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Abstract

Cartilage tissue engineering has emerged as an attractive therapeutic option for repairing damaged 

cartilage tissue in the arthritic joint. High levels of pro-inflammatory cytokines present at arthritic 

joints can cause cartilage destruction and instability of the engineered cartilage tissue, and thus it 

is critical to engineer strong and stable cartilage that is resistant to the inflammatory environment. 

In the present study, we demonstrate that scaffolding materials with different pore sizes and 

fabrication methods influence the microenvironment of chondrocytes and the response of these 

cells to pro-inflammatory cytokines, IL-1β and TNFα. Silk scaffolds prepared using the organic 

solvent hexafluoroisopropanol (HFIP) as compared to an aqueous-based method, as well as those 

with larger pore sizes, supported the deposition of higher cartilage matrix levels and lower 

expression of cartilage matrix degradation-related genes, as well as lower expression of 

endogenous pro-inflammatory cytokines IL-1β in articular chondrocytes. These biochemical 

properties could be related to the physical properties of the scaffolds such as the water uptake and 

the tendency to leach or adsorb pro-inflammatory cytokines. Thus, scaffold structure may 

influence the behavior of chondrocytes by influencing the microenvironment under inflammatory 

conditions, and should be considered as an important component for bioengineering stable 

cartilage tissues.
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1. Introduction

Osteoarthritis (OA) is a leading debilitating joint disease that has a major public health 

impact. OA is characterized by the destruction of joint cartilage and is accompanied by 

inflammation, causing severe pain and immobility1,2. Age and obesity are major risk factors 

for OA. With the increase in obese and aging population, the incidence for OA is becoming 

ever more prevalent1,3. Surgical or pharmacological treatments have been applied to OA 

patients for symptomatic relief, but they fall short in improving cartilage functions and long-

term outcomes4,5.

Tissue engineering is considered as a potential disease-modifying treatment option for the 

reconstruction of three-dimensional (3D) tissues that generally involves using cells grown in 

natural or synthetic scaffolds, which can be eventually transplanted into the host6–8. 

Significant success has been achieved in generating cartilage constructs in vitro and 

transplanting these bioengineered tissues into cartilage defects in animal models in vivo9,10. 

However, the stability of engineered cartilage constructs is still not satisfactory. A major 

reason for this instability is the reduced level of cartilage matrix caused by chondrocyte 

dedifferentiation or hypertrophy due to mechanical stress and the presence of pro-

inflammatory cytokines6,8,11. Pro-inflammatory cytokines, most notably interleukin-1beta 

(IL-1β) and tumor necrosis factor alpha (TNFα), are elevated in the OA cartilage, making it 

a hostile environment for bioengineered cartilage. These pro-inflammatory cytokines can 

induce cell death and matrix destruction by downregulating cartilage matrix proteins 

including aggrecan and type II collagen, and activating proteases such as aggrecanases and 

matrix metalloproteinases (MMPs)11–13. Thus, it is critical to develop strategies to enhance 

the resistance to IL-1β and TNFα-induced cartilage damage, in order to maintain the 

stability of the engineered cartilage tissue in the inflammatory environment of OA joint.

Scaffolding is a key component in cartilage tissue engineering as it provides a 3D supportive 

environment or niche for seeded chondrocytes. Multiple reports demonstrated that 

chondrocytes produced different amounts of extracellular matrix (ECM) when seeded in 

scaffolds of different materials, suggesting the importance of selecting optimal scaffolding 

materials for cartilage formation14–17. However, how scaffolds contribute to chondrocyte 

behavior under inflammatory conditions is largely unknown. Recently, we reported that silk 

protein scaffolds supported higher levels of ECM under pro-inflammatory cytokine IL-1β 

and TNFα treatment than collagen and polylactic acid (PLA) scaffolds18. However, it was 

unclear whether the structure of the scaffold would also influence the seeded chondrocytes 

in terms of their homeostasis in an inflammatory microenvironment.

The present study compares the influence of silk scaffolds of different fabrication methods 

or pore sizes on chondrocytes under pro-inflammatory cytokines IL-1β and TNFα treatment. 

Porous silk scaffolds can be generated by an aqueous (AQ) fabrication method or an organic 

solvent method utilizing hexafluoroisopropanol (HFIP), with each method contributing to 

differences in the structural architecture and surface morphology of the scaffolds19–24. We 

found that silk scaffolds generated by these two methods, as well as with different pore 

sizes, supported different levels of pro-inflammatory cytokines and matrix degradation gene 

expression. Such differences might be related to the different surface characteristics, 
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cytokine release or adsorption kinetics, and water uptake properties of the scaffolds. We 

concluded that HFIP silk scaffolds with larger pore sizes maintain a less inflammatory 

microenvironment, and thus should be considered for engineering stable cartilage tissue 

under pathological conditions such as OA.

2. Materials and Methods

2.1. Preparation of silk scaffolds

Silk scaffolds were prepared according to our previously described procedures19,20. 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 to generate silk 

solution. For the study of the comparison between aqueous (AQ) derived and 

hexafluoroisopropanol (HFIP) derived silk scaffolds, an aqueous solution of 8% (w/v) silk 

was used to generate scaffolds. AQ silk scaffolds were prepared by adding 4g of NaCl with 

particle size of 500–600 µm into 2 mL of the silk solution in disk-shaped containers at room 

temperature. Twenty-four hours later, the containers were immersed in deionized water to 

extract the salt from the porous scaffolds over 2 days. To generate HFIP silk scaffolds, the 

obtained aqueous silk solution was lyophilized and the lyophilized silk powder was 

dissolved in HFIP. Then 3.4 g of NaCl with particle size of 500–600 µm was added into 

disk-shaped containers and1 mL of the silk-HFIP solution was added over the NaCl. The 

containers were tightly closed and left in the fume hood for 1–2days for silk-HFIP solution 

to evenly distribute. The solvent was then evaporated for 2–3 days at room temperature in 

fume hood. The scaffolds were treated with methanol for 1–2 days and the methanol was 

evaporated. The scaffolds were then immersed in distilled water for 2 days to extract the salt 

particles.

For the study comparing different pore sizes in HFIP scaffolds, a solution of 10% (w/v) of 

silk was used. HFIP silk scaffolds with different pore sizes were prepared as described 

above utilizing NaCl with particle sizes of 106–212 µm, 300–425 µm, 500–600 µm, and 

710–850 µm. The corresponding scaffold pore sizes are referred to as 100–200 µm, 300–400 

µm, 500–600 µm, and 700–800 µm, respectively. Pore sizes of all scaffolds were verified by 

scanning electron microscopy. The porous silk scaffolds were then cut into small disks (5 

mm×3 mm (diameter×height)) and autoclaved for cell seeding.

2.2. Isolation of bovine articular chondrocytes

Bovine articular chondrocytes (BACs) were isolated as described previously25,26. Articular 

cartilage from all surfaces of a 2–14day old male calf knee joint (Research 87, Inc. 

Boylston, MA, USA) was dissected and transferred to a tube containing PBS and 10% 

penicillin/streptomycin antibiotic mixture. To dissociate articular chondrocytes from the 

cartilage matrix, minced cartilage pieces were then treated with 1 mg/ml hyaluronidase 

solution (Sigma, St. Louis, MO, USA) for 15min followed by treatments with 0.25% trypsin 

solution (Sigma) for 30 min, and 2 mg/ml collagenase solution (Sigma) for approximately 

15h at 37°C. The resulting chondrocytes were washed with PBS, resuspended in cell 

freezing medium (90% Fetal bovine serum (FBS) (Thermo Scientific HyClone, New 
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Zealand), 10% DMSO (Sigma)), and stored in liquid nitrogen. The purity of the 

chondrocytes was confirmed by immunocytochemistry for cartilage markers Sox9 and 

collagen II. Only unpassaged primary cells were used for all experiments.

2.3. Cell seeding and cartilage construct culture

To prepare for cell seeding, all silk scaffolds were presoaked in DMEM (Gibco, Carlsbad, 

CA, USA) overnight. Chondrocytes were then seeded into these scaffolds at 5×104 cells/

scaffold. Based on the dimensions of the scaffolds (d=5mm, h=3mm), which would be 

equivalent to 58.9mm3 in total volume, an average seeding density of 0.85 × 103 

cells/mm3scaffold volume can be derived. Note that as the scaffold material occupies a 

significant amount of space inside the scaffolds, the effective space for cell occupancy is 

likely to be lower than the calculated scaffold volume. The cell-loaded scaffolds were placed 

in a humidified tissue culture incubator at 37°C with 5% CO2 for 2 hr to allow for cell 

attachment. Scaffolds were then placed in culture medium of DMEM containing 10% FBS, 

and 1% Antibiotic-antimycotic (Gibco), in the presence or absence of 10 ng/ml of IL-1β or 

TNFα (Peprotech, Rocky Hill, NJ, USA). These scaffolds were cultured for 8 days or 16 

days and medium was changed every 2–3 days. Three independent experiments were carried 

out.

2.4. Bright field microscopy and scanning electron microscopy (SEM)

Bright field images of scaffolds were taken using Leica MZ 16F microscope and Olympus 

DP70 digital camera. Top and side views of scaffolds were captured. For SEM analysis, 

cartilage constructs were fixed in 2.5% gluteraldehyde in 0.1M sodium cacodylate buffer 

(pH=7.4) at 4°C overnight. The samples were then treated with 1% osmium tetroxide for 

1hr, dehydrated in ethanol, and subsequently dried in an Edwards Auto 306 Vacuum 

Evaporator. The samples were cross sectioned and sputter coated with palladium-gold and 

cell morphology in cross-sectioned cell-scaffolds was observed using an ISI DS130 

scanning electron microscope at the Tufts Imaging Facility and Hitachi S-4800 field 

emission SEM (FESEM) at Northeastern University.

2.5. RNA isolation and real-time PCR (RT-PCR)

Total RNA from cell-scaffolds was obtained using RNeasy mini kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s protocol. The RNA was reverse transcribed into 

cDNA using M-MLV reverse transcriptase kit (Invitrogen), random primers (Invitrogen), 

and dNTPs (New England BioLabs, MA, USA), and stored in −20°C for later analyses. The 

cDNA was mixed with gene specific primers and SYBR green SuperMix (Quanta 

Bioscience, Inc., Gaithersburg, MD, USA) and processed for RT-PCR. Gene expression of 

Col II, Col IX, Aggrecan, IL-1β, IL-6, MMP3, MMP13, ADAMTS4, HIF1α, and HIF2α 

were quantified using iQ5 Real time PCR Detection system (BioRad, Hercules, CA, USA) 

and analyzed by iQ5 optical system software. The PCR primers can be found in 

Supplementary Table 1. All transcript levels were normalized to glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) levels.
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2.6. Histological staining

After 16 days of culture, cell-loaded scaffolds were fixed in 10% neutral-buffered formalin 

and embedded in paraffin for histological evaluation. The embedded samples were sectioned 

at 5µm thickness and then processed and stained with hematoxylin and eosin (H&E) and 

toluidine blue using standard protocols.

2.7. Cytokine release kinetics analysis

Pro-inflammatory cytokines IL-1β or TNFα (Peprotech) were loaded onto prewetted 

scaffolds at the following amount: 1 ng, or 10 ng, in 10 µl of medium. The loaded scaffolds 

were incubated for 6 hr at room temperature, immersed into 1ml of culture medium, and 

placed in a humidified tissue culture incubator at 37°C with 5% CO2. At each time point (10 

min, 1hr, 1d, and 3d), scaffolds were transferred into fresh media, and the remaining media 

were 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 of AQ and HFIP silk scaffolds was determined using a previously 

established protocol20. 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) was then measured. The water uptake (%) values were 

obtained using the following formula:

Water uptake (%) = {(Wwet − Wdry) / Wwet} × 100.

2.9. Statistical analysis

Data was presented as mean ± SD with a minimum of three samples. To determine the 

statistical differences for gene expression and water uptake between AQ and HFIP scaffolds 

and different pore-sized HFIP scaffolds for the same treatment, data was analyzed by t-test 

and one-way ANOVA with post-hoc Tukey test (GraphPad Prism; http://

www.graphad.com), respectively. For the cytokine release analysis, two-way ANOVA with 

a Bonferroni post test was used to determine the statistical difference among the materials 

over time. *p < 0.05 was considered statistically significant.
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3. Results

3.1. HFIP silk scaffolds supported higher levels of cartilage matrix production and a lower 
level of matrix degradation in 3D cultured chondrocytes

To determine whether silk scaffolds generated by different fabrication methods affected 

their abilities to support chondrocyte gene expression under inflammatory conditions, we 

analyzed primary bovine articular chondrocytes grown in porous silk scaffolds generated by 

the AQ or HFIP methods. SEM analysis showed that while these scaffolds have the same 

pore size (500–600 µm), the pores of cell-free AQ silk scaffolds had rougher surfaces than 

those of HFIP silk scaffolds (Fig.1A and 1B). Interestingly, chondrocytes in AQ silk 

scaffolds were flatter than those in the HFIP scaffolds (Fig. 1C–1E). We performed toluidine 

blue staining to evaluate cartilage matrix deposition. Toluidine blue is a basic dye that 

exhibits a color shift toward the violet-purple range (i. e. metachromasia) when the level of 

glycosyamonioglycan (GAG) is high18. Significantly, a much stronger and metachromatic 

toluidine blue staining was observed in chondrocytes grown in the HFIP silk scaffolds than 

in the AQ silk scaffolds under the control conditions, suggesting a higher level of matrix 

deposition in the HFIP scaffolds (Fig. 1F). While IL-1β and TNFα treatments reduced the 

intensity of toluidine blue staining in all scaffolds, the staining was still stronger around 

chondrocytes grown in the HFIP scaffolds than in the AQ-silk scaffolds (Fig. 1F).

To provide a more quantitative measure for such differences and to determine whether the 

difference in matrix production was caused by a difference in gene expression, we 

performed real time PCR (qRT-PCR) to assess cartilage matrix and degradation-related 

genes. We examined the expression of cartilage matrix genes collagen II (Col II), collagen 

IX (Col IX) and aggrecan. We also examined the expression of pro-inflammatory cytokines 

IL-1β and IL-6, both which are known to promote the expression of cartilage degradation 

genes such as MMP3, MMP13 and ADAMTSs27–29. Initially at day 8, IL-1β-treated 

chondrocytes grown in HFIP silk scaffolds showed a slightly higher levels of Col II, 

aggrecan, and also higher levels of endogenous IL-1β, MMP13 and ADAMTS5 than those 

in AQ-silk scaffold. However, no differences were observed in control and TNFα-treated 

samples (Fig. 2A). At day 16, chondrocytes grown in HFIP silk exhibited higher levels of 

cartilage matrix genes and lower levels of IL-6 and MMP3 than those in AQ-silk scaffolds 

under the control condition (Fig. 2B). Furthermore, the level of MMP3 was significantly 

lower in the HFIP-silk scaffolds in IL-1β or TNFα-treated samples (Fig. 2B).

To investigate whether these differences in gene expression could be due to the differences 

in important transcription factors of chondrogenesis, we examined the expression of Sox9, 

Runx2 as well as HIF1α and HIF2α. Sox9 is known to promote cartilage matrix genes 

collagen II, collagen IV and aggrecan, while Runx2 promotes chondrocyte hypertrophy-

related genes collagen X and MMPs30–33. We did not observe any differences in Sox9 and 

Runx2 expression among the samples, suggesting that altered cartilage gene expression was 

mediated by other factors (data not shown). HIF1α and HIF2α are hypoxia-induced 

transcription factors that play important roles in regulating cartilage gene expression. HIF1α 

promotes the expression of cartilage matrix genes, and thereby, is beneficial to cartilage, 

while HIF2α promotes the expression of matrix degradation genes and induces OA, thus it is 
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detrimental to cartilage34–36. While there was no difference in HIF1α expression, we did 

observe that chondrocytes cultured in HFIP scaffolds at day 16 showed significantly lower 

levels of HIF2α in control and TNFα-treated samples (Fig. 2B)35. This finding was 

consistent with the observation that there were lower levels of pro-inflammatory cytokines 

and MMPs in HFIP scaffolds (Fig. 2). Since we did not observe any differences in the 

expression of HIF1α at any time point, it suggests that there was no difference in oxygen 

levels in AQ and HFIP scaffolds. Although we observed lower levels of IL-1β and IL-6 in 

HFIP scaffolds under TNFα treatment (Fig. 2B), we did not detect significant levels of 

TNFα expression itself in any conditions, suggesting that TNFα did not induce its own 

expression in our system (data not shown). Overall, the gene expression analysis was 

consistent with the observed higher level of matrix deposition in HFIP silk scaffolds, 

suggesting that the HFIP scaffolds were more suitable for maintaining cartilage features.

3.2. Scaffold pore-size influences the pro-inflammatory micronenvironment in 3D cultured 
chondrocytes

We next investigated whether scaffold pore size influenced cartilage matrix production and 

gene expression under control and inflammatory conditions. Based on the data shown in 

Section 3.1, we chose to use HFIP-silk scaffolds for this analysis. In addition to the 500–600 

µm pore size, which we used earlier in comparison with AQ-silk scaffolds, we also included 

three other pore sizes: 100–200, 300–400, and 700–800 µm (Fig.3A and 3B). SEM 

confirmed the pore sizes of these scaffolds, but did not reveal any significant differences 

among cells grown in the scaffolds (Fig.3C and 3D). H&E and toluidine blue staining 

analyses from day 16 cultures showed that chondrocytes in the different scaffolds had 

similar cell shapes and did not exhibit obvious differences in matrix levels (Fig. 3E–3F).

Gene expression analysis from 8- and 16-day cultures indicated that while there was no 

major difference in the expression of cartilage matrix genes (Col II, Col IX, and aggrecan), 

there were significant differences in the expression of cartilage degradation-related genes in 

cells grown in these different scaffolds (Fig.4A and 4B). In general, larger pore-sized 

scaffolds supported less MMP3, MMP13 as well as ADAMTS4 expression. 

Correspondingly, there were lower levels of endogenous pro-inflammatory cytokine IL-1β 

and IL-6 expression, as well as cartilage degradation promoter factor HIF2α, in large pore-

sized scaffolds. This suggested that larger pore-sized silk scaffolds supported lower levels of 

matrix degradation than smaller pore-sized scaffolds. Interestingly, we did observe a higher 

level of HIF1α in the smallest pore sized scaffolds than the other larger pore-sized scaffolds 

at day 16 in the control condition, which may indicate that as chondrocytes grew, the 

microenvironment in smaller pore sized scaffolds became more hypoxic (Fig.4A and 4B). 

We did not observe any differences in HIF1α expression in conditions of pro-inflammatory 

cytokine treatment. Perhaps the cell density under pro-inflammatory cytokine treatment was 

not high enough to reach a hypoxic state even in the smaller pore-sized scaffolds.

3.3. Different silk scaffolds have different profiles of pro-inflammatory cytokine release 
and water uptake ability

To investigate why scaffolds derived from various fabrication methods with a range of 

structural properties would result in differential endogenous pro-inflammatory cytokine 
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levels or cartilage matrix gene expression under inflammatory conditions, we examined the 

ability of the scaffolds to adsorb and release pro-inflammatory cytokines. We reasoned that 

the difference in scaffold structures might cause a difference in the diffusion of the 

cytokines between the scaffolds and the medium, which would lead to a difference in the 

inflammatory microenvironment surrounding the seeded chondrocytes18. Thus, we applied 

equal amounts of the cytokines to AQ scaffolds, HFIP scaffolds, and HFIP scaffolds with 

different pore sizes and then evaluated the amount of cytokines that leached out the 

scaffolds into the medium. As we were uncertain of the capacity of the scaffolds to adsorb 

IL-1β or TNFα, we applied two different amounts (1ng and 10ng) to the scaffolds and 

assayed the medium at different time points using ELISA (Fig. 5). We found that IL-1β and 

TNFα were released from HFIP silk scaffolds at a faster rate than the AQ silk scaffolds (Fig.

5A and 5B). At 10 mins, 70% of IL-1β and 60% of TNFα were released by HFIP silk 

scaffolds, while only 40% of IL-1β or TNFα were released by AQ silk scaffolds, suggesting 

that HFIP scaffolds retained less IL-1β and TNFα than the AQ scaffolds (Fig.5A and 5B). 

With respect to scaffolds of different pore sizes, larger pore-sized scaffolds released more 

IL-1β and TNFα than smaller pore-sized scaffolds, which may be related to the lower 

physical barrier present in larger pore sized scaffolds (Fig.5C and 5D). This result is 

consistent with the fact that HFIP silk scaffolds with larger pore sizes supported a lower 

level of endogenous IL-1β and IL-6 even in the absence of exogenously administered pro-

inflammatory cytokines, which correlates with lower levels of matrix degradation-associated 

genes in larger pore-sized scaffolds. Another scaffold property that may affect the 

microenvironment of the chondrocytes is the ability to uptake water, which is correlated 

with the hydrophilicity of the material. The degree of hydration in the microenvironment 

could determine the local concentration of nutrients or pro-inflammatory cytokines, which in 

turn could affect chondrocyte gene expression. We found that HFIP silk scaffolds had a 

higher ability to retain water than AQ silk scaffolds, suggesting that HFIP silk scaffolds may 

establish a more hydrated microenvironment for the chondrocytes (Fig. 5E). Expectedly, 

HFIP silk scaffolds of different pore size did not have differential water uptake abilities, as 

they were derived from same scaffold material using the same preparation method (Fig. 5F).

4. Discussion

The relationship between inflammation and regeneration is intriguing. For some tissues and 

processes, such as during zebrafish neuron regeneration or fracture healing of the bone, the 

response to inflammatory stimuli is essential37,38. However, prolonged inflammation could 

be damaging to the tissues39,40. Unlike many vascularized tissues, the avascular cartilage 

has poor regeneration ability. Joint injury (such as ACL or meniscus tear) is accompanied by 

high levels of inflammation, which although this subsides over time, may have a profound 

effect on chondrocyte homeostasis41–43. Many cartilage injuries lead to osteoarthritis (OA) 

years later44,45. Significantly higher levels of pro-inflammatory cytokines IL-1β and TNFα 

were found in early OA joints46. However, higher levels of other pro-inflammatory 

mediators such as IL-6 and leptin were reported to be predominant in end stage OA synovial 

fluid47. Such localized inflammation will compromise the stability of the cartilage48,49. 

Therefore, it is important to engineer stable cartilage under inflammatory conditions.
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Scaffolding constitutes an integral component of the microenvironment architecture for 

chondrocytes in 3D bioengineered cartilage constructs. However, the function of scaffolding 

on cartilage gene expression in the arthritic inflammatory environment still remains largely 

elusive. We chose silk scaffolds for this study because our previous work had revealed that 

silk supported higher levels of cartilage matrix deposition than collagen and PLA scaffolds 

under pro-inflammatory cytokine treatment18. Here we found that silk scaffolds prepared by 

HFIP and those with larger pore sizes supported higher levels of cartilage matrix than those 

prepared by the AQ method or with smaller pore sizes. Interestingly, we did observe that 

HFIP scaffolds also supported higher levels of MMP13 and ADAMTS4 in the presence of 

IL-1β at 8 days. It is possible that chondrocytes grown in the HFIP silk scaffold might be 

more metabolically active and more readily in participating in a repair response under IL-1β 

treatment than those in AQ silk scaffolds. As at the later time point of 16 days, we observed 

lower MMP13 and ADAMTS4 expression in HFIP scaffolds, it suggests that the initial 

increase in these catabolic genes did not last, and eventually chondrocytes in the HFIP 

scaffolds had a higher matrix production/matrix degradation ratio in terms of gene 

expression.

Our results are consistent with previous studies in demonstrating that different cell types 

exhibit varied differentiation potential in AQ and HFIP silk scaffolds. For example, for 

osteogenesis, it was shown that AQ silk scaffolds supported more optimal osteogenic 

differentiation from human mesenchymal stem cells (hMSCs), while for dental pulp 

progenitor cells, HFIP silk scaffolds are more favorable24,51. For elastic cartilage, a higher 

overall matrix deposition was found in sucrose/HFIP scaffolds than in AQ silk scaffolds52. 

We have analyzed the difference in gene expression in chondrocytes from AQ and HFIP 

scaffolds under normal conditions, and further extended our investigation to inflammatory 

conditions. We found that HFIP scaffolds supported less endogenous pro-inflammatory 

cytokine expression and the cartilage-degradation-related genes in chondrocytes. Therefore, 

the preference for selecting fabrication methods has to be determined based on cell type and 

biological processes.

While the effect of pore size on chondrocyte gene expression in the silk scaffolds has not 

been carried out, there are reports that indicate that pore sizes of other types of scaffolds can 

affect cartilage gene expression53–58. For example, chondrocytes isolated from newborn rats 

exhibited a higher level of collagen II expression in larger pore-sized gelatin scaffolds than 

in smaller pore-sized scaffolds; but interestingly, they also expressed higher levels of 

dedifferentiation marker collagen I and hypertrophic marker collagen X53. We did not 

observed any difference in the expression of hypertrophic markers Runx2 and collagen X 

under normal or inflammatory conditions, suggesting that scaffold pore size does not affect 

chondrocyte hypertrophy in our culture system. A limitation of our matrix analysis is that we 

did not assess the total GAG content of the entire scaffolds. Future studies to determine 

GAG contents in higher seeding density and long-term cultures will be highly desirable.

Scaffolds seem to alter gene expression through their unique chemical and physical 

characteristics61–63. Our data shows that HFIP silk scaffolds have smoother surfaces than 

AQ silk scaffolds, which is consistent with prior studies20,52. AQ silk scaffolds are more 

rigid, while HFIP silk scaffolds are more elastic and deformable20,24,52. Such mechanical 
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property could be related to the water uptake ability or swelling ratio of the scaffolds, which 

is indicative of hydrophilicity64–66. Previous studies have shown that hydrophilic scaffolds 

supported better cartilage formation through enhanced collagen type II expression and cell 

redifferentiation in chondrocytes67–69. It is possible that higher hydrophilicity allows for 

optimal function of the ECM, and thus higher levels of matrix production. However, 

hydrophilicity or water uptake ability is only one aspect of the scaffold. We did not observe 

any differences in water uptake in different pore sized silk scaffolds, even though we 

observed a difference in cartilage gene expression. Therefore, other biophysical aspects of 

the scaffolds certainly contribute to the differential gene expression.

We also have investigated the property of scaffolds in retaining and releasing pro-

inflammatory cytokines. We reasoned that when equal amount of pro-inflammatory 

cytokines were applied to the scaffold, the faster that the cytokines leached into the medium, 

the less cytokines would be left within the scaffold microenvironment for the chondrocytes 

to encounter. While the protein release profile from the scaffolds has been studied for other 

proteins such as BMP-2, VEGF, and IGF-I, it has rarely been attempted for pro-

inflammatory cytokines70–74. In our prior analysis on different scaffolding materials, faster 

leaching of the pro-inflammatory cytokine was found to be correlated with higher level of 

cartilage matrix production18. Here, we found it also to be case for silk scaffolds of different 

fabrication methods and pore sizes. HFIP scaffolds (vs. AQ scaffolds) and larger pore sized 

HFIP scaffolds (vs. smaller pore sized scaffolds) released IL-1β and TNFα at a faster rate, 

and supported higher levels of cartilage matrix. It is not clear why HFIP-silk scaffolds leach 

the cytokines faster than AQ-silk scaffolds. It could be related to the smoother surface 

characteristics of the HFIP scaffolds or the distinct structure and surface chemistry of the 

scaffolds. With respect to pore size, it can be surmised that larger pore size would allow pro-

inflammatory cytokines to pass more freely, resulting in faster leaching of the cytokines into 

the medium.

Interestingly, even in the absence of exogenous IL-1β and TNFα, there was a difference in 

chondrocyte gene expression. This may be related to the level of endogenous IL-1β 

expression, which was lowest in HFIP scaffolds (vs. AQ) and those with larger pore sizes 

(vs. smaller pore sizes). IL-1β is able to induce its own expression, as well as other pro-

inflammatory cytokines (such as IL-6) and cartilage degradation related genes MMPs and 

HIF227,35,75. Furthermore, IL-6 in turn mediates HIF2α-induced cartilage destruction76. 

Thus faster release of IL-1β from the scaffold to the medium, be it endogenous or 

exogenous, may be beneficial to cartilage matrix maintenance. Thus, this property may be 

an important component of the scaffold as the chondrocyte niche. In the cytokine release 

analysis, we had observed the same trend of cytokine release kinetics when different amount 

of cytokines were applied. However, in the disease conditions, the levels of these cytokines 

may differ among individuals. A limitation in our study is that our cytokine release study 

had analyzed cytokines leached from the scaffolds to the medium, which, although 

mimicking the course of diffusion of cytokines such as IL-1β endogenously produced by the 

chondrocytes, did not directly assess the diffusion of exogenous cytokines from the medium 

to the scaffolds. Studies using radiolabeled cytokines would be desirable to specifically 

address this question. Certainly, other properties of scaffolding material, including rigidity, 

degradation rate may also contribute to the chondrocyte niche in regulating the response of 
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chondrocytes to inflammatory stimuli. The mechanical property of the engineered cartilage 

is critical to its function, and IL-1β is known to impair such function77. In future studies, it 

will also be important to evaluate the biomechanical properties of cartilage constructs in 

long-term cultures to correlate matrix gene expression with the functionality of the 

bioengineered cartilage.

5. Conclusions

The present study demonstrates that scaffold fabrication method and structure contribute to 

the inflammatory environment and regulate the cellular response of chondrocytes toward 

pro-inflammatory cytokines. Silk scaffolds prepared by HFIP organic solvent method and 

those with larger pore sizes supported higher levels of cartilage matrix than those prepared 

by the AQ method or with smaller pore sizes. Interestingly, HFIP-silk scaffolds with larger 

pore sizes also have a higher tendency to leach pro-inflammatory cytokines into the 

medium, which may influence cartilage gene expression. As scaffolding has intimate contact 

with the chondrocytes, it is an important component of the chondrocyte cell niche. By 

manipulating chemical, physical, and structural properties of scaffolds, we may be able to 

select the optimal scaffold to provide the appropriate microenvironment for engineering 

stable cartilage tissue under pathological conditions.
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Fig. 1. Morphological and histological characterization of chondrocytes in AQ and HFIP silk 
scaffolds
(A) Bright field images of AQ and HFIP silk scaffolds. Top views (top panels) and side 

views (bottom panels) of the scaffolds. Scale bars: 2mm. (B) Scanning electron microscopic 

(SEM) images of AQ and HFIP silk scaffolds. Top panels: low magnification, scale bar: 

200µm. Bottom panel, high magnification, scale bar: 40µm. (C) Low magnification SEM 

images of bovine articular chondrocytes inside the scaffolds after 16 days of culture, scale 

bar: 200µm. (D) High magnification SEM images of chondrocytes inside the scaffolds after 
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16 days of culture. Scale bar: 50µm. (E) H&E staining of chondrocytes in AQ and HFIP silk 

scaffolds. Scale bar: 25µm. (F) Toluidine Blue staining in chondrocytes in AQ and HFIP 

scaffolds. Scale bar: 25µm. For C–F: Ctrl (no cytokine added), IL-1β (10ng/ml), and TNFα 

(10ng/ml).
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Fig. 2. qRT-PCR Gene expression analysis of chondrocytes grown in AQ and HFIP silk scaffolds
Bovine articular chondrocytes were grown in AQ and HFIP silk scaffolds for 8 or 16 days 

with the following treatment: control (no cytokine treatment), IL-1β (10ng/ml) and TNFα 

(10ng/ml). The expression of the following genes was analyzed: collagen II (Col II), 

collagen IX (Col IX), aggrecan, endogenous IL-1β, IL-6, MMP3, MMP13, ADAMTS4, 

HIF1α and HIF2α. 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. 3. Morphological and histological characterization of chondrocytes in HFIP silk scaffolds of 
different pore sizes
(A) Bright field images of HFIP silk scaffolds with pore sizes of 100–200µm, 300–400µm, 

500–600µm, and 700–800µm. Top views (top panels) and side views (bottom panels) of the 

scaffolds. Scale bars: 2mm. (B) SEM micrographs of HFIP silk scaffolds with these pore 

sizes. Top panels: low magnification, scale bar: 200µm. Bottom panel, high magnification, 

scale bar: 40µm. (C) Low magnification SEM images of chondrocytes inside the scaffolds 

after 16 days of culture, scale bar: 200µm. (D) High magnification SEM images of 

chondrocytes inside the scaffolds after 16 days of culture, scale bar: 40µm. (E) H&E 

staining of chondrocytes in HFIP silk scaffolds of different pore sizes after 16 days of 

culture. Scale bar: 25µm. (F) Toluidine Blue staining of chondrocyte seeded in HFIP silk 

scaffolds of different pore sizes after 16 days of culture. Scale bar: 25µm. For C–F: Ctrl (no 

cytokine added), IL-1β (10ng/ml), and TNFα (10ng/ml).
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Fig. 4. qRT-PCR Gene expression analysis of chondrocytes grown in HFIP silk scaffolds of 
different pore sizes
Bovine articular chondrocytes were grown in AQ and HFIP silk scaffolds for 8 or 16 days 

with the following treatment: control (no cytokine treatment), IL-1β (10ng/ml) and TNFα 

(10ng/ml). The expression of the following genes was analyzed: collagen II (Col II), 

collagen IX (Col IX), aggrecan, endogenous IL-1β, IL-6, MMP3, MMP13, ADAMTS4, 

HIF1α and HIF2α. 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. 5. Evaluation of kinetics of scaffolds in releasing pro-inflammatory cytokines and water 
uptake properties of the scaffolds
(A–D) Two different amounts of pro-inflammatory cytokines IL-1β or TNFα (1 and 10ng) 

were loaded onto empty prewetted AQ and HFIP scaffolds, as well as HFIP with different 

pore sizes, and scaffolds were placed into the culture medium. At 4 different time points: 

10min, 1hr, 1 day, and 3 days, the amount of IL-1β or TNFα leached from the scaffolds into 

the medium were evaluated by ELISA. Percent release was calculated as the ratio of the 

amount of cytokines in the medium to the total 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 of mass of cytokines at each time point 

and all prior time points) to the total amount of cytokines loaded onto the scaffolds. (A) 
Percent release and cumulative release analyses of IL-1β from AQ and HFIP silk scaffolds at 

each time point. (B) Percent release and cumulative release analyses of TNFα from AQ and 

HFIP silk scaffolds at each time point. (C) Percent release and cumulative release analyses 

of IL-1β from HFIP silk scaffolds with different pore sizes at each time point. (D) Percent 

release and cumulative release analyses of TNFα from HFIP silk scaffolds with different 

pore sizes at each time point. (E–F) Water uptake properties of AQ, HFIP, and HFIP silk 

scaffolds with different pore sizes were examined. (E) Water uptake (%) analyses of AQ and 
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HFIP silk scaffolds. (F) Water uptake (%) analyses of HFIP silk scaffolds with different 

pore sizes. Data present mean ± SD. *p<0.05.
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