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Abstract

Background—Cell-based therapies have made an impact on the treatment of osteoarthritis, 

however the repair and regeneration of thick cartilage defects is an important and growing clinical 

problem. Next-generation therapies that combine cells with biomaterials may provide improved 

outcomes. We have developed modular microenvironments that mimic the composition of 

articular cartilage as a delivery system for consistently differentiated cells.

Methods—Human bone marrow-derived mesenchymal stem cells (MSC) were embedded in 

modular microbeads consisting of agarose (AG) supplemented with 0%, 10%, and 20% collagen 

Type II (COL-II) using a water-in-oil emulsion technique. AG and AG/COL-II microbeads were 

characterized in terms of their structural integrity, size distribution, and protein content. The 

viability of embedded MSC and their ability to differentiate into osteogenic, adipogenic and 

chondrogenic lineages over three weeks in culture were also assessed.

Results—Microbeads made with <20% COL-II were robust, generally spheroidal in shape and 

80 ± 10 µm in diameter. MSC viability in microbeads was consistently high over a week in 

culture, while viability in corresponding bulk hydrogels decreased with increasing COL-II content. 

Osteogenic differentiation of MSC was modestly supported in both AG and AG/COL-II 

microbeads, while adipogenic differentiation was strongly inhibited in COL-II containing 

microbeads. Chondrogenic differentiation of MSC was clearly promoted in microbeads containing 

COL-II, compared to pure AG matrices.

Conclusions—Inclusion of collagen Type II in agarose matrices in microbead format can 

potentiate chondrogenic differentiation of human MSC. Such compositionally tailored 

microtissues may find utility for cell delivery in next-generation cartilage repair therapies.
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Introduction

Repair and regeneration of cartilage is a difficult orthopedic problem due to the low inherent 

healing capacity of the native tissue [1–3]. Articular cartilage is a well-organized tissue with 

remarkable durability, however damage may result in debilitating joint pain and functional 

impairment. Clinical approaches such as osteotomy and osteochondral graft transplantation 

[4] have shown benefits in terms of relieving pain, delaying further deterioration and 

restoring partial function, but these therapies do not result in the regeneration of fully 

competent tissues and their sustainability in a load-bearing environment remains uncertain. 

The lack of long-term clinical solutions for cartilage repair has motivated the search for 

improved regenerative therapies that achieve full recovery of intractable and large defects.

Cell-based approaches have emerged as a clinical therapy to regenerate damaged cartilage 

[5–10]. However, challenges associated with naked chondrocyte delivery [11, 12] have led 

to the development of matrix-assisted strategies for cell implantation [13–16]. Such 

biomaterial-based approaches use a preformed scaffold or a hydrogel matrix, often 

supplemented with biochemical cues, to provide mechanical stability while sustaining 

chondrogenic differentiation. It has also been shown that native extracellular matrix 

components in combination with autologous cells can to some degree recapitulate the native 

microenvironment and architecture, which can improve clinical outcomes [17]. Pre-clinical 

studies have also shown that cell-seeded scaffolds can be maintained in perfusion cultures 

with exogenous stimuli before implantation to further improve graft maturation and host-

implant integration [18–20]. Despite these efforts, a repair tissue with functional properties 

and stability comparable to articular cartilage has yet to be engineered.

Bone marrow-derived mesenchymal stem cells (MSC) have been investigated widely for 

cartilage repair applications [21–24]. These progenitor cells are readily available, have 

demonstrated multi-lineage potential [25], and also exhibit valuable immunomodulatory and 

tissue homing properties [26]. MSC have been shown to differentiate into both cartilage 

[27–30] and bone [31–33], supporting their use in orthopaedic applications. In addition, 

MSC can exhibit both trophic [34] and chemotactic effects [35] to create a regenerative 

tissue environment. Notably, even MSC isolated from the marrow of patients with advanced 
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osteoarthritis retain their chondrogenic potential and synthesize cartilage-specific matrix 

[27]. Taken together, the tissue-specific and pro-regenerative capabilities of MSC make 

them an excellent cell source for engineering of cartilage tissue. Combination of MSC with 

an appropriate biomaterial scaffold that mimics key aspects of the native extracellular matrix 

architecture and biochemistry may further enhance their regenerative potential.

The major material components of articular cartilage are large proteoglycans with 

interspersed fibrillar collagen, which constitute about 15–25% and 50–60% of dry weight, 

respectively [36–39]. Proteoglycans contribute to the compressive stiffness of the cartilage 

while the tensile strength and resilience are dependent on collagen fibers [40]. In articular 

cartilage, chondrocytes are embedded in the matrix at a relatively low cell density (~104 

cells/mm3) and account for only about 1% of the tissue volume [41, 42]. In their native 

differentiated state, chondrocytes have a generally spheroidal morphology and synthesize 

collagen Type II and large proteoglycans. However, when isolated and placed in 

conventional 2D culture chondrocytes will dedifferentiate, spread on the culture surface, and 

produce predominantly collagen type I and small proteoglycans [43–45]. While collagen 

Type I is commonly used as a scaffold in tissue engineering because of its wide availability 

[46, 47], it has been shown that collagen Type II can preferentially promote cell 

proliferation, ECM deposition and wound healing by chondrocytes [48–50]. The 

polysaccharide agarose has been used as a mimic of the proteoglycan component of 

cartilage, and has been shown to maintain the spherical morphology of chondrocytes [51, 

52], as well as support the deposition of an appropriate pericellular matrix [51–54]. In vivo 

studies have demonstrated that agarose provides a microenvironment that supports the non-

hypertrophic and non-proliferative chondrogenic phenotype [55]. The physiological 

response to agarose resembles a wound-healing response similar to other biomaterials 

commonly used in the context of tissue repair [56]. Studies in both animals and humans 

have shown that agarose can be completely biodegraded and cleared after implantation 

without adverse effects [55, 57].

The goal of the present study was to fabricate and characterize modular microenvironments 

that mimic the proteoglycan-protein composition of cartilage tissue, with an emphasis on the 

ability to support lineage-specific differentiation of human bone marrow-derived MSC. The 

proteoglycan component was represented by agarose (AG), a polysaccharide that can easily 

be formed into a hydrogel and which has found utility as a matrix in cartilage tissue 

engineering [51, 58]. The protein component was represented by reconstituted collagen 

Type II (COL-II), which can form fibrillar structures as in the native tissue [37]. Cells were 

embedded directly into the AG/COL-II matrix using a water-in-oil emulsion technique, 

which produced discrete “microbeads” (~80 µm in diameter) consisting of MSC embedded 

in a spheroidal hydrogel matrix. The modular format has several potential advantages over 

bulk gel methods in terms of reducing diffusion path lengths, allowing pre-culture of matrix-

adhered cells, and delivering a differentiated cell population. Microbeads made with specific 

COL-II contents were characterized for their structural integrity, size distribution, and 

protein content. MSC viability and their potential to differentiate into osteogenic, 

adipogenic, and chondrogenic lineages were also assessed. The long-term goal of this work 

is to develop injectable, cell-based, modular microenvironments that promote specific tissue 

regeneration, as shown schematically in Figure 1 in the case of articular cartilage. Such a 
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therapy would provide a 3D matrix environment and cells of specified function that could be 

delivered minimally invasively to sites of tissue damage.

Materials and Methods

Biopolymers and MSC culture

Agarose (AG, Fisher Scientific, Hampton, NH) was low melting point grade with an average 

molecular weight of 120 kDa, gelling temperature between 34.5–37.5 °C and gel-strength of 

~500 g/cm2min. AG stock solution was made at 2.0 wt% by dissolving the appropriate 

amount of powdered AG in DI water heated to 60 °C, and sterilized using a 0.2 µm filter. 

Collagen Type II (COL-II, Elastin Products Company, Owensville, MO) was from mouse 

sternum with a molecular weight of 1000 kDa, less than 0.4% proteoglycan, and was tested 

for the absence for collagen Type-I. COL-II stock solution was made at a concentration of 

0.4 wt% by dissolving sterile lyophilized COL-II in 0.02 N acetic acid solution.

Human bone marrow derived mesenchymal stem cells (MSC) were obtained from a 

commercial vendor (RoosterBio Inc., Frederick MD). The cells were from an individual 

male donor 31–45 years of age. These cells tested positive for CD166, CD105, CD90, and 

CD73, and negative for CD14, CD34 and CD45. Cells were expanded in standard MSC 

growth medium consisting of α-MEM (Gibco Life Technologies, Carlsbad, CA) 

supplemented with 10% MSC-FBS (Gibco) and penicillin (50 U/mL)/streptomycin sulfate 

(50 µg/100mL, Gibco). MSC from passage 4–7 were maintained at 37.0 °C in standard cell 

culture incubators and the medium was replenished every two days. For encapsulated 

cultures, the microbeads were suspended in a suitable volume of cell culture medium and 

maintained in 15 mL vented polypropylene bio-reaction tubes (Celltreat, Shirley, MA).

Microbead and bulk gel fabrication and characterization

Cells were encapsulated in AG and AG/COL-II microbeads at a concentration of 0.5 million 

cells/mL using an adaptation of a water-in-oil emulsification procedure described previously 

[46], and the final concentrations of each component in the microbead formulations are 

listed in Table 1. Briefly, MSC were suspended in matrix solution consisting of AG and 

COL-II solutions, 0.1 N Sodium Hydroxide (Sigma, St. Louis, MO) and 10% FBS (Gibco). 

The cell-matrix mixture was injected into 80 mL of stirred polydimethylsiloxane (PDMS, 

PMX-200, 100 cS; Xiameter Dow Corning, Midland, MI). Emulsification was carried out 

using an impeller speed of 800 rpm. Immediately following injection of the cell-matrix 

suspension, the PDMS was kept at 37°C for 5 min using a water bath. Once the matrix 

suspension was emulsified, the water bath was replaced with a crushed ice bath and stirred 

for a further 25 min. The resulting microbeads were then separated from the oil phase by 

centrifugation at 150 g for 5 min. Microbeads were washed twice in MSC culture medium 

and maintained under standard culture conditions. The microbead format allowed aliquoting 

of precise volumes of suspended microbeads for use in biochemical and other assays. For 

microbead maintenance, the culture medium was replenished every second day. Bulk 

hydrogel constructs were also made for comparison to microbeads at the same cell 

concentration. For bulk gels, MSC were suspended in the corresponding hydrogel solution 

and after through mixing the hydrogel was poured into glass bottom petri dishes and allowed 
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to gel at 37 °C for 30 min. Gelled bulk constructs were approximately 1.5 mm in thickness. 

Culture medium was added on top of each gel and cultures were maintained at 37 °C.

Freshly made microbeads were imaged using an inverted phase-contrast microscope 

(Nikon). Four random fields were imaged for each formulation, totaling approximately 150 

microbeads in each count. Microbead diameter was measured manually using Image J 

software (National Institutes of Health) to determine the size distribution of the formulations 

tested. Microbeads were also visualized microscopically to determine their structural 

integrity. The formulations were qualitatively assessed based on the ratio of intact 

microbeads to broken or fragmented microbeads in a specific volume of the sample.

Collagen content in the microbeads was analyzed via protein staining using Coomasie Blue 

G-250 (Bio-Rad). Staining solution was made by adding 10 mL glacial acetic acid to 45 mL 

double-distilled water. 300 mg of powdered Coomasie Blue was then dissolved in 45 mL of 

methanol and the two solutions were combined and sterile-filtered. The microbeads were 

suspended in the staining solution for 5 min and washed multiple times in PBS to remove 

nonspecific binding. The microbeads were then observed imaged with a bright field 

microscope (Nikon).

Analysis of MSC morphology and viability

Cells were encapsulated in microbeads and cultured for one week to study short-term 

viability and cell morphology. For live/dead assay, Calcein-AM (4.0 mM), ethidium 

homodimer (2.0 mM) and DAPI (2.0 µg/mL) solutions were used (Molecular Probes). After 

aspirating the culture medium, microbeads were washed in PBS and incubated in dye 

solution at 37°C for 45 min. After two washes in 10 mM PBS, microbeads were re-

suspended in fresh PBS and imaged under an inverted fluorescence microscope (Nikon) 

using filter sets for green and red (Excitation/Emission 488/530 for calcein-AM and 488/630 

for ethidium homodimer). Multiple non-overlapping images were taken for every sample 

and the percentage of viable cells was quantified using Image J. Briefly, 16 bit TIF images 

were separated into 8 bit red and green channels and converted to binary images for particle 

analysis counts. For cell morphology analysis, Texas Red®-phalloidin (Molecular Probes, 

Life Technologies, Grand Island, NY) was used to stain cytoskeletal actin with DAPI as a 

nuclei counterstain. Samples were washed twice with PBS and fixed with Z-fix fixative for 

10 min at 4 °C. After permeabilization with 0.5% Triton X-100 in PBS for 20 minutes at 

room temperature, the samples were washed twice in PBS and stained with Texas Red®-

phalloidin (1:40 dilution) and DAPI (2 ng/mL) for 45 min at room temperature. Finally, 

after two more PBS washes, the samples were imaged using a fluorescence microscope 

(Nikon).

Quantitation of protein and DNA content

A commercially available double stranded-DNA assay kit was used (Quanti-iT™ 

PicoGreen, Invitrogen, Life Technologies, Grand Island, NY) to quantify DNA content, 

which is reflective of cell content. Microbead samples were washed in PBS and digested in 

50 mM Tris-HCl/4 M Guanidine-HCl solution (pH-7.5) for 2–3 hours at 4°C. Digested 

samples were then centrifuged at 500×g and the samples were diluted 5 times in DI water to 
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reduce the guanidine concentration to below 150 mM to avoid interference. The DNA 

content in the supernatant was then quantified using 1X PicoGreen in Tris-HCl buffer added 

to the diluted samples by measuring fluorescence at EX:485, EM:518 nm after 5 min 

incubation. Purified calf thymus DNA served as the standard for the assay.

The COL-II content of the fabricated microbeads was verified using a commercially 

available total protein assay kit (BCA Protein Assay Reagent Kit, Pierce, Rockford, IL). 

Microbead samples were washed three times in PBS and suspended in ice-cold PBS, and 

then sonicated (Branson Ultrasonics, Danbury, CT) for 20 s, with a 10 s interval to avoid 

heat denaturation. Homogenized samples were then diluted three times in DI water and the 

protein content was quantified according to the manufacturer’s protocol. Purified bovine 

serum albumin (BSA) served as the standard for the assay.

Histology

Microbeads were fixed overnight in buffered zinc formalin (Z-Fix, Anatech Ltd, Battle 

Creek, MI), embedded in 12 mm diameter collagen gel (3.0 mg/ml) disks and fixed again for 

2 h. Disks were then infiltrated with paraffin using an automated tissue processor (TP1020, 

Leica Biosystems, Buffalo Grove, IL), embedded in paraffin blocks and cut into 6 µm 

sections using a rotary microtome. To differentiate the acidic mucins indicative of 

chondrogenesis from neutral mucins, Alcian Blue (AB)-Periodic Acid Schiff’s (PAS) 

staining was carried out using a commercially available kit (Polyscientific R&D Corp, 

Bayshore, NY) according to the manufacturer’s protocol. The sections were then imaged 

with a brightfield microscope (Nikon).

Osteogenic, adipogenic and chondrogenic differentiation

Osteogenic differentiation medium consisted of growth medium (α-MEM, 10% FBS) 

supplemented with 0.2 mM l-ascorbic acid 2-phosphate (Sigma), 10 mM β-

glycerophosphate (Sigma), and 100 nM dexamethasone (Sigma). Osteogenic differentiation 

of MSC was assessed by quantifying osteocalcin secretion and calcium deposition of 

functional osteoblasts. Osteocalcin is a protein secreted by mature osteoblasts, and is a 

marker for osteogenesis [59]. Microbeads were washed in PBS and digested in 0.2 N HCl 

overnight at 37 °C and neutralized before the assay using 10 N NaOH. A human intact-

osteocalcin ELISA kit (Alpha Aesar, Ward Hill, MA) was used to quantify intact osteocalcin 

present in the samples. This ELISA kit is specific for intact osteocalcin (1–49 amino acid 

residues) and not for fragments of the protein, and was used according to the manufacturer’s 

protocol. In brief, samples were added to a pre-coated (captured monoclonal antibody) 96 

well plate. HRP-Conjugated Streptavidin was then added and developed (Strep-Av-HRP), 

and absorbance was measured at 450 nm. Purified human osteocalcin served as standards. 

For analysis of calcium deposition, microbead samples were fixed in 10% buffered zinc-

formalin (Anatech, Battle Creek, MI) and washed three times in PBS and twice in DI water 

before the assay. The samples were then stained in 1.0% Alizarin Red solution for 10 min 

prepared by dissolving 1.0 g of Alizarin Red powder (Sigma) in 100 mL of ultrapure water 

(pH 4.2). The microbeads were then washed in DI water twice and detained in 1.0 mL of 0.5 

N HCl/5% SDS solution for 20 min. The destained extracted solution was then sampled and 

quantified calorimetrically by measuring absorbance at 415 nm.

Annamalai et al. Page 6

Cytotherapy. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Adipogenic medium consisted of α-MEM supplemented with 10% FBS, 10 µg/mL human 

recombinant insulin (Sigma), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX) and 1 µM 

dexamethasone. Adipogenic differentiation of MSC was assessed by quantifying the total 

lipid content of the cells. Microbead samples were fixed in 10% buffered zinc-formalin 

(Anatech) and washed three times in PBS and once in 60% propylene glycol before the 

assay. The samples were then stained with warm Oil Red O staining solution (0.5% in 

propylene glycol, Sigma) for 10 min. The samples were then washed in 85% propylene 

glycol solution for 2 min, followed by DI water for 2 min. The stained samples were 

destained using 100% isopropanol for 15 min, and the extracted solution was sampled and 

quantified calorimetrically by measuring absorbance at 500 nm.

The chondrogenic differentiation medium consisted of DMEM-high glucose supplemented 

with 1% FBS, 1% ITS Premix Universal Culture Supplement (Corning), 0.35 mM l-proline 

(Sigma), 1 mM sodium pyruvate (Gibco), l-glutamine (4mM, Gibco), 0.2 mM l-ascorbic 

acid 2-phosphate (Sigma), 100 nM dexamethasone (Sigma) and 10 ng/mL rhTGF-b1 

(Peprotech, Rocky Hill, NJ). Chondrogenic differentiation of MSC was assessed by 

quantifying sulfated glycosaminoglycans (sGAG) deposited by functional chondrocytes. 

Microbeads were washed in PBS and digested using papain extraction solution consisting of 

20 µg/mL crystallized papain suspension (Corning), 0.2 M sodium phosphate (Sigma), 0.1 

M sodium acetate (Sigma), 0.01 M EDTA (Sigma), and 5 mM L-cysteine (Sigma). sGAG in 

the papain-digested microbeads was quantified using 1,9-dimethylmethylene blue (DMMB) 

as previously reported [60, 61]. Briefly, 25 µL of the sample was added to 200 µL of 

DMMB and the absorbance of the solution was measured at 525 nm. Purified chondroitin 

sulfate (Sigma) from shark cartilage was used for standards. All conditions were sampled 

and analyzed in triplicate.

Statistical analysis

All measurements were performed at least in triplicate. Data are plotted as means with error 

bars representing standard deviation. Statistical comparisons were done using Student’s t-

test with a 95% confidence limit. Differences with p<0.05 were considered statistically 

significant.

Results

Microbead fabrication and characterization

Microbeads made at AG/COL-II mass ratios shown in Table 1 were characterized one day 

after fabrication in terms of general morphology, population size distribution, structural 

integrity and collagen content. Phase-contrast and brightfield images of representative 

microbeads are shown in Figure 2A. Pure AG microbeads were essentially transparent and 

smooth, compared to the visibly more textured appearance that was evident with increasing 

collagen content. A similar trend was seen when microbeads were stained for protein using 

Coomasie Blue (Fig. 2B), with the degree of texture and staining increasing with COL-II 

content. The median microbead diameter (Fig. 2C) was approximately 80 ± 10 µm, 

regardless of composition, however the variation in microbead size increased marginally 

with increasing COL-II content. Microbeads made with 20 wt% COL-II were fragile but 
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could be processed, whereas at COL-II concentrations greater than 20 wt% the microbeads 

exhibited insufficient integrity for further study (data not shown). Quantitative of the protein 

content of microbeads (Fig. 2D) showed a linear increase in collagen concentration with 

increasing mass of collagen used for microbead fabrication (R2 = 0.97).

MSC morphology and viability in AG/COL-II matrices

The morphology of MSC embedded in matrix formulations containing 0%, 10%, and 20% 

COL-II was assessed by staining the actin cytoskeleton of MSC entrapped in bulk gels (Fig. 

3A) and microbeads (Fig. 3B). In pure AG bulk gels, MSC were highly rounded with very 

little spreading, while the degree of spreading and pseudopod extension increased in the 

10% and 20% COL-II bulk gels. A very similar trend was observed in the AG/COL-II 

microbead format, in which cells in COL-II-containing matrices showing increased 

spreading and extension of pseudopods, which was particularly evident in the microbeads 

containing 20% COL-II.

Quantitation of the DNA content of microbeads (Fig. 3C) showed that those fabricated with 

pure AG and 10% COL-II contained the same number of cells at fabrication. The viability of 

MSC embedded bulk gels and microbeads assayed one day after fabrication is shown in 

Figure 3D. Cells showed generally high viability across all matrix formulations. In bulk 

gels, MSC viability was above 85% in the 0% and 10% COL-II formulations, though bulk 

gels containing 20% COL-II exhibited a lower initial viability around 70%. In microbeads, 

MSC viability was consistently above 75% in all formulations. Microbeads were precultured 

in expansion medium for a period of 1 week prior to being exposed to differentiation media, 

and viability remained high during this preculture period.

Osteogenic differentiation of MSC in microbeads

Lineage-specific differentiation of MSC encapsulated in AG and AG/COL-II microbeads 

was assessed over time in culture. Because of the relative fragility of microbeads with 20% 

COL-II content, the multilineage differentiation experiments were performed using only 

pure AG (control) microbeads and the 10% COL-II microbead formulation, at an MSC 

concentration of 0.5×106 cells/mL hydrogel. Microbeads were initially maintained in MSC 

expansion medium for a 1-week preculture period to allow acclimation post-encapsulation, 

and were subsequently switched to lineage-specific medium and cultured for a further 21 

days to induce differentiation. In the description of results below, the day of analysis refers 

to the number of days of differentiation culture, such that “Day 7” refers to the time point at 

which the microbeads have been in lineage-specific medium for 7 days.

Results from osteogenic differentiation experiments are shown in Figure 4. The images in 

panel 4A show DIC images of microbeads and confocal fluorescence images of cell viability 

using a vital stain over time in culture. Microbeads maintained their integrity throughout the 

culture period. MSC morphology was generally spherical, though evidence of moderate cell 

spreading can be seen in the AG/COL-II microbeads, particularly at the later time point. 

MSC viability is shown in Table 2, and was higher in AG/COL-II microbeads (75–85%), 

compared to pure AG microbeads (60–70%) at both early and later time points. The DNA 

content in differentiating microbead populations (Fig. 4B) was used to estimate cell content. 
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In pure AG microbeads, DNA content was essentially constant over the differentiation 

culture period, though tended towards a decrease at later time points. In AG/COL-II 

microbeads, the cell content started at a lower level than pure AG samples, but exhibited a 

steady increase over time in culture, such that at day 21 the total DNA content in 10% COL-

II microbeads was significantly higher than that of pure AG microbeads (p<0.05).

Osteocalcin production (Fig. 4C) increased in both pure AG and AG/COL-II microbeads by 

21 days in osteogenic culture, and was significantly higher in the populations cultured in 

osteogenic medium (p<0.05) compared to the control medium. However, there was no 

statistically significant difference between AG and AG/COL-II microbeads maintained 

under osteogenic conditions at any time point. In addition, when cultured in control medium, 

there was a significant decrease in osteocalcin production in AG/COL-II beads compared to 

AG beads. Calcium deposition was assessed using an Alizarin Red assay (Fig. 4D), and 

followed a similar trend, showing a significant increase from day 1 to day 21 in both pure 

AG and AG/COL-II microbeads, but no significant between the two matrices. The calcium 

deposition data were reinforced by the DIC images of microbeads, which showed an 

accumulation of material and a more opaque appearance in microbeads cultured in 

osteogenic medium over time, presumably due to the deposition of calcium phosphate 

mineral by differentiating MSC.

Adipogenic differentiation of MSC in microbeads

MSC encapsulated in pure AG and AG/COL-II were also subjected to an adipogenic 

differentiation protocol consisting of acclimation culture in control MSC expansion medium 

for 7 days followed by 21 days of culture in adipogenic medium. DIC images of microbeads 

and confocal fluorescence images of vital-stained embedded cells (Fig. 5A) show that the 

microbeads retained their integrity over time in adipogenic culture. MSC viability in AG/

COL-II microbeads was somewhat lower (~60%, Table 2) at day 7, compared to pure AG 

microbeads (~80%), but by day 21 both formulations exhibited similarly high cell viability 

(80–85%).

Measurement of DNA (Fig. 5B) showed that in pure AG microbeads there was a significant 

drop in cell content from day 7 to day 21 in pure AG microbeads (p<0.05), while AG/COL-

II microbeads exhibited a steady and statistically significant increase in cell content from 

day 7 to day 21 (p<0.05). A quantitative colorimetric assay using Oil Red-O (Fig. 5C) 

showed a 6-fold increase (p<0.001) in intracellular lipid droplet accumulation in pure AG 

microbeads maintained in adipogenic medium, compared to that of pure AG microbeads 

cultured in control medium, and a 3-fold increase (p<0.001) compared to AG/COL-II 

microbeads maintained in adipogenic medium. However, AG/COL-II microbeads cultured 

in adipogenic differentiation medium did not show a significant increase in lipid content, 

relative to control medium cultures. The DIC and fluorescence images show an increased 

cell volume in adipogenic cultures, which can be attributed to lipid accumulation and was 

more pronounced in pure AG microbeads compared to AG/COL-II microbeads.
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Chondrogenic differentiation of MSC in microbeads

Pure AG and AG/COL-II microbeads were also cultured in chondrogenic differentiation 

medium for 21 days, after an initial 7 day acclimation period in control MSC medium. DIC 

images (Fig. 6A) showed that microbeads retained their generally spherical shape and 

integrity throughout the culture period. Corresponding confocal fluorescence images showed 

cell shape, which remained generally rounded and exhibited clustering by day 21. MSC 

viability, shown by vital staining in Fig. 6A and presented quantitatively in Table 2, was 

initially very high in AG microbeads in expansion medium and somewhat lower in lineage-

specific media. In chondrogenic medium, viability in pure AG microbeads dropped from 

~60% to ~30% over the 21-day differentiation culture period. In contrast, viability in AG/

COL-II microbeads remained essentially constant at ~60–70% over time in culture.

Pure AG microbeads showed a steady decline in DNA content (Fig. 6B) over time in 

chondrogenic culture, and cell content at day 21 was significantly lower than at day 0 

(p<0.05). In AG/COL-II microbeads, the initial cell content was lower but stayed more 

constant over time in culture, and was statistically unchanged over 21 days. Deposition of 

sGAG, a marker of chondrogenic phenotype (Fig. 6C), generally increased over time in 

culture in both AG and AG/COL-II microbeads. Chondrogenic differentiation was 

particularly evident in AG/COL-II microbeads, which had statistically significantly higher 

sGAG deposition by day 14 (p<0.05), and by day 21 showed a 60% increase over their pure 

AG counterparts. Staining of histological sections with Alcian Blue (AB)-Periodic Acid 

Schiff (PAS) to detect polysaccharides (Fig. 7) confirmed a rounded morphology and 

relatively little matrix deposition in pure AG microbeads cultured in chondrogenic medium 

(Fig. 7A, 7B). In contrast, AG/COL-II microbeads cultured in chondrogenic conditions (Fig. 

7C, 7D) exhibited clearly more robust polysaccharide matrix deposition at both day 7 and 

21. The overlaid DIC and calcein-AM fluorescence images in Figure 7 also show that the 

differentiating MSC maintained a rounded morphology, with visible matrix deposition 

around the cells.

Discussion

Creation of cellular microenvironments that mimic cartilage tissue has been approached in a 

variety of ways [4, 5, 8, 13, 24]. In the present study, our goal was to fabricate and 

characterize modular microtissues that mimic both the proteoglycan content and the protein 

content of native cartilage. To this end, we created microbeads consisting of various mass 

ratios of the polysaccharide agarose and the protein collagen Type II. Agarose has been used 

previously as a matrix in cartilage tissue engineering. While this polysaccharide does not 

recapitulate all of the properties of cartilage proteoglycans, it has been shown to have 

relevance in directing cell phenotype [53–55, 58]. The protein collagen Type II is highly 

associated with hyaline cartilage, but has not been used widely as a scaffold material 

because of its relative scarcity. By creating microscale polysaccharide-protein tissue 

constructs, we aimed to harness the mechanical robustness of agarose gels, while also 

augmenting the matrix with a tissue-specific protein isoform.

MSC were chosen as a cell source because of their demonstrated ability to differentiate into 

specific tissue lineages, including orthopaedic tissues, under the appropriate stimulation 
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[27–33]. A major advantage of using MSC as a cell source in cartilage tissue engineering is 

that they can be expanded to clinically significant numbers without loss of their 

undifferentiated phenotype [62]. In the present study we used a commercially available 

source of MSC, and future work will need to address variability between cells from different 

donors, and their capacity for differentiation. Well-characterized and expanded cell 

populations can then be differentiated toward the chondrocytic phenotype for use in cell-

based therapies for cartilage repair. In contrast, removal of chondrocytes from their native 

environment and expansion in monolayers can cause dedifferentiation and loss of function 

[43–45]. Partial function may be recovered by transferring cultured chondrocytes to a 3D 

environment, but the recovery is incomplete [51, 52]. Donor site morbidity also limits the 

use of autologous chondrocytes, as any defect to healthy cartilage may further degenerate 

the surrounding tissue [63]. A consistent progenitor cell source and methods for reliably 

differentiating and delivering such cells is therefore an important need for cell-based 

therapies.

The system we used to fabricate polysaccharide-protein microbeads is an adaptation of a 

method that we have used for a variety of modular tissue engineering applications [64–68]. 

This water-in-oil emulsion process is easy to implement and creates large batches of 

essentially identical microbeads in a short period of time. The average size and size 

distribution of the microbeads can be tailored by controlling the impeller geometry, the 

impeller-to-vessel diameter ratio, and the viscosity of the dispersed phases [69, 70], and the 

process can be scaled to create smaller (<1 mL) or larger (>10 mL) volumes of microbeads. 

Emulsification produces microbead populations with a distribution of sizes, which can be an 

advantage when creating packed beds of microbeads, but it is difficult to tightly control 

microbead size. The composition of the microbeads is determined by controlling the type 

and amount of constituents that make up the aqueous phase, including the cell type. A 

variety of gelable materials and relevant cell types have been used in this system, and they 

are being investigated for advanced biomaterial-based cell delivery. More broadly, modular 

approaches to creating engineered tissue are emerging as a promising approach to creating 

complex structures [71–76]. Such methods have advantages over conventional scaffold-

based techniques [64, 72], and new methods are being developed at a rapid rate.

In the present study, we created hydrogel microbeads by mixing AG and COL-II in specific 

mass ratios. MSC were embedded directly in the microbead matrix at the time of gelation by 

suspending them in the matrix formulation used to create the microbeads. All the AG/COL-

II hydrogel formulations we tested emulsified consistently, however retrieval of the formed 

microbeads from the oil phase became challenging as the COL-II mass concentration was 

increased. Microbeads made with ≥20% COL-II were fragile and broke apart during 

collection, and therefore were not suitable for long term cultures. In contrast, microbeads 

fabricated with <20% COL-II were more robust and stayed intact over time in culture. The 

relatively strong gel formed by the AG component aided in protecting microbeads from 

compressive forces during the emulsification and collection processes, since in a 

polysaccharide-protein co-gel such as AG/COL-II the non-fibrillar component significantly 

enhances the mechanical properties in compression [77, 78]. The median microbead 

diameter in the present work was 80 ± 10 µm in all formulations, but the consistency of 

microbead size also decreased with an increase in COL-II content, presumably due to the 
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increase in viscosity caused by the addition of a macromolecular protein component. The 

decrease in microbead integrity and increase in size heterogeneity in formulations ≥20% 

COL-II led us to focus on microbeads with 10% COL-II in this study, which were compared 

to pure AG controls.

MSC were shown to remain viable upon encapsulation in AG/COL-II microbeads, with only 

minor loss of cell viability 24 hours after encapsulation, and maintenance of high cell 

viability over 7 days when cultured in standard MSC expansion medium. By day 7, cell 

viability in all hydrogel formulations was also significantly higher in 3D microbeads 

compared to bulk gels made at the same matrix composition. This effect may be attributed to 

the increased access to oxygen and other nutrients that microbeads can provide due to their 

small size and associated short diffusion distances [79]. Increasing the COL-II concentration 

in microbeads resulted in a noticeable increase in cell spreading within the matrix, 

presumably as a consequence of integrin-mediated cell attachment to the protein component. 

While COL-II has been associated with increased chondrogenic differentiation of MSC [80, 

81], it has also been suggested that a nonspherical morphology can result in dedifferentiation 

of chondrocytes [62]. Therefore it is important to balance the effects of added extracellular 

matrix components in microbead formulations.

Our main interest in this study was the ability of microbeads to support desired tissue-

specific differentiation. We therefore compared the multilineage potential of MSC 

embedded in AG/COL-II (10%) microbeads and pure AG microbeads over three weeks of 

culture. Osteogenic differentiation was modestly supported by both pure AG and AG/COL-

II formulations, as evidenced by an increase in osteocalcin expression and calcium 

deposition after 21 days in osteogenic medium. However, there was no difference between 

the matrix formulations in their ability to promote osteogenesis in vitro. Pure AG 

microbeads cultured in adipogenic medium showed robust lipid accumulation after 21 days, 

while AG/COL-II microbeads produced only low levels of lipid even when exposed to 

adipogenic stimuli. In contrast, chondrogenesis was significantly more robust in AG/COL-II 

microbeads, compared to pure AG, and strong expression of sGAG was measured by days 

14 and 21 in chondrogenic culture. Deposition of sGAG was confirmed using histology, 

which showed rounded cells and more matrix deposition in the COL-II-containing 

microbeads. These data suggest that the inclusion of COL-II in agarose microbeads can 

potentiate differentiation toward the chondrogenic lineage, while inhibiting adipogenic 

differentiation. The mechanism of this effect is not clear from our experiments, however 

binding of MSC to specific proteins has been shown to modulate differentiation [82, 83]. In 

addition, it has been suggested that cryptic peptide sequences on the COL-II molecule can 

affect chondrocyte phenotype [1].

In summary, we have demonstrated a method for creating modular microtissues designed to 

mimic specific proteoglycan and protein components of the cartilage extracellular matrix. 

The resulting MSC-laden microbeads are robust, support cell viability, and can be 

maintained in culture. Further, our data show that the composition of the 3D matrix in the 

microbeads affects the lineage-specific differentiation of embedded MSC. In particular, 

COL-II was shown to preferentially promote the chondrogenic phenotype, while suppressing 

adipogenic differentiation. The microbead format has the advantage that diffusion path 
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lengths are short, and microbead preparations can be delivered in a minimally invasive 

manner. The composition of microbeads can also be varied to include other cell and matrix 

types, and to incorporate biochemical factors that promote the desired regenerative effects. 

Cartilage defects are a serious and growing problem, and cell-based therapies have started to 

have an impact on their treatment. The development of biomaterial-based approaches that 

improve cell differentiation, delivery, and function will enable the next generation of cell-

based cartilage therapies.
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Figure 1. 
Schematic of the preparation of injectable microbeads for cartilage repair. A water-in-oil 

emulsification technique is used to generate spheroidal microbeads containing embedded 

cells. The microbead matrix consists of agarose and collagen Type II to mimic the 

composition of cartilage. Microbeads can be cultured in suspension and delivered via 

injection, and their small size facilitates mass transport to the embedded cells. The long-term 

goal is to develop an injectable, living articular cartilage tissue analog. Parts of this figure 

were obtained from Servier Medical Art (www.servier.com).
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Figure 2. 
Morphology, collagen content, and size distribution of AG/COL-II microbeads. (A) Phase 

contrast and (B) brightfield images of acellular microbeads with varying COL-II 

concentration, with collagen stained with Coomassie Blue in the brightfield images. (C) 

Diameter of microbeads as a function of composition. The solid center line in the box plot 

represents the median, the dotted center line in the box represents the mean, and the lower 

and upper boundaries of the box represent the 25th and 75th percentiles, respectively. 
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Whiskers (error bars) above and below the box indicate the 90th and 10th percentiles. (D) 

Quantitation of protein content of AG/COL-II microbeads using a total protein assay.
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Figure 3. 
Cell morphology and viability in bulk gels and microbeads. (A) Fluorescence staining of 

actin cytoskeleton (red) and nucleus (blue) of MSC embedded in bulk gels. (B) Fluorescence 

staining of actin cytoskeleton (red) and nucleus (blue) of MSC embedded in AG/COL-II 

microbeads with overlay of brightfield image to visualize microbead boundaries. (C) DNA 

content of microbeads made with pure AG or AG/10% COL-II one day after microbead 

fabrication. (D) Percentage of viable cells in bulk gels and microbeads one day after gel 

fabrication. Images best viewed in color.
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Figure 4. 
Osteogenic differentiation of MSC in microbeads. (A) DIC images of microbeads with 

corresponding Live/Dead® confocal fluorescence images at day 7 (top two rows) and day 

21 (bottom two rows). (B) DNA content of AG and AG/COL-II microbeads over time in 

culture. (C) Osteocalin production by hMSC in AG and AG/COL-II microbeads over time in 

culture. (D) Calcium phosphate mineral deposition by hMSC in AG and AG/COL-II 

microbeads over time in culture. All images at same magnification. (*) indicates p<0.05. 

Best viewed in color.
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Figure 5. 
Adipogenic differentiation of MSC in microbeads. (A) DIC images of microbeads with 

corresponding Live/Dead® confocal fluorescence images at day 7 (top two rows) and day 

21 (bottom two rows). (B) DNA content of AG and AG/COL-II microbeads over time in 

culture. (C) Intracellular lipid droplet accumulation in AG and AG/COL-II microbeads over 

time in culture. All images at same magnification. (*) indicates p<0.05. (**) indicates 

p<0.001 Best viewed in color.
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Figure 6. 
Chondrogenic differentiation of MSC in microbeads. (A) DIC images of microbeads with 

corresponding Live/Dead® confocal fluorescence images at day 7 (top two rows) and day 

21 (bottom two rows). (B) DNA content of AG and AG/COL-II microbeads over time in 

culture. (C) Sulfated glycosaminoglycan (sGAG) production by MSC embedded in AG and 

AG/COL-II microbeads over time in culture. All images at same magnification. (*) indicates 

p<0.05. Best viewed in color.
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Figure 7. 
Histological evaluation of microbeads in chondrogenic medium at day 7 and day 21. First 

three columns show representative microbeads stained with Alcian Blue (AB)-Periodic Acid 

Schiff (PAS), and fourth column shows cells in microbeads stained with calcein-AM with 

overlay of DIC image of microbeads. (A, B) pure AG beads. (C, D) AG/10% COL-II beads. 

Best viewed in color.
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