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a b s t r a c t 

3D bioprinting has emerged as a promising technology in the field of tissue engineering and regenerative 

medicine due to its ability to create anatomically complex tissue substitutes. However, it still remains 

challenging to develop bioactive bioinks that provide appropriate and permissive environments to in- 

struct and guide the regenerative process in vitro and in vivo . In this study alginate sulfate, a sulfated 

glycosaminoglycan (sGAG) mimic, was used to functionalize an alginate-gelatin methacryloyl (GelMA) in- 

terpenetrating network (IPN) bioink to enable the bioprinting of cartilaginous tissues. The inclusion of 

alginate sulfate had a limited influence on the viscosity, shear-thinning and thixotropic properties of the 

IPN bioink, enabling high-fidelity bioprinting and supporting mesenchymal stem cell (MSC) viability post- 

printing. The stiffness of printed IPN constructs greatly exceeded that achieved by printing alginate or 

GelMA alone, while maintaining resilience and toughness. Furthermore, given the high affinity of algi- 

nate sulfate to heparin-binding growth factors, the sulfated IPN bioink supported the sustained release 

of transforming growth factor- β3 (TGF- β3), providing an environment that supported robust chondroge- 

nesis in vitro, with little evidence of hypertrophy or mineralization over extended culture periods. Such 

bioprinted constructs also supported chondrogenesis in vivo , with the controlled release of TGF- β3 pro- 

moting significantly higher levels of cartilage-specific extracellular matrix deposition. Altogether, these 

results demonstrate the potential of bioprinting sulfated bioinks as part of a ‘single-stage’ or ‘point-of- 

care’ strategy for regenerating cartilaginous tissues. 

Statement of significance 

This study highlights the potential of using sulfated interpenetrating network (IPN) bioink to support 

the regeneration of phenotypically stable articular cartilage. Construction of interpenetrating networks 

in the bioink enables unique high-fidelity bioprinting and provides synergistic increases in mechanical 

properties. The presence of alginate sulfate enables the capacity of high affinity-binding of TGF- β3, which 

promoted robust chondrogenesis in vitro and in vivo . 

© 2021 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 

Articular cartilage (AC) is a soft tissue lining the ends of bones 

n our joints, with limited intrinsic regenerative capacity due to 

ts avascular nature [ 1 , 2 ]. Consequently, even minor lesions in AC 
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ause pain, impaired mobility and can further develop to joint de- 

eneration and osteoarthritis [3–5] . While current cell-based ther- 

pies [6–8] , such as autologous chondrocyte implantation, are re- 

orted as promising, the limited availability of primary chondro- 

ytes and their tendency to dedifferentiate during expansion may 

imit the widespread clinical adoption of such techniques [ 9 , 10 ]. 

his has motivated the development of innovative tissue engineer- 

ng strategies to regenerate cartilaginous tissues and prevent the 
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rogression of joint diseases [11–14] . Three-dimensional (3D) bio- 

rinting is an emerging technology capable of engineering geo- 

etrically complex implants that mimic specific aspects of na- 

ive tissues through the simultaneous deposition of cell containing 

ioinks and supporting biomaterials in defined locations [15–19] . 

hile this approach holds great potential in the field of tissue en- 

ineering and regenerative medicine, its progress has been limited 

y the lack of suitable bioinks that not only enable high fidelity 

ioprinting, but also provide appropriate biophysical and biochem- 

cal cues to promote a desired cellular phenotype and associated 

issue development both in vitro and in vivo . 

Hydrogels such as gelatin, alginate, hyaluronic acid and fibrin 

ave been intensively explored as bioinks due to their biocompati- 

ility and structural similarity to native extracellular matrix (ECM) 

20–24] . While a range of natural hydrogels have been shown to 

upport chondrogenesis in vitro [ 25 , 26 ], a major limitation of such

iomaterials for cartilage tissue engineering is their weak mechan- 

cal strength and poor elasticity, making them unsuitable for load 

earing applications in vivo until substantial new tissue accumula- 

ion has occurred. To this end, the ideal scaffold or hydrogel would 

ossess mechanical properties approaching those of native articu- 

ar cartilage, whilst still supporting chondrogenesis. Recently, there 

as been increased interest in the development of interpenetrating 

etworks (IPN) hydrogels, consisting of two different polymers that 

re mixed with one another at the molecular scale, providing syn- 

rgistic increases in compressive stiffness and toughness compared 

o the individual components of the network [ 27 , 28 ]. However, it

s still challenging to develop an IPN bioink that provides both 

he necessary printing shape fidelity and the chondro-inductivity 

or cartilage bioprinting applications. This is particularly important 

or putative ‘single-stage’ or ‘point-of-care’ bioprinting strategies, 

here it is envisioned that constructs will be implanted following 

he printing process without any further in vitro maturation. Such 

 challenge could potentially be addressed by the development of 

PN bioinks that are capable of delivering regulatory cues such as 

rowth factors (GFs) with the capacity to direct progenitor/stem 

ell differentiation in vivo [ 29 , 30 ]. 

A number of strategies have been developed to temporally and 

patially control GF delivery to modulate MSC differentiation [31–

5] . These strategies, such as the covalent binding of GFs and the 

oading of GFs into microspheres, have demonstrated the capacity 

o control the release of GFs, however concerns related to initial 

urst releases and alternations to GF bioactivity remain. The ob- 

ervation that soluble GFs are bound to sulfated glycosaminogly- 

ans (GAGs) via electrostatic interactions within the natural extra- 

ellular matrix (ECM) has motivated the use of sulfated biomimics 

o achieve controlled and sustained GF release [ 36 , 37 ]. Recently, 

caffolds composed of sulfated polysaccharides have been shown 

o support strong binding affinity to multiple heparin-binding pro- 

eins, while retaining the characteristics of polysaccharides as sup- 

ortive cell vehicles [38–42] . Therefore, the incorporation of sul- 

ated GAG mimics into a hydrogel, to form a bioactive bioink, of- 

ers a promising approach for localized and sustained delivery of 

Fs to cells encapsulated within bioprinted implants targeting the 

epair of soft tissues. 

The overall aim of this study was to develop a new class of al- 

inate sulfate functionalized, growth factor eluting, alginate-gelatin 

ethacryloyl (GelMA) IPN bioink capable of promoting chondro- 

enesis of encapsulated MSCs while simultaneously providing me- 

hanical properties compatible with articular cartilage regenera- 

ion, as schematically shown in Fig. 1 . Alginate and GelMA were se- 

ected to form IPN hydrogels due to their biocompability and suit- 

bility for the bioprinting of musculoskeletal tissues [ 23 , 34 ]. Addi- 

ionally, alginate sulfate was synthesized and incorporated into the 

PN, forming a sulfated IPN bioink (S-IPN) to improve the bind- 

ng affinity with GFs. The printability, rheological and mechani- 
131 
al properties of the S-IPN bioink were first assessed. Next, the 

apacity of the S-IPN bioink to function as a delivery system for 

GF- β3, a known chondrogenic growth factor, was evaluated. Fi- 

ally, the chondro-permissiveness of the S-IPN bioink with affinity 

ound TGF- β3 was investigated in vitro and in vivo with the aim of 

ssessing its potential as a putative ‘off-the-shelf’ or ‘single-stage’ 

trategy for articular cartilage repair. 

. Materials and methods 

.1. Cell isolation and expansion 

Bone marrow derived mesenchymal stem cells (MSCs) were iso- 

ated from the femoral shaft of a 3-month old porcine purchased 

rom a local abattoir within 3 hours of sacrifice and expanded 

n high glucose dulbecco’s modified eagle’s medium (hgDMEM, 

lutaMAXTM; Bioscience, Ireland) supplemented with 10% fetal 

ovine serum (FBS, Biosciences, Ireland), 1% penicillin (100 U/ml)- 

treptomycin (100 μg/ml) (Biosciences, Ireland) hereafter, named 

PAN. Following colony formation, MSCs were trypsinized and re- 

uspended for a further passage at a density of 875,0 0 0 cells/T175 

ask, 5 ng/mL fibroblast growth factor-2 (FGF-2, PeproTech EC, 

td. UK) was added to the XPAN media which was changed twice 

eekly. All cell expansion was conducted in hypoxic conditions (5% 

 2 ) and cells were used at passage 3. Tripotentiality was confirmed 

rior to use as previously described [43] . 

.2. Preparation of alginate sulfate and gelatin methacryloyl (GelMA) 

The sulfation of alginate was performed as described previously 

41] . Briefly, 0.6 g alginate (LVG, Pronova, NovaMatrix DuPont, 

W = ~75 kDa) was dissolved at 0.2% (w/v) in deionized wa- 

er at 4 °C. Then 20 g of Dowex-X8 ion exchange resin (10 0-20 0

esh, H 

+ form, Sigma-Aldrich, Ireland) was added to the algi- 

ate solution and stirred for 30 mins. After the mixing, the super- 

atant was collected by centrifugation and the pH of the solution 

as adjusted to ~ 6.0 by dropwise addition of tributylamine (TBA, 

igma-Aldrich, Ireland) into the solution. The solution was then fil- 

rated and lyophilized to obtain TBA-alginate. For sulfation of al- 

inate, 0.6 g TBA-alginate was resuspended in 200 ml dimethyl- 

ormamide with 6 g of sulfuric acid, followed by adding 12 g of 

, N’-dicyclohexylcarbodiimide (Sigma-Aldrich, Ireland) and stirred 

or 2 h at room temperature. At the end of reaction, the precip- 

tate was removed by filtration and the supernatant was mixed 

ith three equal volumes of dichloromethane (Sigma-Aldrich, Ire- 

and), resulting in a second precipitate. These precipitates were 

urther dissolved in 0.5 N sodium hydroxide (Sigma-Aldrich, Ire- 

and), the supernatant was obtained by filtration. The solution was 

hen dialyzed against deionized water for 3 days and lyophilized 

o obtain the alginate sulfate. The degree of sulfation of the final 

roducts was 3 according to previous report [43] . Fourier trans- 

orm infrared (FTIR) spectra of the alginate sulfate were recorded 

sing a Spectrum 100 FT-IR spectrometer (PerkinElmer, Waltham, 

SA) in attenuated total internal reflection mode, the spectra were 

canned between 50 0 and 40 0 cm 

−1 . Carbon-13 nuclear magnetic 

esonance ( 13 C NMR) were performed by NMR spectroscopy (400 

Hz, Bruker Avance II 600 NMR, Switzerland) at ambient temper- 

ture. 

To synthesis GelMA, methacrylic anhydride (1 mL per gram of 

elatin) was added dropwise to 10 % (w/v) solution of gelatin (type 

, from porcine skin, Sigma-Aldrich, Ireland) in PBS under constant 

tirring. After the reaction at 50 °C for 4 h, GelMA solution was 

iluted with 4 times volume of PBS and then dialyzed using dial- 

sis tubes (12-14 kDa molecular weight cutoff, Spectrum Labs) in 

istilled water for 7 days at 40 °C to remove methacrylic acid and 

nhydride. Afterward, the solution was filtered using a filter with a 



B. Wang, P.J. Di ́az-Payno, D.C. Browe et al. Acta Biomaterialia 128 (2021) 130–142 

Fig. 1. Schematic representation of the sulfated interpenetrate network bioink preparation and printing process . (A) Illustration of preparing alginate/alginate sulfate- 

GelMA IPN bioink. Growth factor TGF- β3 was firstly affinity-bound to alginate/alginate sulfate, then blended with GelMA solution and porcine MSCs. (B) Image of 3D 

bioprinted constructs. (C) Schematic of crosslinking processes. Cylinders were printed and crosslinked under UV for 15 mins followed by ionic crosslink for another 15 mins 

in calcium bath. The constructs were either cultured in vitro for 6 weeks or subcutaneously implanted for 4 weeks. 
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SR = ( W s − W ) / W (1) 
ore size of 0.22 μm. Finally, the solution was lyophilized to obtain 

ry GelMA and stored at −20 °C before use. 

.3. Preparation of bioinks 

Alginate, alginate sulfate and GelMA were dissolved sepa- 

ately in high glucose DMEM. Photoinitiator Irgacure 2959 (Sigma- 

ldrich, Ireland) was solubilized in PBS and stored in the dark. 

o prepare IPN bioink, different components were mixed thor- 

ughly at 37 °C in a volume ratio of alginate/GelMA/photoinitiator 

4.5:4.5:1) using a dual syringe approach to get a solution consist- 

ng of 2% w/v alginate, 20% w/v GelMA and 0.1% w/v photoinitiator. 

he solution was next combined with MSCs in DMEM in a 1:1 vol- 

me ratio to yield IPN bioinks with a final concentration of 1% w/v 

lginate, 10% w/v GelMA, 0.05% w/v photoinitiator and 20 × 10 6 

ells/ml. For rheological and mechanical characterization, the so- 

ution was mixed with DMEM without cells to get the same con- 

entration. For S-IPN bioinks, alginate/alginate sulfate (7:3 v/v ra- 

io) was used instead of using alginate solution alone. Three other 

nks, 1 % w/v alginate, 1 % w/v alginate/sulfated alginate and 10% 

/v GelMA, were also prepared as controls. 

.4. Mechanical characterization 

Cylindrical constructs (5 mm diameter and 5 mm height) 

ere fabricated by casting inks into custom designed molds (3 

 w/v agarose), followed by crosslinking under UV light (365 

m, 5 mW/cm 

2 . Uvitec, Cambridge UK) for 15 mins and further 

rosslinked in 50mM calcium chloride bath for 15 mins. All me- 

hanical tests were performed using a standard material testing 

achine (Zwick Roell Z005) with a 5 N load cell. Briefly, constructs 
132 
ere kept hydrated in PBS bath maintained at room temperature. 

tress tests were performed with an unconfined ramp compression 

o 50 % strain at a rate of 1 mm/s. The compression modulus was 

ssessed from the initial linear region of the obtained stress-strain 

urves. To determine the elasticity of the constructs, samples were 

ubjected to five compression cycles with strain amplitude of 10, 

0, 30, 40 and 50% in sequence. Constructs permanent deforma- 

ion (PD) after 5 cycles was calculated as follows: PD = (Test Speed 

�t)/h 0 , where �t is the interval of time at the start of the 5th

ycle in which no force is applied to the sample, while h 0 is the

nitial height of the sample [44] . 

.5. Scanning electron microscopy 

The morphology of constructs were visualized using scanning 

lectron microscopy (SEM, Zeiss Sigma 300) at 10 kV. The con- 

tructs were frozen in liquid nitrogen followed by lyophilization at 

10 °C for 24 h. The dried constructs were then cut and sputter 

oated with 10 nm of gold before observation. The pore sizes were 

easured from SEM images using ImageJ software. 

.6. Swelling kinetics 

The swelling behavior of constructs was assessed based on 

he following steps. The constructs were first lyophilized and dry 

eights ( W d ) were recorded. Then, the samples were immersed in 

MEM and incubated at 37 °C for 24 h. Swollen hydrogels were 

emoved and weights were measured ( W s ). The swelling ratio (SR) 

as calculated according to the following equation: 
d d 
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.7. Release kinetics of TGF- β3 

The bioinks were prepared in DMEM as described above, and 

ixed with human Transforming Growth Factor- β3 (TGF- β3, Pe- 

roTech EC, Ltd. UK) using a dual-syringe approach, with the 

mount of TGF- β3 (240 ng/construct) equivalent to that normally 

dded to the chondrogenic media over the course of a 6 week cul- 

ure. 1% alginate, 1% alginate/alginate sulfate and 10% GelMA solu- 

ions were also prepared and loaded with TGF- β3 as controls. Once 

he TGF- β3 was mixed thoroughly the solutions were casted into 

garose (3 % w/v) molds, followed by dual crosslinking process as 

escribed above. The release kinetics of each construct were de- 

ermined by incubation in 2 ml growth media at 37 °C in hypoxia 

5% O 2 ). At designated time points, media was changed and 1 ml 

f supernatant was collected and frozen at -80 °C. The amount of 

GF- β3 in the supernatant was evaluated with enzyme-linked im- 

unosorbent assay (ELISA, DY243, R&D Systems) according to the 

anufacturer’s protocol. 

.8. Rheological assessment of bioinks 

The rheological properties of all the bioinks were evaluated us- 

ng a rheometer (MCR 102, Anton Paar GmbH, Austria). 1 ml of 

ifferent bioinks were placed between parallel plates with a diam- 

ter of 25 mm (PP25) and the gap between two plates was set to 

.7 mm for all the tests. To investigate the temperature-dependent 

iscosity of different bioinks, temperature sweep tests were per- 

ormed from 37 °C to 10 °C with the shear rate maintained at 100

 

−1 . Then the dynamic viscosity of different bioinks was assessed 

y using shear rate sweep from 0.1 s −1 to 10 0 0 s −1 at 13 °C, the

hear thinning behavior of the bioinks was further quantified by 

tting the shear rate-viscosity plots with Power Law equation: 

= K ϕ 

n −1 (2) 

here η is the dynamic viscosity, ϕ is the shear rate, and K and 

 denote shear thinning coefficients. Finally, to assess the recovery 

f viscosity of bioinks, thixotropic tests were performed by fixing 

he shear rate at 100 s −1 for 20 s before a sudden drop to 1 s −1 

ith the temperature maintained at 13 °C to simulate the printing 

rocess. Viscosity trends were assessed as a function of time. 

.9. 3D bioprinting and MSC differentiation 

Cylindrical constructs encapsulated with MSCs (20 × 10 6 

ells/ml) were printed using the 3D Discovery bioprinting system 

Regen HU, Switzerland) operated within a laminar flow hood to 

nsure sterility throughout the fabrication process. Bioinks were 

oaded into a syringe and centrifuged to remove any air bubbles, 

nd then printed at 13 °C, using an extrusion pressure of 0.1 MPa, 

 mm/s translation speed and a 25 G needle. The printability of 

ioinks was first evaluated by measuring the spreading ratio, de- 

ned as the width of the filament divided by the diameter of the 

eedle, as previously described [36] . For in vitro evaluation, cylin- 

rical constructs with a build diameter of 5 mm and height of 3 

m were printed layer by layer using an orthogonal 90 degree 

ngle round pattern. The constructs were then crosslinked under 

V light (365 nm, 5 mW/cm 

2 ) for 15 mins and further ionically 

rosslinked in a bath of 60 mM CaCl 2 for 15 mins. Constructs were 

ultured at 37 °C, under hypoxic conditions (5% O 2 ) for 3 or 6

eeks in chondrogenically defined media (CDM): hgDMEM, peni- 

illin (100 U/ml), streptomycin (100 μg/ml), L-proline (40 μg/ml), 

odium pyruvate (100 μg/ml), linoleic acid (4.7 μg/ml), L-ascorbic 

cid-2-phosphate (50 μg/ml), bovine serum albumin (1.5 mg/ml), 

examethasone (100nM), 1 × insulin-transferrin-selenium (all from 

igma-Aldrich), and human TGF- β3 (10 ng/ml). Constructs loaded 

ith TGF- β3 were not supplemented with TGF- β3 in chondrogenic 
133 
edia. Media changes were performed twice weekly for all the 

roups. 

.10. Live/dead confocal microscopy 

Cell viability was assessed at day 1, 21 and 42 using a live/dead 

iability assay. Briefly, constructs were sliced in longitudinal di- 

ection and rinsed in sterile deionized water followed by incu- 

ation for 1 h in phenol free DMEM containing 4 μM ethidium 

omodimer-1 and 2 μM calcein AM (Bioscience, UK). After incu- 

ation, sections were rinsed again in deionized water and imaged 

ith Leica SP8 confocal microscope, and the viability was quanti- 

ed using ImageJ software. 

.11. In vivo subcutaneous implantation 

All the animal protocols were approved by the the ethics com- 

ittee of Trinity College Dublin and Health Products Regulatory 

uthority (HPRA). Four 8-week old BALB/c OlaHsd-Foxn1nu nude 

ice (Envigo, Oxford, UK) were anaesthetized using a mixture of 

ylazine (10 mg/kg) and ketamine (100 mg/kg) given subcuta- 

eously before surgery. Once anaesthetized, 5 mg/kg carprofen was 

lso administered subcutaneously. Two incisions were made in the 

kin slightly lateral to the spine of each animal and four subcu- 

aneous pockets were created. Two different group of constructs 

S-IPN and TGF- β3 loaded S-IPN construct) were bioprinted and 

ubsequently implanted, as previously described [ 45 ]. Mice were 

acrificed after 4 weeks implantation by CO 2 inhalation and the 

onstructs were analysed histologically and biochemically. 

.12. Biochemical analysis 

Biochemical analyses were performed to assess the DNA, sGAG, 

ollagen content and calcium deposition at day 1, 21 and 42. 

rior the biochemical assays, constructs were sliced in half, weight 

ecorded and frozen at -80 °C for subsequent assessment. Sliced 

onstructs were either enzymatically digested with papain (125 

g/ml) in cysteine HCl (5 mM), sodium acetate (0.1 M), ethylenedi- 

minetetraacetic acid (EDTA) (50 mM) (all from Sigma-Aldrich, Ire- 

and) at 60 °C under rotation (10 rpm) for 18 h. The samples were 

hen incubated with sodium citrate (1 M) for 1 h for DNA, sGAG 

nd collagen evaluation. Otherwise the samples were chemically 

igested with HCl (1 M) at 60 °C under rotation (10 rpm) for 18 

r for calcium content analysis. The DNA content was determined 

ia a Bisbencimide Hoechst assay. The sGAG content was estimated 

sing a dimethylmethylene blue (DMMB) dye-binding assay, with 

he pH of the DMMB adjusted to 1.35 to exclude any background 

bsorbance. Collagen content was indirectly measured by deter- 

ining the hydroxyproline content after acidic hydrolysis (hydrox- 

proline/collagen content ratio of 1:7.69 [46] ), and finally the cal- 

ium content was quantified using the o-cresolphthalein complex- 

ne method. All the contents at day 1 except collagen were sub- 

racted from day 21 and 42 values for data presentation purposes. 

.13. Histological and immunohistochemical analysis 

Histological analyses were carried out as previously reported 

33] . Briefly, constructs were fixed in 4% paraformaldehyde 

vernight, followed by dehydrating, wax embedding and sectioning 

6 μm slices). Sections were stained with picrosirius red for evalu- 

ting collagen distribution, aldehyde fuchsin/ alcian blue to assess 

GAG content and alizarin red for visualizing calcium accumula- 

ion. Collagen type I, II and X were evaluated on sections using a 

tandard immunohistochemical techniques, as previously reported 

47] . 
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Fig. 2. Characterization of alginate sulfate . (A) Reaction scheme of the sulfation of uronic acids in alginate. (B) FTIR spectra of alginate sulfate and raw alginate. The new 

major peak at 1253 cm 

−1 was assigned to S = O asymmetric stretching and that at 843 cm 

−1 to symmetrical S-O-C vibration. (C) 13 C NMR spectra of alginate sulfate and raw 

alginate. (D) Images of 1% alginate and 1% alginate sulfate dissolved in DMEM medium. (E) Viscosity of 1% alginate and 1% alginate sulfate in the presence of shear rate in 

the range of 0.1 to 10 0 0 s −1 at a frequency of 1 Hz. 
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.14. Statistical analysis 

All statistical analyses were performed using GraphPad Prism 

oftware. Numerical results were presented as mean ± standard 

eviation. Experiment groups were analyzed using a general linear 

odel for analysis of variance followed by Tukey’s test for multiple 

omparisons. Significance was accepted at a level of p < 0.05. 

. Results 

.1. Sulfation and characterization of alginate 

Alginate sulfate was synthesized by conversion of sodium al- 

inate to a tertiary amine salt and followed by o-sulfation with 

arbodiimide and sulfuric acid, as schematically shown in Fig. 2 A. 

ig. 2 B depicts the FTIR spectra of alginate and its sulfated form. 

he spectrum of alginate sulfate reveals two new characteristic ab- 

orption bands at 1253 cm 

−1 and 843 cm 

−1 , which corresponded 

o S = O asymmetric stretching and symmetrical S-O-C vibration re- 

pectively [48] . Sulfation of the uronic acid in alginate was further 

ubstantiated by 13 C NMR analyses ( Fig. 2 C). The two spectra re- 

eal the matched chemical shifts of C-6 and C-1 at 174.8 and 100.1 

pm. The chemical shifts of C-4 and C-5 moved to a higher-field 

osition after sulfation, from 82.1 to 77.8 ppm and 77.5 to 74.7 
134 
pm respectively, whilst C-3 and C-2 shifts moved to lower-field 

ositions in the spectrum of alginate sulfate, in agreement with 

revious studies [ 4 8 , 4 9 ]. 

After sulfate modification, the viscosity of the alginate de- 

reased significantly ( Fig. 2 D). A rheology test to characterize vis- 

osity as a function of shear rate was performed and quantita- 

ively confirmed the dramatic decrease of viscosity of the 1% al- 

inate sulfate solution compared to that of unmodified 1% alginate 

 Fig. 2 E). 

.2. Rheological properties and 3D printability of bioinks 

The rheological characteristics of the IPN bioinks were next ex- 

mined, including temperature dependence of viscosity, shear thin- 

ing behavior and thixotropic property, as compared to individual 

omponents of the IPN. For all GelMA containing bioinks, that is 

he 10% GelMA, IPN and S-IPN inks, the temperature sweep anal- 

sis indicates that the viscosity increased dramatically when the 

emperature dropped below 20 °C ( Fig. 3 A). Additionally, the tem- 

erature at which the viscosity abruptly increased was higher in 

he IPN and S-IPN bioinks (~20 °C and 18 °C, respectively) com- 

ared to that of 10% GelMA only (~15 °C). However, in the case of 

% alginate and 1% alginate/alginate sulfate solutions, there was no 

bvious variation in viscosity with changes in temperature. On the 
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Fig. 3. Rheological properties and 3D-printability of 1% alginate, 1% alginate/alginate sulfate, 10% GelMA, IPN and S-IPN bioinks . (A) Viscosity of bioinks as a function 

of temperatures changing from 37 to 10 °C. (B) Viscosity of different bioinks in the presence of shear rate in the range of 0.1 to 10 0 0 s −1 at a frequency of 1 Hz. (C) Viscosity 

recovery test of the bioinks subjected to a shear rate varying between 1 and 100 s −1 for 20 s, mimicking the 3D printing process. (D) Printed hydrogels in a defined pattern 

generated using different bioinks. (E) Post printing spreading ratio (width of filament divided by needle diameter). n = 4, ∗∗∗p < .001. (F) Values of shear thinning coefficients 

of the bioinks derived by fitting the Power Law Eq. (2) to the liner region of the shear rate-viscosity plots in Fig. 3 B. (G, H) Printed 3D lattice and meniscus implant using 

S-IPN bioink. 
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asis of these results and pilot printing tests, a constant tempera- 

ure of 13 °C was chosen in order to ensure the printability of the 

nks. 

The shear-dependent viscosity of the different bioinks was ac- 

uired from shear rate sweep measurements ( Fig. 3 B). Shear- 

hinning behavior was observed for all GelMA containing bioinks 

t 13 °C, characterized by a continuous decrease in viscosity with 

ncreasing shear rate, with the 10% GelMA only bioink displaying 

ore obvious shear-thinning behavior compared to the IPN and 

-IPN bioinks, with a sharper shear rate-viscosity profile. On the 

ther hand, alginate based bioinks without pre-crosslinking did 

ot display shear thinning behavior, suggesting such pure alginate 

ased bioinks would be associated with poor shape fidelity when 

ioprinting. 

The characterization of thixotropic properties was also per- 

ormed under alternating high/low shear rates (100 or 1 s −1 ) to 

imulate the bioprinting process [50] . IPN and S-IPN bioinks went 

rom fluid-like to solid-like behavior in response to applied shear 

ates, whereas the viscosity of 1% alginate and 1% alginate/alginate 

ulfate solutions remained constant over the test ( Fig. 3 C). Ad- 

itionally, compared to 10% GelMA, the responses to shear rate 

hanges were rapid and repeatable in IPN and S-IPN bioinks, 
135 
ndicative of highly thixotropic behavior, which is essential for 

xtrusion-based bioprinting. 

The printability and shape fidelity of the bioinks were further 

onfirmed by characterization of the filament spreading ratio (ra- 

io of the width of deposited filaments to the needle diameter) 

fter deposition ( Fig. 3 D and E). Generally, continuous filaments 

ere printed with uniform size in the case of 10% GelMA, IPN 

nd S-IPN bioinks, with the lowest spreading ratio (2.73 ± 0.25) 

as measured in 10% GelMA bioinks, indicating the best print- 

bility. In contrast, alginate only bioinks were completely unprint- 

ble; these bioinks dispersed upon extrusion, probably due to their 

ow shear viscosity ( Fig. 3 B). These results were in good agreement 

ith the analysis of bioink shear thinning properties. By fitting the 

ower Law model in the form of Eq. (2) to shear rate-viscosity flow 

urves, the degree of shear thinning behavior of the bioinks was 

uantified ( Fig. 3 F). The consistency coefficient ( K ) is the viscosity 

f the bioinks at a shear rate of 1 s −1 . The flow behavior index

 n ) expresses how non-Newtonian a bioink is, with n approaching 

 indicating higher shear thinning of the bioink [51] . To further 

emonstrate the print fidelity of the S-IPN bioink, grid-like struc- 

ures and anatomically sized constructs mimicking a sheep menis- 

us were successfully printed with high fidelity ( Fig. 3 G and H). 
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Fig. 4. Mechanical properties of the constructs . (A) Stress-strain hysteresis plots of 1% alginate, 1% alginate/alginate sulfate, 10% GelMA, IPN and S-IPN constructs for 

5 cycles of compression. Strain increased by 10% increments with each cycle from 10% to 50%. (B) Permanent deformation of constructs after cyclic compression. n = 3. 

(C) Representative images of cylindric 1% alginate and S-IPN constructs before, during and after being compressed to 50% strain. (D) Compression stress-strain curves of 

constructs from each group. (E) Compression modulus of the constructs derived from the linear region of compressive strain-stress curves. Dash line represents the sum of 

single components. n = 4. (F) SEM images of porous structures of each hydrogels after crosslinking. (G) Pore size of hydrogels, n = 3 with over 30 pores measured for each 

sample. (H) Swelling ratio of freeze dried constructs after 24 hours incubation in DMEM. n = 3, ∗p ≤ .05, ∗∗p ≤ .01, ∗∗∗p ≤ .001, and ∗∗∗∗p ≤ .0 0 01. 
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.3. Interpenetrating networks provide synergistic increases in 

echanical properties to printed constructs 

The mechanical properties of the S-IPN constructs were eval- 

ated by unconfined compression tests and compared to single 

omponent samples. Constructs were first subjected to cyclic com- 

ression tests, which consisted of five cycles with increasing strain 

mplitude from 10% to 50%, in order to characterize their elastic 
136 
roperties. Ionically crosslinked networks (1% alginate and 1% al- 

inate/alginate sulfate) exhibited pronounced hysteresis and signif- 

cant plastic deformation (above 16% of the initial height) after 5 

ycles of loading and unloading, while 10% GelMA showed high re- 

ilience with only 1.60 ± 0.48% permanent deformation measured 

 Fig. 4 A and B). The dual crosslinked constructs (IPN and S-IPN) 

ere also shown to be resilient under cyclic loading, particularly 

he S-IPN which exhibited negligible hysteresis and was able to 
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Fig. 5. TGF- β3 release and cell viability within printed constructs . (A, B) TGF- β3 release profiles from constructs within first 3 days and up to 21 days of culture assessed 

using an ELISA assay. n = 4 , α, β , ε and γ = statistical significance via two-way ANOVA test of S-IPN vs 1% alginate, 1% alginate/alginate sulfate, 10% GelMA and IPN, respec- 

tively. (C) Representative images of live/dead staining of MSCs within constructs at various time points (day 1, 21, and 42) throughout the culture duration. The main images 

show high magnification images of the constructs. The inset images show the full constructs. Green and red indicate live and dead cells, respectively. Scale bar: 300 μm. (D) 

Quantification of cell viability in 3D-printed constructs. 3 samples for each group analysed. 
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ecover to its original shape with slight permanent deformation 

1.96 ± 0.87%). Furthermore, the S-IPN construct withstood 50% 

ompressive strain and fully recovered after unloading, whereas 1% 

lginate showed noticeable plastic deformation ( Fig. 4 C), demon- 

trating again the highly elastic nature of the S-IPN constructs. 

oreover, the mechanical strength of the S-IPN constructs was 

reatly enhanced compared to that of single component constructs 

 Fig. 4 A), which was further confirmed by ramp compression test- 

ng ( Fig. 4 D and E). The results revealed that the dual crosslinked

-IPN constructs (32.48 ± 4.23 kPa) had a 5-fold higher compres- 

ive modulus than 1% alginate/alginate sulfate hydrogel (6.85 ±
.17 kPa) and 3-fold higher compressive modulus than 10% GelMA 

lone (11.07 ± 1.92 kPa). Additionally, the compression modulus of 

-IPN constructs was significantly higher than the sum of the indi- 

idual components, indicating a synergistic effect of dual crosslink- 

ng on construct stiffness. 

Scanning electron microscopy (SEM) observation revealed that 

oth the IPN and S-IPN constructs had highly interconnected 

orous structures with an average pore size of around 20 μm, 

hich was smaller than single component hydrogels, presum- 

bly due to the interpenetrating network generated from the dual 

rosslinking process ( Fig. 4 F, G). The swelling behavior of all com- 

inations of hydrogels was also investigated ( Fig. 4 H), with the 1% 

lginate and 1% alginate sulfate hydrogels displaying significantly 

igher swelling properties than the IPN and S-IPN constructs. 

.4. Sulfation of alginate slows TGF- β3 release 

In order to investigate the capacity of the sulfated IPN bioink to 

ind, trap and release growth factors, gel precursor solutions were 

oaded with TGF- β3 and the release kinetics were monitored by 

LISA. There was an initial burst release of TGF- β3 from the 1% al- 
137 
inate, 10% GelMA and IPN (approximately 60%) occurring within 

he first three days of culture, whereas alginate sulfate incorpo- 

ated hydrogels, particularly the S-IPN, showed a more sustained 

nitial release ( Fig. 5 A). Over the entire test period, 1% alginate and

0% GelMA hydrogels displayed similar release profiles, with the 

ajority of TGF- β3 released by day 7, followed by a plateau up to 

ay 21 ( Fig. 5 B). At 7 days, the cumulative TGF- β3 release from

he IPN constructs was 65.9 ± 3.8% compared to value of 42.2 ±
.8% for the S-IPN. Moreover, a sustained release of growth factor 

ver 21 days was observed for the S-IPN, demonstrating the high 

ffinity between alginate sulfate and TGF- β3. 

.5. A S-IPN bioink containing TGF- β3 promotes chondrogenesis of 

SCs in vitro 

Having demonstrated the capacity of the S-IPN hydrogel to con- 

rol the release of TGF- β3, we next sought to explore the potential 

f the S-IPN bioink as a delivery system for chondrogenic growth 

actors to promote chondrogenesis of MSCs in vitro . Cylinder con- 

tructs were 3D bioprinted using cell laden IPN and S-IPN bioinks 

ith or without encapsulated TGF- β3. One day after printing, a 

ive/dead assay was performed on the constructs, demonstrating 

imited cell death in all groups ( Fig. 5 C). In addition, cell viabil-

ty was maintained at approximately 80% throughout the culture 

uration ( Fig. 5 D). Moreover, it can be seen that cells were ho- 

ogenously distributed in all the constructs. These MSC-laden 3D 

rinted constructs were then cultured under identical conditions 

n vitro for 42 days and the chondrogenic differentiation of the 

ncapsulated cells was assessed histologically and biochemically. 

ll the constructs stained intensely for picrosirius red and colla- 

en type II, while more pronounced aldehyde fuchsin/alcian blue 

taining was observed in TGF- β3 loaded S-IPN constructs at day 
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Fig. 6. In vitro chondrogenesis evaluation of IPN and S-IPN constructs with TGF- β3 either in culture media or construct . (A) Histological and immunohistochemical 

staining for sulphated glycosaminoglycan (sGAG), collagen, calcium, collagen type I, collagen type II and collagen type X deposition at day 21 and 42 of culture. (B-E) 

Quantification of DNA, sGAG, collagen and calcium deposition in each construct. n = 3, ∗p ≤ .05, ∗∗p ≤ .01, and ∗∗∗p ≤ .001. αp < .05, ααp ≤ .01, αααp ≤ .001 and ααααp ≤
.0 0 01 vs. day 21 of the same bioink. 
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2, indicating a greater level of sGAG accumulation ( Fig. 6 A). This 

as confirmed by quantitative biochemical analysis of the resul- 

ant tissue, which demonstrated that collagen and sGAG accumu- 

ation increased over culture time in all constructs, with signifi- 

antly more sGAG synthesized in the TGF- β3 loaded S-IPN con- 

tructs at day 42 ( Fig. 6 C and 6 D). Negligible alizarin red staining,

 marker of mineralization, was found in IPN and S-IPN constructs 

t day 21 when TGF- β3 was supplied to the media, with some 

ery small pockets of mineral deposition observed by day 42. More 

mportantly, within S-IPN-TGF constructs, no significant difference 

as found in terms of calcium deposition compared to constructs 

here TGF- β3 was continuously supplied to the media at both 

ime points. In contrast, more intense staining was observed in the 

PN-TGF constructs, particularly at day 42, as evident by a signif- 

cant increase in calcium content ( Fig. 6 E). Immunohistochemical 

nalysis revealed that all constructs stained weakly for collagen 

ype I at all time points; however, stronger staining of collagen 

ype X was observed within TGF- β3 loaded IPN constructs at day 

2, suggesting the hypertrophic development of MSCs with this 
ioink. m

138 
.6. A S-IPN bioink containing TGF- β3 promotes chondrogenesis of 

SCs in vivo 

We next sought to assess the potential of the TGF- β3 loaded 

-IPN bioink to promote chondrogenesis in vivo in a subcuta- 

eously implantation mouse model ( Fig. 7 A). To this end, the ca- 

acity of the S-IPN bioink encapsulated with TGF- β3 or the S-IPN 

ioink alone to promote cartilage formation was compared. After 

 weeks in vivo , S-IPN constructs supplemented with TGF- β3 re- 

embled cartilage macroscopically ( Fig. 7 B). Histological analysis 

evealed that more matrix appeared to accumulate within the TGF- 

3 loaded S-IPN constructs, with intense staining for sGAG and 

ollagen type II. In contrast, S-IPN constructs without growth fac- 

or release demonstrated lower levels of sGAG and collagen type 

I staining ( Fig. 7 C), which were in agreement with biochemical 

valuations. In addition, negligible alizarin red and collagen type X 

taining was found in the TGF- β3 loaded S-IPN constructs. These 

esults demonstrate the potential of growth factor-releasing S-IPN 

ioinks to modulate MSC differentiation, supporting the develop- 

ent of a stable, hyaline-like cartilage tissue in vivo . 



B. Wang, P.J. Di ́az-Payno, D.C. Browe et al. Acta Biomaterialia 128 (2021) 130–142 

Fig. 7. Chondrogenesis evaluation of S-IPN constructs with TGF- β3 release in vivo . (A) Scheme of subcutaneous implantation of constructs. (B) Macroscopic view of S-IPN 

constructs with and without the incorporation of TGF- β3. (C) Histological and immunohistochemical staining for sGAG, collagen, calcium, collagen type II and collagen type 

X deposition after 4 weeks in vivo . (D) Quantification of DNA, sGAG, collagen and calcium deposition in each group. n = 5, ∗p ≤ .05, ∗∗p ≤ .01, and ∗∗∗p ≤ .001. 
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. Discussion 

This study described the development of a new class of sulfated 

PN bioink and investigated its potential for delivering growth fac- 

ors to encapsulated MSCs as a promising translational approach 

o generate articular cartilage. The IPN bioinks provided synergis- 

ic improvements in mechanical properties that translated into me- 

hanically tough and resilient bioprinted tissues. Furthermore, the 

resence of alginate sulfate in the bioink enabled long-term sus- 

ained release of TGF- β3, which promoted robust and stable chon- 

rogenesis of MSCs in vitro . In addition, implantation of TGF- β3 

oaded printed S-IPN constructs directly post-printing was capable 

f driving chondrogenesis in a subcutaneous environment. Taken 

ogether, these findings open up the possibility of bioprinting and 
139 
hen directly implanting such TGF- β3 laden-sulfated IPN bioinks as 

art of a ‘single-stage’ strategy for cartilage regeneration. 

The sulfated IPN bioink was found to exhibit good 3D print- 

bility and post-printing shape fidelity, which was identified as 

he primary requirement when developing bioinks, largely due to 

he physical gelation of GelMA during the printing process at a 

elatively low temperature. GelMA has been widely explored as 

 bioink to print complex tissues because of its high biocompa- 

ility, elasticity and, more importantly, its thermo-dependent vis- 

osity [52–54] . Here, IPN and S-IPN bioinks were found capable 

f depositing smooth filaments and complex large structures, de- 

pite their less pronounced shear thinning properties compared 

o that of GelMA only. This may be correlated to the effect of 

ncrosslinked alginate/alginate sulfate on relieving the entangle- 
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ent of GelMA chains, which in turn also resulted in more obvious 

hixotropic behavior of the IPN or S-IPN bioinks. Of note, it was 

ound that the S-IPN bioink had relatively lower viscosity compare 

o the IPN bioink, despite the fact that only a small portion of al- 

inate sulfate was used in the S-IPN bioink, which may be due to 

he low viscosity of sulfated alginate as shown in Fig. 1 E. Indeed, 

ther studies have demonstrated that after sulfation, the molecu- 

ar weight of alginate decreased dramatically and hence may result 

n a significant decrease in viscosity [40,41], which could also ex- 

lain the unprintability of a mixture of 10% GelMA and 1% alginate 

ulfate (data not shown here). 

The mechanical properties of bioprinted constructs are crucial 

or maintaining structural integrity and, more importantly, with- 

tanding mechanically loading once implanted in vivo [ 55 , 56 ]. Nev- 

rtheless, many bioprinted constructs using conventional single 

etwork hydrogel bioinks are mechanically weak and lack elastic- 

ty. In contrast, the sulfated IPN constructs developed in this study 

rovide synergistic increases in mechanical properties compared to 

ingle component hydrogels, demonstrating the capability of with- 

tanding severe mechanical deformation, which may be attributed 

o stress-sharing between the hydrogel networks and energy dis- 

ipation through reversible disruption of ionically crosslinked net- 

orks while covalently crosslinked networks remains intact. In ad- 

ition, the swelling ratio of S-IPN constructs remained similar to 

hat of the GelMA component, indicating negligible influence on 

utrient transportation; this is generally not expected with more 

onventional methods for improving hydrogel mechanical prop- 

rties, including increasing polymer concentration and enforcing 

ith particles [57] . Of note is that in spite of the improvement of

echanical properties, the compressive modulus of the S-IPN con- 

tructs still remained at least one order of magnitude lower than 

hat of native articular cartilage [ 28 , 58 ]. Further studies are there-

ore required to develop implants that better mimic the mechani- 

al properties of native articular cartilage, for example by employ- 

ng multiple-tool fabrication systems to reinforce bioinks with ap- 

ropriately designed polymer frameworks [59] . 

To leverage the chondrogenic potential of the bioink, alginate 

ulfate was synthesized and incorporated to this system to fa- 

ilitate sustained delivery of TGF- β3. It is well known that na- 

ive ECM components, such as sulfated GAGs, have the capacity 

o bind growth factors [60] . However, previous studies in our lab 

ave demonstrated that decellularized ECM has limited control on 

rowth factors releasing, possibly due to the decellularization pro- 

ess which may remove sulfated GAGs [ 22 , 61 ]. In contrast, algi-

ate, as a biocompatible natural polysaccharide, can be sulfated via 

hemical reaction to be negatively charged and, further, has been 

ound capable of strong binding to over 10 (positively charged) 

eparin-binding proteins [ 41 , 62 ]. In this study, a mixture of al-

inate and sulfated alginate demonstrated the capacity to more 

trongly bind TGF- β3 compared to native alginate or GelMA alone. 

urthermore, the S-IPN bioink supported greater growth factor re- 

ention and sustained release over at least 21 days of culture, as 

vident by the ELISA results ( Fig. 5 A and B). 

The prolonged activity of the affinity-bound TGF- β3 led to ro- 

ust and stable chondrogenesis of MSCs in vitro . The histological 

nd biochemical findings demonstrated that a TGF- β3 eluting S- 

PN bioink supported superior chondrogenesis compared to con- 

rol IPN bioinks eluting TGF- β3. As previous studies have demon- 

trated that chondrogenically primed MSCs tend to further differ- 

ntiate toward a hypertrophic phenotype [ 63 , 64 ], resulting in calci- 

cation of the engineered tissues, we also sought to assess the ten- 

ency of our bioprinted tissues to progress along an endochondral 

athway. Progression along this pathway is a particular concern 

hen engineered tissues are inefficiently primed along a chondro- 

enic pathway [65] . Encouragingly, no significant difference in cal- 

ium deposition and collagen type X accumulation was observed 
140 
n the S-IPN groups, irrespective of whether TGF- β3 was encapsu- 

ated into the bioink or continuously supplemented into the me- 

ia. In contrast, significantly higher levels of mineralization were 

ound in the IPN constructs when TGF- β3 was encapsulated into 

he bioink. These findings may be explained, at least in part, by the 

rolonged activity of TGF- β3 in the sulfated bioink. In addition, the 

egatively charged alginate sulfate may repel the same negatively 

harged phosphate donors [66] , suppressing hypertrophic calcifica- 

ion. In should be noted that no significant difference in the extent 

f chondrogenesis and tissue calcification was observed between 

he IPN and S-IPN bioinks when TGF- β3 was continuously supple- 

ented into the media, suggesting a dominating role for the sus- 

ained release of TGF- β3 rather than the materials themselves in 

irecting this process. 

The chondro-inductive nature of the sulfated bioink with 

ffinity-binding TGF- β3 was further confirmed in vivo , with sig- 

ificantly more cartilage ECM deposited after 4 weeks compared 

o a sulfated IPN bioink without exogenous TGF- β3. Importantly, 

egative staining for calcium and collagen type X deposition were 

ound in the TGF- β3 loaded S-IPN constructs, indicating the devel- 

pment of hyaline-like cartilage in vivo . The limit change of col- 

agen content compared to that of Day 1 was possibly due to the 

egradation of the GelMA in vivo , which may counteract the ef- 

ect of collagen deposition by the encapsulated MSCs. Of note is 

hat the constructs were subcutaneously implanted into nude mice 

mmediately after bioprinting without any further in vitro culture. 

aken together, these results provide further support for the con- 

ept of employing sulfated IPN bioinks as part of a ‘single-stage or 

point-of-care’ strategy for articular cartilage regeneration. 

. Conclusion 

In conclusion, these results highlight the potential of using sul- 

ated IPN bioinks to support the regeneration of phenotypically 

table articular cartilage. Construction of IPN bioinks provided syn- 

rgistic increases in mechanical properties with improved tough- 

ess and elasticity. The presence of alginate sulfate supported high 

ffinity-binding and sustained release of TGF- β3, which promoted 

obust chondrogenesis and also suppressed hypertrophy of encap- 

ulated MSCs both in vitro and in vivo . Combining such sulfated 

PN bioinks with multiple-tool fabrication systems holds great po- 

ential in the field of orthopedic medicine. 
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