
The influence of scaffold material on chondrocytes in
inflammatory conditions

Heenam Kwon1,2, Lin Sun3, Dana M. Cairns1,2, Roshni S. Rainbow2, Rucsanda Carmen
Preda3, David L. Kaplan1,3,4, and Li Zeng1,2,5,*

1Program in Cellular, Molecular and Developmental Biology, Sackler School of Graduate
Biomedical Sciences, Tufts University School of Medicine, 136 Harrison Avenue, Boston, MA
02111, USA
2Department of Anatomy and Cellular Biology, Tufts University School of Medicine. 136 Harrison
Avenue, Boston, MA 02111
3Department of Chemical and Biological Engineering, Tufts University, 4 Colby Street, Medford,
MA 02155
4Department of Biomedical Engineering, Tufts University, 4 Colby Street, Medford, MA 02155
5Department of Orthopaedic Surgery, Tufts Medical Center, 800 Washington Street, Boston, MA
02111, USA

Abstract
Cartilage tissue engineering aims to repair damaged cartilage tissue in arthritic joints. As arthritic
joints have significantly higher levels of pro-inflammatory cytokines (such as IL-1β and TNFα
that cause cartilage destruction, it is critical to engineer stable cartilage in an inflammatory
environment. Biomaterial scaffolds constitute an important component of the microenvironment
for chondrocytes in engineered cartilage. However, it remains unclear how scaffold material
influences the response of chondrocytes seeded in these scaffolds under inflammatory stimuli.
Here, we compared the response of articular chondrocytes seeded within three different polymeric
scaffolding materials (silk, collagen and polylactic acid (PLA)) to IL-1β and TNFα. These
scaffolds have different physical characteristics and yielded significant differences in the
expression of genes associated with cartilage matrix production and degradation, cell adhesion and
cell death. Silk and collagen scaffolds released pro-inflammatory cytokines faster and had higher
uptake water abilities than PLA scaffolds. Correspondingly, chondrocytes cultured in silk and
collagen scaffolds maintained higher levels of cartilage matrix than those in PLA, suggesting that
these biophysical properties of scaffolds may regulate gene expression and response to
inflammatory stimuli in chondrocytes. Based on this study, we concluded that selecting the proper
scaffolding material will aid in the engineering of more stable cartilage tissues for cartilage repair;
and that silk and collagen are the more optimal scaffolds in supporting the stability of 3D cartilage
under inflammatory conditions.
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1 Introduction
Arthritis is the leading debilitating joint disease caused by the destruction of joint cartilage
and is accompanied by inflammation and pain [1-3]. However, articular cartilage has a
limited regenerative capacity in vivo, and optimal treatments for arthritis are still lacking.
Cartilage tissue engineering has emerged as a potential therapeutic option for cartilage repair
[4-7], which generally involves the reconstruction of three-dimensional (3D) tissues by
seeding chondrocytes into natural or synthetic scaffolds, although scaffold-free cultures have
also been explored for tissue engineering applications [5, 8, 9]. In vitro grown cartilage
constructs can then be transplanted into the host joint to resume function. In addition to cell-
loaded scaffolds, cell-free materials may be placed in the cartilage defects to harbor
migrating cells and provide mechanical support to enhance cartilage repair [10-12]. Scaffold
architecture has the advantages of providing further mechanical support and open conduits
for mass transfer of oxygen and nutrients, thus constituting an important part of the
chondrocytes’ microenvironment [5].

In selecting suitable scaffolding material for cartilage constructs, it is critical to consider the
biocompatibility and mechanical strength of the material, as well as its ability to support
maximum cartilage matrix production [13-15]. As bioengineered cartilage constructs will be
eventually transplanted into arthritic joints that have elevated levels of pro-inflammatory
cytokines that destroy cartilage, it is especially important to select scaffolds that support the
stability of bioengineered cartilage in an inflammatory environment [4, 16-18]. Multiple
studies have shown that scaffolds made from various biomaterials have different surface
features and physical characteristics that affect cell growth, cell attachment and matrix
production [19-21]. However, little is known about how scaffold material may influence the
homeostasis of the chondrocytes seeded within the scaffolds under inflammatory stimuli.

We hypothesized that the scaffold’s biophysical and chemical properties regulate the
expression of cartilage matrix and degradation-related genes in chondrocytes in the presence
of pro-inflammatory cytokines. To test this hypothesis, we conducted a thorough
investigation of cell morphology and gene expression in chondrocytes cultured in scaffolds
derived from different biomaterials under the treatment of pro-inflammatory cytokines,
IL-1β and TNFα. We selected porous scaffolds derived from three different degradable and
polymeric materials, silk, collagen, and poly-lactic acid (PLA), as they are all widely used
for tissue engineering [22-25]. As a natural material, collagen has adequate biocompatibility,
biodegradability and a low immunogenic profile, but does not provide strong mechanical
support [5, 26-28]. Silk, a natural material prepared from silk fibroin of the silkworm, also
has adequate biocompatibility. In addition, silk has impressive biomechanical properties [22,
25, 29-32]. Polylactic acid (PLA), on the other hand, is a synthetic polymeric material
whose properties, such as mechanical strength, degradation rate and dimension can all be
easily controlled [5]. However, PLA material has been reported to provoke a higher
inflammatory response in the host than silk [28].

In this study, we found that primary bovine articular chondrocytes (BACs) when cultured
within silk, collagen and PLA scaffolds, exhibited different cellular morphologies and
expressed significantly different levels of cartilage matrix components and destruction
genes. Furthermore, we characterized the biophysical properties of the scaffolds in terms of
their abilities to release pro-inflammatory cytokines and uptake water, which may influence
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the biochemical responses of chondrocytes under inflammatory conditions. Together, the
study strongly suggests that scaffolding material plays an important role in the
microenvironment of engineered cartilage, and regulates the response of chondrocytes under
inflammatory conditions.

2. Materials and methods
2.1. Scaffold preparation

Three-dimensional (3D) scaffolds derived from collagen (bovine derived type I and III
collagens), and polylactic acid (PLA) were purchased from BD Biosciences (San Jose, CA,
USA). Average pore sizes of collagen and PLA scaffolds were 100-200 μm and dimensions
were 5mm × 3mm (diameter × height), according to manufacturer’s specifications.

Silk scaffolds were prepared as previously described [27, 33]. Briefly, cocoons of Bombyx
mori were boiled for 30 minutes in an aqueous solution of 0.02M Na2CO3 and rinsed with
distilled water to eliminate sericin. Purified silk fibroin was solubilized in 9.3M LiBr
solution and dialyzed against distilled water. The resulting silk fibroin solution was
lyophilized and dissolved in hexafluoroisopropanol (HFIP) to obtain a 10% (w/v) silk
solution. To create the desired pore size, 1 mL of the 10% silk-HFIP solution was added to
3.4 g of NaCl with a particle size of 106-212 μm in disk-shaped containers. The containers
were tightly covered and left in the fume hood for 1-2 days for the silk-HFIP solution to
evenly mix with the salt particles. The solvent was then evaporated for 3 days at room
temperature. The scaffolds were treated with methanol for 1-2 days, and then the methanol
was evaporated and the scaffolds were immersed in distilled water for additional 2 days to
extract the salt particles. Porous silk scaffolds were then cut into disks with the same
dimension as collagen and PLA scaffolds (5mm×3mm (diameter× height)) and autoclaved
for cell seeding. The pore sizes of these scaffolds were confirmed by Image J analysis of the
SEM images (silk: 170 ± 34μm; collagen: 165±31μm; and PLA: 184±57μm) [34, 35]. The
porosities measured by Image J analysis on SEM images were: Silk: 51.6±8.5%; collagen:
57.1±4.3%; PLA: 53.4±10.4%, using an established protocol [36-39].

2.2. Isolation of bovine articular chondrocytes
Bovine articular chondrocytes (BACs) were isolated as previously described [40, 41].
Articular cartilage from all surfaces of a bovine cadaver knee joint (Research 87, Inc.
Pleasant Lane, Boylston, MA, USA, (508) 869-0100) was dissected and transferred to a tube
containing PBS and 10% penicillin/streptomycin. For dissociation of articular chondrocytes
from cartilage matrix, minced cartilage pieces (12-15cm3 total in volume) were treated with
20ml of 1mg/ml hyaluronidase solution (Sigma, St. Louis, MP, USA) for 15min followed by
treatments with20ml of 0.25% trypsin solution (Sigma) for 30min, and 20ml of 2mg/ml
collagenase solution (Sigma) for approximately 15h at 37°C. For removal of any undigested
cartilage to obtain a single cell suspension, isolated chondrocytes were passed through a
40μm strainer twice. The single cell population was resuspended in cell freezing medium
(90% Fetal bovine serum (FBS) (Thermo Scientific HyClone, New Zealand), 10% DMSO
(Sigma)), and stored in liquid nitrogen until experimentation. Cell viability was determined
using the standard trypan blue staining protocol, where positive staining indicated cell death
when isolated cells were mixed with trypan blue solution (Sigma). At isolation, cell viability
was 97.2±2.4%. After freezing and thawing, cell viability was 73.7±4.3%. The viability of
thawed cells after three days of culturing was 99.1±4.5%. The purity of the chondrocytes
was confirmed by immunocytochemistry for cartilage marker Sox9, which showed 99% of
the cells were Sox9-positive (Supplemental Figure 1). Only passage 0 cells (P0) were used
for all experiments.
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2.3. Cell seeding and 3D culturing
To prepare for cell seeding, scaffolds derived from silk, collagen, and PLA were pre-wetted
with sterile DMEM (Gibco, Carlsbad, CA, USA) overnight. Scaffolds were then removed
from media and chondrocytes were seeded into scaffolds at a seeding density of 5×104 cells/
scaffold. This cell density would allow easy access of all chondrocytes to both the scaffolds
and pro-inflammatory cytokines. We have found that RNA yield from harvested
chondrocytes at this seeding density rose consistently over the 16 day culture period (refer to
Supplemental Information), suggesting that cells were viable and proliferating. Based on the
dimension of the scaffolds, we calculated our initial seeding density to be 3.1×103 cells/
mm3. Taken into the consideration of cell proliferation over the culture period, the cell
density in the scaffolds should be comparable to the cellularity of the adult native cartilage
tissue (15 × 103 cells/mm3) [42]. After seeding, cell-loaded scaffolds were placed in a
humidified tissue culture incubator at 37°C with 5% CO2 for 2 hours to allow for cell
attachment. Cell-loaded scaffolds were then cultured in fresh DMEM containing 10% FBS
and 1% Antibiotic-antimycotic (Gibco) for 8 days and 16 days on a shaker (5-6rpm, 6hr/
day) in a tissue culture incubator. Three experimental groups were included in each
independent experiment: control, 10ng/ml of IL-1β, and 10ng/ml of TNFα (Peprotech,
Rocky Hill, NJ, USA). Medium was changed every 2-3days.

2.4. Scanning electron microscopy (SEM)
Cell-loaded scaffolds were fixed in 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer
(pH=7.4) at 4°C overnight. Samples (two scaffolds from two independent experiments from
each condition) were then treated with 1% osmium tetroxide for 1hr, dehydrated in ethanol,
and subsequently dried on an Edwards Auto 306 Vacuum Evaporator. The samples were
then cross-sectioned and sputter coated with palladium-gold. Chondrocytes grown inside the
scaffolds were observed using an ISI DS130 scanning electron microscope at the Tufts
Imaging Facility.

2.5. Histological stainings
After 16 days of culture, cell-loaded scaffolds were fixed in 10% neutral-buffered formalin
for histological evaluation. Silk and collagen scaffolds were embedded in paraffin while
PLA scaffolds were embedded in OCT for frozen sectioning as PLA melts in xylene during
the paraffinization process. The embedded samples were sectioned at 10μm thickness and
were subsequently processed and stained with hematoxylin and eosin (H&E) and toluidine
blue using standard protocols. Image J software was used to quantify chondrocyte
dimensions from images of H&E staining as well as the intensities of toluidine blue in
toluidine blue-stained slides using established protocols [43]. Two different scaffolds from
two independent experiments per treatment and time point were examined by H&E and
toluidine blue staining analysis. For each scaffold and each staining, 12-20 sections were
examined.

2.6. RNA isolation and real-time RT-PCR
Total RNA from cell-loaded scaffolds was obtained using the RNeasy mini kit (Qiagen,
Hilden, Germany), according to the manufacturer’s protocol. Three independent
experiments were performed. For each experiment, at least three independent samples per
treatment per time point were used for RT-PCR analysis. The RNA was reverse transcribed
into cDNA using the M-MLV reverse transcriptase kit (Invitrogen), random primers
(Invitrogen) and dNTPs (New England BioLabs, MA, USA). All cDNA was stored at −20°C
for later analyses. For RNA and cDNA yield, refer to Supplemental Information. For each
RT-PCR reaction, 7ng of cDNA was mixed with gene specific primers and SYBR® green
SuperMix (Quanta Bioscience, Inc., Gaithersburg, MD, USA) and loaded on the iQ5 Real

Kwon et al. Page 4

Acta Biomater. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



time PCR Thermocycler and Detection system (BioRad, Hercules, CA, USA) and analyzed
by iQ5 optical system software. For PCR primers, refer to Supplemental Information
(Supplemental Table 1). All transcript levels were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) level.

2.7. Analysis of cytokine release from the scaffolds into the medium
0.1ng, 1ng, or 10ng of pro-inflammatory cytokines, IL-1β or TNFα (Peprotech) were loaded
onto pre-wetted scaffolds in a volume of 10μl. For each material, 3-6 scaffolds per treatment
per time point were used. Loaded scaffolds were incubated for 6 hr at room temperature,
immersed into 1ml of culture medium, and then placed in a humidified tissue culture
incubator at 37°C with 5% CO2. The scaffolds were removed and transferred into fresh
medium at each time point (t=10min, 1hr, 1d, 3d, and 5d). At every time point, medium
conditioned by the scaffolds was collected and stored in −80°C for later analysis. The initial
loading amount and concentrations of pro-inflammatory cytokines at all time points present
in the collected media samples were quantified using ELISA (Quantikine; R&D Systems,
Minneapolis, MN, USA). Percent release was calculated as the ratio of the amount of
cytokines in the medium to the initial amount of cytokines loaded onto the scaffolds. Percent
cumulative release was calculated as the ratio of cumulative amount of cytokines in the
medium at each time point (i.e. sum cytokine amount at each time point and all prior time
points) to the initial amount of cytokines loaded onto the scaffolds.

2.8. Analysis of water uptake abilities of the scaffolds
The water uptake abilities of silk, collagen, and PLA scaffolds were determined using a
previously established protocol [22]. For each material, 3-6 scaffolds/treatment were used.
Scaffolds were immersed in distilled water for 24 hours at room temperature. The wet
weight of the scaffolds (Wwet) was measured after removing excess water from the
scaffolds. The scaffolds were then dried in an oven at 65°C overnight and the weight of
dried scaffolds (Wdry) were then measured. The water uptake (%) values were obtained
using the following formula:

2.9. Statistical analysis
Three independent experiments were performed. All data were presented as mean ± SD
(standard deviation) with a minimum of n=3. For determination of statistical differences
among the materials in a specific condition, one-way ANOVA with post-hoc Tukey test
(GraphPad Prism; http://www.graphpad.com) was used. For determination of statistical
differences among the different conditions of cytokine treatment in different scaffolds, two-
way ANOVA with Bonferroni post test was used. Details of reference factors for each type
of experiment were presented as Supplemental Information. p < 0.05 was considered
statistically significant.

3. Results
3.1. Silk, collagen and PLA scaffolds support different chondrocyte morphologies under
IL-1β and TNFα treatments

To evaluate the effect of scaffolding material on the morphology of chondrocytes under
inflammatory stimuli, we performed scanning electron microscopy (SEM) analysis. We
found that all scaffolds differed in their surface roughness (Fig. 1A). PLA scaffolds had the
smoothest surfaces, while collagen scaffolds had the roughest (Fig. 1A). Although all
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scaffolds had the same pore sizes, pores in the PLA and silk scaffolds were more
homogeneously distributed than those in the collagen scaffolds, which are lined with
collagen fibrils (Fig. 1A). Furthermore, the shapes of the pores differed slightly for each
scaffold. Pores of silk and PLA scaffolds were round, while those of collagen scaffolds were
sometimes more oval-shaped (Fig. 1A). After culturing for 16 days in these scaffolds,
regardless of the material, chondrocytes were attached to the surfaces of the scaffolds and
evenly distributed (Fig. 1B and 1C).

3.2. Silk, collagen and PLA scaffolds support different cartilage gene expression in
chondrocytes under IL-1β and TNFα treatments

3.2.1. Cartilage matrix deposition—To investigate the effect of scaffold material on
articular chondrocyte homeostasis under inflammatory conditions, we evaluated cartilage
matrix production using histological analysis. We first performed H&E staining on sections
of cell-loaded silk, collagen and PLA scaffolds. We found that chondrocytes grown in silk
and collagen scaffolds tended to be more compact, while those grown in PLA scaffolds
appeared larger (Fig. 2A). To provide a more quantitative analysis on cell sizes, we
calculated the areas of chondrocytes shown in these sections, and found that cells in PLA
scaffolds indeed had larger surface areas than those in silk and collagen scaffolds (Fig. 2B).
Histological analysis using toluidine blue indicates that chondrocytes cultured in silk and
collagen scaffolds had more intense toluidine blue staining than those cultured in PLA-
scaffolds, suggesting the presence of a higher level of total glycosaminoglycans (GAGs) in
the silk and collagen scaffolds (Fig. 2A) [44]. In the presence of IL-1β and TNFα, staining
surrounding the chondrocytes cultured in silk and collagen scaffolds became less intense,
while those in the PLA scaffolds remained at lower levels (Fig. 2A). Quantification of
staining intensities using the Image J software indicated that PLA scaffolds supported lower
cartilage matrix production in control or IL-1β and TNFα treatment conditions than silk and
collagen scaffolds (Fig. 2D), which is consistent with the flatter cell morphology of the
chondrocytes grown in PLA scaffolds and supports the notion that flatter cell morphology is
correlated with less cartilage matrix production [45].

3.2.2. Cartilage matrix-related genes—To determine whether the differences in
cartilage matrix production in chondrocytes grown in silk, collagen and PLA scaffolds were
due to differed transcriptional levels of genes controlling cartilage matrix production,
degradation and cell survival, we performed qRT-PCR analysis on cultures of day 8 and day
16. First, we evaluated the expression of cartilage matrix genes collagen II, collagen IX and
aggrecan. Collagen II and collagen IX are the signature collagens uniquely expressed in the
cartilage tissues, while aggrecan is the major proteoglycan component in the extracellular
matrix (ECM), and consists of the aggrecan core protein and the GAGs that bind to it. Thus
aggrecan expression is expected to reflect the overall GAG content [46, 47]. On the other
hand, Sox9 is a transcription factor that serves as a master regulator of chondrogenesis by
directly binding to the collagen II and aggrecan promoters [48, 49]. At day 8, there were no
significant differences in Sox9 expression in chondrocytes grown in the three types of
scaffolds under normal conditions (Fig. 3A). However, the expression of collagen II,
collagen IX and aggrecan was already significantly higher in chondrocytes seeded in silk
scaffolds as compared to collagen and PLA in control samples (Fig. 3A). In the presence of
IL-1β, chondrocytes grown in silk scaffolds expressed significantly higher levels of Sox9,
collagen II and collagen IX than those in PLA scaffolds at day 8 (Fig. 3A). Upon TNFα
treatment, silk scaffolds still supported a higher level of collagen IX expression than PLA
scaffolds at day 8 (Fig. 3A). By 16 days of culture, all cartilage matrix-related genes were
further downregulated by pro-inflammatory cytokines, however, chondrocytes seeded in silk
and collagen scaffolds continued to show an overall higher expression in cartilage matrix
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genes than those in PLA scaffolds (Fig. 3B). We did not perform a time course longer than
day 16, as cartilage matrix gene expression was already reduced to a minimum level.

3.2.3. Chondrocyte hypertrophy and dedifferentiation genes—We then evaluated
the expression of chondrocyte hypertrophy markers collagen X and alkaline phosphatase
(ALP) (Fig. 4). In addition, we assayed collagen I expression, which should be upregulated
if the chondrocytes are de-differentiated (Fig. 4). Our data showed that the levels of collagen
X and collagen I were similar in different scaffolds, in the absence or presence of IL-1β and
TNFα, at both day 8 and day 16. However, ALP was generally strongly induced by TNFα,
but not IL-1β (Fig. 4). These data suggest that scaffold material did not affect the status of
hypertrophy and de-differentiation in these articular chondrocytes.

3.2.4. Chondrocyte-degradation-related genes—It is well established that
metalloproteinases that degrade collagens and aggrecan, including MMP3, MMP13 and
ADAMTS4, are induced by pro-inflammatory cytokines [50]. Our results indicated that
scaffolds of different materials elicited different responses with respect to the various
matrix-degrading enzymes and at various time points to IL-1β and TNFα. At day 8,
significantly higher levels of MMP3, MMP13 and ADAMTS4 were induced by IL-1β in
chondrocytes grown in silk scaffolds than in those grown in collagen and PLA scaffolds,
while there was no difference in TNFα–treated samples (Fig. 5A). Interestingly however,
after 16 days of culture, while there were no differences in between scaffolds under control
conditions, MMP13 expression was significantly lower in chondrocytes cultured in silk and
collagen scaffolds than those in PLA scaffolds under IL-1β or TNFα treatment (Fig. 5B).

3.2.5. Cell adhesion-related genes—Different scaffolding materials have different
surface chemistry properties and rigidity, which may affect cell adhesion and may in turn
influence gene expression [19-21]. Thus, we evaluated the expression of integrins and
cadherins, which are mediators of cell adhesion [51-53]. Both α1 and β1 integrins are highly
expressed in the chondrocytes and bind to collagens in cartilage ECM [51]. On the other
hand, N-cadherin, which normally mediates condensation during chondrocyte
differentiation, exhibits diminished expression in differentiated chondrocytes [54-59]. We
found that chondrocytes grown in PLA scaffolds expressed significantly higher levels of α1-
integrin than those in silk scaffolds at day 8 upon IL-1β treatment (Fig. 6A) and at day 16 in
all conditions (Fig. 6B). In addition, N-cadherin was much more strongly induced in
chondrocytes by TNFα than IL-1β (Fig. 6A and 6B). Given that chondrocytes in PLA
scaffolds exhibited a more flattened morphology (Fig. 2), this result is consistent with
another study that showed that increased expression of α1-integrin is associated with an
elongated rather than round chondrocyte cell shape [45].

3.2.6. Cell death-related genes—We next evaluated the expression of caspases and
inducible nitric oxide synthase (iNOS), which are mediators of apoptosis and induced by
pro-inflammatory cytokines [60]. We found that caspase 3 was more strongly induced by
IL-1β and TNFα in chondrocytes grown in collagen and PLA scaffolds than in silk scaffolds
at day 16 (Fig. 7). In contrast, there were no significant differences in caspase 8 expression
in chondrocytes grown in scaffolds of different materials throughout the culture periods
(Fig. 7). On the other hand, iNOS was expressed at higher levels in chondrocytes grown in
silk scaffolds than in collagen and PLA scaffolds (Fig. 7). Additionally, while TNFα
strongly induced caspase 8 expression, IL-1β preferentially induced iNOS expression,
thereby suggesting that IL-1β and TNFα have different effects on these genes (Fig. 7).
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3.3. Silk, collagen and PLA scaffolds have different cytokine release properties and water
uptake capacities

To understand the possible underlying mechanisms that cause the differential responses to
pro-inflammatory cytokines, we evaluated the following biophysical properties of the three
different types of scaffolds.

3.3.1. The ability to release pro-inflammatory cytokines—Our rationale was that
higher affinity of the scaffolds for pro-inflammatory cytokines would lead to higher local
concentrations of these factors within the cartilage construct, and differences of the cytokine
levels in the scaffold may in turn affect cartilage gene expression. Therefore, to investigate
how the scaffolds release or retain IL-1β and TNFα, we applied equal amounts of these
cytokines to silk, collagen and PLA scaffolds, and then evaluated the amount of cytokines
that leached out into the medium. As we were uncertain of the capacity of the scaffolds to
adsorb IL-1β or TNFα, we applied three different amounts (0.1ng, 1ng and 10ng) to the
scaffolds, placed the scaffolds in the medium, and assayed by ELISA the amount of
cytokines leached into the medium at different time points (Fig. 8 and Supplemental Fig. 2).
We found that regardless of loading levels, the amount of IL-1β released from silk scaffolds
was significantly higher than that from collagen and PLA scaffolds at the initial time point
of 10min, as well as at the end of the study (cumulative release) (Fig. 8A and 8B). In
contrast, collagen scaffolds maintained a steady release over the first day of the study and
had the lowest cumulative release of IL-1β at early time points (Fig. 8A and 8B). The
release of TNFα from silk, collagen and PLA scaffolds exhibited a similar trend to that of
IL-1β, with silk scaffolds releasing the highest amount of TNFα than other scaffolds (Fig.
8C and 8D). This finding suggests that silk scaffolds may support a microenvironment
where there are lower levels of IL-1β and TNFα, a result that may help to explain the higher
levels of cartilage matrix gene expression in these scaffolds as compared to PLA scaffolds.

3.3.2. Water uptake ability of the scaffolds—Water uptake ability is known to reflect
the hydrophilicity property of the scaffolds [61-63]. Our rationale was that this property
could affect the effective cytokine concentrations in the scaffold microenvironment of the
chondrocytes and in turn chondrocyte gene expression. Using established protocols [22, 64],
we determined that silk and collagen scaffolds have a significantly higher water uptake
capacity than PLA scaffolds, suggesting that silk and collagen scaffolds created a more
hydrated microenvironment for the chondrocytes (Fig. 8).

4. Discussion
A major goal of cartilage tissue engineering is to repair damaged cartilage tissues caused by
mechanical stress and high levels of pro-inflammatory cytokines in arthritic joints. It is clear
that the stability of bioengineered cartilage can be compromised by pro-inflammatory
cytokine-induced cartilage matrix degradation [65, 66]. Several biochemical factors or
reagents, such as IGF-I, PDGF, and Cox-2 inhibitor celecoxib, were shown to possess
inhibitory activities to IL-1β-induced matrix reduction in chondrocytes in 2D cultures [67,
68]. In 3D cultures, dexamethasone and MMP inhibitor TIMP-1 demonstrated a protective
effect against IL-1α [65, 69]. Interestingly, genipin, a cross-linking reagent, was found to
inhibit IL-1α-induced GAG reduction when administered in the culture medium, possibly
by stabilizing the ECM [70]. On the other hand, dynamic loading did not alleviate the
catabolic effect of IL-1α and IL-1β in the cartilage construct [71]. Since dynamic loading
has been widely regarded to enhance cartilage matrix production, this study suggests that
matrix production under normal conditions and matrix maintenance under inflammatory
conditions are two related but not identical issues [71]. Apart from biochemical factors, very
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little is known about the contribution of other components in a 3D cartilage toward
inflammatory response.

Scaffolds constitute an important component of the microenvironment for chondrocytes in
bioengineered cartilage. Selecting the optimal scaffolds, together with supplementing the
optimal biochemical factors in the culture medium, will lead to the enhancement of the
stability of bioengineered cartilage. However, it is still unclear how scaffold material
influences the response of chondrocytes grown in the scaffolds to exogenous inflammatory
stimuli, which may not be revealed by only studying chondrocyte growth under normal
conditions. In this investigation, we focused on analyzing the differences in gene expression
in 3D cultured chondrocytes under the treatment of pro-inflammatory cytokines, IL-1β and
TNFα. We found that chondrocytes cultured in scaffolds of different materials (silk,
collagen and PLA) showed varying responses in gene expression to pro-inflammatory
cytokines, including matrix production and degradation, cell adhesion and cell death.
Overall, silk and collagen scaffolds supported higher levels of cartilage matrix gene
expression than PLA under IL-1β and TNFα treatments, which correlated with toluidine
blue stainings that reflected the level of GAGs. Additionally, we compared chondrocyte
gene expression with cell morphology and the biophysical properties of the scaffolds, such
as release profiles of IL-1β and TNFα, and water uptake abilities. Together, these data
strongly suggest that scaffolding is an important component of the microenvironment for
chondrocytes and plays a significant role in chondrocyte homeostasis in an inflammatory
environment.

4.1. Scaffolding material influences chondrocyte gene expression under inflammatory
conditions

A number of studies have compared cartilage matrix production in engineered cartilage
grown in scaffolds of different materials. In a recent comparison between silk and agarose
hydrogels, Chao et al. found that cartilage constructs derived from these two materials
yielded similar biochemical and biomechanical properties [72]. Work from Erickson et al.
indicated that bovine articular chondrocytes (BACs) seeded in agarose gels had a higher
level of GAG/DNA ratio than in scaffolds derived from hyaluronic acid (HA) and self-
assembly peptides [73]. Consistently, Mouw et al. also reported that agarose gels supported
a higher GAG/DNA ratio in BACs than alginate, collagen, fibrin or polyglycolic acid (PGA)
[74]. In contrast, Hu et al. showed that PGA cartilage constructs contained more collagen
than agarose constructs [75]. Another study compared polycaprolactone (PCL), poly-
glycerol sebacate (PGS) and poly (1,8 octanediol-co-citrate) (POC) scaffolds, and found that
POC supported the highest collagen II/collagen I ratio and higher aggrecan expression from
porcine chondrocytes [76]. In addition to studying scaffolds of different materials, multiple
groups also compared the properties of composite scaffolds that were derived from the same
material, but with different modifications. It was found that various modifications of PCL
and polyethylene glycol (PEG) scaffolds supported different GAG/DNA and collagen II
levels [77, 78]. Together, these thorough studies indicated that scaffolding properties have
significant impacts on cartilage gene expression. It is likely that electric charge, porosity and
surface chemistry of the scaffolds all influence the cellular function of chondrocytes [73].
On the other hand, it is worth noting that these prior studies were performed under the non-
pathological conditions. We believe that the challenge of inflammatory stimuli can further
impact the role of scaffolding material on chondrocytes.

Here, we studied the effect of scaffoldings in the context of pro-inflammatory cytokine
treatment, and evaluated porous scaffolds of silk, collagen and PLA, which were not directly
compared in previous studies. We found that under control conditions, silk and collagen
scaffolds supported higher levels of cartilage matrix deposition and expression of cartilage
matrix genes collagen II, collagen IX and aggrecan than PLA scaffolds. In the presence of
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IL-1β and TNFα, while all cartilage gene expression was significantly reduced, silk and
collagen scaffolds still supported higher cartilage matrix levels.

Importantly however, in other instances, we found that chondrocytes’ responses to
inflammatory stimuli in different scaffolding materials may not be predicted from studying
only non-inflammatory conditions. For example, in the case of MMP13 expression at day
16, while there was no difference among chondrocytes in different materials under control
conditions, there was significantly higher MMP13 expression in the chondrocytes grown in
PLA scaffolds than silk and collagen scaffolds in the presence of IL-1β and TNFα (Fig. 5).
This result suggests that different scaffolding materials can elicit different responses to pro-
inflammatory cytokines in the chondrocytes and that such effects can only be revealed when
the cells are challenged with inflammatory stimuli. A recent investigation indicated that
although there was no difference in cartilage matrix production in different PEG-modified
scaffolds under static conditions, significant differences were observed when scaffolds were
cultured under dynamic stimulation [78]. Thus, this investigation is consistent with the
notion that scaffolding material influences the response to exogenous stimuli, including
biochemical and biomechanical signals.

We have also observed that chondrocytes responded differently to the two different
cytokines IL-1β and TNFα. In terms of ADAMTS4 expression, chondrocytes grown in silk
scaffolds showed a significantly stronger response at day 8 to IL-1β than TNFα, while those
grown in collagen and PLA scaffolds responded to IL-1β and TNFα equally. Furthermore,
IL-1β is much more potent than TNFα in inducing MMP3 (day 16), MMP13 (day 8) and
iNOS expression (day 16), while TNFα induces the expression of hypertrophic marker
alkaline phosphatase (day 8) and cell death indicator caspase 8 (day 8 and day 16) more
readily, suggesting that these two cytokines can activate different signaling pathways.
Another group also noted the differential responses chondrocytes to IL-1β and TNFα when
the cells were cultured as monolayers for up to three days, suggesting that TNFα was a
stronger inducer of cell death as it activated the expression of both caspase 3 and 8 more
strongly [79, 80]. Our data are consistent with this observation of caspase 8 expression;
however, we found that IL-1β and TNFα similarly induced caspase 3 expression, a
discrepancy possibly due to the differences between 2D and 3D culture systems. In addition
to the differences in the activities of TNFα and IL-1β, we have also observed differential
gene expression with respect to culture time. For example, although there was no difference
in aggrecan expression in chondrocytes cultured in different scaffolds upon IL-1β and
TNFα treatments at day 8, there were significant differences in the expression by day 16
(Fig. 2), thereby suggesting that different scaffolding materials may exhibit different kinetic
profiles in regulating cartilage gene expression.

4.2. Comparison of chondrocyte behavior with biophysical properties of the scaffolds
Biomaterials have different physical and chemical characteristics such as surface roughness
and material hydrophobicity that can affect cell attachment, cell shape and chondrocyte gene
expression [20, 81]. Our histological and SEM analyses showed that chondrocytes in PLA
scaffolds had a more spread-out, sheet-like structure. Correspondingly, cells grown in PLA
scaffolds had significantly higher expression of cell adhesion molecule α1 integrin and the
lowest amount of cartilage matrix deposition and gene expression than those grown in silk
and collagen scaffolds. This is consistent with a report by Ronziere et al, in which inhibition
of α1 integrin resulted in a more rounded cell morphology and enhanced collagen II
expression in chondrocytes embedded in collagen gels [45].

In this study, we attempted to understand the mechanisms by which scaffolds influence the
behavior of chondrocytes under inflammatory conditions. We reasoned that the rate of
scaffolds to release cytokines would impact the local environment of the chondrocytes. Prior
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studies, many aiming at targeted protein release, have analyzed the release profiles of
BMP2, VEGF and IGF-I proteins from silk, collagen and PLA scaffolds [82-88]. However,
the release of pro-inflammatory cytokines has not been extensively studied. Here, we show
that silk, collagen and PLA scaffolds have different kinetics in releasing IL-1β and TNFα,
thus proposing that different scaffolding materials may support different levels of pro-
inflammatory cytokines in the chondrocytes’ microenvironment. Regardless of the amount
of cytokine loaded, silk scaffolds released IL-1β and TNFα at a much faster rate than
collagen and PLA scaffolds. This suggests that silk material may not adsorb as much
cytokines as collagen and PLA-based scaffolds do, which may provide chondrocytes with a
more optimal microenvironment. Indeed, the faster cytokine release rate by silk is correlated
with a higher level of cartilage matrix production in chondrocytes grown in silk scaffolds.
Interestingly, while collagen scaffolds consistently released cytokines more slowly than
PLA scaffolds, collagen scaffolds supported higher levels of matrix gene expression,
suggesting that other factors are also involved. It is possible that collagen provides an
additional biochemical regulation on chondrocyte behavior through its binding to integrins
[89, 90].

Hydrophilicity of the scaffolding material might be an additional property that influences
cartilage gene expression and matrix deposition. Previous studies have shown that the
morphology and bulk hydrophilic/hydrophobic qualities of the scaffolds influence the rate of
water uptake of the scaffolds and may affect the subsequent cell reaction to inflammatory
stimuli [61-63]. Our data showed that silk and collagen scaffolds have higher water uptake
abilities than PLA scaffolds, which is correlated with higher levels of cartilage matrix gene
expression in chondrocytes cultured in silk and collagen scaffolds. Furthermore,
chondrocytes in PLA scaffolds had a more flattened morphology and elevated α1 integrin
expression, which may also be correlated with material hydrophobicity. Our result with
these porous scaffolds is consistent with other analyses using PEG-based hydrogels as
cartilage constructs, where swelling ratio positively correlated with collagen II and aggrecan
expression [78, 91, 92]. Therefore, scaffold swelling ratio and water uptake property can be
an additional physical property of the scaffolds that regulate cartilage gene expression under
normal and inflammatory conditions.

In summary, our study constitutes one of the first steps toward understanding the
contribution of scaffold material to inflammatory response. It clearly shows that scaffolding,
as an important component of the chondrocyte microenvironment, plays a critical role in
matrix production and destruction as well as cell death, especially under inflammatory
conditions. These analyses prompted us to conclude that silk and collagen scaffolds are the
most optimal scaffolds for supporting stable cartilage matrix production than PLA scaffolds,
based on the following criteria: 1) higher level of cartilage matrix gene expression and
matrix deposition; 2) lower levels of cartilage degradation enzymes; 3) cell morphology that
resembles native cartilage cells; 4) lower retention of inflammatory cytokines; and 5) higher
water uptake ability.

It will be interesting to determine how the other properties of scaffolding materials, such as
porosity, rigidity, degradation rate, adhesion domains, local stiffness and surface chemistry,
can regulate the response of chondrocytes to inflammatory stimuli [92-95]. In particular, we
would like to determine whether seeding density could alter the influence of scaffolding
material on chondrocyte gene expression, as a higher seeding density would be needed to
generate cartilage constructs for clinical applications. It is also likely that other cell sources
or cell types, such as mesenchymal stem cells, may exhibit differential responses to
inflammatory cytokines when grown in scaffolds of different materials. Further biochemical
and biophysical studies of the cartilage constructs will help us to understand the interaction
of stem cells or chondrocytes with its niche or microenvironment. It is conceivable that
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selecting the proper scaffolding material and optimizing its biophysical properties will aid in
the engineering of more stable cartilage tissues.

5. Conclusions
In this study, the effect of scaffold materials on the response of chondrocytes to IL-1β and
TNFα-mediated inflammatory stimuli was evaluated. Degradable porous scaffolds derived
from silk, collagen and polylactic acid (PLA) had different surface characteristics as assayed
by scanning electron microscopy. In the presence of IL-1β and TNFα, chondrocytes grown
in different biomaterials yielded significant differences in the expression of genes associated
with cartilage matrix production and degradation, cell adhesion and cell death. Chondrocytes
grown in silk and collagen scaffolds exhibited higher levels of cartilage matrix gene
expression than those in the PLA scaffolds, both in non-inflammatory and inflammatory
conditions. On the other hand, while there was no difference in MMP13 expression among
chondrocytes grown in different scaffolds under control conditions at the end of the culture
period, there was significantly higher MMP13 expression in chondrocytes cultured in PLA
scaffolds than in silk and collagen scaffolds in the presence of IL-1β and TNFα. Toluidine
blue staining analysis confirmed our gene expression analyses and further demonstrated that
different scaffolding materials supported different chondrocyte behaviors under
inflammatory conditions. These effects may be related to the biophysical properties of
scaffolding material, including the ability of the scaffolds to release pro-inflammatory
cytokines and to uptake water. Therefore, scaffolding material plays an important role in
regulating cellular response of chondrocytes and is a key component to consider in
engineering stable and strong cartilage tissues in an inflammatory environment.
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Fig. 1. Morphological characterization of scaffolds and chondrocytes by scanning electron
microscopy (SEM)
(A) SEM micrographs of cell-free silk, collagen (COL), and polylactic-acid (PLA) scaffolds.
Top panels: low magnification, scale bar: 200μm. Bottom panel, high magnification, scale
bar: 50μm. (B) Low magnification images of chondrocytes inside the scaffolds after 16 days
of culture. Scale bar: 200μm. (C) High magnification images of chondrocytes inside the
scaffolds after 16 days of culture (see arrows). Scale bar: 25μm. The treatments are: Ctrl (no
cytokines added), IL-1β (10ng/ml), and TNFα (10ng/ml).
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Fig. 2. Histological analyses of chondrocytes grown in silk, collagen and PLA scaffolds
A. H&E staining images. B. Average area (μm2) occupied by individual chondrocytes was
quantified by using Image J. C. Toluidine blue staining images. D. Average toluidine blue
staining per cell, as quantified using Image J analysis. Scale bars: 25μm. Data present mean
± SD. *p<0.05.
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Fig. 3. mRNA analysis of genes associated with cartilage matrix production in chondrocytes
cultured in silk, collagen and PLA scaffolds
qRT-PCR analysis of Sox9, collagen (Col II), collagen IX (Col IX), and aggrecan in control
(Ctrl), IL-1β treated (10ng/ml) or TNFα treated (10ng/ml) samples. For each treatment,
results from three independent samples are shown. (A) Gene expression from Day 8
cultures. (B) Gene expression from Day 16 cultures. All gene expression levels were
normalized to GAPDH. Data present mean ± SD. *p<0.05.
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Fig. 4. Gene expression analysis of chondrocyte hypertrophy and dedifferentiation markers in
chondrocytes cultured in silk, collagen and PLA scaffolds
The expression of hypertrophy markers collagen X (Col X) and alkaline phosphatase (ALP),
and dedifferentiation marker collagen I (Col I) in Ctrl (no cytokine treatment) or IL-1β
(10ng/ml) and TNFα (10ng/ml) treated samples were evaluated. For each treatment, results
from three independent samples are shown. (A) Gene expression from Day 8 cultures. (B)
Gene expression from Day 16 cultures. All gene expression levels were normalized to
GAPDH. Data present mean ± SD. *p<0.05.
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Fig. 5. Gene expression analysis of cartilage degradation enzymes in chondrocytes cultured in
silk, collagen and PLA scaffolds
The expression of cartilage-degrading enzymes MMP3, MMP13, and ADAMTS4 in Ctrl (no
cytokine treatment) or IL-1β (10ng/ml) and TNFα (10ng/ml) treated samples were
evaluated. For each treatment, results from three independent samples are shown. (A) Gene
expression from Day 8 cultures. (B) Gene expression from Day 16 cultures. All gene
expression levels were normalized to GAPDH. Data present mean ± SD. *p<0.05.
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Fig. 6. Gene expression analysis of cell adhesion molecules in chondrocytes cultured in silk,
collagen and PLA scaffolds
The expression of α1 integrin, β1 integrin, and N-cadherin in Ctrl (no cytokine treatment) or
IL-1β (10ng/ml) and TNFα (10ng/ml) treated samples were evaluated. For each treatment,
results from three independent samples are shown. (A) Gene expression from Day 8
cultures. (B) Gene expression from Day 16 cultures. All gene expression levels were
normalized to GAPDH. Data present mean ± SD. *p<0.05.
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Fig. 7. Gene expression analysis of apoptosis-related factors in chondrocytes cultured in silk,
collagen and PLA scaffolds
The expression of caspase 3, caspase 8, and iNOS in Ctrl (no cytokine treatment) or IL-1β
(10ng/ml) and TNFα (10ng/ml) treated samples were evaluated. For each treatment, results
from three independent samples are shown. (A) Results from Day 8 cultures. (B) Results
from Day 16 cultures. All gene expression levels were normalized to GAPDH. Data present
mean ± SD. *p<0.05.
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Fig. 8. Evaluation of cytokine release kinetics of silk, collagen and PLA scaffolds
Three different amounts of pro-inflammatory cytokines IL-1β or TNFα (0.1, 1 and 10ng)
were loaded onto empty scaffolds of silk, collagen (COL), polylactic-acid (PLA). ELISA
was used to verify the initial loading amount and to evaluate the amount of cytokines
leached into the medium at 5 different time points: 10min, 1hr, 1 day, 3 days and 5 days. (A)
Percent release of IL-1β from scaffolds at each time point. (B) Analysis of IL-1β cumulative
release from the scaffolds. (C) Percent release of TNFα from scaffolds at each time point.
(D) Analysis of TNFα cumulative release from scaffolds. Data present mean ± SD.
Statistical analysis of the data was determined by two-way ANOVA. *p<0.05.
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Fig. 9. Analysis of water uptake properties of silk, collagen and PLA scaffolds
Percentage of water uptake in the scaffolds was determined. Statistical analysis of the data
was determined by one-way ANOVA. Data present mean ± SD. *p<0.05.
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