culture medium ( Fig. 3 A).

his proves again the GFs’ encapsulation efficiency due to the sul- 

ated microgels. The microgel size affected mainly the number of 

prouts (higher for 20 μm sized microgels) and not the length of 

he sprouts. As previously seen, cell migration was directed to- 

ards SHAMA microgels (shorter distances of the cells towards 

HAMA microgels) ( Fig. 5 F). In summary, these results suggest that 

ells can sense the GF hotspots in the heterogenous granular hy- 
ig. 7. A) Histological and immunohistological staining’s of osteochondral graft filled wit

I. B) Quantification of cell density in three different cartilage zones (Deep, Middle and S

he hydrogels cultured on the osteochondral graft after 6 weeks of culture. Data are repre

wo-way ANOVA with a Tukey’s multiple comparisons test ( ∗p < .05, ∗∗p < .01, ∗∗∗p < .0

81 
rogels, enhancing cell migration, collagen production, and prolif- 

ration in the surrounding areas without the need of soluble GFs 

n the medium. 

.6. 3.6 Bovine osteochondral explants to evaluate cell homing and 

hondrogenesis 

Finally, to evaluate chondrogenesis and cell migration simulta- 

eously, we designed a relevant model for studying endogenous 

rticular cartilage repair. Acellular heterogenous granular hydrogels 

ere injected and in situ cross-linked into pre-made cartilage de- 

ects on bovine osteochondral explants ( Fig. 6 A, B and C). Impor- 

antly, no cells were added on the granular hydrogel and no GFs 

ere present on the culture medium to better mimic the one-step 

edical procedure for articular cartilage repair. Bulk gels were also 

ested, but they detached from the osteochondral grafts after one 

eek of culture, indicating poor integration, cell invasion and mat- 

ration. For that reason, they were not included in this study. In- 

erestingly, all granular hydrogel conditions showed high cell in- 

asion compared to bulk gels and were retained inside the de- 

ect during the culture period. Live/Dead staining was performed 

o evaluate cell viability and number of cells per area of defect 

cells/mm 

2 ) ( Fig. 6 D). Interestingly, the cellularity of the samples 
h granular hydrogels for nuclei staining (Hoechst), GAGs (Safranin O), and collagen 

uperficial). Stripped bars represent the presence of GF. C) Compression modulus of 

sented as mean ± standard deviation. Statistical significance was determined using 

01, and ∗∗∗∗p < .0 0 01). 



A. Puiggalí-Jou, M. Asadikorayem, K. Maniura-Weber et al. Acta Biomaterialia 166 (2023) 69–84 

(

n

(

d

m

t

c

a

d

c

p

s

t

e

F

t

t

n

t

m

m

w

k

i

a

h

u

i  

T

m

s

t

(

(

b

s

f

h

s

c

l

t

c

b

o

c

h

c

c

p

w

1

H

t

h

l

e

c

c

a

t

c

o

4

n

s

n

h

a

t

s

c

p

l

a

p

i

h

c

D

c

i

A

p

(

(

p

s

S

f

R

 

 

 

 

 

 

 

 

 Fig. 6 E) was very high when GFs were incorporated and sig- 

ificantly enhanced when the sulfated microislands were present 

with or without GF). Also, it was noticed that 20 μm-sized hy- 

rogels showed better cell infiltration, even though, as previously 

entioned, the void space is smaller, which indicates that void in- 

erconnectivity is a very important parameter in allowing for cell 

olonization. Sulfated microislands without incorporated GFs were 

lready able to exert an impact on cell migration, which could in- 

icate that sulfated microgels can retain GFs synthesised by the 

ells nearby and therefore continue to promote cell migration and 

roliferation. DNA content per gel mass confirmed this hypothe- 

is ( Fig. 6 F). As expected, again, with 20 μm-sized hydrogels and 

he presence of GFs, the DNA content was higher. Later, the pres- 

nce of GAGs per granular hydrogel was quantified. As seen in 

ig. 6 G, the number of GAGs was higher in sulfated microgels af- 

er normalization with the signal from empty gels. The produc- 

ion of GAGs corrected by the amount of DNA resulted in no sig- 

ificant differences between the two groups. This could indicate 

hat a longer period would be needed to properly evaluate tissue 

aturation. 

The next step was to elucidate the integration of the injected 

aterial with the host tissue. Previously, the adhesion of HA-TG 

as tested in cartilage explant showing a bonding strength of 2 

Pa without any culture time [66] . Here, even though our material 

s comprised of a granular substance, after 6 weeks of culture we 

chieved 20-50 kPa of bonding strength – quite a lot for a granular 

ydrogel instead of a bulk gel. These results confirmed that gran- 

lar hydrogels induce cell homing and production of ECM, which 

n turn integrates with the material to the host tissue ( Fig. 6 H).

he most significant difference seen when comparing the different 

aterials with and without the incorporation of GFs was the con- 

istently higher values reached with GFs. 

The histological and immunohistological analysis confirmed 

hat cell infiltration and tissue development in both materials 

HAMA and SHAMA) is possible even without GFs in the medium 

 Fig. 7 A). A cellular network and ECM between the microgels could 

e seen after 6 weeks. Hoechst staining (shown in green) pre- 

ented higher cellularity in the superficial zone of the cartilage de- 

ect ( Fig. 7 B) and significantly enhanced when using 20 μm-sized 

ydrogels with sulfated microislands. Cartilage-like matrix compo- 

ition of glycosaminoglycans (GAGs, Safranin O) and collagen II in- 

reased in intensity in the histological sections after culture. Col- 

agen II staining was stronger in the SHAMA systems compared 

o HAMA. From the histological sections, we could observe that 

ells mostly come from the bottom (MSCs from the subchondral 

one) and top (cartilage surface that contains the biggest amount 

f chondroprogenitor cells). Again, bigger microgels presented less 

ell infiltration and tissue maturation. In conclusion, 20 μm-sized 

ydrogels containing loaded sulfated microislands showed higher 

ell infiltration, collagen II and GAG content. Regarding the me- 

hanical properties of the granular gels, when GFs were incor- 

orated into the materials, the stiffness increased to 20-100 kPa, 

hich was considerably higher than the initial stiffness of around 

0 kPa ( Fig. 7 C). 

Altogether, these results confirmed the biocompatibility of 

AMA and SHAMA microgels and demonstrated that granular ma- 

erials can promote endogenous cartilage repair characterized by 

igh cell infiltration, mechanical stiffening over time, and cartilage- 

ike ECM deposition. Also, as expected, the addition of GFs is ben- 

ficial for cartilage matrix production and is even more signifi- 

ant in the presence of sulfated microislands, mainly in terms of 

ellularity and collagen II production. This technology can provide 

 possible one-step procedure for cartilage lesion repair, facilitating 

he treatment of chondral lesions without the need of autologous 

ells and the proper retention of GFs. Therefore, this can reduce 

verall procedure costs and time. 
82
. Conclusion 

We developed an injectable, in situ cross-linkable heteroge- 

eous granular hydrogel containing non-covalently bound GFs. De- 

pite cartilage’s low capacity for self-repair, we achieved a promi- 

ent endogenous response by injecting the heterogeneous granular 

ydrogel to the chondral defect. Many cells colonised the hydrogel 

nd produced cartilage ECM making the gels stiffer and increasing 

he bonding strength of the granular hydrogel with the host tissue. 

The most promising results were obtained when using 20 μm- 

ized hydrogels, presenting a higher void interconnectivity and 

ontaining the GFs loaded sulfated microislands. These results have 

otential for developing cell-free injectables to treat articular carti- 

age defects, avoiding the use of expensive cell-based therapies. For 

 faster translational product, the gel could be loaded with patient 

latelet lysate instead of commercial GFs. Because of its simplic- 

ty, high void space, and modularity, we can foresee loading the 

ydrogels with various GFs cocktails, to recruit different types of 

ells and promote the repair of diverse tissues. 
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