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Chondrocytes

Introduction

Cartilage injuries are recognized as a significant source of 
morbidity and pain in the patients.1 The self-healing capac-
ity of articular cartilage is minimal because of the lack of 
endogenous cell sources, vasculature for nutrient supply,2 
and scar tissue formation.3 Osteoarthritis (OA) develops 
after damage to the articular cartilage and the inability to 
achieve full-thickness hyaline cartilage repair.4 Cell-based 
tissue engineering such as autologous chondrocyte implan-
tation (ACI) and matrix autologous chondrocyte implanta-
tion (MACI) has demonstrated promising clinical results.5-7 
However, ACI treatment frequently induces fibrocartilage 
with compromised biological functions, commonly requir-
ing further surgical procedures.4,8 ACI and MACI therapy 
includes steps such as cartilage tissue harvesting, isolation, 
cell expansion, and transplantation into patients. The expan-
sion of human articular chondrocytes (HACs) onto 2-dimen-
sional (2D) surfaces introduces functional changes in the 
cells that dramatically affects their therapeutic utility.9 
Cellular expansion of HACs in vitro represents a formida-
ble challenge, given that cells in their original niche tend to 
de-differentiate progressively.10,11

Although 3D cell culture models can retain the chondro-
genic potential of HACs better than 2D cell culture systems, 
further optimization of chondrogenic phenotypes by adjust-
ing the matrix compliance to mimic the native tissue environ-
ment is warranted.12,13 A growing body of research shows 
that the matrix plays an important role in influencing cell 
growth and differentiation.14,15 When cells were seeded in 
substrates mimicking the compliance of brain, muscle, and 
bone tissues, differentiation markers corresponding to these 
cells were expressed at maximum levels.13,16 Controlling the 
material compliance to mimic the elasticity of the native pro-
teoglycan matrix of cartilage (E ~ 25 kPa)17,18 can maximize 
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Objective. alteration of the cellular microenvironment may influence the intra- and intercellular communication and 
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when the matrix stiffness was close to their native microenvironment. the il-1β effects were attenuated when HaCs 
were co-cultured with hSFCs. Conclusion. Modifying the matrix stiffness to mimic the native cartilage microenvironment 
not only optimized chondrogenic expression but also was essential for the regulation of physiological homeostasis. this 
study proposed a new toolkit to study cell-molecule, cell-cell, and cell-matrix influence on cartilage physiology.
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chondrogenic potential and yield more optimized chondro-
cyte phenotypes.

Matrix compliance and dimensionality are determined 
by a multitude of factors, including pore size, porosity, 
nutrient diffusion rate, pH, oxygen tension, and interstitial 
pressure. Matrix characteristics dictate the mean cell 
responses, ranging from cell spreading, controlling cell 
shape, and molecular organization.19-21 Cells need an opti-
mal microenvironment to support their biological function. 
Physically, a soft material cannot be assembled into a 3D 
structure that can support cell survival throughout a long-
term study, while a rigid material limits cell survival and 
restricts variation in substrate rigidity.22

Transglutaminase cross-linked gelatin (Col-Tgel) can be 
fine-tuned to mimic the native extracellular matrix (ECM) 
stiffness and has been studied as a hypoxic platform without 
compromising critical nutrient and gas exchange that sup-
ports cellular activities.21,23 Using this gel allows for 
research into complex multicellular processes and endoge-
nous matrix turnover which are vital for the study of carti-
lage repair.24 Col-Tgel is not only suitable for in vitro 
experiments, but it can also be used for in vivo delivery and 
repair. Previous studies have successfully used Col-Tgel to 
investigate cell-matrix interactions and optimization of 
myogenic and osteogenic differentiation in vitro and in 
vivo.21,23,25

This study formulated the matrix compliance of Col-
Tgel into three different levels of rigidity to investigate 
chondrogenic activities, including cell proliferation, mor-
phology, differentiation, and the release of autocrine pro-/
anti-inflammatory cytokines. Secondary objectives exam-
ined chondrocyte response to paracrine stimulation (i.e., 
interleukin-1-beta [IL-1β])26 under different matrix condi-
tions. Additionally, human synovial fluid–derived cells 
(hSFCs) were added to measure their effect on chondrogen-
esis.27,28 The present study provides new insights into chon-
drocyte physiology and activity while establishing a model 
for chondrocyte and cartilage regeneration.

Methods

All chemicals and reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Details on the preparation of 
microbial transglutaminase (TG) and gelatin gel are 
described previously.21,29,30 Briefly, gelatin type A 300 
Bloom (Sigma Aldrich, MO) was dissolved and made into 
final concentrations of 3%, 6%, and 9%. TG from 
Streptomyces mobaraense was obtained from Ajinomoto 
(Tokyo, Japan), and was further purified with SP Sepharose 
Fast Flow beads (Sigma Aldrich, MO). The activity of TG 
was titrated by the o-phthaldialdehyde (OPA) assay using 
casein as a substrate, and the protein concentration was 
tested by the Bradford method (Bio-Rad, Hercules, CA) uti-
lizing bovine serum albumin (BSA) as a standard.

The final elasticity of gels was determined through con-
ventional unconfined compression tests.21 Three different 
rigidities of scaffolds were investigated: 0.9 ± 0.1 kPa (Soft 
Col-Tgel), 25 ± 5 kPa (Med Col-Tgel), and 40 ± 10 kPa 
(Stiff Col-Tgel). Med Col-Tgel was tuned to mimic the 
elasticity of the native proteoglycan matrix between the col-
lagen fibers of cartilage (E ~ 25 kPa).17,18

In Vitro Cell isolation and expansion

isolation of HaCs and hSFCs. Discarded cartilage tissue and 
synovial fluid were obtained from a healthy, de-identified 
donor. Cartilage was minced and digested with 0.2% colla-
genase (Worthington Biochemical, Lakewood, NJ, USA) to 
isolate HACs. hSFCs were extracted through centrifugation 
of synovial fluid (180 × g). The digested HACs and the 
extracted hSFCs were filtered and washed twice with 
DMEM (Dulbecco’s modified Eagle medium)/F-12 (Medi-
atech, Manassas, VA, USA) supplemented with 10% (v/v) 
fetal bovine serum III (FBS; Thermo Fisher Scientific, 
Waltham, MA, USA) and 1% (v/v) penicillin-streptomycin 
(PS; Mediatech).

Primary Cell Culture of HaCs and hSFCs. Cells were cultured 
in DMEM/F-12 (Mediatech) supplemented with 10% (v/v) 
FBS and 1% (v/v) PS in a humidified atmosphere of 95% 
O2/5% CO2 at 37°C. The medium was changed every 2 to 3 
days followed cells reached 70% confluence, they were 
passaged by digestion with trypsin/EDTA solution.

three-Dimensional HaC Monoculture

The in vitro 3D Col-Tgel-Cell constructs were created as 
described previously.23 Briefly, 100 µL of the gel solution 
was evenly mixed with 2 × 105 HACs (passage 4) and 5 µL 
of TG to create Col-Tgel cell mixtures. Aliquots (20 μL) of 
the Col-Tgel mixture were seeded into 48-well plates. Once 
the gel had solidified, 0.5 mL of growth medium was added. 
Conventional 2D cell culture was used as a control, where 4 
× 104 cells per well were seeded into 48-well tissue culture 
plates. Samples were collected on days 5, 7, 14, and 28 for 
analysis. Data obtained from cells embedded in the Col-
Tgels were normalized to those on the 2D surface.

external Stimulation with HaC and hSFCs

To study the crosstalk between HACs and hSFCs, 3 differ-
ent co-culture conditions were created by seeding Col-Tgels 
side-by-side (Fig. 5): HACs with HACs, HACs with hSFCs, 
and hSFCs with hSFCs. Briefly, 100 µL of the gel solution 
was evenly mixed with 2 × 105 HACs or hSFCs (passage 4) 
and 5 µL of TG to create Col-Tgel cell mixtures. Aliquots 
(10 μL) of the Col-Tgel mixture containing embedded cells 
were seeded into 48-well suspension plates. After the first 
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gel droplet solidified, 10 μL of the second gel-cell mixture 
was seeded next to the first gel-cell mixture. Five hundred 
microliters of DMEM/F-12 (Mediatech) supplemented with 
10% (v/v) FBS and 1% (v/v) PS was added per well follow-
ing gel solidification.

Stimulation of il-1β
The growth medium of 2D and 3D cell cultures was supple-
mented with 10 ng/mL IL-1β (R&D Systems, Minneapolis, 
MN, USA) on day 3 to evaluate the cellular activity in 
response to external stimuli (i.e., paracrine effects). The 
medium was refreshed on day 5 and samples were collected 
on day 7. Cytokine up/down regulation was determined by 
comparing the mean expression levels of cytokines between 
the treated cultures to their untreated counterparts.

Cellular Response analysis

Cell Morphology analysis. Chondrocyte cell morphology and 
cytoskeleton organization were visualized using an F-actin 
staining kit (Invitrogen, Carlsbad, CA, USA). The assays 
were performed according to the manufacturer’s recom-
mendations. Briefly, the Col-Tgel-cell construct was rinsed 
with Tris buffer with 0.05% Tween 20 (TBST, pH 7.4), 
fixed in 10% neutral formalin solution for 10 min, incu-
bated in blocking buffer (5% BSA in TBST) for 30 minutes, 
and then incubated with the prepared working solution. 
After a 2-hour incubation at 4°C, the Col-Tgel-cell con-
struct was counterstained with 4′,6-diamidino-2-phenylin-
dole (DAPI; Biotium, Hayward, CA, USA) for 5 minutes 
and visualized under an EVOS fluorescence microscope 
(Advanced Microscopy Group, Bothell, WA, USA).

Chondrogenic expression analysis. Proteoglycan deposition 
was visualized and quantified using Alcian blue (AB) and 
toluidine blue (TB) staining and colorimetric assays as 
described previously.31,32 Briefly, after fixation with parafor-
maldehyde (PFA) for 15 minutes, construct was stained with 
AB (0.05% Alcian blue 8GX in 75% ethanol) or (0.1% tolu-
idine blue, 0.4% NaCl, and 20 mM HCl) overnight. After 5 
washes with ddH2O to remove unbounded dye, images were 
captured to analyze the unique characteristics of HACs. For 
AB colorimetric assay, the construct was incubated over-
night in 500 μL 6M guanidine hydrochloride. The superna-
tant was collected, and absorbance measured using a 
microplate reader (Molecular Devices, Sunnyvale, CA).

In situ immunohistochemical staining was performed at 
room temperature to characterize chondrogenic differentia-
tion. Briefly, the Col-Tgel-Cell construct was fixed in 10% 
neutral formalin solution for 10 minutes, incubated in peroxi-
dase suppressor solution (Thermo Scientific, Newington, 
NH) for 30 minutes, and then in the blocking buffer (5% BSA 
in the mixture of Tris-buffered saline and Tween-20) for 30 
minutes. Next, the sample was incubated overnight in the 

primary antibody Col II (1: 200, R&D System) or Sox-9 
(1:400, Santa Cruz) the signals were amplified either with 
biotin-conjugated goat anti-rabbit antibody (1:800, Sigma-
Aldrich, MO) and visualized with DAB-peroxidase substrate 
kit (ThermoFisher Scientific, NY). For fluorescence images, 
signals were detected by Alexa 555 conjugated anti-rabbit 
secondary antibodies (1:800, ThermoFisher Scientific, NY). 
Cell grafts images were obtained by a fluorescence micro-
scope (EVOS, ThermoFisher Scientific, NY).

Cell Survival and Cytotoxicity assay. For cell viability, MTT 
(3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide, Sigma-Aldrich, MO, 100 µL/well, 5 mg/mL) was 
added in each well for the last 4 hours of incubation. The 
absorbance of DMSO-dissolved-solution was recorded by 
plate-reader at OD 570 to 650 nm. Cell proliferation rate 
was compared with the nontreated control.

Cell counting was performed to determine the number of 
viable cells in Col-Tgels.21,23 Cells were released from Col-
Tgel-cell constructs using 20 units of bacterial collagenase and 
incubated in at 37°C for 30 minutes prior to cell counting.

Pro-/anti-inflammatory Mediators, immunoanalysis. The pro-/
anti-inflammatory mediators known involved in joint 
inflammation/pathology were assayed, including IL-6, 
IL-8, IL-1β, IL-1 receptor antagonist (IL-1RA), IL-4, and 
IL-10.33-37. Col-Tgel-cell constructs were refreshed with the 
conditioned medium on day 5. After 48 hours, the condi-
tioned medium was collected for enzyme-linked immuno-
sorbent assay (ELISA), following the manufacturer’s 
protocol (Peprotech, London, UK). Since the concentration 
of secreted cytokines depended on the number of viable 
cells, the data were normalized. To better elucidate the 
interplay relationship of co-cultures, the difference between 
the experimental HAC-hSFC co-cultures and individual 
HAC or hSFC monoculture was assessed in response to 
IL-1β (Figure 5). The co-cultured cell number, glycosami-
noglycan (GAG) expression, and cytokine expression were 
expressed as a relative ratio to their individual culture.

Statistical analysis

Statistical differences were determined using analysis of 
variance and the Tukey-Kramer honest significant differ-
ence (HSD) test for pairwise comparisons (SAS, Cary, NC, 
USA). Values of P < 0.05 were considered to indicate sta-
tistically significant differences.

Results

Re-differentiation of HaCs in a 3D Controllable 
System

Studies have shown that substrates mimicking the compli-
ance of a specific tissue maximized differentiation markers 
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corresponding to that specific tissue. Therefore, we hypoth-
esized that HACs de-differentiated due to in vitro 2D cell 
expansion could regain their original structure and function 
when HACs were seeded in the matrix of compliance that 
mimicked the elasticity of the native matrix of cartilage (E ~ 
25 kPa).17,18 To test this hypothesis, HACs (passages 4-6) 
were encapsulated in Soft (0.9 ± 0.1 kPa), Med (25 ± 
5 kPa), and Stiff (40 ± 10 kPa) Col-Tgels and compared 
with HACs cultured on a 2D surface. Cell morphology, cyto-
skeletal organization, differentiation, and proliferation were 
analyzed on day 28 to demonstrate the long-term effects of 
Col-Tgel on the expression of chondrogenic phenotypes.

Phalloidin immunofluorescence staining was performed 
to visualize the organization of HAC actin filaments on 2D 
and 3D cultures (Fig. 1A). Two-dimensional cultured HACs 
exhibited an elongated fibrotic morphology, with abundant 
F-actin filaments. In contrast, HACs embedded in the 3D 
matrices were generally more spherical in shape. While 
extended filopodia was observed in the Soft Col-Tgel, dot-
like actin-microfilaments and filopodia were found in the 
HACs that were embedded in the Med and Stiff Col-Tgels 
(white arrows in Fig. 1A). Notably, cell clusters were 
observed in the Med Col-Tgel.

Chondrogenic marker expressions were characterized by 
histochemical and immunohistochemical staining from dif-
ferent culture conditions (Fig. 1B). HACs cultured on 2D 
surfaces lost their capacity to make proteoglycans, whereas 
HACs cultured in the 3D Col-Tgels displayed robust GAGs 
staining (AB, TB staining). Sox9, a master regulator for 
chondrogenesis38 stained positive in 3D embedded HACs. 
Type II collagen IHC staining confirmed chondrogenic dif-
ferentiation induced by 3D. While all 3 experimental gel 
conditions exhibited greater staining of GAG, Sox-9 and 
Col II than the 2D cultured cells, the increase was most 
obvious for HACs encapsulated in the Med Col-Tgel matri-
ces. AB colorimetric assay was used to evaluate the produc-
tion of GAG (Fig. 1C). Consistent with staining results, 
HACs embedded in Med Col-Tgel matrices exhibited the 
most significant increase of AB compared with 2 other gel 
conditions and 2D (P < 0.01).

Cell counting was performed (Fig. 1D) to determine the 
difference in cell proliferative capacities. There were sig-
nificantly more HACs in the Med Col-Tgel than in the Soft 
and Stiff Col-Tgels (P < 0.05). The number of HACs 
embedded in the Soft and Stiff Col-Tgels was not signifi-
cantly different from the 2D cell cultures. The Med Col-
Tgel had approximately 1.5 times more cells compared with 
the other culture conditions.

Matrix-Dependent autocrine Cytokine Secretion 
of HaCs

Excessive pro-inflammatory mediators present in the joint 
have been shown to not only contribute to cartilage 

degeneration, but also hinder the progression of cartilage 
repair and recovery.39,40 The effect of matrix compliance on 
cytokine expression was investigated on day 7 using a sand-
wich ELISA immuno assay (Fig. 2). HACs cultured on 2D 
surfaces expressed abundant pro-inflammatory cytokines 
(IL-6) and minimal anti-inflammatory cytokines (IL-10, 
IL-1RA, and IL-4). In contrast, HACs embedded in 3D 
matrices expressed approximately 15 to 70 fold less pro-
inflammatory cytokines (i.e., IL-6, P < 0.001) and approxi-
mately 5 to 10 fold more anti-inflammatory cytokines (i.e., 
IL-1RA, IL-4, and IL-10, P < 0.05). The exception to this 
general trend was IL-8, which was more than 2-fold higher 
in the Soft and Stiff Col-Tgels as compared with the 2D cell 
culture (P < 0.05). However, IL-8 remained minimally 
expressed by HACs encapsulated in the Med Col-Tgel (P < 
0.05). HACs embedded in the Med Col-Tgel generally min-
imally expressed all the evaluated cytokines.

Matrix Compliance Modulated HaCs in 
Response to exogenous Pro-inflammatory 
Signaling

To mimic OA-like changes in vitro,49,50 human recombinant 
IL-1β was added on day 3 (Fig. 3A). On day 7, the effects of 
IL-1β and matrix compliance for chondrogenic activities of 
HACs were assessed by examining cell proliferation, GAG 
expression, and cytokine excretion (Fig. 3). Cell numbers, 
proteoglycan deposition, and cytokine expression in the 
medium with IL-1β was normalized against the medium 
without IL-1β. The addition of IL-1β significantly increased 
cell proliferation of HACs encapsulated in Med Col-Tgel (P 
< 0.05). There were no demonstrable changes in cell num-
bers of HACs encapsulated in the Soft and Stiff Col-Tgels in 
both treated and untreated with IL-1β (Fig. 3B).

In contrast to cell proliferation, IL-1β significantly 
decreased proteoglycan deposition of HACs embedded in 
Med-Col-Tgel, which had the most chondrogenic inductive 
effect among three gel conditions (P < 0.05) (Fig. 3C). 
HACs encapsulated in the Soft and Stiff Col-Tgels did not 
exhibit significant changes in GAG staining after exposure 
to IL-1β due to the initially low GAG expression levels 
under those conditions. Figure 3D shows that HACs cul-
tured in all three gel conditions expressed more pro-inflam-
matory (i.e., IL-6 and IL-8) and less anti-inflammatory (i.e., 
IL-1RA and IL-10) cytokines after being stimulated with 
IL-1β. Among the 3 gel conditions, the differential secre-
tion of pro-inflammatory cytokines by HACs in the Med 
Col-Tgel was most pronounced following IL-1β addition (P 
< 0.05).

Crosstalk between HaCs and hSFCs

hSFCs were chosen because of their interaction with the 
articular cartilage surface, as well as their ease of 
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Figure 1. the effect of matrix compliance on chondrogenic phenotype. Human articular chondrocytes (HaCs) were cultured under 
different conditions (i.e., on 2D surface or encapsulated in Soft, Med, and Stiff Col-tgels). (A) Phalloidin staining. (B) alcian blue, 
toluidine blue histochemical staining and Sox-9 and Col ii iHC staining. (C) alcian blue colorimetric assay. (D) Cell number. Data are 
given in mean ± standard deviation, n = 6, statistical differences (*P < 0.05; **P < 0.01; ***P < 0.001).
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accessibility and their chondrogenic potential.28-31 Two gel 
droplets of the same matrix compliance that encapsulated 
either HACs or hSFCs were seeded side-by-side (Fig. 4). 
Each well contained either homogeneous or heterogeneous 
cell types (i.e., HACs-HACs, HACs-hSFCs, or hSFCs-
hSFCs). Regardless of cell type, elevated proteoglycan 
deposition was observed in the Med Col-Tgel as compared 
with other gel conditions. The hSCFs of HACs-hSFCs co-
cultures expressed greater proteoglycan deposition when 
cultured in the Med Col-Tgel when compared with hSFC 
monocultures.

Crosstalk between HaCs, hSFCs, and il-1β
HAC-hSFC co-cultures in different matrix compliances 
were supplemented with IL-1β (Fig. 5). The HAC-hSFC 
co-cultures expressed significantly less pro-inflammatory 
cytokines (i.e., IL-6 and IL-8) than individual culture (Fig. 
5A, P < 0.01). There were no observational differences 
between co-cultures and individual cultures on the expres-
sion of anti-inflammatory cytokines. When comparing 
gel conditions, experimental HAC-hSFC co-cultures 
normalized with individual HAC + hSFC after stimula-
tion with IL-1β. Cells embedded in the Med Col-Tgel 
contained the highest number of viable cells, deposited 

the most proteoglycans, and secreted the least pro-inflam-
matory cytokines (i.e., IL-6 and IL-8).

Discussion

The ECM is an important regulator of cartilage develop-
ment, homeostasis, pathology, remodeling, and regenera-
tion. The matrix compliances of most currently available 
scaffolds are not optimized for chondrogenic activities. 
Matrix compliance affects the secretion of pro- and anti-
inflammatory cytokines involved in cartilage destruction 
and repair. This study examined the cellular responses to 
various matrix compliances and demonstrated that there 
were significant differences between chondrogenic expres-
sion and pro-/anti-inflammatory profiles when cultured on 
2D surfaces compared with encapsulation in 3D Col-Tgels. 
These findings were the most significant for HACs encap-
sulated in the Med Col-Tgel (i.e., the condition that was 
tuned to mimic cartilage proteoglycan ECM stiffness). This 
Med Col-Tgel condition exhibited greater proteoglycan 
deposition and generally produced less pro-inflammatory 
and less anti-inflammatory cytokines. These data showed 
that HACs embedded in the Med Col-Tgel demonstrated a 
physiological sensitivity in response to IL-1β, and when 
cocultured with hSFCs in the Med Col-Tgel; the HACs 

Figure 2. the impact of matrix compliance on inflammatory secretions. Human articular chondrocytes (HaCs) were cultured 
under different conditions (i.e., on 2D surface or encapsulated in Soft, Med and Stiff Col-tgels). Constructs were harvested on day 
7 for inflammatory cytokine expression analysis. the data were normalized to the number of viable cells in each condition. HaCs 
encapsulated in 3D Col-tgels generally expressed less pro- and more anti-inflammatory cytokines than HaCs culture on 2D surface. 
Comparing the 3 gel conditions, HaCs embedded in the Med Col-tgel generally had minimal cytokine secretion. Data are presented 
as mean ± standard deviation, from 6 samples, statistical differences of 3-D compared with 2-D cell culture (*P < 0.05; **P < 0.01; 
***P < 0.001) and comparison between different Col-tgel (#P < 0.05; ##P < 0.01; ###P < 0.001).
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were able to differentiate into chondrocyte-like cells and 
provided chondroprotective effects against catabolic stress.

This study used passage 4-6 of HACs, which has been 
shown to exhibit irreversible phenotypic alterations.41,42 
Similar to previous studies, HACs de-differentiated on 2D 
surfaces and exhibited extremely high levels of pro-
inflammatory (especially IL-6) and minimal levels of anti-
inflammatory cytokines. The drawbacks of 2D in vitro 
studies were overcome by using the 3D scaffold (i.e., Col-
Tgel). The elongated, de-differentiated HACs in the 2D 
system regained their physiological phenotypic expres-
sion and sensitivity in the 3D scaffold. Moreover, the 3D 
system did not compromise the proliferative capability of 
HACs, suggesting that the 3D in vitro system could pro-
vide a more accurate physiological microenvironment for 
HACs than a 2-D system and a superior platform for in 
vitro cell expansion.

Matrix stiffness has a profound effect on chondrogenic 
phenotypic expression.14-16 Substrates with a low stiffness 

(E ~ 4 kPa) can maintain their chondrogenic phenotype due 
to the round morphology of chondrocytes.43 However, in 
the soft gel, HAC cells do not have enough binding sites or 
a matrix strong enough to support cell suspension.44 
Therefore, as shown in Figure 1, extended filopodia was 
only observed in the Soft Col-Tgel group instead of cell 
clusters. This study showed that chondrogenic proliferation 
and expression levels were enhanced and maintained in the 
matrix compliance (i.e., the Med Col-Tgel, E = 25 ± 5 kPa) 
that mimicked the native elasticity and stiffness of physio-
logical ECM of cartilage (E ~ 25 kPa).17,18 Spherical cell 
morphology, decreased actin cytoskeletal organization, and 
cell clusters that facilitate the outcome of cartilage repair26,45 
improved chondrogenesis due to the increase in intercellular 
contacts.46,47 Suboptimal chondrogenic expression levels 
were found when cells were subjected to conditions that 
deviate from the native-like cellular microenvironment (i.e., 
the Soft and Stiff Col-Tgels, 0.9 ± 0.1 and 40 ± 10 kPa, 
respectively).

Figure 3. the effect of interleukin-1-beta (il-1β) treatment. Human articular chondrocytes (HaCs) treated with or without il-1β 
were cultured under different matrix conditions (i.e., Soft, Med, and Stiff Col-tgels) for 7 days. (A) Study execution. (B) Cell counting. 
(C) alcian blue staining and colorimetric assay. (D) inflammatory cytokine expression. Cells were treated with il-1β on day 3 and 
the medium was refreshed on day 5. On day 7, samples were harvested for analysis. in general, HaCs encapsulated in the Med Col-
tgel that had been treated with il-1β exhibited significantly more cell numbers and less proteoglycan expression as compared with 
nontreated HaCs embedded in the same matrix condition. the downregulation of proteoglycan deposition was accompanied by an 
upregulation of pro-i (i.e., il-6 and il-8) and downregulation of anti- (i.e., il-1ra and il-10) inflammatory cytokine expression. Data 
are presented as mean ± standard deviation, from 6 samples, statistical differences (*P < 0.05; **P < 0.01; ***P < 0.001).
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The discrepancy between this study and previous scaf-
fold studies43 may be secondary to the specific hydrogel 
3D microenvironment. Other material properties such as 
porosity, pore size, and cell-adhesion site contribute to 
discrepancies. Two methods of proteoglycan staining were 
used in this study, Alcian blue (AB) and toluidine blue 
(TB). AB was first used in the gels but was discovered that 
it did not stain hard or soft gels properly. Even after exten-
sive de-staining, there was still left a high background 
staining due to the 3D material trapping dye. TB was used 
after AB to confirm the results and demonstrated strong 
positive staining of cell clusters proteoglycan staining in 
the Med gel was the most positive in AB and TB staining. 
The toluidine blue demonstrated better staining character-
istics than AB staining and demonstrated clear positive 
staining around the cell clusters in the 3D culture. 
Proteoglycan in cartilage can reach molecular weights 
between 1 and 4 MDa depending on the amount of glyco-
sylation.48 Differences in cross-linking densities affect the 
diffusivity of hydrogels and could cause issues with pro-
teoglycan staining.49 A better understanding of the 
dynamic mechanisms involved in cell interaction within 
the matrix microenvironment could result in predictive 
control of cell fate and function, enabling rational design 
strategies for tissue scaffold engineering.

Both the matrix as well as soluble mediators can influ-
ence the behavior of cells in a very distinct and cooperative 
way.18 Cells encapsulated in the Med Col-Tgel maintained 
a relatively low secretion of pro- and anti-inflammatory 
cytokines. The balance between pro- and anti-inflammatory 
cytokines were better maintained in a 3D scaffold when 
compared with a 2D cell culture (Fig. 2). For example, the 
upregulation of pro-inflammatory cytokine expression was 
accompanied by the upregulation of anti-inflammatory reg-
ulators in the Soft and Stiff Col-Tgels, suggesting a positive 
feedback mechanism of cell signaling in a 3D microenvi-
ronment. Mimicking the cartilage microenvironment was 
demonstrated to be an important strategy for regulating cel-
lular expression and homeostasis in this study.

Although matrix compliance can optimize chondrogenic 
activities, the matrix itself may not be sufficient to provoke 
chondrogenic differentiation under pathological conditions. 
As demonstrated in this study, HACs embedded in the 
chondrogenic scaffold (i.e., Med Col-Tgel) were more sen-
sitive to IL-1β as evidenced by the significant downregula-
tion of proteoglycan expression in response to the addition 
of IL-1β. Similar to previous studies,50,51 the matrix degra-
dation was accompanied by the upregulation of cell prolif-
eration and inflammatory responses, especially IL-6 and 
IL-8. As HACs regained their sensitivity in response to 

Figure 4. Crosstalk of human articular chondrocytes (HaCs), human synovial fluid–derived cells (hSFCs), and matrix compliance. 
HaCs and hSFCs were cultured under different matrix compliances (i.e., Soft, Med, and Stiff Col-tgel) side-by-side, as shown in the 
figure. Constructs were harvested on day 7 for alcian blue staining. hSFCs expressed more proteoglycan deposition when co-culture 
with chondrocytes in Med Col-tgel.
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IL-1β, HACs co-delivered with scaffold may fail to repair 
cartilage injury with the substantial pro-inflammatory pres-
ence in the injured joint. The notion that specific, nonnative 
culture conditions lead to cellular changes that reduce the 
responsiveness of chondrocytes may be attributable to cell 
abnormalities or de-differentiation, which was supported by 
previous studies demonstrating reduced responsiveness to 
IL-1β stimulation in osteoarthritic chondrocytes.27 This 
study showed that soluble mediators and the matrix were 
important and need to be considered when designing an 
effective treatment for cartilage defects.

A number of studies have shown that homeostasis of the 
ECM of articular cartilage under normal and pathological 

conditions is dependent on the responses of HACs to para-
crine anabolic and catabolic pathways.24,25 hSFCs were 
selected for this study because of their multipotency and 
availability. A number of studies report that SFCs increase 
after injury or in degenerated joints.52,53 This study reported 
that hSFCs coupled with a finetuned scaffold may benefi-
cially influence cartilage repair treatments. The chondro-
genic differentiation potential of hSFCs was enhanced in 
the Med Col-Tgel and the Med Col-Tgel HAC-hSFC co-
cultures were the most “resistant” to IL-1β-induced stress, 
and the complex chronic inflammatory pathways contribut-
ing to cartilage injury. Crosstalk between joint tissues 
within the innate immune inflammatory network of the 

Figure 5. the response of co-cultured cells to interleukin-1-beta (il-1β). Human articular chondrocytes (HaCs) and human synovial 
fluid–derived cells (hSFCs) were cultured under different matrix compliances (i.e., Soft, Med and Stiff Col-tgel) side-by-side. Construct 
were treated with or without il-1β on day 3, and the medium was refreshed on day 5. On day 7, samples were harvested for analysis 
and experimental outcomes were compared with predicted data. (A) inflammatory cytokine profiles. Co-cultured cells especially 
those in the Med Col-tgel expressed significantly less il-6 and il-8 than expected. (B) Cell counting. (C) alcian blue. Cells embedded 
in the Med Col-tgel contained the highest number of viable cells and deposited the most proteoglycans than expected. Data are 
presented as mean ± standard deviation, from 6 samples, statistical differences (*P < 0.05; **P < 0.01; ***P < 0.001).
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joint play an important role in cartilage development, dis-
ease progression, and remodeling.54 Previous studies have 
shown that IL-1β is capable of stimulating cartilage break-
down in living HACs monocultures, but not in the presence 
of living synoviocytes.55 The apparent resistance of co-cul-
tures observed in this study is consistent with these find-
ings. While further optimization of the matrix by 
co-culturing hSFCs and HACs in different matrix compli-
ances might be needed, this study showed that crosstalk 
between HACs and hSFCs in the chondrogenic-like micro-
environment may provide chondro protective effects.

Scaffold and cells are highly coupled in the regulation of 
chondrogenic expression, function, homeostasis, and sensi-
tivity in response to exogenous stress. The 3D cell culture 
system allows cell-cell, cell-matrix, and cell-molecule 
interactions that make it an ideal “toolkit”/model for the 
study of cartilage development, progression, and repair. 
Manipulating the matrix compliance allows for the study of 
cellular responses under pathophysiological conditions that 
could result in differently designed scaffolds for tissue engi-
neering. While further studies are necessary to determine 
the applicability of these findings to clinical disease, these 
results provide preliminary support for studies aimed at 
understanding and treating cartilage pathology.

limitations

The tissue samples used in this experiment, discarded carti-
lage tissue and synovial fluid, were collected from a single 
healthy, de-identified donor. However, there are varied car-
tilage proteins and cytokines expressed between individu-
als.56,57 Additionally there are concerns that the chondrocytes 
in humans with OA have an altered pattern of gene expres-
sion compared to healthy patients.58 Cartilage tissue from 
OA patients may be limited in their capacity to regain a car-
tilage matrix phenotype. A wider range of donors, including 
healthy patients and patients with confirmed knee OA, are 
needed to address the issues on donor variability.

Additional compression loading tests are warranted to 
test hydrogel stiffness and intactness after culture. Hydrogels 
degrading after culture could explain the lowered cell num-
bers and proteoglycan deposition of the soft hydrogel group.
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