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Abstract
Our previous reports of interpenetrating networks (IPNs) have demonstrated drastic improvements
in mechanical performance relative to individual constituent networks while maintaining viability
of encapsulated cells. The current study investigated whether covalent linkage of RGD to the
poly(ethylene glycol) diacrylate (PEGDA) network could improve upon cell viability and
performance of agarose-PEGDA IPNs compared to unmodified IPNs (control) and to IPNs with
different concentrations of physically entrapped aggrecan, providing a point of comparison to
previous work. The inclusion of RGD or aggrecan generally did not adversely affect mechanical
performance, and significantly improved chondrocyte viability and performance. Although both 4
and 100 μ g/mL of aggrecan improved cell viability, only 100 μ g/mL aggrecan was clearly
beneficial to improving biosynthesis, whereas 100 μg/mL of RGD was beneficial to both
chondrocyte viability and biosynthesis. Interestingly, clustering of cells within the IPNs with RGD
and the higher aggrecan concentration were observed, likely indicating cell migration and/or
preferred regional proliferation. This clustering resulted in a clearly visible enhancement of matrix
production compared to the other IPNs. With this cell migration, we also observed significant cell
proliferation and matrix synthesis beyond the periphery of the IPN, which could have important
implications in facilitating integration with surrounding cartilage in vivo. With RGD and aggrecan
(at its higher concentration) providing substantial and comparable improvements in cell
performance, RGD would be the recommended bioactive signal for this particular IPN formulation
and cell source given the significant cost savings and potentially more straightforward regulatory
pathway in commercialization.

1. Introduction
Fabricating mechanically strong three-dimensional (3D) matrices that support cell growth
and tissue formation is a prerequisite for many cell culture and tissue engineering
applications [1, 2]. Hydrogels are excellent scaffolding materials for repairing and
regenerating a variety of tissues because they can provide a highly swollen 3D environment
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similar to soft tissues [3-9] and allow diffusion of nutrients and cellular waste through the
elastic network. However, most synthetic hydrogels typically exhibit minimal biological
activity [3, 4] with a lack of desired mechanical integrity and may not provide an ideal
environment for encapsulated cells. Mimicking the mechanical aspects of natural tissues can
be used to enhance the functionality of engineered tissues and the development of hydrogels
that are stronger mechanically may be beneficial for various biological and biomedical
applications [10, 11].

By generating composite hydrogels, it may be possible to reproduce the properties of a
natural extracellular matrix (ECM). One approach to creating composite materials is the
fabrication of an interpenetrating network (IPN) of polymers. An IPN consists of a polymer
network containing molecularly entangled chains of a second polymer [12]. It has been
demonstrated that synthetic and non-biological IPN hydrogels can achieve an increase in
strength, failure stress, and stiffness while maintaining elasticity [13-15]. The research team
of JP Gong and Y. Osada at Hokkaido University in Japan reported the synthesis of
interpenetrating networks of various combinations of biological and synthetic polymers with
dramatically improved mechanical properties [16-25]. Regarding biomedical applications,
they recognized that the properties they measured with these IPNs compared favorably with
biomaterials such as cartilage. Recently, a new hydrogel consisting of an IPN of alginate and
polyacrylamide (PAAM) was reported that displayed remarkable mechanical properties
[26]. They explored the maintenance of mechanical properties of these extremely tough IPN
hydrogels as a surface for mouse mesenchymal stem cell culture and as a material for in vivo
acellular implantation [27]. These cells exposed to the IPN gel-conditioned media
maintained high viability. Implantation of these IPN hydrogels into subcutaneous tissue of
rats for 8 weeks led to mild fibrotic encapsulation and minimal inflammatory response,
suggesting this as a possible biomaterial strategy in tissue engineering application. However,
such IPNs are generally not applicable for cell encapsulation due to toxic materials, toxic
photoinitiators, shorter photopolymerization wavelengths, and/or lengthy
photopolymerization times.

Incorporation of various bioactive signals into biomaterials has enhanced the adhesion of
cells [28, 29] and may promote an enhanced biomimetic environment for encapsulated cells
suspended in 3-dimensional hydrogels. Biological molecules can provide cues to stimulate
cells to proliferate, migrate, differentiate, and produce ECM. To the best of our knowledge,
aggrecan, a key structural component of cartilage [30], has not been used in its purified form
by others as a bioactive signal in scaffolds for cartilage tissue engineering, although its
demonstrated ability to promote chondrogenesis in monolayer culture [31, 32], along with
its ability to improve chondrocyte performance in IPNs in our previous work [33], together
provide a strong rationale for evaluating aggrecan as a signal and/or “raw material” (i.e.,
building block) in cartilage tissue engineering [34]. The cell-adhesive peptide sequence Arg-
Gly-Asp (RGD) has been shown to promote viability, proliferation, and biosynthesis with
various cell types in tissue engineering applications [35-41]. As a result, RGD, which is
found in cell-binding domains of extracellular matrix proteins, has been widely used in
biomaterials where cell adhesion is desired. With the aim of providing a cellular
microenvironment mimicking that found in vivo, recent efforts have been made to
incorporate specific peptide sequences into the scaffold architecture, both to encourage bio-
specific cell adhesion and to induce and control other cellular functions, such as migration,
proliferation, ECM synthesis, and tissue remodeling [42].

To facilitate cell adhesion, small peptides derived from extracellular matrix (ECM) proteins
have been important targets for the covalent coupling type of bio-specific modification [37,
43-51]. For example, RGD-modified PEG monoacrylate was copolymerized with PEG
diacrylate (PEGDA) to create cell-adhesive PEG hydrogels [37, 50, 51]. Different peptide

Ingavle et al. Page 2

Biomaterials. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sequences have been included successfully in photopolymerizable single network
polyethylene glycol (PEG)-based hydrogels [50, 52-55] and in poly(D,L-lactico-glycolic
acid) (PLGA) scaffolds [56]. Recently, we introduced the approach of including a “raw
material” from cartilage, namely aggrecan or chondroitin sulfate (CS), to serve as a
bioactive signal to cells encapsulated in IPN based on agarose –PEGDA hydrogels for
cartilage tissue engineering, which led to significantly improved in vitro performance of
encapsulated chondrocytes [33, 57].

Given our previous success with aggrecan, and the success of others with RGD in single-
network PEGDA gels, our goal was to determine whether the more cost-effective RGD
would provide comparable benefits to cell performance, or whether the more expensive
aggrecan would provide significantly better results that would better justify its use. We
further expanded on our previous work by investigating two different aggrecan
concentrations (4 and 100 μ g/mL), as opposed to our previous study that examined only a
single concentration of 40 μ g/mL [33]. This approach of encapsulating cells with bioactive
signals is expected to be a valuable tool in investigating the cell–material interactions in a
high toughness IPN hydrogel and to design a bio-functionalized material scaffold for
cartilage tissue engineering applications.

2. Materials and Methods
2.1 Materials

High purity PEG diacrylate (DA) (average molecular weight 2000 Da) was obtained from
Sunbio Inc. (Anyang city, South Korea). The photoinitiator, 2-hydroxy-1-[4-(2-
hydroxyethoxy) phenyl] 2-methyl-1-propanone (Irgacure 2959), was purchased from Ciba
Specialty Chemicals Corp. (New York, NY). Acryloyl-PEG-N-hydroxysuccinimide (ACRL-
PEG-NHS) (3400 Da, Laysan Bio Inc, AL, USA) was used as received. 2-hydroxyethyl
agarose (Type VII, cell culture grade), aggrecan from bovine articular cartilage and
arginine-glycine-aspartic acid (RGD) (≥ 97% purity) were obtained from Sigma-Aldrich (St.
Louis, MO) and were used as received.

2.2 Arg-Gly-Asp (RGD)-modified PEG monoacrylate synthesis and immobilization of RGD
on PEG network

Acrylate-PEG-RGDS was synthesized following previously described methods [37].
Briefly, Arg-Gly-Asp (RGD) was reacted with an equimolar amount of acrylate-PEG-N-
hydroxysuccinimide in a sodium bicarbonate buffer (50 mM, pH 8.2) for 2 h at room
temperature. The N terminal α-amine of the RGD peptide was coupled with active N-
hydroxysuccinimide ester from acrylate-poly(ethylene glycol)-N-hydroxy succinimide
(acrylate-PEG-NHS) to form RGD-modified PEG monoacrylate (acrylate-PEG-RGD) (Fig.
1). The product was lyophilized and stored at −20 °C until use. FTIR spectroscopy was
performed to assess the RGD coupling with PEGDA in lyophilized solids. A PerkinElmer
FTIR One spectrometer (PerkinElmer Life and Analytical Sciences, Waltham, MA) with a
universal attenuated total reflectance (UATR) accessory was used to acquire the spectra. The
solid sample was placed on a diamond crystal surface and covered with a stainless steel
slide, and pressure (100 Torr) was applied to ensure good contact between the protein and
the crystal. 1H nuclear magnetic resonance (NMR) was performed on the dried sample to
quantify complete RGD conjugation. High-resolution, 1H NMR spectra were taken on a
Bruker Advance DRX 500 spectrometer operating at 500 MHz. Deuterated water (90% DI +
10% D2O) was used as a solvent, and the macromer concentrations were varied between 2.5
and 3 wt. %.
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RGD was then immobilized within the PEGDA network upon copolymerization of acrylate-
PEG-RGD with the appropriate concentration of PEG-DA monomer by
photopolymerization in the presence of the photoinitiator Irgacure 2959 (0.1% w/v), as
illustrated in Figure 2.

2.3 Chondrocyte isolation and culture
Articular cartilage samples were dissected aseptically from the ankles of 8–9 month old
male Duroc Hogs, which were obtained from a local butcher. Cells were harvested within 36
h after slaughter following aseptic procedures as described in our previous reports [58, 59].
The articular cartilage samples were diced into approximate 1 mm3 pieces using a scalpel in
autoclaved PBS. After rinsing with PBS three times, the cartilage samples were digested in a
sterile-filtered solution of 30 mL of 2 mg/mL type II collagenase (305 U/mg; Worthington
Biochemical) for 18 h on an orbital shaker in a humidified 37°C, 5% CO2 incubator. The
digested cartilage solution was filtered through a 100 μ m filter cell strainer to remove
undigested cartilage lumps. The filtrate was then centrifuged at 1500 rpm for 5 min, and
then the cell pellet was resuspended in chondrocyte culture medium in a humidified
incubator (37°C, 5% CO2). The culture medium consisted of Dulbecco’s modified Eagle’s
medium (DMEM) with 4.5 g/L D-glucose supplemented with 10% fetal bovine serum
(FBS), 1% nonessential amino acids, 1% sodium pyruvate, 50 μ g/mL ascorbic acid and
0.25 mg/mL penicillin-streptomycin-fungicide. The DMEM and supplements were obtained
from Invitrogen (Grass Islands, NY). The cell number was determined using a
hemocytometer. The freshly isolated cells were grown to 90-95% confluence in T75 flasks
and then retrieved by trypsin-ethylenediaminetetraacetic acid (EDTA) digestion. First
passage chondrocytes were used in this study, and culture medium was changed every 2 or 3
days.

2.4 RGD and aggrecan incorporated agarose-PEGDA IPN synthesis and photo-
encapsulation

To study this incorporation effect, three different IPNs were synthesized and examined: (i)
agarose–PEGDA IPN with no bioactive signals (IPN); (ii) agarose-PEGDA IPN containing
4 μ g/mL aggrecan (IPN-agg 4); (iii) agarose-PEGDA IPN containing 100 μg/mL aggrecan
(IPN-agg 100) and (iv) agarose-PEGDA IPN containing 100 μ g/mL RGD (IPN-RGD 100).

Chondrocytes were encapsulated in the bioactive IPN hydrogel using our previously
published methods [60]. The chondrocytes were detached from T75 flasks using trypsin-
EDTA and resuspended in PBS at a high concentration, while an agarose solution was
prepared by adding 0.3 g agarose powder (cell culture grade) to 10 mL PBS and autoclaving
for 30 min. The agarose solution temperature was monitored under an aseptic environment
until 39°C was reached. Cells from the PBS suspension were counted using a
hemocytometer. Once the agarose solution temperature reached 39°C, the chondrocyte
suspension was mixed with the liquid agarose solution in a 1:2 ratio for a final concentration
of 25 million cells/mL in 2% agarose. The cell suspension was mixed thoroughly with the
agarose solution and pipetted into sterilized cylindrical silicone molds measuring 5 mm in
diameter and 1.9 mm in height. The molds were clamped and cooled at 4°C for 9-10 min,
and then chondrocyte-encapsulated agarose gel constructs were transferred to non-tissue-
cultured 24-well plates. Each well was supplied with 1.5 mL of fresh growth medium, and
placed in an incubator overnight. To make a first network of agarose containing aggrecan,
PBS containing aggrecan (Sigma-Aldrich, St. Louis, MO) was added to 10 mL of agarose
solution separately at 39°C just before the addition of the cell suspension to achieve final
aggrecan concentrations of 4 μ g/mL and 100 μg/mL. Creation of the first network followed
the same aseptic procedure as described above. Similarly, ACRL-PEG-RGD (100 μ g/mL in
PBS) macromer was entrapped in the agarose first network. To synthesize chondrocyte-
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encapsulated IPNs, agarose constructs containing 100 μ g/mL modified ACRL-PEG-RGD
and agarose constructs containing a low concentration (4 μg/mL) as well as a high
concentration (100 μ g/mL) of aggrecan were soaked separately in a sterile-filtered 15% w/v
solution of photopolymerizable PEGDA and Irgacure 2959 (0.1% w/v) photoinitiator for 2.5
hr. Afterward, the equilibrated gels were placed in rectangular silicon molds between optical
glass microscope slides, and the surrounding space was filled with excess PEGDA/PBS
solution from the soak vials. The gels were exposed to ultraviolet light for 5 minutes on each
side using 312 nm light at 3.0 mW/cm2 (XL-100; Spectronics Corp.). The acryloyl vinyl
double bond from the entrapped monoacrylated-PEG-RGD macromer was subsequently
copolymerized with PEGDA monomer that had diffused into the agarose construct and
formed a second network of IPN having RGD peptide sequences (IPN-RGD 100), as
illustrated in Figure 3. Similarly, agarose-PEGDA IPNs having 4 μ g/mL aggrecan (IPN-agg
4) and 100 μ g/mL aggrecan (IPN-agg 100) concentration were synthesized using the same
procedure as described above, as illustrated in Figure 4. Using a 3 mm biopsy punch, gel
samples were then cut from the center of the polymerized IPN area of each agarose-
PEGDA: agarose-PEGDA with 100 μ g/mL of RGD (IPN-RGD 100), agarose-PEGDA with
4 μ g/mL of aggrecan (IPN-agg 4) and agarose-PEGDA with 100 μ g/mL of aggrecan (IPN-
agg 100).

The IPN constructs with encapsulated cells from each group were then cultured for 6 weeks
at 37 °C with 5% CO2 in 1.5 mL chondrocyte growth medium [Dulbecco’s modified Eagle’s
medium (DMEM) with 4.5 g/L D-glucose supplemented with 10% fetal bovine serum
(FBS), 1% non-essential amino acids, 1% sodium pyruvate, 50 μ g/mL ascorbic acid, 0.25
mg/mL penicillin-streptomycin-fungicide, and 100 ng/mL human recombinant insulin-like
growth factor (IGF-1) (PeproTech Inc., NJ)]. The medium was replaced every 2-3 days.

Acellular agarose-PEGDA IPNs containing 4 μg/mL and 100 μg/mL aggrecan were
synthesized non-aseptically but otherwise using the above photopolymerization procedure.
Using a 2 mm biopsy punch, gels (2 mm diameter and 2 mm height) were then cut from the
IPN area and allowed to equilibrate in PBS and deionized (DI) water for at least 24 h before
use.

2.5 Swelling properties of IPN gels
Acellular bioactive IPN gels (n = 3) were placed in excess DI water for at least 24 h to
remove extractable materials from polymer networks. Equilibrated gel samples were
weighed and placed into a desiccation chamber over calcium sulfate. After at least 48 h, the
dried gel samples were removed and weighed again. The equilibrium swelling degree, Q,
was defined as the ratio of the fully swollen IPN gel mass to that of its dry mass.

2.6 Mechanical testing
The compressive modulus of the IPN hydrogels was determined at room temperature on a
RSA-III dynamic mechanical analyzer (TA Instruments, New Castle, DE) and tested under
unconfined uniaxial compression with a 35 N load cell (n = 5). The gel diameter was
measured with calipers under a stereomicroscope (20X magnification) and the height was
measured directly using the RSA-III. All measurements and mechanical testing were
performed on IPN gels swollen to equilibrium in PBS, and compression plates were
lubricated with mineral oil both to minimize any gel-plate adhesion and to prevent gel
drying during testing. Following a tare load of 35 N, hydrogels were then compressed in the
direction normal to the circular face of the IPN gel at a rate of 0.0005 mm/s (1.7%/min) until
fracture occurred. The compressive elastic modulus, defined as the slope of the linear region
of the stress–strain curve of a material under compression, was calculated from the initial
linear portion of the curve (< 20% strain). Fracture points were identified at the peak stress
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after which a significant (>10%) decrease in stress occurred. The shear moduli G were
calculated using the neo-Hookean model for ideal elastomers. For this model, a plot of stress
versus the strain function λ-1/λ2 yields a straight line up to a strain ε of 0.5 or greater, where
λ = L/L0 = 1+ε [61]. The moduli were reported as mean values from sets of at least 5
samples.

2.7 Encapsulated cell morphology by scanning electron microscopy
IPN samples (n = 3) seeded with cells were fixed in 10% buffered formalin and dehydrated
by using graded ethanol steps using the critical point drying (CPD) method [62]. To examine
the morphologies of cells and cell aggregates inside an IPN, samples were cut with a scalpel
blade and were sputter-coated with gold for 30 seconds prior to imaging. The morphology of
the encapsulated cells within the IPN hydrogels was evaluated by Carl Zeiss Leo 1550 field
emission scanning electron microscope (SEM).

2.8 Live/dead assay
Cell viability was assessed using the LIVE/DEAD assay for cell viability (Molecular Probes,
Carlsbad, CA). At 0, 3, and 6 weeks post-IPN formation, each cylindrical construct (n = 3)
was sectioned parallel to its circular face and incubated with LIVE/DEAD reagent (2 mM
calcein AM, 4 mM ethidium homodimer-1) for 25-30 min before being analyzed with
fluorescence microscopy using a Yokugawa CSU10 spinning-disk attached to an Olympus
IX 81 microscope with 488 nm excitation/515-540 nm emission and 561 nm excitation/585
LP emission filters with a charge-coupled device camera (CoolSnap HQ2; Photometrics)
controlled by Slidebook software (version 4.2; Intelligent Imaging Innovations, Inc.). Z-
scans were performed from a resolution depth of 350-500 μ m in areas representative of the
overall IPN gels. Images were acquired in 2 × 2 binning mode. The three-dimensional
images were deconvoluted using a constrained iterative algorithm (Slidebook). The
percentage of total viable cells was calculated using the SlideBook (version 5.0) Mask
Statistic module.

2.9 Biochemical assays
Biochemical assays were performed on the RGD immobilized IPN (IPN-RGD 100) as well
as the aggrecan-entrapped IPN (IPN-agg 4 and IPN-agg 100) constructs (n = 4). At 0, 3, and
6 weeks, four samples were removed aseptically from culture and placed in microcentrifuge
tubes. Samples were mechanically crushed and then homogenized with a papain mixture
[125 mg/mL papain (from papaya latex), 5 mM N-acetyl cysteine, 5 mM EDTA, and 100
mM potassium phosphate buffered saline (PBS)] and allowed to digest overnight in a 60°C
water bath. All reagents were obtained from Sigma. The digested constructs were then
stored at −20°C. The digested constructs were thawed in a 37°C water bath and centrifuged
at 10,000 rpm for 10 min to pellet fragments of polymers before conducting assays.
Supernatant was used to determine glycosaminoglycan (GAG), DNA, and hydroxyproline
content. DNA content was quantified using the Picogreen assay (Molecular Probes)
according to the manufacturer’s instructions. Total GAG content was determined using the
dimethylmethylene blue (DMMB) (Biocolor, Carrickfergus, UK) spectrophotometric assay,
with chondroitin sulfate as the standard [63]. To account for the GAG content present in
aggrecan, the GAG content associated with the incorporated aggrecan was measured in
samples (n = 4) collected from acellular IPN-agg 4 and IPN-agg 100 gels. These values
were subtracted from the GAG values of cellular IPN-agg 4 and IPN-agg 100 samples to
obtain the GAG contents reported for the experimental groups. As an indicator of collagen
content, a hydroxyproline assay was assessed as described in our previous publication [64].
Both GAG and collagen contents were normalized to DNA content.
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2.10 Histology
For histological evaluation, formalin (10%)-preserved sample sections were stained with
safranin O at 0, 3, and 6 weeks (n = 2). Before sectioning, these constructs were soaked in
optimal cutting temperature (OCT) medium [Ted Pella Inc., Redding, CA] overnight at
44°C. Constructs were then placed in a −20°C freezer until further processing. Sections were
cut at −20°C using a cryostat (MICROM HM 550) to 8 μm thickness, mounted on a
microscope slide and allowed to dry for 1 hour at room temperature. Following standard
histological procedures, the sections were stained with safranin O, which stains negatively
charged GAGs orange.

2.11 Statistical analysis
All quantitative data were expressed as mean ± standard deviations and statistical analyses
were performed by single-factor analysis of variance (ANOVA), followed by Tukey’s post
hoc analysis. Analysis was performed using the SPSS 17.0 statistical software package. The
significance level was set as p < 0.05.

3. Results
3.1 Design and synthesis of tailed linear RGD peptide macromer and characterizations

RGD peptide was incorporated into a monoacrylated PEG chain by the reaction of –
NH2 group of RGD with –NHS group of ACRL-PEG-NHS (Fig.1). The incorporated
molecule was then characterized by FTIR. Figure 5 shows the FTIR spectra of ACRL-PEG-
NHS and ACRL-PEG-RGD. The absorbance peak at 1340 cm−1 was attributed to glycine
(−CH2C=O) and the peak at 960 cm−1 to aspartic acid (COOH) of the RGD peptide
covalently bonded to the PEGDA. The absorption peak 1640 cm−1 arises from the −C=O
stretching vibration. Comparing ACRL-PEG-NHS with ACRL-PEG-RGD, ACRL-PEG-
RGD had a stronger absorption peak at 1640 cm−1. This was due to the widely distributed
C=O groups in RGD incorporated within PEG. Another difference occurred at 1735 cm−1,
where ACRL-PEG-NHS had a stronger absorption band than ACRL-PEG-RGD. This
absorption band resulted from the –(C=O)-NHS group. After incorporation, the −NHS group
was replaced by an −NH2 group. There, the absorption peak at 1735 cm−1 decreased after an
incorporation reaction, indicating that RGD peptide was successfully incorporated into the
PEGDA macromer. The functionalization of acrylated PEG macromer with peptides was
also characterized by NMR (Fig. 6). A multiplet of –CH2–COOH of aspartic acid at 2.8
ppm, and a triplet of –CH2–CH2–CH2–NH–C(=NH)–NH2 of arginine at 3.1 ppm were
observed in the NMR spectra. Disappearance of the proton peak of the N-hydroxy
succinimidyl ester at 2.9 ppm was observed after the coupling reaction (Fig. 6).

3.2 Swelling properties
The swelling degrees of various equilibrium-swollen IPNs are tabulated in Table 1. The
acellular equilibrium IPN-aggrecan 100 and the IPN-RGD gels had 2.4 (p < 0.05) and 1.5 (p
< 0.05) times higher swelling degrees than IPN gels containing no bioactive signals at week
0, respectively (Table.1), while swelling degree of IPN aggrecan 4 was not statistically
significant from the IPN group at week 0. No significant differences were observed between
the IPN, IPN-aggrecan 4, IPN-aggrecan-100 and IPN-RGD 100 groups at week 6.

3.3 Mechanical properties
Our previous studies of agarose/PEG-DA IPNs showed a large improvement (more than 4-
fold increase) in mechanical performance compared to both single networks, while
maintaining unprecedented cell viability [60]. Furthermore, our more recent study
demonstrated that further mechanical improvements are possible by increasing the
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concentrations of both networks as well as the molecular weight of PEG-DA without
sacrificing cell viability or activity [65]. The network properties of cellular as well as
acellular IPN gel were investigated to verify the compression moduli to ensure that the
mechanical properties of the bioactive IPN gel were sufficient for cartilage-like tissue.
Mechanical property data of all gels are summarized in Table 1. Shear moduli (G) of
acellular IPN-agg 100 and IPN-RGD 100 gels were ~23% and ~7% higher that of IPN gels,
respectively (p < 0.05, n = 5), while shear modulus in IPN-agg 4 group did not change
significantly in comparison with the IPN gels at week 0 (Table 1). However, the shear
moduli in the IPN-agg 100 and IPN-RGD 100 gels decreased by 56% and 45% (p < 0.05, n
= 5), respectively from week 0 to week 6, while decreases in shear moduli from week 0 to
week 6 in all other IPN gels were not statistically significant (Table 1). The presence of
encapsulated chondrocytes did not significantly compromise mechanical properties of IPN
gels at week 0 (Table 1), however shear moduli of all of the IPN cellular gels decreased over
6 weeks (p < 0.05). Fracture stress and toughness in the IPN-agg 100 and IPN-RGD 100
gels were relatively higher than the IPN containing no bioactive signals at week 0, although
these differences were not statistically significant (Table 1). The low concentration of
aggrecan did not change fracture properties significantly compared to agarose-PEGDA IPN
gels. Over time, fracture stress values decreased significantly by 30% and 41% (p < 0.05, n
= 5) from week 0 to week 6 in IPN-agg 100 and IPN-RGD 100 gels, respectively. Similarly,
toughness values decreased significantly by 40% and 51% (p < 0.05, n = 5) from week 0 to
week 6 in IPN-agg 100 and IPN-RGD 100 gels, respectively, although differences over 6
weeks were not significant for the other two groups (Table 1).

3.4 Photo-encapsulation and chondrocyte viability in IPN gels
Figure 7 clearly shows different cell-matrix behavior and proliferation rates in each cellular
system. Macroscopic images of equilibrium-swelled IPNs with no bioactive signals (Fig.
7A) and IPN-agg 4 (Fig. 7B) did not show any difference in cell behaviors at week 6, but it
was observed that encapsulated chondrocytes in IPNs with a high concentration of aggrecan
(IPN-agg 100) and immobilized RGD (IPN-RGD 100) started aggregating inside the gel at
week 1. These cell aggregates grew with culture time and produced significant ECM by
week 6 in IPN-agg 100 (Figs. 7C) and in IPN-RGD 100 (Fig. 7D). Most of the proliferating
cell colonies grew so large that they continued migrating and proliferating beyond the
boundaries of the IPN-RGD gels (Fig. 7D). Cellular outgrowth beyond the boundary of the
gels was clearly visible in the IPN-agg 100 and IPN-RGD 100 gel groups after 3 weeks of
culture in IPN hydrogel constructs and with further culturing until week 6 an abundant tissue
growth was generated at the gel edge forming a continuous ring like structure around the gel
(Figs. 7C and 7D). However, chondrocytes in the IPNs with the lower concentration of
aggrecan and with no bioactive signal did not form any appreciable aggregates. The Live/
Dead assay also revealed the formation of cell aggregates inside the gel (Fig. 8).
Comparable cell compatibility was observed among all four IPN systems (Figs. 8A-D) at
week 0. Decreasing viability was observed for IPN hydrogels containing no added
biomolecules (Fig. 8E) as well as for the IPN containing a low concentration of aggrecan
(Fig. 8F) after 3 weeks of in vitro culture. Figures 8G and 8H demonstrate the aggregation
and migration (outgrowth) phenomena of encapsulated live cells in IPN-agg 100 and IPN-
RGD 100 IPNs, respectively at week 3. In our previous report, we demonstrated that the IPN
synthesis method was compatible with the incorporation of chondrocytes, but chondrocytes
did not remain viable over time (after 1 week) when cultured in pure IPN (biomolecule free
IPN) [60]. Live/Dead cell staining indicated that 64% encapsulated cells in the pure IPN
(Fig. 8I) and 57% in IPN-agg 4 (Fig. 8J) died, while more than 70% of cells remained viable
(stained fluorescent green with Calcein) over the culture period of 6 weeks in IPN-agg 100
(Fig. 8K) and IPN-RGD 100 gels (Fig. 8L). This decrease in cell viability in the IPN
containing no biomolecules may be attributed, in part, to limited diffusion of nutrients in
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these gels due to their low swelling degree. Mask statistics showed that, in the absence of
any bioactive signals (pure IPN gels), viability dropped significantly (p < 0.05) from 95% to
48% and 30% at 3 and 6 weeks post-encapsulation in culture, respectively, while by
immobilizing RGD within the IPN gels (IPN-RGD 100), the viability moved to 73% and
72% at 3 and 6 weeks, respectively, and that of IPN-agg 100 moved to 77% and 70%,
respectively at 3 and 6 weeks (Fig. 9). The low concentration of aggrecan did not help in
maintaining long-term cell viability of chondrocytes, as the viability dropped to 38% at 6
weeks, which did not differ significantly from the aforementioned 30% viability of the pure
IPN system with no biomolecules. There were no statistically significant differences in cell
viability among groups at week 0. At week 3, there were no statistically significant
differences in cell viability between IPN-agg 100 and IPN-RGD 100, although IPN-agg 100
cell viability was 60% higher than the control (p < 0.05). At week 6, the cell viability was
not significantly different between the IPN-agg 100 and IPN-RGD 100 groups, although
they were both significantly larger than the control, by factors of 2.3 and 2.4, respectively (p
< 0.05). There were no statistically significant differences in cell viability between low
aggrecan IPN (IPN-agg 4) and control groups at week 3 and 6.

3.5 Chondrocyte morphology within IPN hydrogels
SEM images reveal the interaction of cells and the surrounding IPN hydrogel matrix (Figure
10). Strong tendency of formation of cell clusters/aggregates deep within the gel was
observed in IPN-agg 100 (Fig. 10C) and IPN-RGD (Fig. 10D) gels. The IPN hydrogel
matrix with high concentration of aggrecan and RGD peptide sequence provides a scaffold
environment on which cells could stably settle, but from which they also are able to extrude
into three dimensions when they divide.

3.6 Effect of incorporated RGD and aggrecan biomolecules on cell proliferation and
extracellular matrix (ECM) synthesis

The initial cell density (after encapsulation) as well as cell proliferation during culture
(within the hydrogels) was analyzed by DNA content measurements (Fig. 11). At week 6,
the DNA contents in IPN-agg 100 and IPN-RGD 100 were 3.1 and 1.6 times higher than
their values at week 0, respectively (p < 0.05). No significant change was observed in the
DNA contents of the IPN group containing no biomolecules and the IPN group with a low
concentration of aggrecan between week 0 and week 6. There were no statistically
significant differences in DNA content among groups at week 0. At week 3, the DNA
content in the IPN-agg 100 group was 34% higher than in the IPN-RGD 100 group (p <
0.05), which in turn was 39% higher than in the control (p < 0.05). Similarly at week 6, the
DNA content in the IPN-agg 100 group was 21% higher than in the IPN-RGD 100 group (p
< 0.05), which in turn was 47% higher than in the control (p < 0.05). No significance
difference was observed between the IPN-agg 4 and control groups at week 3 or week 6.
Production and accumulation of major cartilaginous matrix components such as GAGs and
collagen were measured (Figs. 12 and 13). We reiterate that the GAG contents of acellular
aggrecan gels were measured as baseline values, and that the GAG contents reported here
for the aggrecan IPN groups represent that actual measured GAG content minus the baseline
acellular GAG content. It was observed that all of the IPN gels accumulated GAGs over 6
weeks (Fig. 12). We observed a time-dependent increase in total glycosaminoglycan (GAG)
deposition in IPN-agg 100 and IPN-RGD 100 groups. There were no statistically significant
differences in either total or normalized GAG content among groups at week 0 (Fig. 12). At
week 3, the total GAG contents were not significantly different between the IPN-agg 100
and IPN-RGD 100 groups, although they were both larger than the control, by 2.4 and 2
times (p < 0.05), while normalized GAG contents in IPN-agg 4 and IPN-RGD 100 were
larger than the control by 47% and 22%, respectively (Fig. 12A). At week 6, the total GAG
content in the IPN-agg 100 group was 19% higher than in the IPN-RGD 100 group, which in
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turn was 2.4 times (p < 0.05) larger than in the control. However, the normalized GAG
contents were not significantly different between the IPN-agg 100 and IPN-RGD 100
groups, although they were both larger than the control, by 31% and 27% (p < 0.05),
respectively, at week 6. Normalized GAG content values (to total DNA) increased from
week 0 to week 6 for the IPN-agg 100 and IPN-RGD 100 gels by factors of 2.3 and 10.6,
respectively (p < 0.05, n = 4), although the control did not demonstrate a significant increase
(Fig. 12B). After 6 weeks of culture, chondrocytes in the IPN without biomolecules and the
IPN with a low concentration of aggrecan (IPN-agg 4) produced comparable amounts of
normalized GAGs (Fig. 12B). Results from the quantitative analysis of collagen (by
hydroxyproline assay) are presented in Figure 13. There were no statistically significant
differences in either total or normalized hydroxyproline content among groups at week 0. At
week 3, the total hydroxyproline contents were not significantly different between the IPN-
agg 100 and IPN-RGD 100 groups, although they were both significantly larger than the
control, by 4.4 and 5.9 times, respectively (p < 0.05), Similarly, normalized hydroxyproline
contents in IPN-agg 100 and IPN-RGD 100 groups were significantly larger than the
control, by 2.1 and 3.7 times, respectively (p < 0.05). The total as well as normalized
hydroxyproline contents were not significantly different between the IPN-agg 4 and control
IPN groups at week 3. Similar to GAG, both the total (Fig. 13A) and normalized (Fig. 13B)
hydroxyproline content increased significantly (p < 0.05, n = 4) in all four groups at week 6
in comparison to their hydroxyproline content at week 0. At week 6, the total
hydroxyproline content in the IPN-agg 100 group was 27% higher than in the IPN-RGD 100
group (p < 0.05), which in turn was 2.3 times larger than in the control (p < 0.05). However,
the normalized hydroxyproline contents were not significantly different between the IPN-
agg 100 and IPN-RGD 100 groups, although normalized hydroxyproline content in IPN-agg
4 was 37% larger than the control (p < 0.05). At week 6, the IPN control, IPN-agg 4, IPN-
agg 100, and IPN-RGD 100 groups showed 5.2, 5.7, 2.6 and 12.7 fold increases in
normalized collagen content, respectively relative to their values at week 0 (p < 0.05, n = 4).

3.7 Histological evaluation
Histological evaluation of chondrocytes encapsulated in IPN gels after a 6-week culture
period indicated higher matrix synthesis as compared to week 1 (Fig. 14). At week 1,
safranin-O staining for GAGs was observed in a pericellular region of cells distributed
uniformly in the IPN control group with no bioactive signals (Fig. 14A) as well as in IPN-
agg 4 (Fig. 14B) gel sections, while intense staining at the edge of IPN-agg 100 (Fig. 14C)
and IPN-RGD 100 (Fig. 14D) was observed, which indicated that chondrocytes started
migrating toward the edge of the gel (outgrowth). Staining intensity increased over time
throughout the gel sections. At week 6, stronger Safranin-O staining was seen in the
pericellular region as well as in the interterritorial region of the control IPN (Fig. 14E) and
the IPN-agg 4 (Fig. 14F) gels. More accumulation of cell secreted proteoglycans at the edge
in IPN-agg 100 (Fig. 14G) and IPN-RGD 100 (Fig. 14H) gels was clear evidence of
outgrowth of encapsulated chondrocytes, unlike the IPN (Fig. 14E) and IPN-agg 4 gel (Fig.
14F) sections at week 6. Cellular outgrowth was visible even after 1 week (images not
shown) of culture and with further culturing until week 6, an abundant matrix growth was
generated at the edge, forming a continuous scaffold-free phase covering the entire outer
surface of the gel constructs as seen in the inset pictures (Figs. 14G and 14H). Chondrocytes
located adjacent to the edge of the gel containing aggrecan and RGD continuously formed
small cell aggregates and expanded toward the gel surface, ultimately growing out to form
the thick continuous layer on the interface as seen in Figs. 7C and 7D.
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4. Discussion
In our previous report, we investigated agarose-poly(ethylene glycol)-based IPN hydrogels
that exhibited cytocompatibility and improved mechanical properties relative to their
component networks [60]. The incorporation of peptide and aggrecan molecules in IPN
scaffolds plays an important role in controlling cell adhesion and motility behaviors, and
mechanical properties of tissue-engineered constructs. In the current study, our design
principle of double network IPN hydrogel scaffolds is that the preconstruction of a bioactive
PEGDA macromer with a RGD peptide attachment within one of the networks will lead to
improved long-term cell viability and biosynthesis.

The higher swelling degree with the IPN with the higher concentration of aggrecan can be
attributed to the presence of largely dispersed and negatively charged chondroitin sulfate
(CS) and keratan sulfate chains associated with aggrecan in the IPN. The high osmotic
pressure of the counter ions associated with negatively charged groups may be responsible
for the increased swelling of the IPNs containing aggrecan relative to the other formulations.
On the other hand, the RGD incorporation into the IPN hydrogels did not cause significant
changes in the swelling properties of IPN hydrogel (Table 1). However, these swelling
degrees decreased drastically at week 6. This decrease in swelling properties can be
associated with the hydrolytic degradation of peptide linkages and leaching of physically
entrapped aggrecan molecules into surrounding media or consumption of aggrecan by cells.
These results indicate that it was possible to control the swelling properties of IPN gels by
tailoring the composition of the incorporated biomolecules and their concentration.

The inability of PEG hydrogels to perform cell-specific adhesion is a key limitation in tissue
engineering. To make bulk cell-adhesive hydrogels, PEGDA can be copolymerized with
monoacrylates of cell adhesive peptides. By functionalizing the N-terminal amines of RGD
peptides with an Nhydroxyl succinimide (NHS) ester of acryloyl-PEG-NHS to produce
RGD-PEG monoacrylate (RGD-PEGMA), monoacrylated RGD with or without PEG
spacers can be synthesized [50, 51, 66]. As a result, cell-adhesive hydrogels can be made by
the copolymerization of RGD-PEGMA monomers with PEGDA upon photopolymerization.
Having a PEG spacer, PEGDA hydrogels with RGD-MA can spread the cells specifically.
Several cell lines such as chondrocytes, vascular endothelial cells (ECs), osteoblasts, neural
cells, and marrow stromal cells (MSCs), and fibroblasts have been observed to immobilize
on bioactive PEG hydrogels [37, 51, 66-68]. ACRL-PEG-RGD can copolymerize with
PEGDA to create a cell-adhesive PEG second network in the IPN gels, but the distribution
of RGD peptides in IPN hydrogels is assumed to be random because the RGD moiety is not
expected to significantly affect the reactivity of the acrylate group and the extent of peptide
incorporation in hydrogels is limited due to the monoacrylation of peptide, which affects
hydrogel formation and its mechanical properties [50]. Higher compressive modulus and
toughness compared to IPN gels in IPN-agg 100 and IPN-RGD 100 gels can be associated
with the presence of negatively charged groups and their mutual repulsion that keep polymer
chains apart and results in higher stiffness. Agarose has been shown to degrade
hydrolytically in cell culture [69] and studies have outlined methods to create biodegradable
PEG networks as well [70, 71]. The significant decrease in shear modulus and toughness of
cellular and acellular IPN-agg 100 and IPN-RGD 100 gels at week 6 could have been due to
the hydrolytic degradation of peptide linkages and leaching of physically entrapped
aggrecan molecules in the culture media, respectively. Therefore, these aggrecan
incorporated and RGD immobilized agarose-PEG IPN implants can likely be optimized for
in vivo degradation.

The aggregation and cell outgrowth phenomenon was similar to those observed by Verghese
et al. [72], with bone marrow-derived mesenchymal stem cells (MSCs) encapsulated in the
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CS–based single network gel and recently by Gong et al. [73], with chondrocytes
encapsulated in single network hydrogel systems. Gong et al. called this phenomenon “Edge
Flourish”. Of particular interest, and an unexpected result, was the heterogeneous
distribution of cells observed at week 3 and especially at week 6 in the RGD and high
aggrecan concentration groups. One possible explanation may be a heterogeneous
distribution of the respective biomolecule prior to gelation due to interactions with cells, as
both were incorporated in the agarose together with cells as a first step. In the case of
aggrecan, its distribution is likely set after agarose gelation, but during the brief period
where cells and aggrecan were present together prior to agarose gelation, cells may have
preferentially bound and moved aggrecan molecules. Similarly, cells may have bound RGD
and pulled RGD peptides into a heterogeneous distribution, which would have essentially
been fixed after being covalently linked at the photopolymerization stage for the PEGDA
network. Whatever the case, clearly the end result was a heterogeneous cell distribution,
which points to preferential cell migration and/or cell proliferation. Given the extensive
“Edge Flourish” observed with these two groups, cell migration is a highly likely
explanation, with further contribution to heterogeneity from resulting cell proliferation. It is
particularly noteworthy that the extensive accumulation of cells and matrix around the
periphery of the IPN may have extremely important implications in vivo with regard to
integration with surrounding cartilage, which is currently a major concern in cartilage
regeneration efforts.

Our previous study with aggrecan under identical culture conditions at 40 μ g/mL
demonstrated significant improvements in cell viability and performance [33], and the
results of the current study with the higher concentration of 100 μ g/mL were highly
consistent with our previous work in terms of percent viability as well as collagen and GAG
production. The advantage for this comparison to our previous work is that it provides
context for the results observed with RGD. Clearly, a new finding emerging from the current
study was that the concentration of aggrecan plays a very important role, with significant
effects seen previously with 40 μ g/mL and even more so currently with 100 μg/mL,
standing in contrast to the limited effect seen currently with 4 μ g/mL. Therefore, future
studies with comparable materials or conditions would likely benefit from an aggrecan
concentration of over 40 μg/mL

Designing a proper scaffold, which could provide the necessary mechanical stability and
biological environment to the encapsulated cells, is a pivotal issue in cartilage engineering.
A wide variety of biomaterials, including synthetic and naturally derived polymers, have
been applied to cartilage tissue engineering. To this end, 3D bioactive IPN hydrogels have
been identified as promising materials for encapsulating chondrocytes with the potential to
yield functional cartilage tissues. We also outlined a method for peptide and aggrecan
incorporation into otherwise poorly adhesive agarose-PEG IPN hydrogels to permit
engineered bio-specific cell adhesion to these materials. A finding of this study has yielded
an IPN gel with a notable combination of high mechanical strength, cyto-compatibility, and
the ability to provide a suitable microenvironment for encapsulated cells to grow,
proliferate, and produce cartilaginous tissue. We demonstrated here that the incorporation of
host tissue-mimetic biomolecules such as covalently linked RGD peptide sequences or
physically entrapped aggrecan within the IPN maintained long-term cell survivability and
produced significantly more GAG-rich as well as collagen-rich tissues. Given the
comparable performance of cells in an RGD or high concentration aggrecan environment,
RGD is recommended over aggrecan due to the lower cost, although manufacturing does
involve a more complex incorporation of RGD due to the involved chemistry rather than
simply incorporating aggrecan within the agarose, and aggrecan may be a valuable
chondroinductive signal for mesenchymal stem cells [34], which is of significant
translational relevance.
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5. Conclusions
In the current study, we successfully designed and synthesized RGD-functionalized and
aggrecan-incorporated engineered agarose–PEGDA IPN hydrogel materials, resulting in
IPNs with a greater compressive modulus, higher long-term cell viability (more than 70%),
and improved GAG and collagen synthesis. However, any improvement with aggrecan and
RGD in vitro relative to control IPN scaffolds would need to be significant and substantial to
justify the additional regulatory scrutiny and cost, particularly with aggrecan. With
comparable performance between RGD and the high aggrecan concentration, the RGD
would be preferred for use considering a lower cost and possible variable aggrecan purity.
However, the aggrecan may be more beneficial in future studies with chondroinduction of
stem cells, and considering its ease of incorporation (simple physical mixing instead of
chemical reaction), aggrecan may prove to be a better choice than RGD in future
applications.
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Fig. 1.
Reaction scheme showing synthesis of RGD-modified PEGDA (ACRL-PEG-RGD) bio-
macromer.
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Fig. 2.
Reaction scheme showing formation of the PEG second network hydrogel containing the
RGD peptide.
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Fig. 3.
Schematic representation showing the formation of cellular agarose-PEGDA IPNs
containing immobilized RGD peptide sequences on the PEGDA second network.
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Fig. 4.
Schematic representation showing formation of cellular agarose-PEGDA IPN containing
physically entrapped aggrecan as a bioactive signal.
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Fig. 5.
Attenuated total reflection–Fourier transform infrared (ATR–FTIR) spectra of ACRL-PEG-
NHS and ACRL-PEG-RGD peptide. Absorbance peaks at 1640 cm−1 (−C=O), 1343
cm−1 (Glycine), and 964 cm−1 (aspartic acid) clearly indicated the conjugation of the RGD
peptide on the PEGDA chain.
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Fig. 6.
1H NMR spectra of ACRL-PEG-NHS and ACRL-PEG-RGD macromers. Appearance of
characteristic proton peaks of peptides at 2.8 and 3.2 ppm and the disappearance of proton
peak of N-hydroxy succinimidyl ester at 2.9 ppm confirm the peptide conjugation with
acrylated PEGDA macromer.
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Fig. 7.
Representative macroscopic images of equilibrium swelled cellular IPN gels at week 6: (A)
IPN gel with no bioactive molecules; (B) IPN gels containing 4 μg/mL aggrecan; (C) IPN
gel containing 100 μg/mL aggrecan and (D) IPN gel containing 100 μg/mL RGD.
Chondrocyte outgrowth is visible at the edge in IPN gels containing high concentration of
aggrecan as well as RGD immobilized IPN gels. Scale Bars = 3mm.
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Fig. 8.
Spinning disc confocal microscope live/dead images of encapsulated chondrocytes in IPN
network at week 0 (A-D) for IPN, IPN-agg 4, IPN-agg 100, and IPN-RGD 100, respectively,
at week 3 (E-H) for IPN, IPN-agg 4, IPN-agg 100, and IPN-RGD 100, respectively, and at
week 6 (I-L) for IPN, IPN-agg 4, IPN-agg 100, and IPN-RGD 100, respectively. Green
(calcein AM) dye indicated viable (live) cell populations, while red (ethidium homodimer)
dye indicated dead cells. Scale bar = 50 μm.
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Fig. 9.
Percent cell viability of encapsulated chondrocytes by image analysis mask statistics.
Multiple confocal Z-scan series were performed on a representative sample in each group
(mean ± standard deviation). * indicates statistically significant differences from week 0 (p
< 0.05 and n = 3), while **values indicates significant differences from the control group
(IPN) at that time point (p < 0.05 and n = 3).
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Fig. 10.
Scanning electron micrographs showing morphology of chondrocytes encapsulated in A)
IPN with no bioactive signals, B) IPN-agg 4, C) IPN-agg 100, and D) IPN-RGD 100 at 6
weeks culture time. Scale Bar = 20 μm.
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Fig. 11.
Total DNA content within IPN, IPN-agg 4, IPN-agg 100, and IPN-RGD 100 gels,
respectively, at 0, 3, and 6 weeks. Error bars represent mean ± standard deviation with n = 4.
*indicates statistically significant differences in comparison with week 0 groups (p < 0.05),
**values indicates significant differences from the control group (IPN) at that time point (p
< 0.0) and #indicates statistically significant differences in comparison with the other groups
at that time point (p < 0.05).
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Fig. 12.
(A) Total sulfated GAG accumulated per IPN gel construct within each IPN, IPN-agg 4,
IPN-agg 100, and IPN-RGD 100 constructs with encapsulated chondrocytes at 0, 3, and 6
weeks. (B) For each IPN gel group, the total GAG accumulated was normalized to DNA
content (mean ± deviation, n = 4). *indicates statistically significant differences in
comparison with week 0 groups (p < 0.05), **values indicates significant differences from
the control group (IPN) at that time point (p < 0.05) and #indicates statistically significant
differences in comparison with the other groups at that time point (p < 0.05). GAG =
glycosaminoglycan. Note that the GAG content associated with incorporated aggrecan was
subtracted from the actual GAG value to provide the values reported here.
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Fig. 13.
Total hydroxyproline per IPN gel construct within each IPN, IPN-agg 4, IPN-agg 100, and
IPN-RGD 100 constructs with encapsulated chondrocytes at 0, 3, and 6 weeks. (B) For each
gel group, the total hydroxyproline content was normalized to DNA content (mean ±
deviation, n = 4). Significance of the data at p < 0.05. *indicates statistically significant
differences in comparison to week 0 groups, **values indicates significant differences from
the control group (IPN) at that time point (p < 0.05) and #indicates statistically significant
differences in comparison to the other groups at that time point.
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Fig. 14.
Safranin O staining of bioactive IPN gels encapsulated with chondrocytes at week 1 (A-D)
for IPN, IPN-agg 4, IPN-agg 100, and IPN-RGD 100, respectively, and at week 6 (E-H) for
IPN, IPN-agg 4, IPN-agg 100, and IPN-RGD 100, respectively. Inset pictures showing
outgrowth of encapsulated chondrocytes at the edge of gels. (Scale bar = 100 μm).
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Table 1

Mechanical and swelling properties of acellular and cellular IPN gels

Gel type Compressive shear moduli
(G) (kPa)abc

Fracture Stress
(MPa)abc

Toughness
(kJ/m3) abc

Swelling degree
Qcde

Week 0 Week 6 Week 0 Week 6 Week 0 Week 6 Week 0 Week 6

IPN 39 ± 8 32 ± 6 0.8 ± 0.2 0.7 ± 0.3 127 ± 35 85 ± 18 10.2 ± 2.2 8.4 ± 3.3

IPN- agg 4 41 ± 11 27 ± 6 0.9 ± 0.5 0.6 ± 0.2 137 ± 67 78 ± 27 12.7 ± 1.0 9.7 ± 4.1

IPN-agg 100 48 ± 13 21 ± 10 1.0 ± 0.7 0.7 ± 0.3 149 ± 34 89 ± 41 24.5 ± 5.7 12.5 ± 3.8

IPN-RGD 100 42 ± 10 23 ± 5 1.2 ± 0.6 0.7 ± 0.4 132 ± 40 64 ± 26 15.5 ± 0.9 10.3 ± 3.5

IPN+ cell 35 ± 9 22 ± 7 0.7 ± 0.4 0.4 ± 0.3 89 ± 25 72 ± 19 - -

IPN-agg 4 ± Cell 37+11 19 ± 6 0.8 ± 0.4 0.6 ± 0.1 92 ± 31 54 ± 22 - -

IPN-agg 100 ± Cell 32 ± 17 30 ± 15 0.9 ± 0.7 0.8 ± 0.2 123 ± 47 82 ± 23 - -

IPN-RGD 100 ± Cell 36 ± 14 21 ± 7 0.9 ± 0.5 0.7 ± 0.3 111 ± 29 56 ± 20 - -

All values are reported as mean ± deviation, n = 5 for compression testing and 3 for swelling measurements

No swelling degree measurement were performed on cellular constructs due to limited sample numbers IPN = agarose-PEGDA interpenetrating
network with no bioactive signals; IPN-agg 4 = agarose-PEGDA interpenetrating network with 4 μg/mL aggrecan; IPN-agg 100 = agarose-PEGDA
interpenetrating network with 100 μg/mL aggrecan and IPN-RGD 100 = agarose-PEGDA interpenetrating network with 100 μg/mL RGD peptide

a
– IPN-agg 100 and IPN-RGD 100 were statistically significant between week 0 and week 6 (p < 0.05)

b
– IPN-agg 100, IPN-agg 100 were statistically significant from IPN group, while no statistical significance among IPN, IPN-agg 4, IPN+ cell,

IPN-agg 4+ cell, IPN-agg 100+cell and and IPN-RGD 100 ± cell at week 0

c
– No statistical significance among the groups at week 6

d
– IPN-agg 100 and IPN-RGD 100 were statistically significant from IPN group at week 0 (p < 0.05)

e
– IPN-agg 100 was statistically significant between week 0 and week 6 (p < 0.05)
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