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Abstract
Cartilage tissue engineering based on cultivation of immature chondrocytes in agarose hydrogel
can yield tissue constructs with biomechanical properties comparable to native cartilage. However,
agarose is immunogenic and non-degradable, and our capability to modify the structure,
composition, and mechanical properties of this material is rather limited. In contrast, silk hydrogel
is biocompatible and biodegradable, and it can be produced using a water-based method without
organic solvents that enables precise control of structural and mechanical properties in a range of
interest for cartilage tissue engineering. We observed that one particular preparation of silk
hydrogel yielded cartilaginous constructs with biochemical content and mechanical properties
matching constructs based on agarose. This finding and the possibility to vary the properties of
silk hydrogel motivated this study of the factors underlying the suitability of hydrogels for
cartilage tissue engineering. We present data resulting from a systematic variation of silk hydrogel
properties, silk extraction method, gel concentration, and gel structure. Data suggest that silk
hydrogel can be used as a tool for studies of the hydrogel-related factors and mechanisms involved
in cartilage formation, as well as a tailorable and fully degradable scaffold for cartilage tissue
engineering.
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INTRODUCTION
The clinical need for improved treatment options for patients with cartilage injuries has
motivated tissue engineering studies aimed at the in vitro generation of cell-based
replacement tissues (or implants) with functional properties: the ability for load bearing and
capacity for integration with the host tissues.1 Functional tissue engineering can also involve
the application of physical loading during the in vitro cultivation (mimicking the in vivo
environment), to foster the development of tissue constructs that can meet the mechanical
demands at the time of implantation.1 To achieve tissue functionality, agarose has been a
particularly successful material for cartilage, yielding constructs with functional properties
that approached native articular cartilage by 6 weeks of culture.2
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Agarose is a clear, thermoreversible polysaccharide hydrogel3–5 that has been used
extensively for maintaining long-term chondrocyte cultures, and it is currently under clinical
trials in Europe as a composite with alginate for cartilage repair.6 By encapsulating
dedifferentiated chondrocytes in agarose, Benya and Shaffer4 demonstrated recovery of
chondrocytic phenotype following long monolayer culture, as evidenced by increases in
synthesis rates of type II collagen and proteoglycan. The lack of attachment sites,
hydrophilicity, and electrical neutrality are thought to contribute to the efficacy of agarose.
However, agarose can be immunogenic and is nondegradable. Agarose structure,
composition, and mechanical properties cannot be customized, limiting our ability to explore
the mechanisms underlying cartilage formation in agarose.

Silk fibroin materials in various structural forms (fiber, porous, thin film) have been
successfully used as tissue engineering scaffolds7–9 because of their versatility,
biodegradation, and biocompatibility. We recently demonstrated long-term stability and
biocompatibility of silk scaffolds in vivo.10 Subsequently, silk and silk-composite materials
have been examined in vivo for many systems, including bone11–13 and soft tissue.14,15 Silk
materials consistently initiate little to no inflammatory or immune response in these animal
studies. In addition, silk scaffolds were recently approved by FDA for soft tissue repair and
marketed by Serica.16 Silk also biodegrades by ubiquitous proteases in vivo, enzymes that
degrade silk over periods of time ranging from days to years, depending on the formulation
of silk protein.17,18 Purified native silk fibroin forms a cross-linked hydrogel rich in β-
sheets. Several environmental parameters were found to influence the gelation process and
gel properties. The original method for preparing silk hydrogels from aqueous solutions of
native silk protein involved conditions that are not suitable for incorporation of live cells,
such as high temperature, low pH, and long gelation times (days).19

Recently, we developed a new technique for allowing rapid cell encapsulation in silk
hydrogels with the full maintenance of cell viability.20 The process allows for manipulation
of hydrogel hydrophilicity, electrical charge, and mechanical properties by modifying the
parameters during silk extraction and processing.21–24 Primary calf chondrocytes were
encapsulated into various formulations of the silk hydrogel by systematically changing silk
material concentration and extraction method, or cultured in porous silk scaffolds. One
particular silk hydrogel preparation resulted in excellent mechanical properties of
engineered cartilage. For the first time, another material—silk hydrogel—produced
functional properties of engineered cartilage similar to those achieved with agarose. On the
basis of the ability to modify silk hydrogel properties, this finding enables mechanistic study
of the efficacy of hydrogels in cartilage development.

MATERIALS AND METHODS
Silk fibroin purification

Two methods were used to purify silk fibroin. In the first method, referred to as salt
extraction method, cocoons of B. mori were boiled for 40 min in an aqueous solution of
0.02M sodium carbonate (Na2CO3), and then rinsed thoroughly with pure water. In the
second, detergent method, cocoons were boiled for 30 min in an aqueous solution containing
0.05M sodium carbonate and 0.01 wt % Triton X-100 (detergent), and then rinsed
thoroughly with pure water. This boiling and washing were repeated once with freshly
prepared solution.25 After drying, the extracted silk fibroin was dissolved in 9.3M LiBr
solution at 60°C for 4 h, to obtain a 20% (w/v) solution, that was dialyzed against distilled
water in Slide-a-Lyzer dialysis cassettes (MWCO 3500, Pierce) for 2 days to remove the
salt. The final concentration of the aqueous solution of silk fibroin was 8% (w/v). Silk
solutions with lower concentrations were prepared by diluting the 8% solution with water.
All solutions were stored at 4°C.
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Chondrocyte isolation
Articular cartilage was harvested from fresh bovine carpometacarpal joints obtained from 4-
to 6-month-old calves. Cartilage was rinsed and digested in Dulbecco’s Modified Essential
Medium (DMEM) with 0.5 mg/mL collagenase type V (Sigma Chemicals, St. Louis, MO)
for 10 h at 37°C with stirring. The resulting cell suspension was filtered through a 70 μm
pore size mesh to isolate individual cells.26 After rinsing the pellets, the chondrocytes were
plated at high density (>1 × 105 cells/cm2) in chondrocyte culture medium (hgDMEM
supplemented with 10% FBS, 10 mM HEPES, 100 U/mL penicillin, 100 μg/mL
streptomycin, and 0.25 μg/mL Amphotericin B).

Preparation of cell-hydrogel constructs
For silk hydrogel material, sterile DMEM powder was added to the sterilized silk fibroin
solution (via autoclaving) at desired concentration. The solution was sonicated (Branson 450
ultrasonicator) to initiate gel formation. Before gelation (10 min after sonication), the silk
solution was mixed with the cell suspension. For the preparation of cell/hydrogel constructs,
one volume of cell suspension (at 40 × 106 cells/mL in culture medium) was mixed with an
equal volume of either silk hydrogel or 4% low-melt agarose (Type VII, Sigma) in
phosphate buffered saline (PBS) at 37°C to yield a final cell concentration of 20 × 106 cells/
mL in hydrogel. After mixing, the cell/hydrogel mixtures were poured into sterile molds
made of two glass plates and plastic spacers that were clamped together to form a uniform
rectangular slab (2.5 mm × 70 mm × 80 mm). In all groups, cylindrical disks (4 mm in
diameter × 2.5 mm thick) were cored out using a biopsy punch as in our previous studies,26

resulting in 6.2 × 105 cells per scaffold.

Preparation of cell-porous silk constructs
Porous silk scaffolds were prepared as in our previous studies. 27 Briefly, silk fibroin was
prepared using the detergent method as described earlier, and the silk solution were mixed
with NaCl particles in Teflon cylinder containers and incubated for 24 h at room
temperature. NaCl particles were then leached out in distilled water for 2 days, leading to
porous silk scaffolds with pore size of 500–600 μm. The porous scaffolds were then
sterilized via autoclaving and hydrated by incubation in culture medium (overnight). Similar
to the hydrogel constructs, disks (4 mm in diameter × 2.5 mm thick) were cored out using a
biopsy punch from the porous silk scaffold stock. Chondrocytes (6.2 × 105 cells per
scaffold) were suspended in 25 mL of culture medium and slowly loaded into the hydrated
scaffold. Constructs were incubated at 37°C for 2 h for complete attachment. The culture
medium was then switched to chondrogenic growth medium for the duration of the culture
period.

Construct cultivation
Experimental variables included: (i) silk structure (hydrogel and porous scaffold), (ii) silk
protein extraction methods (salt and detergent), (iii) silk concentration in solution (2% and
4%), and (iv) type of hydrogel (silk and agarose). Constructs from all groups were
maintained in culture for up to 42 days, with the twice weekly change of chondrogenic
growth medium (hgDMEM supplemented with 5 mg/mL proline, 1% ITS+, 100 nM
dexamethasone, 50 μg/mL ascorbate, and 10 ng/mL TGF-b3 for the first 2 weeks28).

Biochemical composition
Tissue constructs were blotted dry, weighed, and lyophilized overnight. Dry samples were
weighed again and digested with proteinase K overnight at 56°C, as described previously. 2
For glycosaminoglycan (GAG) content, aliquots of digest were analyzed using the 1,9-
dimethylmethylene blue dye binding (DMMB) assay.29 For DNA content, additional
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aliquots were analyzed using the PicoGreen assay (Invitrogen). For total collagen content,
aliquots were acid hydrolyzed in 12N HCl at 110°C for 16 h, dried over NaOH, and
resuspended in assay buffer (24 mM citric acid monohydrate, 0.012% v/v glacial acetic acid,
85 mM sodium acetate trihydrate, 85 mM sodium hydroxide, pH 6.0). Ortho-hydroxyproline
(OHP) content was determined via a colorimetric assay by reaction with chloramine T and
dimethylaminobenzaldehyde, 30 that was scaled down for microplates. OHP content was
converted to total collagen content using the 1:7.64 ratio of OHP to collagen.31 Each
biochemical constituent (DNA, GAG, and collagen) was normalized to the tissue wet weight
to obtain the actual concentration.

Mechanical properties
Constructs were tested in unconfined compression using our established custom designed
testing system.32 Briefly, after equilibration under a tare load of 0.5 g, stress-relaxation tests
were conducted at a ramp rate of 1 μm/s up to the 10% strain. The equilibrium Young’s
modulus (EY) was calculated from the equilibrium stress and the cross-sectional area of the
construct. Unconfined dynamic modulus (G*) was performed after a stress-relaxation to
10% strain at equilibrium, for which a 2% strain was superimposed, at a frequency of 1 Hz.

Histology
Staining for sulfated GAG, total collagen, and overall histomorphology was performed using
the protocols described later. Samples were fixed overnight at 4°C in acid formalin ethanol,
dehydrated with a graded series of ethanol, embedded in paraffin blocks and cut in cross-
section to 7 μm. Once on slides, specimens were deparaffinized with Citri-Solv, rehydrated,
and stained with either alcian blue (to view proteoglycan distribution), or picrosirius red (to
view bulk collagen), or hematoxylin/counterstained with eosin Y (H&E) (to determine cell
distribution). For immunohistochemical staining, tissue sections were first incubated for 1 h
with mouse blocking serum to eliminate nonspecific staining, and then with monoclonal
antibody against type I or type II collagen, for 16 h at 4°C. The monoclonal antibodies
CIIC1 developed by Holmdahl and Rubin33 were obtained from the Developmental Studies
Hybridoma Bank, developed under the auspices of the NICHD and maintained by the
University of Iowa, Department of Biological Sciences, Iowa City, IA 52242. Biotinylated
secondary antibody (Vector) was applied to the sections, and the antibody binding was
detected with a Vectastain ABC alkaline phosphatase Kit (Vector). The samples were
imaged using a color CCD camera mounted onto an inverted microscope (Olympus IX-81)
and analyzed using MetaMorph (Molecular Devices, PA).

Statistical analysis
Statistics were performed with Statistica or SPSS Statistics software. Each data point
represents the Average ± SD of n = 3–6 samples. Each group was examined for significant
differences by analysis of variance (a = 0.05), with EY, GAG, hydroxyproline or DNA as
the dependent variable using Tukey’s Honest Significant Difference Test.

RESULTS
Silk hydrogel and porous scaffolds

Constructs from both the silk hydrogel and porous silk scaffold groups demonstrated
significant growth in vitro, as shown in Figure 1. Cell proliferation and GAG accumulation
were comparable for the two groups up to day 28. A decrease of the DNA content (% wet
weight) observed for both groups on day 42 was associated with an increase in wet weight.
Specifically, there was a 29 and 42% increase of wet weight from day 28 to 42 for the
hydrogel and porous scaffold groups, respectively. Furthermore, in the porous scaffold
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group, the GAG content reached a plateau on day 42, while in the hydrogel group GAG
content continued to increase although not significantly. The compressive modulus of the
cultured constructs also reached a plateau for the porous scaffold group, and increased
continuously and significantly in the silk hydrogel group [Figure 1(A)].

Chondrocytes encapsulated in the silk hydrogel exhibited spherical morphology, in contrast
to a fibroblastic, spindlelike morphology of cells in porous scaffolds [Figure 1(B)]. In
addition, cells appeared smaller in size in hydrogel than in the porous scaffolds. Figure 1(C)
illustrates the gross appearance of the constructs after 42 days of culture. The silk hydrogel
group maintained the cylindrical disk shape with a smooth surface while the porous
scaffolds appeared to be more irregular. Histological staining of collagen and GAG revealed
uniform matrix distribution in the hydrogel construct with lacunae formations [Figure 1(D)].
Further-more, immunohistochemical labeling revealed faint type I collagen staining (mostly
on edges) and stronger and more uniform type II collagen staining throughout the constructs
(Figure 2).

Formulation of silk hydrogel
As shown in Figure 3(A), 4% hydrogels made by both the salt and detergent extraction
methods promoted chondrocyte proliferation and proteoglycan synthesis throughout the
duration of culture. Interestingly, while hydrogels made by the salt method promoted cell
proliferation more than those made by the detergent method (p = 0.01 on day 14),
significantly more GAG were synthesized or retained in the hydrogels made by the detergent
method (p < 0.05 on days 14 and 28). We also tested the effect of silk fibroin concentration
on cartilage tissue development [Figure 3(B)]. Significant cell proliferation and GAG
accumulation were observed in both 2 and 4% gels. Again, more cell proliferation was
observed with the 2% group, while more matrix accumulation was observed in the 4% group
(p < 0.05 on days 14 and 28 for DNA and GAG contents). Additional parameters of silk
formulation such as dialysis time and sonication power were also tested, but without any
significant differences between the groups (data not shown).

Silk and agarose hydrogel
Four percent silk hydrogel constructs extracted with the detergent method were compared to
2% agarose constructs under the same culture conditions (Figure 4). Both hydrogels
supported cartilage tissue development, with increases in cell number, GAG and collagen
content, and mechanical strength. Silk hydrogels promoted cell proliferation significantly
more than agarose hydrogels (p < 0.02 on days 14 and 28). With all other parameters tested,
no significant differences were found between the agarose and silk hydrogel groups (at day
28, p = 0.63, 0.79, and 0.13 for GAG content, collagen content, and equilibrium Young’s
modulus, respectively).

Intrinsic mechanical properties of silk and agarose hydrogels
To examine if the intrinsic mechanical properties could be a factor in cartilage development,
equilibrium and dynamic (at 1 Hz) compressive moduli of the hydrogels and the porous
scaffolds were compared (Figure 5). Silk hydrogels made by detergent extraction had similar
equilibrium modulus to agarose hydrogel. Silk hydrogel made by salt extraction had
significantly lower equilibrium and dynamic moduli. Porous silk scaffold, in contrast, had
significantly higher moduli compared to agarose.

DISCUSSION
Agarose has been a “gold standard” for tissue engineering of cartilage, yielding constructs
with functional properties approaching those of native articular cartilage.2 However, agarose
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is not biodegradable and can cause immunogenic responses when implanted. To mitigate
this effect, and to better understand the efficacy of the agarose hydrogel, we developed a
novel silk hydrogel for cartilage tissue engineering using primary calf chondrocytes for their
robustness. One formulation of silk hydrogel with primary calf chondrocytes produced
engineered cartilage with functional properties similar to those achieved with agarose. On
the basis of this finding, several parameters were tested to optimize matrix development, and
in particular GAG accumulation.

Silk hydrogel is unique in its capability to provide a neutral and hydrophilic environment
that supports the spherical chondrocyte phenotype, similar to agarose. A number of other
hydrogels—alginate, collagen, chitosan, and PEG—have been investigated for cartilage
tissue engineering; however, none of these materials have resulted in mechanical
functionality approaching that of native cartilage.34–36

While hydrogel has been shown to maintain spherical morphology of chondrocytes and
promote chondrocytic phenotype,4 many studies have used fibrous scaffolds for cartilage
tissue engineering.37,38 Porous and filamentous silk scaffolds have also been used in other
tissue engineering applications.8,39 With the new silk hydrogel formulation, we were able to
compare silk hydrogels with porous silk scaffolds. It has been proposed that agarose
hydrogel promotes the chondrocytic phenotype by maintenance of the chondrocytic
morphology.4 To the best of our knowledge, there were no studies to assess the effects of
different structures of the same biomaterial on cartilage development.

Both scaffolds (silk hydrogel and porous silk) supported chondrocyte proliferation and
phenotype (type II collagen expression and GAG synthesis, Figures 1 and 2). However, by
day 42, DNA, GAG, and mechanical properties of the porous scaffold group has reached a
plateau. At the same time, silk hydrogel has supported continuous increase of mechanical
properties of engineered cartilage. Interestingly, the initial growth profiles for the groups
were not significantly different, even though there were observed differences in cell
morphology [Figure 1(B)]. Studies have demonstrated decreasing chondrocytic phenotype
with 2D culture and serial passaging of primary chondrocytes.4 In our porous scaffolds,
while the chondrocytes exhibited a more fibroblastic morphology, the porous structure and
minimal passaging may provide some 3D support and resulted in less dedifferentiation.

Variations of silk material and concentration were tested to optimize silk hydrogel for
cartilage development. Silk fibroin extractions using salt or detergent were found to be
significantly different. Silk extraction using salt has been reported to degrade the fibroin
protein and result in smaller molecular weights, whereas the addition of detergents
maintained the integrity of silk fibroin protein.25 Figure 3(A) demonstrates that detergent
treated silk generated constructs with significantly higher GAG content than salt-treated silk.
Silk concentrations were also tested, as a factor shown to influence the secondary structure
of fibroin during gelation.40 While higher gel concentration may lead to impeded nutrient
transfer,41 the 4% silk hydrogel was found to support cartilage development in terms of
GAG content [Figure 3(B)].

Substrate biomechanics is another important factor controlling cell differentiation,
proliferation, and behavior.42–44 Equilibrium and dynamic compressive moduli were
investigated for all groups. Porous silk scaffolds and silk hydrogel made by the salt method
were found to be significantly different from the other hydrogels. Interestingly, the groups
with the mechanical properties most similar to agarose initially (day 0) were also the groups
that generated similar tissue structures (Figure 5). While many other parameters could
contribute to this finding, the intrinsic material mechanical properties may also be an
“instructive” cue for tissue development. A more systematic characterization of the
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relationship between the material physical properties and tissue growth could lead to
mechanistic understanding and optimization of tissue engineering materials.

When comparing silk hydrogel parameters, an interesting trend was observed where the
group with less DNA had more GAG accumulation (Figure 3). One possible explanation
would be the loss of chondrocytic phenotype because of excessive cell proliferation.
However, in both circumstances, the number of chondrocytes increased by two to five times
over the time of culture, whereas the GAG content demonstrated at least a 9-fold increase.
Therefore, it is unlikely that the chondrocytic phenotype was lost. An alternative mechanism
may be that while one formulation promotes more cell proliferation, it reduces cellular
abilities to organize or retain matrix molecules, resulting in a lesser GAG content. Matrix
porosity and permeability have been shown to change the partition coefficient of macro-
molecules. 41 Stimulations such as mechanical loading can influence matrix production and
organization, as well as proteoglycan release into the medium.45–47

Versatility of the silk fibroin protein allowed for several formulations of silk hydrogel to be
tested for cartilage tissue engineering. For the first time, another material generated an
engineered cartilage construct that is comparable with those made with agarose, a
nondegradable material that has generated constructs with the most physiologic properties.2
The ability to manipulate these parameters using the same material provides a valuable tool
for systematic studies of mechanisms underlying its efficacy in supporting chondrogenesis,
and to optimize silk hydrogels for engineering human grafts.

Silk is biodegradable and has been FDA approved as an implant material for soft tissue
repair.16 In addition, silk can be made into various structural forms—fibers, membranes,
mineralized porous scaffolds, and hydrogels.9,17,39 Combining the hydrogel with
mineralized scaffolds used for bone tissue engineering, an all-silk osteochondral construct
can be built with spatial control of tissue development. The silk system thus provides a
creative approach to repair joint damage by utilizing state-of-the-art techniques in tissue
engineering.
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FIGURE 1.
Silk hydrogel and porous scaffolds. (A) DNA, GAG content, and compressive modulus (*p
< 0.05 vs. the previous time point, n = 4–5). DNA and GAG contents are expressed per unit
wet weight. (B) Live-dead staining on day 42 (insert-magnified for cell morphology, bar =
50 mm). (C) Construct gross appearance after 42 days of culture. (D) Picrosirius red (top)
and alcian blue (bottom) staining for collagen and GAG content, respectively. Bar = 1 mm.
In (C) and (D), images at the left are for silk hydrogel constructs, and the images at the right
are for porous silk scaffold constructs. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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FIGURE 2.
Immunostaining of type specific collagen in silk hydrogel and porous silk scaffolds on day
42. Bar = 0.5 mm.
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FIGURE 3.
Effects of silk fibroin extraction method (A) and concentration (B) on cartilage tissue
development. (*p < 0.05 compared with the previous time point, §p < 0.05 compared with
the other group at the same time point, n = 6 for all groups).
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FIGURE 4.
Agarose (2%) and silk (4%) hydrogels. (ND, not detectable; *p < 0.05 compared with the
previous time point, §p < 0.05 compared with the agarose group at the same time point, n =
3–6).
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FIGURE 5.
Intrinsic biomechanical properties of the materials. Equilibrium (A) and dynamic (B)
modulus (at 1 Hz) (*p < 0.05 compared with the agarose hydrogel group, §p < 0.05
compared with the silk hydrogel detergent.
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