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Abstract 19 

The submicron- or nano-sized pores and uncontrollable degradation of conventional hydrogel 20 

have severely constrained cell growth and neo-tissue formation. In this study, alginate beads are 21 

explored as both delivery vehicles of chondrocytes and stimuli-responsive porogens within 22 

hydrogel scaffolds for cartilage tissue engineering. The typical chondroitin sulfate (CS)-alginate 23 

beads composite gel (CS-ABG) is fabricated by photo-encapsulating alginate beads into CS gel, 24 

and subsequently batch-wise dissolution and leaching out of the alginate beads is achieved by 25 

twice exposing CS-ABG into chelating agents. The combining and gradual removal of alginate 26 

beads effectively modulate gel' physical properties (e.g. swelling ratio, crosslink density) as well 27 

as create macro-scale cavities within CS-ABG. The efficacy of CS-ABG as a scaffold for 28 

cartilage tissue engineering is compared with conventional photocrosslinked CS gel (CS-G). The 29 

CS-ABG constructs are developed by co-encapsulating chondrocytes and cell-laden alginate 30 

beads within CS gel body and undergo EDTA treatment on day 7 and 14 of culture, respectively, 31 

for stepwise removal of alginate beads. The chondrocytes cultured in CS-ABG constructs exhibit 32 

higher cell viability and proliferation, enhanced cartilage-specific gene expressions as well as 33 

ECM production compared with those in CS-G constructs. This study demonstrates the potential 34 

of alginate beads as cell delivery vehicles and gradually dissolving porogens within gel scaffolds 35 

for cartilage tissue engineering. 36 

Key words: alginate, hydrogel, porogen, cartilage, tissue engineering 37 
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1 Introduction 39 

Articular cartilage defects, resulted from congenital abnormalities, aging, disease, and trauma, 40 

always lead to joint pain and even loss of movement due to its limited regenerative capabilities.
1-

41 

3
 Tissue engineering seems to hold great promise to generate cartilage substitute in vitro for 42 

repairing damaged cartilage in reconstructive surgery.
4,5

 43 

Due to the physiochemical similarity to cartilage matrix and hydrophilic nature as well as the 44 

capability for well-distributed cell encapsulation, hydrogels are widely considered as preferred 45 

three-dimensional (3-D) scaffolds for cartilage tissue engineering.
6-9

 Various hydrogel-based 46 

scaffolds have been developed with different raw materials (e.g. poly(ethylene glycol),
7
 47 

hyaluronic acid,
10

 gellan gum,
11

 alginate,
12

 chondroitin sulfate,
9
 etc) and crosslinking strategy 48 

(e.g. photocrosslinking,
13

 redox polymerization,
14

 Michael addition,
15

 enzymatic crosslinking,
16

 49 

etc). However, an inherent bottleneck of such conventional hydrogel scaffolds is the submicron- 50 

or nano-sized polymer networks that give rise to severe physical constraints for cell proliferation, 51 

neo-tissue formation, and even the transport of nutrients and oxygen. 52 

To address this problem, biodegradable hydrogels have been developed based on the hypothesis 53 

that continuous degradation of materials over culture time may produce micro-cavities within gel 54 

body.
17

 They can improve mass transport within gel and offer living space for cell growth and 55 

extracellular matrix (ECM) accumulation. The incorporation of biodegradable moieties (such as 56 

polyester,
18,19

 polycarbonate,
20,21

 and phosphate groups
22

) onto the backbone of precursors is the 57 

most commonly used method to fabricate biodegradable gels. Studies have indicated that the 58 

increasing porosity of cell-laden gel occurs via hydrolysis or enzymolysis at the early stages of 59 

culture, facilitating cell metabolic activity.
18,20

 However, it is difficult to match the degradation 60 

kinetics and new space formation with neo-tissue generation.
21

 In addition, the cell-laden 61 
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biodegradable gel is often stabilized against degradation along with the increase of ECM 62 

deposition.
18,20

 Besides degradation, the employment of sacrificial porogens is another strategy 63 

to create cavities within gel scaffolds. In our previous studies, the micro-cavitary gel (MCG) has 64 

been designed and developed as cartilage tissue engineering scaffold and artificial stem cell 65 

niche, using temperature-sensitive gelatin microspheres as the porogens as well as cell carriers 66 

within gel body.
21,23-26

 The creation of cavities within gels, even for biodegradable gels, not only 67 

improves nutrients transport efficiency but also provides more living space for cell proliferation 68 

and ECM deposition.
21,27

 The similar observations are also reported by other groups.
28,29

 The 69 

gelatin microsphere-based MCG scaffold system has achieved preliminary but promising 70 

outcomes in directing neo-cartilage formation.
23-25

 However, gelatin microspheres are generally 71 

prepared by emulsion technique (such as water-in-oil single emulsion, oil-water-oil double 72 

emulsion), which requires skill and laborious optimization; moreover, the use of oil and complex 73 

processes appear a bit non-cell-friendly for cell encapsulation. Besides, more importantly, gelatin 74 

microspheres undergo rapid and uncontrollable dissolution when the temperature is elevated to 75 

about 37 
o
C, which cannot provide a relatively long-term and effective support for proliferation 76 

of encapsulated cells and construction of ECM networks. 77 

In this study, we aim to develop easily prepared alginate hydrogel beads as cell delivery vehicles 78 

and gradually dissolving porogens within hydrogel scaffolds for cartilage tissue engineering. We 79 

hypothesize that alginate beads encapsulated within hydrogel will suffer stepwise dissociation 80 

and removal by controllable multiple exposure to chelating agents, such as disodium 81 

ethylenediaminetetraacetic acid (EDTA) solution. In order to test this hypothesis, the typical 82 

chondroitin sulfate (CS)-alginate beads composite gel (CS-ABG) is fabricated in a cylindrical 83 

mold (Fig. 1A), and the stepwise dissolution and leaching out of the alginate beads under 84 
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treatments with EDTA solution is examined in detail. Chondrocytes are encapsulated into CS-85 

ABG scaffolds, including alginate beads and photocrosslinked CS gel body, and then subjected 86 

to periodic EDTA treatments (Fig. 1B). Cell viability, cartilage-related gene expression, and 87 

cartilaginous ECM deposition is evaluated. 88 

2 Materials and methods 89 

2.1 Synthesis of methacrylated chondroitin sulfate (CS-MA) 90 

The CS-MA precursor is synthesized according to previous work with slight modification.
30

 20 91 

mL of chondroitin sulfate (CS, C9819, Sigma-Aldrich) solution (7.5%, g/mL) is placed into a 92 

100-mL round bottom flask, and the pH value is tuned to ~8.0 with 5M NaOH solution. 5.0 mL 93 

of methacrylic anhydride (MA, 276685, Sigma-Aldrich) is added dropwisely under stirring. The 94 

reaction solution is stirred for 24 hours, at the same time, the pH value is maintained at ~8.0. 95 

Subsequently, the mixture solution is dialyzed against deionized (DI) water for three days, and 96 

lyophilized, and stored at -20 
o
C. The resultant CS-MA precursor is characterized by 

1
H NMR 97 

spectrum recorded on a Bruker Avance-300 spectrometer with D2O as the solvent. 98 

2.2 Synthesis of alginate-FITC conjugate 99 

The fluorescein isothiocyanate (FITC, F2502, Sigma-Aldrich) is grafted onto alginate according 100 

to the literature with slight modification.
31

 120 mg of sodium alginate (A2158, Sigma-Aldrich) is 101 

dissolved in 20 mL of phosphate-buffered saline (PBS, pH 7.4) in a 100-mL round bottom flask, 102 

and then the pH value is adjusted to ~5.0 with 2 M HCl solution. 50 mg of ethyl-dimethyl-103 

aminopropylcarbodiimide (EDC, E7750, Sigma-Aldrich) and 30 mg of N-hydroxy-succinimide 104 

(NHS, 130672, Sigma-Aldrich) is added and constantly stirred for 30 minutes. Subsequently, 50 105 

mg of lysine (L5501, Sigma-Aldrich) is added, followed by 14 hours' stirring at room 106 

temperature. The mixture solution is precipitated in 2-propanol twice, dissolved in 15 mL of PBS 107 
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and then the pH value is adjusted to ~8.5. 0.5 mg of FITC is added and stirred for 4 hours in 108 

darkness, precipitated in acetone, and dried in vacuum at room temperature to obtain alginate-109 

FITC conjugate. 110 

2.3 Preparation of alginate beads 111 

Alginate beads are fabricated by needle extrusion method. Briefly, 1.5% (g/mL) solution of 112 

sodium alginate (1.0 mL) in 0.9% sodium chloride (NaCl) is manually extruded through a 23-113 

gauge needle into the solution of 100 mM CaCl2 dissolved in 150 mM NaCl solution (20 mL). 114 

The resultant alginate beads are incubated in the CaCl2 solution for 10 minutes to complete the 115 

crosslinking of the alginate hydrogel. Similarly, the fluorescent alginate beads are prepared with 116 

a mixture solution of sodium alginate (1.4%, g/mL) and alginate-FITC (0.1%, g/mL). The width 117 

and height of the bead is manually measured on micrograph, and whose mean value is defined as 118 

the diameter of alginate bead. 119 

2.4 Fabrication of hydrogels 120 

A mixture solution of CS-MA (10%, g/mL) and Irgacure 2959 (0.1%, g/mL), dissolved in 0.9% 121 

NaCl, is pipetted into cylindrical molds (diameter 5.3 mm), and then subjected to 365 nm 122 

ultravlolet (UV) light at 30 mW/cm
2
 for 5 minutes for gelation, obtaining CS gel (named as CS-123 

G). 124 

For the fabrication of CS gel containing macro-cavities (CS-MCG), as-synthesized alginate 125 

beads are placed into cylindrical molds (diameter 5.3 mm), the mixture solution of CS-MA 126 

precursor (10%, g/mL) and Irgacure 2959 (0.05%, g/mL) is injected till just covering the alginate 127 

beads, and followed by the exposure to UV light for 5 minutes to obtain CS-alginate beads 128 

composite gels (CS-ABG). The resultant CS-ABG are immersed into 50 mM EDTA (USB 129 
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Corporation) solution (dissolved in 0.9% NaCl) at 37 °C for predetermined time to remove 130 

alginate beads for obtaining CS-MCG (Fig. 1A). 131 

2.5 Analysis of alginate beads removal 132 

The CS-ABG, freshly prepared from fluorescent alginate beads by using the above-mentioned 133 

method, are immersed in 150 mM NaCl for 48 hours to leach out uncrosslinked polymers. Each 134 

CS-ABG is transferred into a centrifuge tube containing 2 mL of 50 mM EDTA solution for 10 135 

minutes at 37 °C, and then incubated in 4 mL of 0.9% NaCl for 24 hours, allowing the diffusion 136 

of dissociated alginate molecules. This is the first EDTA treatment cycle. Subsequently, they 137 

undergo the second EDTA treatment cycle, by incubating each CS-ABG in another centrifuge 138 

tube containing 2 mL of fresh 50 mM EDTA solution for 10 minutes at 37 °C, and followed by 139 

the incubation in another 4 mL of 0.9% NaCl for 24 hours. The gels are then placed into 2 mL of 140 

EDTA solution for 24 hours to completely leach alginate molecules out. The CS-ABG are 141 

observed using the fluorescence microscope (OLYMPUS-IX71) and the relative fluorescence 142 

intensity is analyzed using ImageJ software. The concentration of alginate-FITC in each release 143 

medium, namely EDTA solution and 0.9% NaCl, is measured by collecting the fluorescence 144 

intensity at 485 nm (excitation) and 535 nm (emission) with the Fluorescence Microplate Reader 145 

(Bio-tek Synergy MX, USA) and used to estimate the release kinetics of alginate molecules after 146 

each EDTA treatment cycle. The whole operation is conducted in darkness. The cumulative 147 

release amount of alginate molecule after the first and the second EDTA treatment cycle is 148 

calculated, respectively, and expressed as a fraction of total cumulative release amount. 149 

2.6 Swelling ratio and crosslink density 150 

Freshly synthesized alginate beads, CS-G, and CS-ABG, and the CS-ABG treated with EDTA 151 

solution once or twice are immersed in 0.9% NaCl for two days, respectively. The samples are 152 
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weighed (Ww) after removing the solution on the surfaces with filter paper and then dried under 153 

vacuum (Wd), respectively. The swelling ratio is calculated by the following equation: 154 

Swelling ratio = Ww/Wd 155 

Compression testing of swollen hydrogels is carried out on an Instron mechanical tester (Model 156 

5543) equipped with a 100 N load cell. The tests are carried out at a compression rate of 1.0 157 

mm/min. The crosslink density (νe) of hydrogel, defined as active network chains per unit 158 

volume, is estimated using the following equation:
32

 159 

σ = νekT(α- α
-2

) 160 

where σ, k, T, α is the stress, Boltzmann constant, absolute temperature in Kelvin degrees, and 161 

strain, respectively.  162 

2.7 Isolation and culture of chondrocytes 163 

Chondrocytes are isolated from porcine articular cartilage. Briefly, articular cartilage tissues are 164 

obtained from 4-5 months old pigs, and cut into small chips (approximately 1 mm
3
) in a sterile 165 

hood, followed by washing with sterile PBS for five times. The tissue chips are digested in a 0.15% 166 

(g/mL) solution of type II collagenase (17101-015, Gibco) in high glucose Dulbecco's Modified 167 

Eagles Medium (DMEM, Gibco) supplemented with 5% (v/v) fetal bovine serum (FBS, Gibco) 168 

for 14 hours with 100 rpm shaking in an incubator at 37° C. The cell suspension is filtered 169 

through a 70-µm cell strainer, centrifuged for 5 minutes at 1000 rpm, washed three time with 170 

DMEM, counted in a hemocytometer, and re-suspended in chondrocyte culture medium (CCM) 171 

(DMEM supplemented with 10 mM HEPES (Hyclone), 0.1 mM nonessential amino acids 172 

(Hyclone), 0.4 mM proline (Hyclone), 50 mg/L vitamin C (Invitrogen), 20% FBS (Gibco), and 1% 173 

penicillin-streptomycin (Invitrogen)). Cell suspension in CCM is seeded in 175 mL tissue culture 174 
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flask (CELLSTAR) at a seeding density of 3 × 10
4
 cells/cm

2
 and incubated in an incubator with 175 

5% CO2 at 37 
o
C. 176 

2.8 Cell encapsulation and culture 177 

Upon reaching 70-80% confluence, the chondrocytes are trypsinized, and counted using a 178 

hemocytometer. A predetermined volume of cell suspension is centrifuged at 1100 rpm for 6 179 

minutes, and re-suspended in 1.5% (g/mL) alginate solution or mixture solution of CS-MA (10%, 180 

g/mL) and Irgacure 2959 (0.1%, g/mL) at a cell density of 15 × 10
6
 cells/mL.  181 

Cell-laden alginate beads are prepared with cell-suspended alginate solution via the needle 182 

extrusion method as described above. The cell-laden alginate beads are transferred into sterile 183 

molds (diameter 5.3 mm), and the cell-suspended CS-MA solution is added with a pipette. They 184 

are exposed to the UV light for 5 minutes to achieve gelation. The resultant CS-ABG constructs 185 

are placed into a 24-well plate containing 1.0 mL of CCM per well, and incubated at 37 
o
C in a 5% 186 

CO2 atmosphere. In addition, each 60 µL of cell-suspended CS-MA solution is pipetted into a 187 

same mold and exposed to 365 nm UV light for 5 minutes to obtain cell-laden CS-G constructs, 188 

serving as the control. 189 

After seven days of culture, the cell-laden CS-ABG constructs are rinsed with 0.9% NaCl and 190 

incubated in sterile 50 mM EDTA solution for 10 minutes at 37 °C. By 14 days of culture, the 191 

constructs are again treated with 50 mM EDTA solution for 10 minutes to obtain CS-MCG 192 

constructs. To facilitate description, unless stated otherwise, they are named as CS-ABG 193 

constructs during the whole period of cultivation.  194 

2.9 Cell Viability 195 

The cell-laden constructs are evaluated with a Live/Dead assay kit (Invitrogen). Thin slices of 196 

the samples collected at predetermined time points are incubated in 0.5 mL of DMEM solution 197 
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containing 0.25 µL of Calcein-AM and 1.0 µL of ethidium homodimer-1 for 30 minutes at 37 
o
C, 198 

rinsed twice using PBS solution, and observed using a fluorescence microscope (OLYMPUS-199 

IX71). The live/dead assay is carried out before treating with EDTA solution on day 7 and 14, 200 

respectively. 201 

2.10 Biochemical Assay 202 

At predetermined time intervals, the constructs are harvested, freeze dried, and weighed, 203 

respectively. The samples are crushed and digested, respectively, in 1.0 mL of papain (P3375, 204 

Sigma-Aldrich) solution (300 µg/mL), dissolved in PBE buffer (pH 6.5) containing 1.0 mM 205 

EDTA and 300 µg/mL of dithiothreitol (D9163, Sigma-Aldrich), for 16 hours at 60 
o
C. After 206 

centrifugation at 1000 rpm for one minutes, the supernatant is collected for determining the 207 

contents of DNA, glycosaminoglycan (GAG), and total collagen, respectively. The DNA content 208 

is measured with Hoechst 33258 (Invitrogen) by following the protocol given by the 209 

manufacturers. GAG content is determined with dimethylmethylene blue (341088, Sigma-210 

Aldrich), using CS as the standard. Total collagen content is determined by hydroxyproline 211 

assay.
33

 212 

2.11 Gene expression analysis 213 

The constructs are collected and total RNA are extracted with extracted with TRIzol
@

 reagent 214 

(Invitrogen) by following the protocol suggested by the manufacturer. RNA concentration is 215 

determined using NanoDrop 2000c spectrophotometer. 500 ng of RNA from each sample is 216 

reverse transcribed to cDNA, followed by the execution of real-time quantitative PCR (RT-217 

qPCR). The RT-qPCR is carried out with iQ SYBR Green Supermix (Bio-Rad) by using a CFX 218 

Real-Time system (Bio-Rad). The gene expression values relative to housekeeping gene (TATA-219 

binding protein 1, TBP1) were calculated using comparative CT method, and then normalized to 220 
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gene expression of the CS-G constructs on day one, respectively. All reverse transcription and 221 

PCR reagents are purchased from Promega (Madison, MI, USA) and used according to the 222 

instructions. The primers are engineered by AIT Biotech (Singapore), and their sequences are 223 

presented in Table 1. 224 

2.12 Histological and immunohistochemical analysis 225 

Construct samples collected are fixed in 4% (g/mL) of paraformaldehyde solution, embedded in 226 

Tissue freezing medium (Leica) after rinsing with PBS, sectioned at a thickness of 8 µm using a 227 

freezing microtome, and mounted on glass slides. The sections are stained with hematoxylin and 228 

eosin (H&E) (Sigma-Aldrich) for histological observation and Safranin O (Sigma-Aldrich) for 229 

GAG observation, by following the protocols suggested by the manufacturer, respectively. For 230 

immunofluorescent staining, sections are firstly incubated in a solution of 0.1% (v/v) Triton X-231 

100 (Sigma-Aldrich) and 3% (w/v) bovine serum albumin (Sigma-Aldrich) for 30 minutes to 232 

prevent nonspecific binding of IgG. The sections are incubated in the solution of collagen II (5 233 

µg/mL in PBS, ab34712, Abcam) or collagen I (5 µg/mL, sc-59772, Santa Cruz Biotechnology) 234 

primary antibody, respectively, for one hour at room temperature, and washed twice with PBS 235 

solution (15 minutes each time), respectively. Subsequently, they are incubated with 5 µg/mL of 236 

secondary antibodies (Alexa Fluor
®

 546 (A-11010) for collagen II, Alexa Fluor
®

 546 (A-11060) 237 

for collagen I, Life Technologies) in PBS, respectively for one hour at 37 
o
C in the dark. Cell 238 

nuclei are counterstained by 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) solution (1 239 

µg/mL) in PBS. The sections are observed using a fluorescence microscope (OLYMPUS-IX71). 240 

2.13 Statistical analysis 241 
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Results are expressed as mean ± standard deviation of triplicates. Student’s t-test is performed to 242 

analyze the statistical significance between the results of two groups, and a statistically 243 

significant difference is defined as p ≤ 0.05. 244 

3 Results and discussion 245 

Alginate, isolated from natural brown algae, is a linear polysaccharide, which consists of (1-4)-246 

linked α-L-guluronate (G) and β-D-mannuronate (M) units and organized with sequential G units 247 

( named as G-blocks), sequential M units (named as M-blocks), and atactic G and M units 248 

(named as GM-blocks).
34,35

 The G-blocks in adjacent alginate molecules can be bridged through 249 

Ca
2+

 ions, by forming coordination complexes between the carboxylate groups and Ca
2+

 ions.
34

 250 

This coordination reaction will lead to a rapid sol-gel transition of alginate solution in the 251 

presence of Ca
2+

 ion. Therefore, alginate hydrogel beads can be readily prepared by dropping 252 

droplets of alginate solution into CaCl2 solutions, and which have been widely used as culture 253 

scaffolds of anchorage-independent cells, such as chondrocytes,
36

 hepatocytes,
37

 mesenchymal 254 

stem cells,
38

 and embryonic stem cells.
39

 CS is composed of repeating D-glucuronic acid and N-255 

acetyl galatosamine units; it is one major glycosaminoglycan (GAG) component of native 256 

cartilage matrix.
40

 To enable polymerization, the photocrosslinkable CS-MA precursor is 257 

synthesized based on the reaction between MA and the primary hydroxyl group of CS (Fig. S1-258 

A). The degree of methacrylation of CS-MA is 4.8%, calculated according to the relative integral 259 

of methyl protons and acrylate protons in 
1
H NMR spectrum of CS-MA precursor (Fig. S1-B). 260 

The alginate beads are easily prepared by dropping alginate solution into CaCl2 solution; their 261 

diameter is 1.3±0.1 mm (Fig. S2-a). As shown in Fig. 1A, the alginate beads are packed in a 262 

cylindrical mold (Fig. 1A-a). The CS-MA precursor solution containing photoinitiator Irgacure 263 

2959 is added and infiltrated into interspaces among alginate beads and the mold. They are 264 
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exposed to 365 nm UV light for 5 minutes to achieve the polymerization of CS-MA precursor 265 

solution, forming intact CS-alginate beads composite gels (CS-ABG) (Fig. 1A-b, Fig. S2-b). Due 266 

to the reversibility of complexation, the Ca
2+

 ions, complexed with alginate molecules, can be 267 

eluted when exposing alginate beads to more strong chelating agents of Ca
2+

 ion such as EDTA, 268 

resulting in the dissociation of alginate-Ca
2+

 coordination complexes and dissolution of alginate 269 

beads. Similarly, the alginate beads in the CS-ABG can also be removed by incubating CS-ABG 270 

within EDTA solution.
41

 However, only under gradual degradation can alginate beads play the 271 

role of scaffolding materials. As can be seen in Fig. 2A, the stepwise removal of fluorescent 272 

alginate beads from the CS-ABG is first qualitatively illustrated. Notably, the alginate beads are 273 

always kept the original volume and alginate molecules are relatively evenly distributed. This 274 

bulk-degradation-like process of encapsulated alginate beads cannot be achieved for the naked 275 

alginate beads (Fig. S3). The relative fluorescence intensity of the encapsulated fluorescent 276 

alginate beads is analyzed over time. It is up to 219368±14751 in untreated CS-ABG (Fig. 2A-a). 277 

After the first treatment with EDTA solution for 10 minutes, the relative fluorescence intensity is 278 

reduced to 29992±4748 (Fig. 2A-b), and then it is further decreased to only 273±79 after the 279 

second EDTA treatment for 10 minutes (Fig. 2A-c). The alginate beads within the CS-ABG are 280 

almost completely removed via the two cycles of EDTA treatments, forming CS-MCG. 281 

Meanwhile, the resultant macroporous CS-ABG (CS-MCG) remains intact with the original 282 

overall shape (Fig. S2-c). During these treatments, the amount of fluorescent alginate molecules 283 

released from the CS-ABG is quantitatively measured. As shown in Fig. 2B, the cumulative 284 

release ratio after the first and the second EDTA treatment is 37.7±4.0% and 97.4±3.5%, 285 

respectively. These results have further demonstrated that the alginate beads can serve as the 286 
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porogens for the gradual establishment of macro-cavities within gel body via multiple incubating 287 

the CS-ABG into EDTA solution. 288 

The combining-and-removal of alginate beads within gel body produces a great effect on the 289 

physical properties (e.g. swelling ratio, crosslink density) of hydrogels. As shown in Fig. 2C, the 290 

introduction of alginate beads into CS gel body greatly increases the swelling ratio from 291 

30.3±0.7 to 44.4±0.9 for CS-G and CS-ABG, respectively, which can be attributed to the much 292 

higher swelling capacity of alginate hydrogel beads (49.7±1.4) compared with the CS gel body 293 

(30.3±0.7). The swelling ratio of the CS-ABG increases to 48.2±1.0 after the first treatment with 294 

EDTA solution, which can be ascribed to the dissolution and leaching out of alginate molecules. 295 

And, as expected, the swelling ratio is further increased to 53.1±1.7 after the second EDTA 296 

treatment. The increasing swelling ratio suggests the gradual decrease of the crosslink density of 297 

CS-ABG. These results indicate that the gradual enhancements of swelling capacity of hydrogels 298 

can be achieved by introduction and subsequent stepwise removal of alginate beads that serve as 299 

the porogens, using the treatments of EDTA solution. 300 

Average crosslink density is a key structural parameter for hydrogel scaffolds; it is negatively 301 

correlated with the diffusion of solute into and out of hydrogel, namely hydrogel' permeability. 302 

As may be seen in Fig. 2D, the average crosslink density decreases from 9.2±0.5 to 5.1±0.2 303 

mol/m
3 

for CS-G and CS-ABG, respectively. The significant decrease of crosslink density, 304 

caused by the introduction of alginate beads, will increase the permeability of hydrogel from CS-305 

G to CS-ABG. After the first EDTA treatment, the crosslink density of CS-ABG decreases from 306 

5.1±0.2 to 2.9±0.2 mol/m
3
, and that is further decreased to 2.1±0.3 mol/m

3
 after the second 307 

treatment with EDTA solution. These results can be attributed to the dissociation of alginate-308 

Ca
2+

 coordination complexes (namely alginate beads) and subsequent leaching out of the alginate 309 
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molecules (Fig. 2A, B). However, it is interesting to note that the relative reduction ratio of 310 

crosslink density caused by the first EDTA treatment (43.1%) is obviously higher than that 311 

caused by the second EDTA treatment (27.6%), albeit the EDTA treatment is the same. More 312 

interestingly, the larger decrease of crosslink density is accompanied by lesser alginate 313 

molecules release by the first EDTA treatment. As mentioned above, the cumulative release of 314 

alginate molecule is 37.7±4.0% and 97.4±3.5%, respectively, after the first and the second 315 

EDTA treatment; in other words, the alginate release by means of the second EDTA treatment is 316 

about 59.7%. This phenomenon can be attributed to the leaching out of Ca
2+

 ions. In the course 317 

of the first treatment, the major Ca
2+

 ions in alginate beads are removed by chelating effect of 318 

small-molecule EDTA, and which greatly decreases the crosslink density of alginate beads and 319 

the whole CS-ABG; at the same time, however, most of the high-molecule-weight alginate 320 

molecules are still complexed by the residual Ca
2+

 ions and cannot diffuse out. All above results 321 

have demonstrated that the alginate beads can be combined into photocrosslinked gel system to 322 

serve as stepwise dissolving porogens. Their introduction can greatly enhance the permeability 323 

of hydrogel; subsequently, the gradual removal of alginate beads from CS-ABG can be achieved 324 

through two cycles of EDTA treatments, which further enhances hydrogel' permeability, and 325 

meanwhile create macro-pores in gel body. 326 

The efficacy of facilely prepared alginate beads as chondrocyte vehicles and the potential of CS-327 

ABG, bearing stepwise alginate beads-leaching, as scaffolding material for cartilage tissue 328 

engineering have been evaluated. The chondrocytes are encapsulated into alginate beads by 329 

dropping cell-suspended alginate solution into CaCl2 solution, the resultant cell-laden alginate 330 

beads are packed into a cylindrical mold, and then the cell-laden CS-ABG constructs are 331 

fabricated by photocrosslinking the cell-suspended CS-MA solution filled into the mold, as 332 
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illustrated in Fig. 1A-a,b. The conventional CS-G constructs are fabricated and served as control. 333 

Cell viability is a crucial assessment for the cells 3-D cultured in hydrogel scaffolds, which can 334 

be utilized to evaluate cell growth and proliferation throughout the whole period of culture. At 335 

predetermined time points, the viability of chondrocytes encapsulated in constructs is assessed 336 

by Live/Dead two-color fluorescence assay, in which the live and dead cells are stained green 337 

and red, respectively. As shown in Fig. 3, after one day of encapsulation, the chondrocytes 338 

within CS-ABG show slightly higher cell viability than those in CS-G constructs. This result 339 

indicates the procedures for chondrocytes encapsulation into CS-ABG construct, including 340 

alginate encapsulation and photo-encapsulation, does not cause further cytotoxicity compared 341 

with the widely recognized one-step photocrosslinking strategy. However, interestingly, the cell 342 

density of alginate beads in CS-ABG construct is visually distinctly higher than that of CS-G 343 

construct and CS gel body of CS-ABG, albeit the cell seeding density in alginate solution and 344 

CS-MA solution is the same. This result can be attributed to the shrink of alginate hydrogel 345 

beads during gel formation that leads to the loss of solvent and the increase in concentration of 346 

alginate molecules and cell density.
42

 After seven days’ culture, increased dead cells are 347 

observed within both CS-G and CS-ABG constructs, especially for CS-G constructs. However, it 348 

is interesting to find that a great deal of chondrocyte clusters emerge in CS-ABG constructs. The 349 

cell clusters are mainly formed within alginate beads, and whose formation is beneficial to 350 

enhance cell proliferation and ECM secretion. At the same time, the similar cell clusters are not 351 

observed within CS-G constructs; the density of live cells in CS-G constructs is significantly 352 

decreased from day 1 to 7. The different observations of cell viability and population can be 353 

attributed to the difference in hydrogel microenvironments of CS-G and CS-ABG constructs. 354 

Some studies have demonstrated that alginate gel beads can provide superior conditions for 355 
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chondrocytes proliferation.
36,43

 Significantly, the higher permeability (namely lower average 356 

crosslink density) of CS-ABG constructs facilitates nutrients transport and cell expansion, 357 

benefiting the formation of cell clusters;
27

 meanwhile, cell viability and proliferation within CS-358 

G constructs is seriously suppressed by the lower permeability.
21,27

 The emergence of cell 359 

clusters within alginate gel beads on day 7 should also be attributed to another critical scaffold 360 

parameter, living space;
27

 the higher swelling ratio endows alginate gel beads with relatively 361 

larger pores, compared with CS gel body, that provide more living space for cell proliferation. 362 

Above results has indicated that the cell-laden alginate beads, served as porogens, not only 363 

improve the permeability of CS-ABG constructs (Fig. 2) but also retain their advantages in 364 

promoting cell proliferation (Fig. 3). By 14 days of culture, the viabilities of cells within both 365 

CS-G and CS-ABG constructs are obviously improved compared with those on day 7, 366 

respectively. However, the density of live cells within CS-G construct is not significantly 367 

increased compared with that on day 7, albeit a few small cell clusters are observed. The 368 

increased cell viability of CS-ABG constructs from day 7 to 14 denotes that the EDTA treatment 369 

of CS-ABG constructs and the accompanying alginate-leaching on day 7 does not produce 370 

obvious cytotoxicity to encapsulated chondrocytes. Interestingly, we note that the cell clusters 371 

observed in CS-ABG constructs become a little loose after EDTA treatment, which may be 372 

resulted from the leaching out of alginate molecules that ever produce spatial limitations on cell 373 

expansion. In addition, significantly, cell clusters are also observed in the CS gel body of CS-374 

ABG constructs. The removal of partial alginate molecules increases the permeability of CS-375 

ABG construct and decrease the physical constraints on cell growth,
27

 thereby promoting cell 376 

proliferation. After 21 days of culture, both CS-G and CS-ABG constructs still possess high cell 377 

viability. Unfortunately, the cell density and number of small cell clusters within CS-G 378 
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constructs is comparable to that on day 14, respectively, which can be attributed to the limited 379 

living space and lower permeability as before. At the same time, more larger cell clusters are 380 

formed and they are nearly evenly distributed throughout CS-ABG constructs, which may be 381 

resulted from the further removal of alginate molecules fulfilled on day 14. The leaching out of 382 

alginate molecules not only again improves permeability of CS-ABG constructs for facilitating 383 

nutrients transport, but more importantly, creates more living space for cell proliferation and cell 384 

cluster formation. Collectively, these results have clearly shown that the alginate gel beads can 385 

be used as chondrocyte vehicles and porogens within photocrosslinked CS hydrogel scaffolds 386 

and whose introduction and stepwise removal can improve cell viability and proliferation 387 

throughout CS-ABG constructs. 388 

The biosynthetic activities of chondrocytes, cultured within CS-G and CS-ABG constructs, are 389 

first estimated by investigating the expression of relevant cartilaginous markers at transcriptional 390 

level using RT-qPCR. As can be seen from Fig. 4, after the first seven days of culture, the 391 

chondrocytes within CS-G constructs show higher expression of collagen II, aggrecan, and 392 

cartilage oligomeric matrix protein (COMP) genes than those within CS-ABG constructs. This 393 

result may be resulted from the relatively more appropriate or suitable biological cues provided 394 

by pure CS gel body in CS-G constructs compared with CS-ABG constructs. Along with the 395 

extension of culture time, the encapsulated chondrocytes secrete their own ECM, and the 396 

hydrogel physical environments, namely permeability and macropore structure, play increasingly 397 

important roles for cellular activities. The expression levels of collagen II, aggrecan, and COMP 398 

genes are exhibited increasing trend within CS-ABG constructs from day 7 to 21, respectively, 399 

however, the similar trend is not detected within CS-G constructs. The gene expression levels of 400 

these cartilage markers within CS-ABG constructs are basically higher than those within CS-G 401 
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constructs on day 14 and 21, respectively. The higher cell proliferation and cell clusters 402 

formation within CS-ABG constructs, caused by the introduction and removal of alginate bead 403 

porogens, increases the level of cell-cell contact as observed in Fig. 3g,h, and then enhance the 404 

gene expression of the cartilage markers. In addition, the gene expression of collagen I is 405 

evaluated to assess the presence of fibro-cartilaginous component (Fig. 4c). Collagen I is 406 

minimal in articular hyaline cartilage, and whose increased gene expression (compared with 407 

applied passage one chondrocytes) is considered as an indication of fibrosis.
24

 Significantly, the 408 

gene expression levels of collagen I within CS-ABG constructs is gradually down regulated from 409 

day 1 to 21, which indicates the CS-ABG constructs are capable of providing suitable cellular 410 

microenvironment for chondrocytes to maintain their chondrocytic phenotype. The collagen I 411 

gene expression level is also decreased from day 1 to 7 within CS-G constructs, however, it is 412 

gradually up regulated from day 7 to 21. In particular, its expression on day 21 is significantly 413 

higher than that on day 1, though passage one chondrocytes expanded in monolayer culture are 414 

applied herein. This phenomenon likely be attributed to the long-term spatial constraints for cell 415 

growths, imposed by nano-sized polymer networks of hydrogel. The constraints lead to the 416 

degradation of the chondrocytes and micro-neo-cartilage. On the contrary, the gradual removal 417 

of alginate beads within CS-ABG constructs leaves increasing living spaces behind for cellular 418 

metabolism and proliferation, which is beneficial to maintain chondrocyte phenotype and then 419 

stimulate gene expressions of the cartilaginous markers as well as prohibit collagen I expression. 420 

Taken together, the CS-ABG scaffolds, bearing gradual removal of alginate bead porogens, are 421 

more in favor of chondrocytes to express hyaline cartilage markers as well as depress fibrosis 422 

compared to CS-G scaffolds. 423 
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The deposition of cartilaginous ECM within CS-G and CS-ABG constructs after 21 days of 424 

culture is qualitatively analyzed using various histological and immunofluorescence stainings 425 

(Fig. 5). The positive staining for hematoxylin and eosin (H&E) is observed for both CS-G and 426 

CS-ABG constructs, in which the lacunae is distinctively stained, indicating the deposition of 427 

ECM. The ECM is more denserly stained and extensively fused within CS-ABG constructs 428 

compared with that in CS-G constructs, suggesting more ECM is deposited within the former. 429 

The enhanced positive staining for Safranin O compared with the CS gel body within constructs 430 

demonstrates the accumulation of proteoglycan secreted by cultured chondrocytes within both 431 

constructs. Similar to the observation in H&E staining, the dramatically denser Safranin O 432 

staining is visibly detected within CS-ABG constructs compared to CS-G constructs, which 433 

confirms more proteoglycan deposition in the CS-ABG constructs. Besides, it is important to 434 

note that the proteoglycan accumulation is connected together and formed proteoglycan 435 

networks within CS-ABG constructs. Meanwhile, the similar proteoglycan networks are not 436 

present in CS-G constructs, where the proteoglycan is separately accumulated and distributed 437 

around each cell clusters. The presence of collagen II within both CS-G and CS-ABG constructs 438 

is illustrated by immunofluorescent staining. It is, however, clear that collagen II is much more 439 

abundant within CS-ABG constructs as evidenced by their denser staining compared to CS-G 440 

counterpart. Compare to proteoglycan depositions, more compact networks of collagen II 441 

accumulation surrounding the remarkable lacunae are observed within CS-ABG constructs. The 442 

similar phenomenon, however, is unseen in CS-G constructs, in which the collagen II deposition 443 

is sparsely distributed similar to the proteoglycan deposition shown by Safranin O staining. 444 

Contrary to abundant accumulation of collagen II,  collagen I deposition is negligible in CS-445 

ABG constructs, which is consistent with gene expression studies (Fig. 4). This result directly 446 

Page 20 of 36RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



proves the insignificance of fibrosis. Furthermore, the collagen I deposition in CS-ABG 447 

constructs is visually much less than that in CS-G constructs, albeit more cells reside within CS-448 

ABG constructs demonstrated by higher density of nuclei stained with DAPI (blue). These 449 

results of histochemical and immuno staining have clearly shown that the CS-ABG scaffolds can 450 

strikingly promote chondrocyte growth and the secretion of hyaline cartilage-specific ECM 451 

compared with conventional CS-G scaffolds. 452 

Cell proliferation and two primary components of cartilaginous ECM, collagen and GAG, within 453 

both constructs are determined by biochemical assays (Fig. 6). On day one, cell density in CS-454 

ABG constructs is significantly higher than that in CS-G constructs (Fig. 6a), as observed in 455 

Live/Dead assay (Fig. 3a,e), which can be attributed to the shrink of alginate beads during 456 

formation as well as higher water content (namely higher swelling ratio) of alginate beads than 457 

CS gel body. Cell density within CS-ABG constructs is significantly increased from day 1 to 7, 458 

in contrast, which is significantly decreased in CS-G constructs. This phenomenon is mainly 459 

resulted from the presence of alginate beads within the CS-ABG constructs that provide more 460 

living space for the proliferation of delivered chondrocytes as well as enhance the permeability 461 

of CS-ABG constructs than CS-G constructs. This result is in agreement with previous 462 

observations.
21,27

 The continuing increase of cell density in CS-ABG constructs is not observed 463 

from day 7 to 14, which may be attributed to the treatment of EDTA solution and the increased 464 

dry weight of constructs caused by ECM deposition (Fig. 6b,c). The cell clusters that facilitate 465 

cell proliferation to some degree, should be disaggregated via the EDTA treatment on day 7, as 466 

demonstrated by the looser cell clusters even until day 14 (Fig. 3g). However, interestingly, the 467 

cell density is significantly increased from day 14 to 21 in CS-ABG constructs, which might be 468 

ascribed to the creation of living space and increased permeability of CS-ABG constructs caused 469 
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by removing the alginate molecules with EDTA treatments. The relatively separated cells after 470 

the first EDTA treatment gradually re-form small cell clusters by day 14 (Fig. 3g); they greatly 471 

promote cell proliferation in the created macro-cavities and then generate much bigger and 472 

connected cell clusters within CS-ABG constructs on day 21 (Fig. 3h). The increase of cell 473 

density in CS-G constructs from day 7 to 21 should be attributed to the edge flourish of 474 

chondrocytes (Fig. S4),
23

 since the significant cell proliferation is not observed in the interior of 475 

CS-G constructs (Fig. 3b,c,d). Collagen and GAG is secreted by 3-D cultured chondrocytes and 476 

deposited within both constructs. The contents of total collagen and GAG are measured and 477 

presented after normalizing to dry weights of the corresponding constructs, respectively. As 478 

shown in Fig. 6c, the GAG content, measured with CS as the standard, in CS-G constructs (based 479 

on pure CS gel scaffold) is obviously higher than that in CS-ABG constructs (based on CS-480 

alginate beads composite gel) on day 1, due to a higher percentage of CS gel body in the former. 481 

Nevertheless, it exhibits a decreasing tendency in CS-G constructs from day 1 to 21, which 482 

probably stems from the insignificant GAG production and the degradation of CS-G body by 483 

chondrocyte secreted enzymes within CS-G constructs. The GAG content in CS-ABG constructs 484 

is significantly increased from day 1 to 7, shows the increasing trend from day 7 to 14, and then 485 

significantly decreased from day 14 to 21. Its non-significant increase and obvious decrease from 486 

day 7 to 21 might be derived from enzyme degradation of CS gel body and GAG secreted by 487 

cells, as well as the increasing permeability of CS-ABG constructs that is caused by EDTA 488 

treatments and CS gel body' degradation. GAG is highly soluble in aqueous solution and can 489 

relatively easily diffuse out of constructs. The clearly increased permeability of CS-ABG 490 

constructs greatly enhances the release of GAG from the constructs into culture medium. The 491 

similar observations are also reported by Anseth et al and Zhang et al when they employ 492 
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degradable hydrogels as cartilage tissue engineering scaffolds.
18,20

 Compare to water-soluble 493 

GAG, the collagen with stronger intermolecular forces and higher molecular weight is readily to 494 

be confined in the constructs. As can be seen in Fig. 6b, the collagen content is increased in both 495 

CS-G and CS-ABG constructs over culture time. At the same time, the collagen content within 496 

CS-ABG constructs is statistically significantly higher than that within CS-G constructs at any 497 

time points from day 7 to 21. The results quantitatively illustrate that the chondrocytes cultured 498 

in CS-ABG constructs show higher proliferation and cartilaginous ECM secretion compared 499 

with those in CS-G constructs. 500 

4 Conclusion 501 

Alginate hydrogel beads, prepared by simple dropping alginate solution into CaCl2 solution, have 502 

been employed as chondrocyte carriers as well as stepwise dissolving porogens within 503 

photocrosslinked CS hydrogel. CS-ABG is facilely fabricated via two steps: (1) packing alginate 504 

beads into a mold; (2) filling CS-MA precursor solution into the spaces among alginate beads, 505 

followed by UV polymerization. The stepwise dissolution and removal of alginate beads is 506 

achieved by twice incubating CS-ABG within EDTA solution. The introduction and removal of 507 

alginate beads endows CS-ABG constructs with better hydrogel microenvironments (such as 508 

increasing permeability, and formation of macropores) for chondrocytes culture. The intriguing 509 

cellular microenvironments of CS-ABG constructs have significantly heightened cell viability, 510 

proliferation, cartilage-specific gene expression and ECM production compared with 511 

conventional CS-G constructs. Significantly, fibrosis as a result of collagen I deposition is 512 

minimal in CS-ABG constructs. These data demonstrate the promising potential of alginate 513 

beads as chondrocyte delivery vehicles and stepwisely dissolving porogens within gel scaffolds 514 
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for cartilage tissue engineering. Similar gel-alginate beads composite hydrogel may be developed 515 

for encapsulation of chondrocytes or other types of non-anchorage-dependent cells. 516 
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Legends 585 

Table 1 qRT-PCR primer sequences for gene markers: forward (F) and reverse (R). 586 

Fig. 1 (A) Schematic fabrication of acellular CS-ABG and the removal of alginate beads: First, freshly 587 

prepared alginate beads are packed in a cylindrical mold (a); subsequently, the CS-MA precursor solution 588 

is filled and then subjected to UV-induced polymerization to obtain CS-ABG (b); last, the resultant CS-589 

ABG is treated twice using EDTA solution to remove alginate beads (c). (B) Schematic diagram of the 590 

protocol and timeline for cell culture within CS-ABG scaffold: The CS-ABG constructs (a) are fabricated 591 

with chondrocyte-laden alginate beads and cell suspended CS-MA precursor solution as described above; 592 

the cells proliferate and secrete cartilaginous ECM, and on day 7 (marked on the timeline), the CS-ABG 593 

construct is treated with EDTA solution (b); subsequently, the construct is subjected to a second EDTA 594 

treatment on day 14 (marked on the timeline) to achieve the removal of alginate beads, and the 595 

increasing cartilaginous ECM is deposited within CS-ABG construct over culture time (c). 596 

Fig. 2 (A) Representative fluorescence images of CS-ABG after 0 (a), one (b), and two (c) cycles of 597 

EDTA treatments, scale bar is 500 µm; (B) cumulative release ratio of alginate molecules from CS-ABG 598 

after EDTA treatments; (C) swelling ratio and (D) crosslink density of conventional CS-G, freshly 599 

fabricated CS-ABG, and the CS-ABG treated once and twice with EDTA solution, respectively. Statistical 600 

significance is indicated with * (p ≤ 0.05) and ** (p ≤ 0.01). 601 

Fig. 3 Live/dead fluorescent staining of chondrocytes cultured in CS-G and CS-ABG constructs. Scale 602 

bar is 500 µm. 603 

Fig. 4 Gene expression of relevant cartilaginous markers in chondrocytes cultured within CS-G and CS-604 

ABG constructs over culture time. Statistical significance is indicated with * (p ≤ 0.05) and ** (p ≤ 0.01). 605 

Fig. 5 Histological and immunohistochemical staining of CS-G and CS-ABG constructs after 21 days of 606 

culture. Scale bar is 200 µm. 607 

Fig. 6 Cell proliferation and cartilaginous ECM accumulation within CS-G and CS-ABG constructs over 608 

culture time: (a) cell density, (b) collagen content, and (c) GAG content normalized to dry weight of 609 

corresponding constructs. Statistical significance is indicated with * (p ≤ 0.05) and ** (p ≤ 0.01). 610 

 611 
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 613 

Table 1 qRT-PCR primer sequences for gene markers: forward (F) and reverse (R). 614 

Gene Primer sequences Annealing 

temperature 

(
o
C) 

Product 

size/base 

pairs 

Aggrecan F: 5’-CGAGGAGCAGGAGTTTGTCAAC-3’ 58 177 

 R: 5’-ATCATCACCACGCAGTCCTCTC-3’   

Collagen II F: 5’-GCTATGGAGATGACAACCTGGCTC-3’ 58 256 

 R: 5’-CACTTACCGGTGTGTTTCGTGCAG-3’   

Collagen I F: 5’-CCTGCGTGTACCCCACTCA-3’ 58 84 

 R: 5’-ACCAGACATGCCTCTTGTCCTT-3’   

COMP F: 5’-GGCACATTCCACGTGAACA-3’ 58 127 

 R: 5’-GGTTTGCCTGCCAGTATGTC-3’   

TBP1 F: 5’-ACAGTTCAGTAGTTATGAGCCAGA-3’ 58 152 

 R: 5’-AGATGTTCTCAAACGCTTCG-3’   

 615 
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 617 

 618 

 619 

Fig. 1 (A) Schematic fabrication of acellular CS-ABG and the removal of alginate beads: First, freshly 620 

prepared alginate beads are packed in a cylindrical mold (a); subsequently, the CS-MA precursor solution 621 

is filled and then subjected to UV-induced polymerization to obtain CS-ABG (b); last, the resultant CS-622 

ABG is treated twice using EDTA solution to remove alginate beads (c). (B) Schematic diagram of the 623 

protocol and timeline for cell culture within CS-ABG scaffold: The CS-ABG constructs (a) are fabricated 624 

with chondrocyte-laden alginate beads and cell suspended CS-MA precursor solution as described above; 625 

the cells proliferate and secrete cartilaginous ECM, and on day 7 (marked on the timeline), the CS-ABG 626 

construct is treated with EDTA solution (b); subsequently, the construct is subjected to a second EDTA 627 

treatment on day 14 (marked on the timeline) to achieve the removal of alginate beads, and the 628 

increasing cartilaginous ECM is deposited within CS-ABG construct over culture time (c). 629 
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 631 

 632 

 633 

Fig. 2 (A) Representative fluorescence images of CS-ABG after 0 (a), one (b), and two (c) cycles of 634 

EDTA treatments, scale bar is 500 µm; (B) cumulative release ratio of alginate molecules from CS-ABG 635 

after EDTA treatments; (C) swelling ratio and (D) crosslink density of conventional CS-G, freshly 636 

fabricated CS-ABG, and the CS-ABG treated once and twice with EDTA solution, respectively. Statistical 637 

significance is indicated with * (p ≤ 0.05) and ** (p ≤ 0.01). 638 
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 640 

 641 

 642 

Fig. 3 Live/dead fluorescent staining of chondrocytes cultured in CS-G and CS-ABG constructs. Scale 643 

bar is 500 µm. 644 
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 646 

  647 

 648 

Fig. 4 Gene expression of relevant cartilaginous markers in chondrocytes cultured within CS-G and CS-649 

ABG constructs over culture time. Statistical significance is indicated with * (p ≤ 0.05) and ** (p ≤ 0.01). 650 
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 652 

 653 

 654 

Fig. 5 Histological and immunohistochemical staining of CS-G and CS-ABG constructs after 21 days of 655 

culture. Scale bar is 200 µm. 656 
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 658 

 659 

 660 

Fig. 6 Cell proliferation and cartilaginous ECM accumulation within CS-G and CS-ABG constructs over 661 

culture time: (a) cell density, (b) collagen content, and (c) GAG content normalized to dry weight of 662 

corresponding constructs. Statistical significance is indicated with * (p ≤ 0.05) and ** (p ≤ 0.01). 663 
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Potential use of alginate bead as chondrocyte delivery vehicle and stepwisely 

dissolving porogen in hydrogel scaffold for cartilage tissue engineering 

Changjiang Fan
a,b
 and Dong-An Wang*

a
 

a 
Division of Bioengineering, School of Chemical and Biomedical Engineering, Nanyang Technological 

University, 70 Nanyang Drive, N1.3-B2-13, Singapore 637457, Singapore 

b 
Institute for Translational Medicine, College of Medicine, Qingdao University, Qingdao, P. R. China 

 

The chondroitin sulfate (CS)-alginate beads composite gel (CS-ABG) is developed, and which exhibits 

the superiority to aid cartilage regeneration.  
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