
FU
LL P

A
P
ER

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1wileyonlinelibrary.com

 Development of a Cellularly Degradable PEG Hydrogel to 
Promote Articular Cartilage Extracellular Matrix Deposition 

   Balaji V.    Sridhar     ,        John L.    Brock     ,        Jason S.    Silver     ,        Jennifer L.    Leight     ,        Mark A.    Randolph     ,*    
   and        Kristi S.    Anseth*   

DOI: 10.1002/adhm.201400695

 Healing articular cartilage remains a signifi cant clinical challenge because of 
its limited self-healing capacity. While delivery of autologous chondrocytes 
to cartilage defects has received growing interest, combining cell-based 
therapies with scaffolds that capture aspects of native tissue and promote 
cell-mediated remodeling could improve outcomes. Currently, scaffold-based 
therapies with encapsulated chondrocytes permit matrix production; how-
ever, resorption of the scaffold does not match the rate of production by cells 
leading to generally low extracellular matrix outputs. Here, a poly (ethylene 
glycol) (PEG) norbornene hydrogel is functionalized with thiolated transform-
ing growth factor (TGF-β1) and cross-linked by an MMP-degradable peptide. 
Chondrocytes are co-encapsulated with a smaller population of mesenchymal 
stem cells, with the goal of stimulating matrix production and increasing bulk 
mechanical properties of the scaffold. The co-encapsulated cells cleave the 
MMP-degradable target sequence more readily than either cell population 
alone. Relative to non-degradable gels, cellularly degraded materials show sig-
nifi cantly increased glycosaminoglycan and collagen deposition over just 14 d 
of culture, while maintaining high levels of viability and producing a more 
widely-distributed matrix. These results indicate the potential of an enzymati-
cally degradable, peptide-functionalized PEG hydrogel to locally infl uence and 
promote cartilage matrix production over a short period. Scaffolds that permit 
cell-mediated remodeling may be useful in designing treatment options for 
cartilage tissue engineering applications. 

  1.     Introduction 

 Articular cartilage has limited self-healing properties, in part 
due to its lack of innervation and vascularization, and cartilage 

repair remains a signifi cant clinical chal-
lenge. Cartilage is composed primarily 
of specialized extracellular matrix (ECM) 
components that absorb water and main-
tain the structure of the tissue. Chondro-
cytes are the sole, differentiated resident 
cells found in mature articular cartilage 
and are responsible for the generation and 
maintenance of this ECM. [ 1 ]  

 As a result of its low cellularity and 
absence of stimulating growth factors 
provided by vasculature, cartilage exhibits 
a low rate of regeneration; hence, focal 
lesions caused by trauma or joint disorders 
can lead to debilitating osteoarthritis. [ 2 ]  
Matrix-assisted autologous chondrocyte 
transplantation (MACT) involves encapsu-
lating autologous chondrocytes into a tun-
able scaffold to promote increased matrix 
synthesis, which is then implanted into a 
cartilage defect of a patient. [ 3 ]  A variety of 
natural and synthetic materials have been 
examined as potential cell carriers and as 
therapeutic agents for cartilage repair. [ 4–7 ]  

 Despite advances in MACT, a limi-
tation with many of the scaffold car-
riers is that their resorption rates do 
not necessarily match the rate of matrix 
deposition by encapsulated cells (i.e., 

what is observed in healthy native tissue). [ 8 ]  In the case of 
hydrogel carriers, synthetic materials often limit deposition 
of chondrocyte-secreted matrix molecules to the space around 
the cell, also known as the pericellular space. [ 9 ]  In order to 
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overcome this issue, current synthetic hydrogels are engi-
neered to hydrolytically degrade at physiologic pH, and 
while bulk degradation is readily engineered and controlled, 
numerous material properties are highly coupled to this 
degradation. For example, high extents of degradation must 
occur before collagen can assemble throughout hydrogel 
scaffolds, but this often coincides with a precipitous drop 
in gel mechanics. [ 9,10 ]  Alternatively, hydrogels derived from 
native matrix components (e.g., collagen, hyaluronan) can 
be degraded by cells, and this leads to a local degradation 
mechanism where the rate is dictated by the cells. However, 
it is often more challenging to control the degradation and 
mechanical properties of these materials, which can necessi-
tate synthetic modifi cation to these materials to control their 
time varying properties. [ 11,12 ]  As a result, recent efforts in the 
fi eld have focused on hybrid synthetic ECM-mimics that can 
capture the tunability of synthetic scaffolds while integrating 
the properties of a cell-dictated local degradation. 

 In this work, we explored the application of a peptide- and 
protein-functionalized poly (ethylene glycol) (PEG) hydrogel for 
chondrocyte encapsulation and cartilage regeneration. PEG is 
a hydrophilic polymer that has been broadly explored for cell 
delivery applications. [ 13–16 ]  We formed biologically active PEG 
hydrogels through a photoinitiated step-growth polymerization 
scheme, by reacting four-arm norbornene - terminated PEG 
macromolecules with a non-degradable PEG dithiol linker 
or a bis-cysteine collagenase-sensitive peptide cross-linker, 
KCGPQG↓IWGQCK (where the arrow indicates cleavage 
site). [ 17 ]  This thiolene photopolymerization allows for precise 
spatial and temporal control over polymer formation, as well as 
facile encapsulation of cells and biologics. [ 18 ]  Multiple studies 
have shown the resulting cross-linked PEG hydrogel can encap-
sulate numerous primary cells with high survival rates (>90%) 
following photoencapsulation. [ 19,20 ]  

 Previous work in our group further demonstrated that 
chondrocyte ECM production is enhanced in the presence 
of locally tethered transforming growth factor (TGF-β1) in a 
non-degradable PEG network; however, matrix deposition was 
limited to the pericellular space. [ 21 ]  These results motivated 
the experiments reported here, where we study how tethered 
TGF-β1 in concert with a cellullarly degradable peptide cross-
linker infl uences cartilage ECM production and its distribu-
tion. Since degradation of collagen is a rate-limiting step in 
cartilage remodeling, as it is the most abundant component 
of the ECM, [ 22 ]  we selected a peptide linker derived from col-
lagen, KCGPQG↓IWGQCK. Previously, Lutolf and Hubbell  [ 23 ]  
encapsulated chondrocytes in a PEG gel linked with this pep-
tide and found increased gene expression of cartilage matrix 
molecules compared to non-degradable gels; however, matrix 
deposition was pericellularly restricted, [ 24 ]  suggesting that 
proper degradation did not occur to permit wide-spread ECM 
deposition. As chondrocytes release both MMP-8 [ 25 ]  and MMP-
13, [ 26 ]  which are known to cleave this sequence, they are not 
highly metabolically active. [ 27 ]  We hypothesize that when these 
primary cells differentiate from their stem cell origin, their 
low metabolic activity translates to very slow degradation of 
MMP-cleavable scaffolds. 

 To catalyze this pericellular degradation process, we 
examine the MMP activity of chondrocytes and explore the 

co-encapsulation of chondrocytes with mesenchymal stem 
cells (MSCs) to aid in scaffold remodeling. In complementary 
migration experiments, MSCs have been shown to readily 
degrade the KCGPQG↓IWGQCK sequence when encapsu-
lated in similar PEG gels. [ 28 ]  Furthermore, Bahney et al. [ 29 ]  
incorporated a collagen-derived peptide linker into PEG 
hydrogels to encourage chondrogenesis of MSCs. In addition 
to catalyzing degradation of the target peptide linker, MSCs 
co-encapsulated with chondrocytes can also stimulate matrix 
deposition and reduce hypertrophy of chondrocytes. [ 30 ]  Fur-
thermore, in clinical settings, a low density of MSCs has the 
potential to migrate into a PEG MACT scaffold when com-
bined with a procedure like microfracture surgery, which 
stimulates MSC migration. [ 31 ]  

 In this work, we report the development of a MMP-sen-
sitive PEG-based hydrogel that employs co-culture of MSCs 
and chondrocytes to suggest that local degradation facilitates 
diffuse ECM deposition. This multifunctional scaffold is fur-
ther engineered to present TGF-β1 to encourage matrix depo-
sition by both chondrocytes [ 21 ]  and MSCs. [ 32 ]  MSCs are seeded 
at a low density to facilitate degradation of the linker, while 
allowing us to design experiments focused on ECM secretion 
by co-encapsulated chondrocytes. Other common co-culture 
studies utilize much higher ratios of MSCs to chondro-
cytes. [ 30,33 ]  Additionally, we demonstrate in situ degradation 
by encapsulated cells utilizing a fl uorogenic peptide, assess 
construct matrix deposition both qualitatively and quantita-
tively, and show increased scaffold mechanical integrity over 
14 d.  

  2.     Results 

  2.1.     Chondrocyte Cleavage of the MMP-Degradable Sequence in 
3D Monoculture 

 We confi rmed in situ degradation of the peptide linker 
sequence (KCGPQG↓IWGQCK) utilizing a fl uorogenic pep-
tide sensor (Dab-GGPQG↓IWGQK-Fl-AhxC) [ 34 ]  that was cova-
lently tethered to the gel network.  Figure    1  a shows a four-arm 
PEG-NB hydrogel formulation, which includes tethered TGF-β1 
(50 × 10 −9   M ), and fl uorogenic peptide sensor (0.5 × 10 −3   M ), for 
experiments used to determine the amount of cleavage of the 
MMP-sensitive sequence. We chose the chondrocyte seeding 
density of 40 million cells mL −1 , because chondrocytes have 
been studied at this density and shown to produce native-like 
tissue at this concentration in 3D experiments. [ 35–37 ]  Over a 3 d 
period, we found that chondrocytes seeded at this density 
degrade the MMP-degradable sequence at a higher rate than 
either a chondrocyte-laden non-degradable or acellular gel of 
the same formulation as shown in Figure  1 b. However, when 
chondrocytes were encapsulated and cultured long term in this 
formulation, glycosaminoglycan (GAG) (Figure  1 c) and col-
lagen (Figure  1 d) distribution was limited to the pericellular 
space in degradable, cell-laden constructs, even after 28 d. Even 
at a shorter culture time of 7 d, the chondrocytes alone do not 
signifi cantly degrade the surrounding network, which restricts 
matrix deposition to the pericellular spaces (Figure S2, Sup-
porting Information).   
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  2.2.     Utilization of Co-culture to Aid in Degradation of the 
MMP-Sensitive Sequence 

 Since chondrocytes alone could not cleave this particular MMP-
degradable sequence at a rate that permitted diffuse matrix pro-
duction, we investigated the use of co-culture with MSCs, as we 
had previous experience with high levels of degradation of this 
sequence over shorter time scales. [ 28,38 ]   Figure    2  a shows a four-
arm PEG-NB hydrogel formulation, which includes tethered 
TGF-β1 (50 × 10 −9    M ), RGD (1 × 10 −3   M ), and the fl uorogenic pep-
tide sensor (0.5 × 10 −3   M ) with varying amounts of encapsulated 
MSCs and a fi xed density of chondrocytes, for experiments used 
to determine cleavage of the MMP-sensitive sequence. Using 

the same hydrogel formulation over a 3 d period, we found 
that not only do MSCs seeded at a lower density than chondro-
cytes degrade the sequence at a faster rate, but there also seems 
to be a synergistic effect between MSCs and chondrocytes to 
degrade the sequence at a signifi cantly higher rate. As shown 
in Figure  2 b, MSCs seeded at 5 million cells mL −1  cleaved the 
target sequence faster than chondrocytes seeded at 40 million 
cells mL −1  with increasing relative fl uorescent activity. Interest-
ingly, when encapsulated in co-culture with a 24:1 chondrocyte: 
MSC ratio, with chondrocytes held constant at a density of 
40 million cells mL −1 , the cells increased the amount of 
cleavage of the target sequence compared to either cell type 
alone. At each time point, the co-culture (8:1) gel (40 million 
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 Figure 1.    Effect of chondrocytes encapsulated in an MMP-degradable gel. a) Schematic of four-arm 20 kDa PEG norbornene network with tethered 
MMP fl uorescent sensor (Dab- GGPQG↓IWGQK-Fl-AhxC), and TGF-β1. The macromer solution, containing tethered growth factor, is combined with 
chondrocytes at 40 million cells mL −1 . Resultant networks are either cross-linked by an MMP-degradable peptide sequence (KCGPQG↓IWGQCK) or 
non-degradable (3.5 kDa PEG dithiol) linker for in situ cleavage experiments. b) Measurement of in situ cleavage of fl uorescent sensor by chondrocytes. 
Over 3 d, acellular and chondrocyte-laden nondegradable gels had similar normalized fl uorescent activity, but in a degradable gel, chondrocytes had 
higher fl uorescent activity (where A.U. stands for arbitrary units) suggesting cleavage of the sequence. Results are presented as mean ± SD ( n  = 3). 
c) GAG staining of sections obtained at day 28 with chondrocytes seeded in degradable gels at 40 million cells mL −1  with nuclei stained black and 
GAGs stained red. d) Collagen staining of sections obtained at day 28 with chondrocytes seeded in degradable gels at 40 million cell mL −1  with nuclei 
stained black and collagen stained blue. Scale bars represent 100 µm.
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chondrocytes mL −1  + 5 million MSCs mL −1 ) MMP activity value 
was signifi cantly higher than a simple additive effect (from the 
single-cell cultures), suggesting there is indeed a synergistic 
effect of the co-culture on MMP activity.  

 In order to determine an appropriate seeding density of 
MSCs to use in co-culture with chondrocytes in the matrix 
deposition experiments, we varied the encapsulation ratio of 
chondrocytes to MSCs. In Figure  2 c, we show that when chon-
drocytes are held constant at 40 million cells mL −1  and the con-
centration of MSCs is increased in the scaffold incrementally, 
there is a resultant increase in cleavage of the target sequence. 
There is a statistically signifi cant difference between each of 
the co-culture groups in Figure  2 c at each time point ( p  < 0.05) 
with the 8:1 gel generating the highest MMP activity. Since 
the lowest ratio of 8:1 chondrocyte:MSC condition yielded the 
highest fl uorescent signal over 3 d, we decided to use this cell 
ratio for all subsequent experiments.  

  2.3.     Viability of Cells and Morphology of MSCs in Co-culture 
Scaffolds 

 Cell viability for both non-degradable and degradable co-cul-
ture gel conditions was assessed by a live/dead membrane 
integrity assay at both day 1 ( Figure    3  a) and 14 (Figure S3, 
Supporting Information). Nondegradable gels had a viability of 
92 ± 2% at day 1 and 95 ± 4% at day 14. Degradable gels had 
a viability of 93 ± 3% at day 1 and 96 ± 2% at day 14 as deter-
mined by image quantifi cation where results are presented as 
mean ± SD ( n  = 3). Since both conditions looked very similar, 
only the viability results of the degradable condition are shown 
in this article. In addition to assessing viability, we observed 
the morphology of MSCs present in the scaffold to see if they 
maintained a rounded shape to suggest a more chondrogenic 
phenotype [ 27 ]  as opposed to an osteogenic phenotype with 
a more fi broblastic appearance. [ 38 ]  As shown in Figure  3 a, 
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 Figure 2.    Effect of co-culture of chondrocytes and MSCs on degradation of MMP-sensitive sequence. a) Schematic of four-arm 20 kDa PEG norbornene 
network with tethered TGF-β1, RGD, and MMP fl uorescent sensor (Dab-G GPQG↓IWGQK-Fl-AhxC) cross-linked by an MMP degradable peptide sequence 
(KCGPQG↓IWGQCK). Chondrocytes were encapsulated at a fi xed seeding density of 40 million cell mL −1 , and the density of MSCs varied from 1.7 to 
5 million cells mL −1  during the co-encapsulation process for in situ cleavage experiments to measure the effect of co-culture on local degradation. b) 
After 3 d, chondrocytes, at 40 million cells mL −1 , have a lower fl uorescent signal than MSCs, at 5 million cells mL −1 , in degradable gels. Fluorescent signal 
is highest from day 1 to 3 when cells are co-encapsulated at a ratio of 24:1 chondrocytes: MSCs (40 × 10 6  chondrocytes mL −1  + 1.67 × 10 6  MSCs mL −1 ).
 c) By varying the ratio of chondrocytes to MSCs, and keeping the chondrocyte seeding density constant at 40 million cells mL −1 , it was found after 
3 d, 8:1 yielded the highest amount of degradation out of the tested conditions and was used for subsequent matrix deposition experiments. The MMP 
activity of each group is signifi cantly different from each other at each timepoint ( p  < 0.05) with the 8:1 condition generating the highest MMP activity. 
Results are presented as mean ± SD ( n  = 3).
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viability of both chondrocytes and MSCs was high on day 1. 
Furthermore, MSCs, which have been labeled with Cell Tracker 
Violet prior to encapsulation (blue), retained a spherical mor-
phology in spite of being in a degradable system with integrin-
binding epitopes. Moreover, DNA content was assessed at day 
1, 7, and 14 (Figure  3 b). There was no statistically signifi cant 
difference in cellularity between degradable and non-degra-
dable conditions, as measured by the amount of DNA present, 
but there was a steady increase in DNA content from day 1 to 
14 in both conditions.   

  2.4.     Effect of Local Degradation on Cartilage-Specifi c Matrix 
Production and Distribution 

 We assessed GAG and total collagen content of gels at day 
1, 7, and 14 and further examined the distribution of these 
molecules throughout the network by staining sections with 
safranin-O (GAG) and Masson's trichrome (collagen). Meas-
ured quantities of either non-degradable or degradable co-cul-
ture scaffolds were normalized to the wet weight (wet weight 
values shown in Figure S4a, Supporting Information) of the 
respective hydrogel formulations. In  Figure    4  a and  Figure    5  a, 
at day 14, GAG and collagen distribution were restricted to the 
pericelluar space in nondegradable gels. On the other hand, 
in Figure  4 b and Figure  5 b, at day 14, GAG and collagen were 

widely distributed throughout the gel and connected with other 
molecules generated by nearby cells. Not only is the visual dif-
ference in distribution striking, but it was further confi rmed by 
quantitative analysis. In Figure  4 c and Figure  5 c, the sGAG and 
total collagen production as a percentage of the wet weight of 
the gel on day 7 and 14 for the degradable construct was sig-
nifi cantly higher than the nondegradable gel ( p  < 0.01). While 
cartilage-specifi c ECM production increases in both conditions 
over 14 d, it does so at a signifi cantly higher amount in a locally 
degradable system.    

  2.5.     Effect of Cell-Mediated, Local Degradation on the 
Mechanical Properties of the Scaffold 

 To confi rm that our degradable system produced functional, 
cartilage-specifi c matrix molecules and increased its mechan-
ical properties over time while permitting ECM expansion, 
we assessed the bulk compressive modulus of cell-laden non-
degradable and degradable gels at day 1, 7, and 14. In  Figure    6  , 
at day 7, and 14, the value of the compressive modulus of 
the degradable construct was signifi cantly higher than of 
the non-degradable gel ( p  < 0.001). Furthermore, there was 
a signifi cant increase ( p  < 0.001) between day 1 and 14 of 
the compressive modulus in degradable scaffolds while the 
values between day 1 and 14 were not statistically different 
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 Figure 3.    Viability, morphology, and cellularity of co-culture system. a) Viability at day 1 with degradable 8:1 co-culture gels with live cells (gray), dead 
cells (red), MSCs labeled with CellTracker Violet (blue), and all three images merged together. Viability was quantifi ed at 93 ± 3%. Scale bars represent 
100 µm. b) DNA content of degradable and non-degradable 8:1 co-culture gels assessed at day 1, 7, and 14. Both degradable and non-degradable 
conditions show similar DNA content at each time point, but they increase over the 14 d period. Results are presented as mean ± SD ( n  = 3).
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( p  > 0.75) with non-degradable gels even though both con-
ditions have similar values of compressive elastic modulus 
initially.   

  2.6.     Quality of Composition of ECM in Co-culture Scaffolds 

 To verify that the ECM produced had an articular cartilage phe-
notype, we qualitatively assessed the qualitative ratio of type 
II collagen to type I collagen on gel immunostained sections. 
Images revealed that at day 14 there was a scarce amount of 
type I collagen throughout all samples ( Figure    7  a,c). In con-
trast, type II collagen was more diffusely distributed in the 
degradable construct (Figure  7 d) than in the nondegradable 
sample, where it was pericellularly restricted and less prevalent 
(Figure  7 b). Quantifi cation of the amount of cells that stained 
positive for type I and type II collagen with image analysis 
revealed similar conclusions. As shown in  Table    1  , more cells 
stained positive for type II collagen in the degradable than the 
nondegradable sample, and the number of cells staining posi-
tive for type II collagen was dramatically higher than type I 
positive cells for both.    

  2.7.     Effect of Inhibition of MMP Activity on Cartilage-Specifi c 
Matrix Production and Distribution 

 We sought to test the effect of inhibiting MMP secretion by 
encapsulated cells and observe if the resulting matrix produc-
tion was similar to non-degradable gels. Figure S1a, Supporting 
Information shows how the addition of the MMP inhibitor to 
a co-culture system led to a fl uorescent activity level similar to 
non-degradable gels. Live/Dead staining of gels at day 1 and 14 
showed viability greater than 90% (data not shown). Histology 
staining at day 14 revealed that the co-culture degradable gels 
treated with the MMP inhibitor had a similar appearance to 
non-degradable gels with pericellularly limited matrix distribu-
tion (Figure S1b,c, Supporting Information). These data show 
how MMP secretion specifi cally plays a major role in matrix 
deposition and remodeling within this system, even more so 
than TGF-β1 or the co-culture synergistic effects.   

  3.     Discussion 

 Engineering a clinically viable scaffold for promotion of car-
tilage regeneration is challenging, partly because of the time 
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 Figure 4.    Glycosaminoglycan distribution and production in non-degradable and degradable 8:1 co-culture constructs. a) Non-degradable gel sec-
tion stained for GAGs at day 14. b) Degradable gel stained for GAGs at day 14 with nuclei stained black and GAGs stained red. Scale bars represent 
100 µm. c) GAG content expressed as a percentage of the respective construct wet weight assessed at day 1, 7, and 14. * indicates a statistically sig-
nifi cant difference in GAG content at day 7 between degradable and non-degradable gels ( p  < 0.01), and ** indicates a statistically signifi cant difference 
in GAG content at day 14 between degradable and non-degradable gels ( p  < 0.001). Results are presented as mean ± SD ( n  = 3).
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required to generate a robust matrix by encapsulated cells, 
especially chondrocytes in monoculture. By utilizing an enzy-
matically degradable PEG-peptide system with localized pres-
entation of TGF-β1 and co-culture of chondrocytes with MSCs, 
we have shown quantitatively and qualitatively, in vitro, that 
encapsulated cells generate highly distributed and elaborate 
cartilage-specifi c ECM molecules at a higher rate than in a non-
degradable scaffold. This system that responds to cell-mediated 
cues permits cells to secrete and distribute large matrix mol-
ecules that pervade throughout the scaffold and ultimately, 
should lead to mechanically robust constructs. Furthermore, 
since the construct utilized the synergistic effects of co-culture 
(to promote scaffold remodeling) along with the benefi ts of a 
tethered growth factor, it expedited ECM generation by encap-
sulated cells relative to other common cartilage tissue engi-
neering scaffolds. [ 39,40 ]  

 When chondrocytes were encapsulated in PEG gels linked 
with an MMP-cleavable peptide at 40 million cells mL −1 , they 
produced cartilage tissue that was limited to the pericellular 
space (Figure  1 b,c). This suggests that chondrocytes alone may 

not suffi ciently degrade this particular peptide linker. Chondro-
cytes have relatively low metabolic activity since they reside in a 
hypoxic and hyperosmotic environment. [ 41 ]  This may be part of 
the reason that the chondrocytes were not observed to secrete 
MMPs at an appreciable rate in 3D culture. 

 On the other hand, when encapsulated alone, even at a 
lower seeding density of 5 million cells mL −1 , MSCs degraded 
the sequence at a higher rate than chondrocytes at 40 million 
cells mL −1 . This is likely because MSCs are more metaboli-
cally active than chondrocytes, as MSCs remodel their environ-
ments more frequently during development. There appears to 
be a synergistic effect between encapsulated MSCs and chon-
drocytes to degrade the sequence as shown in Figure  2 b,c. The 
enhancing effect may be from paracrine signaling between 
cells to boost each other’s activity. [ 42 ]  This may be more refl ec-
tive of the native, developing cartilaginous environment, where 
MSCs and chondrocytes co-exist before all the MSCs differ-
entiate into chondrocytes. [ 43 ]  Furthermore, MSCs may play a 
role in cell number in the system, as they are known to drive 
chondrocyte proliferation in co-culture. [ 30 ]  Future experiments 
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 Figure 5.    Collagen distribution and production in non-degradable and degradable 8:1 co-culture constructs. a) Non-degradable gel section stained for 
collagen at day 14. b) Degradable gel stained for collagen at day 14 with nuclei stained black or violet and collagen stained blue. Scale bars represent 
100 µm. c) Total collagen content expressed as a percentage of the respective construct wet weight assessed at day 1, 7, and 14. + indicates a statisti-
cally signifi cant difference in collagen content at day 7 between degradable and non-degradable gels ( p  < 0.05), and ++ indicates a statistically signifi -
cant difference in collagen content at day 14 between degradable and non-degradable gels ( p  < 0.001). Results are presented as mean ± SD ( n  = 3).
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could delve deeper into the signaling effects as to why there is 
increased MMP activity in co-culture between MSCs and chon-
drocytes. Additionally, studies could look for alternate ways to 
permit cell-mediated local degradation, which include investi-
gating other peptide-linker sequences that are more amenable 
to cleavage by chondrocyte-secreted enzymes. 

 In these experiments, a four-arm 20 kDa PEG backbone at 6 
wt% was used for co-culture experiments, since this formula-
tion was studied in the aforementioned MSC experiments to 
assist in degradation of the peptide linker. [ 28,38 ]  Other studies 
investigating the gel cross-link density on matrix production 
by encapsulated cells found that scaffolds with a lower cross-
linking density, like our monomer formulation, best supported 
ECM deposition in hydrogels. [ 10,44 ]  

 Extracellular matrix production data revealed that over just 
14 d, the cell-mediated degradable gels permitted greater and 
widely distributed matrix production than non-degradable gels 
as revealed in Figure  4 – 6 . Furthermore, compressive modulus 
measurements confi rmed that degradable constructs had 
superior mechanical properties relative to non-degradable gels 
as shown in Figure  6 . There is a steadily increasing trend in 
modulus values over a short period of time, which suggests 
that the matrix macromolecules generated in the degradable 
construct assemble in an appropriate fashion to stiffen the 
mechanical properties of the scaffold. [ 45 ]  It is interesting to 
note that there are pockets of space around the cells in the 
degradable gel histology images, while only a few are present 
in non-degradable histology images. These pockets have a sim-
ilar appearance to lacunae found in cartilage and could be due 
to pericellular degradation of the network. It is evident that 
cartilage ECM molecule distribution is widespread throughout 
the degradable scaffold, which likely led to the superior func-
tional mechanical properties of the gel while the pericellularly 

restricted matrix in the non-degradable gels did not lead to an 
increased modulus. 

 The rate at which cartilage matrix molecules are produced 
and assembled in the locally degradable constructs is substan-
tial. Compared to the bulk degradation mechanism of hydro-
lytically cleavable PEG-PLA gels that use chondrocytes at 
75 million cells mL −1 , [ 11 ]  our system produces greater than 
2.5 fold increase in GAGs (% wet weight) after 2 weeks while 
also increasing modulus over time. Furthermore, when com-
pared to a PEG/Chondroitin sulfate copolymer gel with encap-
sulated chondrocytes at 75 million cells mL −1 , [ 40 ]  our system 
produces greater than sixfold increase in total collagen content 
(% wet weight) over 2 weeks. Since matrix production is rela-
tively rapid in these constructs, long culture times may not be 
necessary like they are in conventional cartilage tissue engi-
neering experiments. 

 There was a concern that encapsulated MSCs in the co-cul-
ture system could lead to fi brocartilage formation as they do in 
monoculture in scaffolds. [ 46 ]  However, past studies of co-culture 
scaffolds with higher amounts of MSCs have confi rmed that the 
neotissue generated is not of fi brocartilagenous nature. [ 33 ]  Fur-
thermore, after a day, MSCs maintain a spherical morphology 
in co-culture, which could indicate a chondrogenic phenotype 
as shown in Figure  3 a. Additionally, collagen typing (high type 
II: type I collagen ratio by immunofl uorescence) revealed an 
articular cartilage phenotype with type II collagen being dif-
fusely distributed in degradable gels (Figure  7 ). Future studies 
could track the long-term fate of the MSCs in this co-culture 
system to ensure they maintain a chondrogenic phenotype and 
do not revert to generating fi brocartilage or bone. 

 In a potential clinical application as an MACT scaffold, this 
system could be advantageous due to the low amount of MSCs 
needed for co-culture. The subchondral bone under the carti-
lage defect could be stimulated by a technique like microfrac-
ture to recruit MSCs into the environment. The chondrocyte-
laden PEG construct could then be implanted into the defect 
and the MSCs could migrate into the gel. Because only a small 
quantity of MSCs is required to initiate degradation of the 
target sequence, there is clinical potential with this technique. 
Furthermore, it is known that increased age of encapsulated 
chondrocytes can lead to increased MMP activity of the cells. [ 8 ]  
Future studies should focus on optimizing the chondrocyte: 
MSC seeding ratio and the monomer formulation to further 
tune the local degradation and enhance ECM production. Addi-
tional studies could confi rm whether older chondrocytes might 
degrade this system without the aid of MSCs, and one could test 
the infl uence of various localized growth factors (e.g., TGF-β, 
insulin-like growth factor) on promoting the secretory proper-
ties and ECM deposition by aged cells. It would also be inter-
esting to see how matrix production is affected as the length of 
culture time is extended, especially in an in vivo environment.  

  4.     Conclusion 

 A cell-mediated degradable hydrogel system based on pep-
tide- and protein-functionalized PEG hydrogels was designed 
to allow local cell degradation in a manner that promotes 
wide-spread cartilage ECM production, which ultimately leads 
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 Figure 6.    Compressive modulus of constructs assessed at day 1, 7, and 
14. # indicates a statistically signifi cant difference in modulus value at 
day 7 between degradable and non-degradable gels ( p  < 0.05) and ## 
indicates a statistically signifi cant difference in modulus value at day 14 
between degradable and non-degradable gels ( p  < 0.001). The line with 
### indicates a statistically signifi cant difference between day 1 and day 
14 in moduli values for degradable gels only ( p  < 0.001). Results are 
presented as mean ± SD ( n  = 3).



FU
LL P

A
P
ER

9wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Healthcare Mater. 2015, 
DOI: 10.1002/adhm.201400695

www.advhealthmat.de
www.MaterialsViews.com

to constructs with improved mechanical properties over just 
14 d. The approach exploited the synergistic effects of co-cul-
ture between MSCs and chondrocytes to facilitate degrada-
tion of a collagen-derived, MMP-degradable peptide sequence 
(KCGPQG↓IWGQCK) as well as to promote cartilage ECM 
production in the presence of tethered TGF-β1. Results con-
fi rmed that both encapsulated cell types maintained a high 
viability and a spherical morphology in the gels. Furthermore, 
the generated ECM resembles articular cartilage with respect 
to collagen typing by immunofl uorescent staining (high type II 
collagen: type I collagen ratio). Local degradation seems to play 

a critical role in matrix elaboration with tissue engineering con-
structs, and non-degradable constructs of the same formulation 
had signifi cantly less ECM production and lower moduli values 
over 14 d. This PEG hydrogel system may prove useful in appli-
cations as a scaffold for in vivo cartilage regeneration.  

  5.     Experimental Section 
  PEG Monomer Synthesis : Four-arm PEG amine ( M  n  ≈ 20 000) was 

modifi ed with norbornene end groups as previously described. [ 15 ]  
Briefl y, 5-norbornene-2-carboxylic acid (predominantly endo isomer; 

 Figure 7.    Type I collagen versus type II collagen distribution assessed by immunofl uorescence in non-degradable and degradable 8:1 co-culture 
constructs. a) Non-degradable gel section stained for type I collagen at day 14, b) non-degradable gel section stained for type II collagen at day 14, 
c) degradable gel section stained for type I collagen at day 14, d) degradable gel stained for type II collagen at day 14. Sections were stained for both 
anti-collagen type I and anti-collagen type II antibodies (red) and were counterstained with DAPI (blue) for cell nuclei. Scale bars represent 50 µm.

  Table 1.    Percentage of cells that stained positive for different types of collagen. There is a higher amount of cells that stained positive for type II col-
lagen than type I collagen in both systems. In the degradable system, there is a signifi cantly higher amount of cells that stained positive for type II 
collagen than there is in the non-degradable system ( p  < 0.01). Results are presented as mean ± SD ( n  = 3).  

Percentage of cells that stain positive for type I or type II collagen in gels at day 14

Non-degradable Degradable

Type I collagen Type II collagen Type I collagen Type II collagen

26 ± 6% 53 ± 7% 48 ± 6% 84 ± 4%
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Sigma Aldrich) was fi rst converted to a dinorbornene anhydride using 
 N,N ′-dicyclohexylcarbodiimide (0.5 molar eq. to norbornene; Sigma 
Aldrich) in dichloromethane. Four-arm PEG amine (JenKem Technology) 
was then reacted overnight with the norbornene anhydride (5 molar 
eq. to PEG amines) in dichloromethane. Pyridine (5 molar eq. to PEG 
amines) and 4-dimethylamino pyridine (0.05 molar eq. to PEG amines) 
were also included. The reaction was conducted at room temperature 
under argon. End-group functionalization was verifi ed by  1 H NMR 
(Varian 400 MHz) to be >90%. The photoinitiator lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP) was synthesized as described. [ 20 ]  
Peptides were purchased from American Peptide Company, Inc., which 
included an MMP-degradable cross-linker (KCGPQG↓IWGQCK) and a 
pendant adhesion peptide sequence derived from fi bronectin (CRGDS). 
The non-degradable 3.5 kDa PEG dithiol linker was purchased from 
JenKem Technology. 

  Cell Harvest and Expansion : Primary chondrocytes were isolated 
from articular cartilage of the femoral-patellar groove of 6-month-old 
Yorkshire swine as detailed previously. [ 47 ]  Cells were grown in a T-75 
culture fl ask with media as previously described. [ 48 ]  Briefl y, chondrocytes 
were grown in growth medium (high-glucose Dulbecco's Modifi ed 
Eagle's Medium (DMEM) supplemented with ITS+ Premix 1%, v/v 
(BD Biosciences), 50 mg mL −1  L-ascorbic acid 2-phosphate, 40 µg mL −1  
L-proline, 0.1 × 10 −6   M  dexamethasone, 110 µg mL −1  pyruvate, and 1% 
penicillin-streptomycin-fungizone) with the addition of 10 ng mL −1  IGF-1 
(Peprotech) to maintain cells in a de-differentiated state. ITS was used 
because it promotes formation of articular cartilage over serum. [ 49 ]  
Cultures were maintained at 5% CO 2  and 37 °C. Human mesenchymal 
stem cells (hMSCs) were isolated from bone marrow aspirates (Lonza) 
as previously described. [ 28 ]  Cells were grown in low-glucose DMEM 
supplemented with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin-fungizone, and 1 ng mL −1  recombinant human fi broblast 
growth factor (FGF-2, Peprotech). MSCs that were passaged two times 
were used for encapsulation experiments. 

  Hydrogel Formulation and Cell Encapsulation : Human TGF-β1 
(Peprotech) was thiolated using 2-iminothiolane (Pierce) as previously 
described. [ 32 ]  Briefl y 2-iminothiolane was reacted at a 4:1 molar ratio 
of TGF-β1 for 1 h at RT. Thiolated TGF-β1 was pre-reacted with a PEG 
norbornene monomer solution prior to cross-linking in the hydrogel 
formulations at a pre-determined concentration of 50 × 10 −9   M . This 
concentration was selected based on previous work, demonstrating a 
maximal response from chondrocytes seeded at 40 million cells mL −1 . [ 21 ]  
Additionally, 1 × 10 −3   M  CRGDS was added to promote survival of the 
encapsulated MSCs. [ 50 ]  RGD was not added to the chondrocyte-only 
system as it has previously been shown to have no impact on chondrocyte 
metabolic activity. [ 51 ]  Both growth factors were coupled to PEG 
norbornene via photoinitiated thiolene polymerization with 1.7 × 10 −3   M  
LAP and light ( I  0  ≈ 3.5 mW cm −2  at  λ  = 365 nm,ThorLabs M365L2-C2) 
for 30 s. Subsequently, the monomer solution was cross-linked using 
a degradable MMP linker (KCGPQG↓IWGQCK, MW ≈ 1800 kDa) or 
3.5 kDa PEG dithiol at a 1:1 (thiol:ene) stoichiometric ratio of (12 × 10 −3   
M  thiol in either bis-cysteine peptide, or dithiol): (12 × 10 −3   M  norbornene) 
in a 6 wt% PEG solution using additional light ( I  0  ≈ 3.5 mW cm −2  at  λ  = 
365 nm, ThorLabs M365L2-C2) for 30 s. For all experiments, 40 µL 
cylindrical gels (O.D. ≈ 5 mm, height ≈ 2 mm) were formed in the cut 
end of a 1 mL syringe. Since the degradable MMP linker is synthesized 
in an acidic solution, the pH of the fi nal solution was adjusted to 7, so as 
to not interfere with the bioactivity of the tethered TGF-β or the viability 
of encapsulated cells. Unless otherwise specifi ed, chondrocytes were 
co-encapsulated at 40 million cells mL −1  along with MSCs at 5 million cells 
mL −1  at an 8:1 chondrocyte: MSC ratio in 6 wt% monomer solution with 
tethered TGF-β and RGD. After gel formation, the cell-laden constructs 
were immediately placed in 48-well nontreated tissue culture plates with 
1 mL DMEM growth medium (without phenol red). Media were changed 
every 3 d. For viability and morphology studies, MSCs were labeled with 
CellTracker Violet BMQC dye (Life Technologies) prior to encapsulation. 
At day 1 and 14, cell viability was assessed using a LIVE/DEAD (Life 
Technologies) membrane integrity assay and confocal microscopy. Cell 
viability was quantifi ed by image analysis using ImageJ software. 

  In Situ Confi rmation of MMP Cleavage in a 3D Microenvironment : 
To determine whether the specifi c variant of the collagen-derived 
MMP degradable linker sequence used in the experiments 
(KCGPQG↓IWGQCK) was being cleaved by encapsulated cells, a 
fl uorescently labeled peptide sensor of the same sequence was tethered 
in the gel. Leight et al. developed the fl uorogenic peptide substrate 
Dab-GGPQG↓IWGQK-Fl-AhxC using solid-phase peptide synthesis 
(Tribute Peptide Synthesizer, Protein Technologies, Inc.) as previously 
described. [ 34 ]  When the MMP-sensitive sequence is cleaved, it separates 
the quencher dabycl (Dab) from the fl uorophore, fl uorescin (Fl), 
permitting excitation. This fl uorescent peptide was tethered into the gel 
at 0.5 × 10 −3   M  along with TGF-β1 (50 × 10 −9   M ) and RGD (1 × 10 −3   M ) 
prior to cross-linking as depicted in Figure  2 a. Various ratios of 
co-culture seeding densities were used to determine which formulation 
degraded the sequence at an appreciable rate. As a control, the 
fl uorescence of an acellular gel was measured over 4 d. For chondrocytes 
in monoculture, cells were encapsulated at 40 million cells mL −1 , 
and for MSCs in monoculture, cells were seeded at 5 million cells mL −1 . 
For co-culture experiments, cells were seeded at 8:1, 16:1, and 24:1 
(chondrocyte:MSC) where the chondrocyte cell seeding density was held 
constant at 40 million cells mL −1 . For MMP inhibitor experiments, the 
inhibitor GM 6001 (Millipore) was added at a concentration of 100 × 10 −6   M  
to the media with co-culture gels every 3 d, and viability was tested 
at day 1 and 14. All values were normalized to the fl uorescence value 
obtained immediately after gel formation (labeled day 0). Fluorescence 
measurements were conducted using a Synergy H1 microplate reader 
(BioTek) at 494 nm excitation/521 nm emission. An area scan was 
performed using a 48-well plate format with a 7 × 7 matrix, and the 
average fl uorescent intensity was calculated for the entire matrix. 

  Wet Weight, Compressive Modulus, and Biochemical Analysis : On days 
1, 7, and 14, hydrogels were removed from culture ( n  = 3), weighed 
directly on a Mettler Toledo scale to determine the wet weight, and 
assessed for compressive modulus. Cell-laden constructs were subjected 
to unconfi ned compression to 15% strain at a strain rate of 0.5 mm 
min −1  to obtain stress–strain curves (MTS Synergie 100, 10 N using 
TestWorks 4 software). The modulus was estimated as the slope of the 
linear region of the stress–strain curves. Immediately afterwards, gels 
were snap frozen in LN 2  and stored at −70 °C till biochemical analysis. 
Hydrogels were digested in 500 µL enzyme buffer (125 µg mL −1  papain 
(Worthington Biochemical) and 10 × 10 −3   M  cysteine) and homogenized 
using 5 mm steel beads in a TissueLyser (Qiagen) that vibrates at 
30 Hz for 10 min. Homogenized samples were digested overnight at 
60 °C. Digested constructs were analyzed for biochemical content. DNA 
content was measured using a Picogreen assay (Life Technologies). 
Sulfated glycosaminoglycan (sGAG) content was assessed using a 
dimethylmethylene blue assay as previously described with results 
presented in equivalents of chondroitin sulfate. [ 52 ]  Collagen content in the 
gels was measured using a hydroxyproline assay where hydroxyproline is 
assumed to make up 10% of collagen. [ 53 ]  Additionally, digested acellular 
gels of either non-degradable or degradable formulations with tethered 
TGF-β1 and RGD were assessed by the colorimetric assays using the 
Synergy H1 microplate reader (BioTek), and the resulting values were 
subtracted from their respective cell-laden sample values. GAG and 
collagen content were expressed as a percentage of the wet weight of 
the respective gels. 

  Histology and Immunofl uorescent Analysis : On day 14, constructs 
( n  = 3) were fi xed in 10% formalin for 30 min at RT, then snap frozen 
and cryo-sectioned as previously described. [ 54 ]  Sections were stained 
for safranin-O and Masson's trichrome on a Leica autostainer XL and 
imaged in brightfi eld (20X objective) on a Nikon (TE-2000) inverted 
microscope.   For immunostaining, on day 14, sections were blocked with 
5% BSA, then analyzed by anti-collagen type II (1:50, US Biologicals) 
and anti-collagen type I (1:50, Abcam). Sections were pretreated with 
appropriate enzymes for 1 h at 37 °C: hyaluronidase (2080 U) for collagen 
II, and pepsin A (4000 U) with Retrievagen A (BD Biosciences) treatment 
for collagen I to help expose the antigen. Sections were probed with 
AlexaFluor 555-conjugated secondary antibodies and counterstained 
with DAPI to reveal cell nuclei. All samples were processed at the 
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same time to minimize sample-to-sample variation. Images were 
collected on a Zeiss LSM710 scanning confocal microscope with a 20× 
objective using the same settings and post-processing for all images. 
The background gain was set to negative controls on blank sections 
that received the same treatment. Positive controls were performed on 
porcine hyaline cartilage for collagen type II and porcine meniscus for 
collagen type I (Figure S5, Supporting Information). The amount of cells 
that stained positive for each type of collagen was quantifi ed by image 
analysis using Image J software. 

  Statistical Analysis : Data are shown as mean ± standard deviation. 
Two-way analysis of variance (ANOVA) with Bonferonni post-
test for pairwise comparisons was used to evaluate the statistical 
signifi cance of the data where the factors were culture time and 
hydrogel condition. One-way ANOVA was used to assess differences 
between conditions at specifi c time points for cases with two and three 
different groups. A value of  p  < 0.05 was considered to be statistically 
signifi cant.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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