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Abstract

A new cartilage-specific degradable hydrogel based on photoclickable thiol-ene PEG hydrogels is 

presented. The hydrogel crosslinks are composed of the peptide, CRDTEGE-ARGSVIDRC, 

derived from the aggrecanase-cleavable site in aggrecan. This new hydrogel is evaluated for use in 

cartilage tissue engineering by encapsulating bovine chondrocytes from different cell sources 

(skeletally immature (juvenile) and mature (adult) donors and adult cells stimulated with pro-

inflammatory lipopolysaccharide (LPS)) and culturing for 12 weeks. Regardless of cell source, a 

two-fold decrease in compressive modulus is observed by 12 weeks, but without significant 

hydrogel swelling indicating limited bulk degradation. For juvenile cells, a connected matrix rich 

in aggrecan and collagen II, but minimal collagens I and X is observed. For adult cells, less 

matrix, but similar quality, is deposited. Aggrecanase activity is elevated, although without 

accelerating bulk hydrogel degradation. LPS further decreased matrix production, but did not 

affect aggrecanase activity. In contrast, matrix deposition in the non-degradable hydrogels 

consisted of aggrecan and collagens I, II and X, indicative of hypertrophic cartilage. Lastly, no 

inflammatory response in chondrocytes is observed by the aggrecanase-sensitive hydrogels. 

Overall, we demonstrate that this new aggrecanase-sensitive hydrogel, which is degradable by 

chondrocytes and promotes a hyaline-like engineered cartilage, is promising for cartilage 

regeneration.
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1. Introduction

Autologous chondrocyte implantation (ACI)[1–3] has shown some success in younger (< 35 

years) patients,[4] but has poor clinical outcomes in older patients.[1,4] Matrix-assisted ACI 

(MACI)[5] utilizes a matrix (i.e., scaffold) to deliver chondrocytes and provide a 3D 

environment for the cells in vivo. The advent of MACI brings the opportunity to expand ACI 

therapies, via tailoring the scaffold, to patients from a broad age range. The poor success of 

ACI with older patients is in part attributed to slow tissue synthesis concomitant with 

elevated tissue degrading activity that leads to an imbalance between anabolism and 

catabolism.[6–8] Therefore scaffold development must consider and adapt to a wide range of 

cellular activity in order to advance MACI and expand its indication to older patients.

Synthetic hydrogels derived from poly(ethylene glycol) (PEG) offer a platform for tuning a 

wide range of scaffold properties while simultaneously maintaining the chondrocyte 

phenotype and supporting cartilage-specific matrix production.[9–14] Hydrogel degradation 

is a critical design parameter for matrix elaboration, where non-degrading hydrogels restrict 

matrix deposition and evolution to the immediate vicinity around cells.[9] Hydrolytically 

degradable PEG hydrogels that incorporate oligo(lactic acid) into the crosslinks are able to 

promote macroscopic tissue deposition by chondrocytes,[12,13,15–17] but this mode of bulk 

degradation is characterized by hydrogel swelling, decreased scaffold mechanics and a 

significant loss of synthesized matrix from the constructs.[18,19] One of the challenges with 

using bulk degrading hydrogels is that many of the cartilage-specific extracellular matrix 

(ECM) molecules are large, and much larger than the mesh size of a hydrogel. As a result, 

hydrogels must come close to their reverse gelation point before many of the ECM 

molecules can diffuse and form macroscopic tissue.[15] This requirement means that there is 

a narrow window for tuning degradation rate with tissue synthesis and elaboration. 

Identifying this window for a wide range of donors presents a significant design challenge.

Hydrogels that degrade locally through cell-mediated degradation, however, may offer a 

mechanism to improve matrix elaboration by entrapped chondrocytes and overcome the 

shortcomings of bulk degrading hydrogels.[20,21] PEG hydrogels with enzyme-sensitive 

peptides incorporated into the crosslinks have been developed[22–27] and a few studies have 

investigated them for cartilage regeneration. The first report by Park et al.[28] demonstrated 

that PEG hydrogels with a matrix metalloproteinase (MMP)-sensitive peptide derived from 

collagen increased collagen II and aggrecan gene expression in bovine chondrocytes, but 

matrix deposition remained pericellularly restricted after four weeks in vitro. Bahney et 

al.[29] incorporated a peptide sensitive to MMP-7 into PEG hydrogels, which is upregulated 

during chondrogenesis of human mesenchymal stem cells, and showed an elaborated 

macroscopic tissue rich in collagen II after twelve weeks in vitro. While promising, there 

remains a need to further develop enzyme sensitive hydrogels for primary chondrocytes, 

which can be used in conjunction with MACI.
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In this paper, we describe a new cartilage-specific enzymatically sensitive PEG hydrogel, 

which was designed based on chondrocyte activity observed in vivo and in vitro. Cartilage is 

composed mainly of elastic collagen II fibrils and proteoglycans (primarily aggrecan), and is 

sparsely populated with chondrocytes that interact with and process the extracellular 

matrix.[30] In vivo, aggrecan is turned over much more rapidly than collagen II;[31] and 

therefore we chose to target aggrecan catabolism for the design of a new enzymatically 

degradable peptide. The aggrecan proteoglycan is composed of a linear core protein with 

three globular domains, where negatively charged sulfated glycosaminoglycan (sGAG) 

sidechains are bound to the core protein between globular domains 2 and 3 (G2 and 

G3).[31,32] The region between G1 and G2 is termed the ‘interglobular domain’ (IGD), and 

contains the two main sites of aggrecan proteolysis by either MMPs or aggrecanases (A 

Disintegrin And Metalloproteinase domain with ThromboSpondin motifs, namely 

ADAMTS-4 and -5, also known as aggrecanase-1 and -2, respectively).[33] Aggrecanases 

cleave the IGD more efficiently than MMPs.[34–36] Therefore, we designed an aggrecanase-

sensitive peptide based on its specific cleavage site within the IGD. The amino acid 

sequence TEGE-ARGSVI surrounding the E373-A374 cleavage site is conserved between 

human and bovine aggrecan,[37] and we flanked this sequence with ‘RD’ moieties to 

improve solubility[38] and thiol-containing cysteines to permit crosslinking, resulting in the 

final sequence CRDTEGE-ARGSVIDRC. This crosslinker was incorporated into a 

photoclickable thiol-ene PEG hydrogel, where the network structure has been well described 

previously,[23] to create a new aggrecanase-sensitive hydrogel. We investigated this new 

hydrogel for cartilage tissue engineering using several bovine chondrocyte sources, which 

have been shown to exhibit different anabolic and catabolic characteristics in prior 

reports.[7,18,39,40] We evaluated scaffold modulus and matrix production, elaboration and 

catabolism over the course of twelve weeks in the aggrecanase-sensitive hydrogels and 

compared them to non-degradable hydrogels crosslinked with PEG-dithiol.

2. Results

2.1. Cell-mediated Degradation of Acellular Hydrogels

A photoclickable PEG-based hydrogel was formed by reacting 8-arm PEG-amide-

norbornene (8-armPEG-NB) macromer (Figure 1A) with either non-degrading PEG-dithiol 

(PEGdSH) to form a stable hydrogel or the aggrecanase sensitive peptide (Figure 1B, C) to 

form a degradable hydrogel (Figure 1D). Degradability of the aggrecanase sensitive 

crosslinker by bovine chondrocytes was investigated by incubating acellular degradable 

hydrogels in medium conditioned by adult chondrocytes stimulated with the inflammatory 

mediator, LPS (Figure 1E). Hydrogel wet weight (n = 3 – 4) was measured as an indicator of 

hydrogel degradation. Compared to fresh chondrocyte medium, cell-conditioned medium led 

to an 8% increase (p = 0.02) in hydrogel wet weight after 7 hours, from 100 ± 1 to 108 ± 2 

mg, confirming cell-mediated degradation.

2.2. Characterization of Cell-laden Hydrogels: Viability, Cellularity, and Bulk Properties

To investigate the applicability of aggrecanase-sensitive hydrogels for cartilage tissue 

engineering, bovine chondrocytes from three distinct cell sources (Figure 1F) were 

encapsulated into aggrecanase-degradable and non-degrading PEG hydrogels with the same 
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initial compressive moduli and cultured for 12 weeks. Viable chondrocytes were present in 

all hydrogel formulations throughout the 12 week culture period and was similar for each 

cell source and hydrogel formulation. The addition of LPS to the culture medium did not 

appear to adversely affect cell viability throughout the study. A representative confocal 

microscopy image from each hydrogel is shown at week 3 (Figure 2A), which were similar 

throughout the study. Cell number per construct (Figure 2B), however, was affected (p < 

0.0001) by time and condition. Most notably the number of juvenile cells per construct for 

the degrading hydrogel was maintained throughout the culture period. On the contrary, all 

other conditions led to an overall increase in cell number by 50 – 85% by week 12.

Hydrogel bulk properties were measured over 12 weeks in the non-degrading and degrading 

hydrogels in order to assess the overall contributions of matrix deposition and hydrogel 

degradation. Representative images of hydrogels are shown at 12 weeks (Figure 2C). 

Hydrogel volume normalized to day 1 (Figure 2D) increased (p < 0.0001) with time for all 

conditions. At week 12, hydrogel volume was greatest for the juvenile chondrocytes in the 

non-degrading hydrogel, while all other conditions were similar. Hydrogel volume was 

higher (p < 0.001) in the LPS condition at weeks 6 and 9 when compared to the untreated 

hydrogel for the adult cell source. The tangent compressive modulus of the constructs 

(Figure 2E), which measured 13 ± 3 kPa at day 1 for all conditions, decreased (p < 0.0002) 

with time by ~50% for enzymatically degradable hydrogels regardless of cell source and 

treatment, but doubled (p = 0.0001) for juvenile cells in non-degradable hydrogels over 12 

weeks.

2.3. sGAG and Aggrecan Production and Deposition

The ability of encapsulated chondrocytes to produce and deposit the cartilaginous ECM 

molecule aggrecan and its associated sGAGs was assessed quantitatively by measuring 

cumulative sGAG production over the course of 12 weeks, and spatially by 

immunohistochemistry. sGAG production per cell (Figure 3A) is shown as the amount in the 

hydrogels normalized to cell number at 12 weeks and as the cumulative amount released to 

the medium throughout 12 weeks of culture, with the latter normalized to the corresponding 

cell number at each time point. The sum of the two amounts represents the total cumulative 

sGAG produced on average per cell over 12 weeks. The amount in the constructs on a 

cellular basis was lower (p < 0.0001 for juvenile cells, p < 0.006 for adult cells) in the 

enzymatically degradable hydrogels, which is supported by the Safranin-O staining for 

sGAG (Figure 3B). However, the sGAG released to the medium was elevated (p = 0.004) in 

the enzymatically degradable hydrogels for juvenile cells, but was similar for adult 

chondrocytes. For adult cells, LPS treatment led to a similar amount of sGAG in the 

constructs per cell, but the amount released was lower (p < 0.0001) compared to no 

treatment. Spatially sGAG deposition was present throughout the constructs in the non-

degradable hydrogels for both cell sources. In the degradable hydrogels, sGAG was more 

localized to the regions adjacent to the cells (i.e., pericelluarly) for the juvenile cell source 

and even more restricted pericellularly for the adult cell source. Aggrecan deposition was 

present for all cell sources (Figure 3C). For juvenile cells, there was evidence of aggrecan 

matrix connectivity in the enzymatically degradable hydrogels at 12 weeks, which was not 
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observed in the non-degrading hydrogels. For adult cells, aggrecan deposition was restricted 

to pericellular regions for both hydrogels and did not appear to be affected by LPS.

2.4. Collagen Production, Deposition and Degradation

Collagen production was assessed quantitatively by the production of the total collagens 

over the course of 12 weeks and qualitatively for the specific type of collagen by 

immunohistochemistry. Collagen production per cell (Figure 4A) is shown as the amount in 

the hydrogels normalized to cell number at 12 weeks and as the cumulative amount released 

to the medium throughout 12 weeks of culture normalized to corresponding cell number at 

each time point. The sum of the two amounts represents the total cumulative collagen 

produced on average per cell over 12 weeks. The amount in the constructs on a per cell basis 

was highest (p < 0.0003) for juvenile cells in non-degrading hydrogels, but enzymatically 

degradable hydrogels showed greater (p < 0.0001) collagen release to the medium by 

juvenile cells. Deposition of collagen II, the most abundant collagen type found in articular 

cartilage (Figure 4B), was present for all cell sources. For juvenile chondrocytes, there was 

evidence of collagen II matrix connectivity at 12 weeks in the enzymatically degradable 

hydrogel, which was not observed in the non-degradable hydrogels. For adult cells, collagen 

II deposition was restricted pericellularly for both hydrogels and did not appear to be 

affected by LPS. Collagen degradation was assessed by probing for the C1,2C degraded 

collagen neoepitope, which was present in all conditions. There was evidence of greater 

C1,2C staining in the degradable hydrogels compared to the non-degradable hydrogels for 

the juvenile cells, but no large differences among the adult cells.

Collagens I and X were examined in the constructs at weeks 6 and 12 (Figure 5A, B) in 

order to assess deposition of collagens found in fibrocartilage and hypertrophic cartilage, 

respectively, which would indicate a loss of the articular chondrocyte phenotype. Deposition 

of collagens I and X was present in all cell sources and hydrogels. Staining was most intense 

in non-degradable hydrogels for both cell sources.

2.5. Matrix Degrading Enzyme Activity and IL-6 Secretion

To determine whether incorporating aggrecanase-degradable peptides into the hydrogel 

crosslinks could affect catabolic activity or promote chondrocyte inflammation, enzyme 

activity and interleukin-6 (IL-6) secretion were measured. Aggrecanase-1 and generic MMP 

activities per cell are shown as the active amount of enzyme measured over all time points 

within the constructs and in the culture medium (Figure 6A & B, respectively). The sum of 

the amount in the constructs and in the medium represents the total amount of active enzyme 

produced on average per cell over 12 weeks. The amount of each active enzyme at each time 

interval is shown in Figures S1 and S2, respectively. For juvenile cells, degradable 

hydrogels led to lower (p < 0.0001) aggrecanase-1 and total MMP activity in the constructs, 

but greater (p < 0.0001) activity in the culture medium when compared to non-degradable 

hydrogels. Aggrecanase-1 and total MMP activities measured in the constructs were higher 

(p < 0.0001) for adult cells compared to juvenile cells. For adult cells, aggrecanase-1 activity 

was not affected by hydrogel degradation, but MMP activity was lower (p = 0.02) in the 

constructs of the degradable hydrogels. LPS led to the highest (p < 0.004 and p < 0.0001, 

respectively) aggrecanase-1 and MMP activities measured in the medium. However in the 
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constructs, aggrecanase-1 and MMP activities were lower (p < 0.0001) with LPS treatment. 

Inflammatory IL-6 secretion is shown as the cumulative quantity measured in the culture 

medium over 12 weeks (Figure 6C) and the quantities measured at each time interval are 

shown in figure S3, demonstrating increased IL-6 secretion from adult chondrocytes at 1 day 

compared to juvenile chondrocytes. There was more (p < 0.0001) IL-6 produced by adult 

cells than juvenile cells, but hydrogel degradation did not affect IL-6 secretion for either cell 

source. LPS stimulated the highest (p < 0.0001) amount of IL-6 secretion.

3. Discussion

A new aggrecanase-degradable hydrogel was developed and tested with three bovine 

chondrocyte sources, which exhibited differences in metabolic activity as confirmed in this 

study. We demonstrated that hydrogel degradation occurs in the presence of cell-conditioned 

medium, indicating that cells are able to degrade the hydrogel. Regardless of chondrocyte 

source, enzymatically degradable hydrogels promoted cartilage-specific matrix deposition 

rich in aggrecan and collagen II with reduced collagen I and minimal collagen X. We 

confirmed that degradation of the aggrecanase-sensitive hydrogel, which leads to exposed 

peptide fragments, did not elevate aggrecanase activity or elevate chondrocyte secretion of 

pro-inflammatory cytokines (specifically IL-6). Overall, we present a new and promising 

enzyme-degradable hydrogel for cartilage tissue engineering.

Juvenile chondrocytes, representing a cell source that in native tissue exhibits a homeostatic 

balance between anabolic and catabolic activity,[7] abundantly produced and deposited 

sGAGs and collagens when encapsulated in both aggrecanase-sensitive hydrogels and non-

degradable hydrogels. In non-degrading hydrogels, matrix accumulated pericellularly 

resulting in a two-fold increase in modulus by twelve weeks. Hydrogel degradation, 

however, led to higher matrix release concomitant with lower matrix retention within 

hydrogels, which is consistent with the decrease in modulus over time. This finding suggests 

that enzymes were able to diffuse through the hydrogel leading to bulk degradation, which is 

supported by the presence of active MMPs and aggrecanases in the culture medium. 

Although matrix deposition within the hydrogel was lower with degradation, the quality of 

the engineered tissue was markedly improved. Most notably, the degradable hydrogels 

promoted an engineered tissue that was more consistent with hyaline cartilage, while the 

engineered tissue in the non-degradable hydrogels was composed of collagens I, II and X, 

characteristic of hypertrophic cartilage. We attribute this improved cartilaginous phenotype 

in the degradable hydrogels to several possibilities. The structure and mechanics of the 

pericellular matrix will evolve as the hydrogel degrades locally around the cells and 

therefore may impact cellular signaling.[41,42] The presence of peptide crosslinks, which 

better mimics native tissue environments, may improve the chondrocyte phenotype, which 

has been observed in self-assembling peptide hydrogels.[43,44] In addition, connectivity of 

deposited aggrecan and collagen II was evident by 12 weeks in the degradable hydrogel, but 

not in the non-degradable hydrogel. Because aggrecan and collagen molecules are very 

large, connectivity can only occur after reverse gelation happens when a sufficient number 

of crosslinks have been broken and the polymer dissolves. These observations therefore 

suggest that juvenile chondrocytes are able to degrade the aggrecanase-sensitive hydrogels 
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both locally around the cells and in the bulk and that this degradation is critical to producing 

a hyaline-like engineered cartilage.

Adult chondrocytes represent a cell source with lower anabolic, but higher catabolic activity 

compared to juvenile chondrocytes[7,18] which was confirmed here with lower sGAG and 

collagen contents, higher aggercanase activity and higher IL-6 secretion compared to the 

juvenile chondrocytes. In the non-degrading hydrogels, modulus was maintained over 12 

weeks for adult chondrocytes, but was lower when compared to the juvenile chondrocytes, 

which is consistent with less matrix deposition in the hydrogel. While the modulus 

decreased in the degradable hydrogels, the quality of the engineered tissue was improved 

and similar to that for the juvenile chondrocytes. Specifically, a hyaline-like engineered 

cartilage was formed in the degradable hydrogels while a hypertrophic-like engineered 

cartilage was formed in the non-degradable hydrogels. Interestingly, degradation impacted 

the spatial distribution of sGAGs resulting in few sGAG detected in the extracellular space 

of the hydrogel. While most sGAG molecules in cartilage are attached to the aggrecan core 

protein, the sGAG-rich domain in aggrecan is readily degraded,[33] releasing smaller sGAG-

laden aggrecan fragments into the extracellular space[45] where they can either remain 

within or diffuse out of the hydrogel. In the degrading hydrogels, there was more 

aggrecanase detected in the construct with adult cells than juvenile cells, which is consistent 

with chondrocytes isolated from older donors.[18,46,47] It is possible that more of the 

aggrecan secreted by the adult cells was processed and degraded into smaller sGAG 

fragments. We therefore attribute the lack of sGAG staining in the extracellular space to the 

presence of smaller sGAG fragments, which rapidly diffuse out of the hydrogel as the mesh 

size increases from hydrogel degradation. This observation is further confirmed by the large 

of amount of sGAG released to the culture medium. Tissue connectivity was not observed 

with the adult cells, which is attributed to their lower matrix synthesis rates, and therefore 

hydrogels with adult cells may require longer culture times.

As crosslinks in the aggrecanase-sensitive hydrogels are cleaved, cells will be exposed to 

peptide fragments for some period of time until a sufficient number of crosslinks are broken 

to release the polymer chains. ECM fragments have been shown to elicit catabolic responses 

in chondrocytes. For example, degraded fibronectin fragments have been shown to stimulate 

aggrecanase catabolism of aggrecan[48] and aggrecanase activity is elevated in 

osteoarthritis.[49,50] Therefore, it was important to determine whether hydrogel degradation 

and exposure to peptide fragments negatively affect the encapsulated cells by eliciting 

elevated catabolism and/or an inflammatory response.

Aggrecanase-degradable hydrogels did not increase aggrecanase activity for either adult or 

juvenile chondrocytes. Generic MMP activity was assessed to probe for more general 

cartilage catabolism, which is necessary for tissue homeostasis, but can be increased in 

disease and inflammatory states.[30] Hydrogel degradability increased MMP activity in 

juvenile chondrocytes, but not adult chondrocytes. This finding is supported by the intense 

staining for the C1,2C epitope associated with MMP-cleaved collagen in the degradable 

hydrogels with juvenile chondrocytes, especially at week 12. As deposited ECM diffuses 

further into the extracellular space, it is possible that the cells begin to remodel the tissue by 

elevating MMP activity. This observation is supported by the fact that MMP levels were 
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higher compared to non-degradable hydrogels after 6 weeks when ECM transitioned from 

primarily pericellular at 6 weeks to interconnected by 12 weeks. In addition, others have 

reported that MMPs contribute to the mechanical properties of engineered cartilage.[51] The 

pro-inflammatory cytokine, IL-6, was also assessed as an indicator for an inflammatory 

response, which has been shown to cause proteoglycan release from human articular 

cartilage,[52] to be upregulated with osteoarthritis,[53] and to lead to increased aggrecanase-

mediated degradation of aggrecan.[54] While IL-6 secretion was higher for adult compared 

to juvenile chondrocytes, it was unaffected by hydrogel degradation.

These findings suggest that the aggrecanase-degradable hydrogel does not have adverse 

effects on the encapsulated cells. However, it is important to note that aggrecanase-1 

(ADAMTS-4) activity was measured in this study, but aggrecanase-2 (ADAMTS-5) is also 

secreted by chondrocytes and elevated in osteoarthritis.[52] Aggrecanase-2 is capable of 

cleaving the E373-A374 site on aggrecan[55] similar to aggrecanase-1, but at a much slower 

rate.[56] Therefore, it is likely that the enzyme activity assay, which uses a peptide that spans 

this sequence, would have detected aggrecanase-2 activity. We recognize that the generic 

MMP assay does not differentiate between different MMPs and therefore changes in the 

type of MMP activity may have occurred in the degradable hydrogel, but which were not 

detected. Although hydrogel degradation was attributed mainly to aggrecanases, it was 

surprising that cells with different aggrecanase activities led to similar changes in the 

hydrogel modulus over time (an indication of hydrogel degradation). While adult 

chondrocytes produced more active aggrecanase than juvenile chondrocytes, the majority of 

the aggrecanase was detected within the hydrogels and therefore could be more cell-

associated and unable to diffuse. Additionally, aggrecanase released from cells can degrade 

either peptide crosslinks or aggrecan produced by the chondrocytes. Studies have shown that 

the glycosylation of native aggrecan can enhance degradation rates,[57,58] and as a result 

aggrecan produced by adult chondrocytes may be even more susceptible to degradation due 

to increased keratan sulfate content, which increases degradation rates.[58] Therefore even if 

overall aggrecanase activity was elevated, the adult chondrocyte-produced aggrecan may be 

more reactive than the peptide crosslinks.

Adult chondrocytes were exposed to LPS to represent a cell source with even higher 

catabolic activity relative to anabolic activity,[39,40] which was confirmed in this study. 

Specifically, LPS led to a significant up-regulation of MMP activity and interleukin-6 

secretion, confirming its inflammatory effect on chondrocytes. In addition, LPS led to 

decreased sGAGs synthesis, which is consistent with previous observations.[59] Interestingly 

though, LPS did not affect the amount of sGAGs retained in the hydrogel nor the spatial 

distribution of sGAGs or aggrecan. LPS also did not affect total collagen production or the 

quality of the engineered tissue with respect to collagen type. The compressive modulus, 

however, was consistently lower than the modulus of constructs with unstimulated adult 

chondrocytes, but this difference was only significant at 9 weeks. It is interesting to note that 

C1,2C staining appeared more intense at the six week time point, which is consistent with 

the high MMP activity and IL-6 secretion. IL-6 secretion was the highest at weeks 6 and 9 

and began to drop after week 9, suggesting that the inflammatory effect of LPS subsided, 

although MMP activity remained high throughout the study. Interestingly, aggrecanase was 

down-regulated by LPS, which may in part be related to the lower sGAG production. 
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Previous work showed that LPS stimulation upregulated aggrecanase-1 gene expression by 

chondrocytes[39] with 1000 ng ml−1 LPS, albeit at non-physiologically relevant levels, 

which is 100-fold higher than the concentration used in this study. Nonetheless, these 

findings suggest the aggrecanase-sensitive hydrogel constructs consistently exposed to an 

inflammatory stimulant do not experience accelerated degradation and are capable of 

supporting neotissue deposition.

Overall, the aggrecanase-sensitive hydrogels exhibit improvements over more traditional 

hydrolytic and bulk degrading hydrogels. Although hydrogel degradation led to a 2-fold 

decrease in compressive modulus over twelve weeks, the decrease was much less dramatic 

when compared to hydrolytically degrading PEG hydrogels where an 8-fold decrease in 

modulus was reported after only four weeks.[60] In addition, hydrogel degradation did not 

appear to increase hydrogel volume. These findings suggest a degradation behavior that is a 

combination of both bulk and localized around the cell, which is distinctly different from 

traditional hydrolytically degrading hydrogels. However, one shortcoming of degrading 

hydrogels regardless of the type of degradation mechanisms (enzymatic or hydrolysis) is the 

loss of matrix molecules with hydrogel degradation. One of the promising attributes of this 

type of hydrogel system with enzyme sensitive crosslinks is that degradation behavior and 

rate can be further optimized to minimize bulk degradation, which is a current focus of our 

research. For example, increasing the initial hydrogel crosslinking density (and thereby 

increasing compressive modulus) or making slight changes to the peptide sequence to alter 

the degradation kinetics[25] can shift the degradation behavior even more towards localized 

degradation to minimize matrix loss due to bulk degradation.[20,21] However, one of the 

design challenges is that many of the enzyme sensitive peptide sequences can be cleaved by 

multiple enzymes.[25] For example the hydrogel in this study was designed as an 

aggrecanase-sensitive hydrogel, but the aggrecanase targeted sequence E373-A374 on 

aggrecan can be cleaved by MMPs including MMP-8, but with decreased kinetics compared 

to aggrecanases.[61]

4. Conclusion

The presented work details a new aggrecanase-sensitive hydrogel showing promise for 

cartilage tissue engineering by preserving the chondrocyte phenotype and promoting a 

hyaline-like engineered cartilage tissue produced by both juvenile and adult chondrocytes 

with minimal collagens I and X. Even though the half-lives of aggrecan and collagen 

molecules are on the order of 15–100 days and 100 years, respectively,[31,62,63] encapsulated 

cells were able to degrade the aggrecanase-sensitive hydrogel. The efficacy of the 

degradable hydrogel was dependent on the cell source, where juvenile chondrocytes 

produced an engineered tissue exhibiting matrix connectivity, which was not evident in adult 

cells with or without inflammatory stimulation, which showed increased catabolic activity 

and decreased anabolic activity. Nonetheless, we demonstrate the promise for aggrecanase-

sensitive hydrogels in cartilage tissue engineering and future efforts will focus on further 

tailoring the degradation rates and localization, as well as combining with mechanical 

stimulation, which is important in cartilage homeostasis[17,64–66] and may influence 

expression and production of catabolic enzymes.[67,68] These strategies may further improve 
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matrix elaboration, matrix deposition, and overall modulus of hydrogels with encapsulated 

cells from patients spanning a wide range of ages.

5. Experimental Section

Materials

8-arm PEG amine (MW 20,000) was from JenKem Technology USA (Allen, TX). O-(7-

azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HATU) and 

N,N′-diisopropylethylamine (DIEA) were from Chem-Impex International, Inc. (Wood 

Dale, IL). Hoechst 33258 was from Polysciences, Inc. (Warrington, PA). Collagenase type 

II, pepsin A, and papain were from Worthington Biochemical (Lakewood, NJ). Ethyl ether, 

N,N-dimethylformamide (DMF), bovine IL-6 ELISA kit, and Triton X-100 were from 

Fisher Scientific (Fair Lawn, NJ). SpectraPor 7 1000 MWCO dialysis tubing was from 

Spectrum Labs (Rancho Dominguez, CA). The custom aggrecanase-degradable peptide 

(CRDTEGE-ARGSVIDRC) was synthesized by GenScript (Piscataway, NJ). Irgacure 2959 

was from Ciba Specialty Chemicals (Tarrytown, NY). Fetal bovine serum (FBS) was from 

Atlanta Biologicals (Lawrenceville, GA). The LIVE/DEAD® assay, phosphate-buffered 

saline (PBS), DMEM, penicillin-streptomycin (P/S), fungizone, gentamicin, HEPES buffer, 

GlutaGro (L-glutamine), minimal essential medium non-essential amino acids (MEM-

NEAA), trypsin-EDTA, trypan blue, DAPI, AlexaFluor 488-conjugated goat anti-rabbit 

IgG, and AlexaFluor 546-conjugated goat anti-mouse IgG were from Invitrogen (Carlsbad, 

CA). 5-norbornene-2-carboxylic acid, PEG-dithiol, L-proline, L-ascorbic acid, bovine serum 

albumin (BSA), dimethyl methylene blue (DMMB), lipopolysaccharides (LPS) from S. 

enterica, chondroitinase ABC, hyaluronidase, and protease from Streptomyces griseus were 

from Sigma-Aldrich (St. Louis, MO). Keratanase I was from MP Biomedical (Solon, OH). 

Mouse anti-aggrecan antibody (A1059-53E) and rabbit anti-collagen II antibody 

(C5710-20F) were from US Biologicals (Swampscott, MA). Rabbit anti-collagen I 

(ab34710), and X (ab58632) antibodies were from Abcam (Cambridge, MA). Rabbit anti-

C1,2C (collagenase-generated collagen neoepitope) antibody (50-1035) was from IBEX 

Pharmaceuticals (Quebec, Canada). Generic MMP and aggrecanase-1 SensoLyte™ assay 

kits were from Anaspec (Fremont, CA). Human ADAMTS-4 was from Millipore (Billerica, 

MA). Retrievagen A antigen retrieval solution was from BD Biosciences (San Jose, CA).

Macromer Synthesis

8-armPEG-NB was synthesized by reacting 8-arm PEG amine (MW 20,000) with 

norbornene acid.[23,69,70] Briefly, norbornene acid (8x molar excess per amine-terminated 

PEG arms) in DMF was activated by reacting for 5 minutes under argon with HATU (4x 

excess) and DIEA (4x excess) at room temperature. The activated norbornene mixture was 

combined with 8-arm PEG amine in DMF, and the reaction proceeded overnight under 

argon at room temperature. 8-armPEG-NB was recovered by precipitation in ethyl ether, 

purified by dialyzing against DI H2O for 2–3 days, filtered (0.2 μm) and finally lyophilized. 

Using 1H-NMR spectroscopy, norbornene conjugation (δ = 5.9 – 6.3 ppm) per arm of the 8-

arm PEG molecule (δ = 3.4 – 3.9 ppm) was determined to be on average 100%.
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Chondrocyte Isolation

Bovine articular chondrocytes were isolated from the metacarpal-phalangeal joints of four 

skeletally mature (1–2 year old) steers (Arapahoe Meat Co., Lafayette, CO), which are 

referred to as adult chondrocytes. Bovine articular chondrocytes were also isolated from the 

femoral-patellar groove and articular condyles of a skeletally immature (1–3 week old) calf 

(Research 87, Marlborough, MA), which are referred to as juvenile chondrocytes. In 

quadrupeds, both joints are load bearing and characterized by hyaline cartilage.[71] Briefly, 

cartilage slices were washed in PBS supplemented with 1% P/S, 0.5 μg ml−1 fungizone and 

20 μg ml−1 gentamicin (PBS-antis), and digested 16 hours at 37 °C in 0.2% collagenase II in 

DMEM with 5% FBS. Isolated chondrocytes were washed in PBS-antis + 0.02% EDTA, 

pelleted followed by PBS-antis and then passed through a 100 μm cell strainer. Cells were 

maintained in chondrocyte medium (DMEM supplemented with 10% FBS, 1% P/S, 10 mM 

HEPES, 0.1 M MEM-NEAA, 0.4 μM L-proline, 50 μg ml−1 L-ascorbic acid, 4 mM L-

glutamine, 0.5 μg ml−1 fungizone and 20 μg ml−1 gentamicin). Using the trypan blue 

exclusion assay, initial cell viabilities were 92% for adult chondrocytes and 87% for juvenile 

chondrocytes.

Hydrogel Formation

A 10% w/w macromer solution of 8-armPEG-NB and crosslinker (non-degradable PEGdSH, 

MW 1000; or degradable bis-cysteine peptide, CRDTEGE-ARGSVIDRC; at 0.45:1 or 

0.65:1 thiol:norbornene molar ratio, respectively) was prepared in chondrocyte medium. The 

thiol:norbornene ratios were chosen to yield hydrogels with similar initial compressive 

moduli, and hence similar initial crosslink density, after swelling overnight in the absence of 

cells. The thiol:norbornene ratios are different because of the slower reactivity of the thiol in 

the cysteine compared to the thiol on PEG.[72] Chondrocytes were mixed with macromer 

solution at 50 million cells ml−1 and photopolymerized with 0.05% w/w Irgacure 2959 into 

cylindrical constructs (5 mm diameter × 2 mm height) for 7 min with 365 nm light (6 mW 

cm−2). Each construct was cultured in 4 ml chondrocyte medium (replaced twice per week) 

for up to 12 weeks at 37 °C in 5% CO2. Conditioned medium was collected, snap frozen in 

liquid nitrogen, stored at −80 °C, and pooled together in three week increments. For the 

lipopolysaccharides (LPS) condition, culture medium was supplemented with 10 ng ml−1 

LPS starting one day after encapsulation. Cell viability in constructs (n = 2) was assessed 

using a LIVE/DEAD® membrane integrity assay at 3 weeks. Images were acquired using a 

confocal laser-scanning microscope (CLSM, Zeiss LSM 510, Thornwood, NY) at 100x 

magnification. To assess hydrogel degradability, acellular hydrogels were formed in fresh 

chondrocyte medium and swelled overnight to equilibrium. The hydrogels were placed in 

cell-conditioned medium and wet weight monitored for 7 hours. Cell-conditioned medium 

was prepared from chondrocytes that were placed in suspension culture at 1.5 million cells 

ml−1 and activated with 1 μg ml−1 LPS overnight. After activation, cells suspension was 

centrifuged and the supernatant collected as the cell-conditioned medium.

Hydrogel Construct Characterization

Hydrogels were assessed for wet weight and compressive modulus after 1 day, and week 3, 

6, 9, and 12 (n = 3). Hydrogels were compressed to 15% strain at a strain rate of 0.5 mm 
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min−1, to obtain stress-strain curves (MTS Synergie 100, 10N). The modulus was estimated 

as the slope of the linear region of stress-strain curves. Hydrogels were lyophilized to 

measure dry weight. Hydrogel volume was determined from height and diameter 

measurements.

Biochemical Analysis

On day 1 and weeks 3, 6, 9, and 12, hydrogel constructs were removed (n = 3), weighed, 

snap frozen in liquid nitrogen and stored at −80 °C. Hydrogels were lyophilized, then 

homogenized and digested with papain for 16 hours at 60 °C. DNA content was measured 

using Hoechst 33258, assuming 7.7 pg of DNA per chondrocyte.[73] The constructs and 

conditioned medium were assayed for collagen using the hydroxyproline assay, where 

hydroxyproline is assumed to make up 10% of collagen,[74] and for sGAGs using the 

dimethyl methylene blue (DMMB) dye assay.[75] sGAG and collagen content were 

normalized to cell number.

Histological and Immunohistochemical Analysis

At weeks 6 and 12, constructs (n = 2) were fixed in 4% paraformaldehyde, dehydrated, 

paraffin embedded and sectioned to 10 μm. Sections were stained with Safranin-O/Fast 

Green to visualize sGAGs and imaged at 200x magnification with a bright field microscope 

(Axiovert 40 C, Zeiss, Thornwood, NY). Sections were treated with primary antibodies 

against aggrecan (1:5), collagen type II (1:50), collagen type X (1:50), collagen type I 

(1:50), and C1,2C (1:100). Before primary antibody treatment, sections underwent antigen 

retrieval, then were treated with appropriate enzymes for 1 h at 37°C: hyaluronidase (200 U) 

for aggrecan, collagen II, and C1,2C; chondroitinase ABC (10 mU) and keratanase I (4 mU) 

for aggrecan; pepsin A (280 kU) for collagens I and X; and protease (400 U) and 0.25% 

trypsin for collagen X. Sections were treated with AlexaFluor 488 or 546-conjugated 

secondary antibodies and counterstained with DAPI. Images were acquired by laser 

scanning confocal microscopy at 400x magnification using the same settings and post-

processing for all images. Sections that received no primary antibody treatment were used as 

negative controls. Sections of juvenile and adult hyaline cartilage were used as positive 

controls.

Enzyme Activity Assays and IL-6 ELISA

On day 1 and at weeks 3, 6, 9, and 12, constructs (n = 3) were snap-frozen in liquid nitrogen 

and stored at −80°C. The constructs were homogenized in Sensolyte kit assay buffer with 

0.1% Triton X-100. Construct lysate and conditioned medium were assayed using Sensolyte 

520 assay kits for substrates specific for ADAMTS-4 (aggrecanase-1) and generic MMPs 

(probes for MMP-1-3, 7-10, and 12–14 simultaneously). Activity was measured as a molar 

amount of cleaved substrate generated after incubating 1 hour at 37°C. Human ADAMTS-4 

and collagenase II were used as positive controls for active enzymes. Conditioned culture 

medium (n = 3) from all time points was assayed for bovine interleukin-6 (IL-6) using a 

sandwich ELISA kit.
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Statistical Analysis

Data are presented as mean (standard deviation). Measures of wet weight, modulus, 

biochemical content, enzyme activity and IL-6 were analyzed by two-way ANOVA where 

the factors were culture time and condition, followed by one-way ANOVA with Fisher’s 

LSD post-hoc test, α = 0.05, to determine significant difference between conditions at 

specific time points. Normal probability plots of the residuals were generated and were 

found to support the normal distribution assumption (plots not shown).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of hydrogel formation. (A) 8-arm PEG-amide-norbornene (8-armPEG-NB, 20 

kDa) is crosslinked with (B) non-degradable PEG-dithiol (PEGdSH, 1000 Da) or (C) 

aggrecanase-sensitive peptide (CRDTEGE-ARGSVIDRC, 1767 Da) in the presence of 

photoinitiator and 365 nm light to create (D) a 3D crosslinked hydrogel network within 

which cells can be encapsulated. (E) Hydrogel degradability was confirmed after 7 hours by 

incubating acellular hydrogels in adult chondrocyte-conditioned medium (n = 3 – 4). (F) 

Bovine chondrocytes from three distinct cell sources were studied and included 

chondrocytes isolated from juvenile and adult donors and adult chondrocytes stimulated 

with pro-inflammatory lipopolysaccharide (LPS). Adult chondrocytes have been previously 

reported to exhibit higher catabolic activity compared to juvenile chondrocytes[18] and LPS 

stimulation enhances catabolic activity in adult chondrocytes.[40]
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Figure 2. 
(A) Viability of encapsulated cells after 3 weeks of culture in non-degradable or 

enzymatically degradable hydrogels. Live cells are green, dead cells are red. Scale bars are 

200 μm. (B) Cell number per construct. (C) Representative photographs of hydrogels taken 

at 12 weeks. Scale bars are 5 mm. (D) Hydrogel volume and (E) compressive modulus 

normalized to measurements from one day after encapsulation. The initial compressive 

modulus was similar for all conditions, 13 ± 3 kPa at day one. * indicates significant 

difference from degradable hydrogels (at same cell age). † indicates significant difference 
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from adult cells (same hydrogel condition). # indicates significant difference from LPS 

condition (adult cells only) (p < 0.05). Error bars are standard deviation (n = 3).

Skaalure et al. Page 18

Adv Healthc Mater. Author manuscript; available in PMC 2016 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(A) sGAG production per cell in the constructs at 12 weeks is shown by the (Image) bar and 

that which was released to the medium throughout 12 weeks is shown by the (Image) bar. 

The sum of the two represents on average the total sGAG production per cell over the entire 

12 weeks. Letter groupings show statistical similarities (same letter) and differences 

(different letters) (p < 0.05). Top letters are for cumulative sGAG from medium and lower 

letters are for cumulative sGAG in constructs. Error bars are standard deviation (n = 3). (B) 

Representative images of histological staining for sulfated GAG (sGAG, orange-red) at 
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weeks 6 and 12 with Safranin-O/Fast Green. Background proteins are blue, nuclei are dark 

blue-purple, scale bars are 50 μm. (C) Representative confocal microscopy images from 

immunohistochemistry staining for aggrecan (red) in hydrogels at weeks 6 and 12. Nuclei 

are blue, scale bars are 50 μm.
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Figure 4. 
(A) Total collagen production per cell in the constructs at 12 weeks is shown by the (Image) 

bar and that which was released to the medium throughout 12 weeks is shown by the 

(Image) bar. The sum of the two represents on average the total collagen production per cell 

over the entire 12 weeks. Letter groupings show statistical similarities (same letter) and 

differences (different letters) (p < 0.05). Top letters are for total collagen from medium and 

lower letters are for total collagen in constructs. Error bars are standard deviation (n = 3). 

(B) Representative confocal microscopy images of immunohistochemical staining for 
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collagen II (green) and (C) collagenase-generated collagen neoepitope C1,2C (green) in 

hydrogels at weeks 6 and 12. Nuclei are blue, scale bars are 50 μm.
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Figure 5. 
(A) Representative confocal microscopy images of immunohistochemical staining for 

collagen I (green) and (B) collagen X (green) in hydrogels at weeks 6 and 12. Nuclei are 

blue, scale bars are 50 μm.
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Figure 6. 
Activity of (A) aggrecanase-1 and (B) generic MMPs measured per cell within the 

constructs is shown by the (Image) bar and released to the culture medium is shown by the 

(Image) bar. The sum of the active enzyme in the constructs and released to the medium 

represents on average the total amount of active enzyme that was produced per cell over the 

entire 12 weeks. (C) Cumulative IL-6, shown as the additive quantity measured in the 

medium throughout 12 weeks. Letter groupings show statistical similarities (same letter) and 

differences (different letters) (p < 0.05). Top letters are for total activity in medium and 

lower letters are for total activity in constructs. Error bars are standard deviation (n = 3).
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