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Abstract
The osteochondral (OC) interface exhibits a mineral gradient, varying in thickness by several hundred micrometers across 
different species. Disruptions in this interface damage OC tissues, leading to osteoarthritis. The natural architecture and 
composition of native OC interfaces can be replicated using biomaterial scaffolds via regenerative engineering approaches. A 
novel one-step bioextrusion process was employed to fabricate a unitary synthetic graft (USG), which mimics the native OC 
interface’s mineral concentration gradient. This novel USG is composed of an agarose-based cartilage layer and a bone 
layer, consisting of agarose enriched with 20% (200 g/L) hydroxyapatite. The USG features a gradient interface with mineral 
concentrations transitioning from 0% to 20% (mass fraction), mimicking the transition between the cartilage and bone. 
Thermogravimetric analysis revealed that the gradient transition lengths of the graft and native OC tissue harvested from 
bovine knees were similar ((647±21) vs. (633±124) μm). The linear viscoelastic properties of the grafts, which were 
evaluated using strain sweep and frequency sweep tests with oscillatory shear, indicated a dominant storage modulus over 
loss modulus similar to that of native OC tissues. The compressive and stress relaxation behaviors of the USGs demonstrated 
that the graft maintained structural integrity under mechanical stress. Viability assays performed after bioextrusion showed 
that chondrocytes and human fetal osteoblast cells successfully integrated and survived within their designated regions of the 
graft. The novel USGs exhibit properties similar to native OC tissue and are promising candidates for regenerating OC 
defects and restoring knee joint functionality.
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1　Introduction

Knee joint function is compromised by osteochondral (OC) 
tissue damage due to age-related degeneration, mechanical 
trauma, and other pathological conditions [1]. Untreated 
OC damage causes osteoarthritis (OA), which usually oc‐
curs in individuals over 50 years old. More than 528 million 
people worldwide develop OA [2], causing an economic 
burden of approximately 136.8 billion dollars [3]. Cur‐
rently, OA is treated surgically using microfracture, mosa‐
icplasty, and either extracellular matrix (ECM)-based or 
synthetic grafts [4]. Unfortunately, the biological connec‐
tions between the grafts and the native tissues are poor, or 
a mechanically weaker fibrocartilage tissue develops. 
Therefore, there is an unmet demand for designing and 
fabricating new synthetic or biological grafts that are more 

similar to native tissue, in terms of composition, structure, 
and function.

OC tissue is located at the end of long bones and con‐
sists of three different but continuous layers: unmineralized 
cartilage (articular cartilage), mineralized cartilage (calci‐
fied cartilage), and subchondral bone [5, 6]. These layers 
form a graded structure from articular cartilage to subchon‐
dral bone [7, 8] (Fig. 1). Successful replication of this com‐
plex graded OC tissue requires equally complex technolo‐
gies to fabricate the gradations in grafts. These technolo‐
gies should address the graded tissue transitions found in 
human tissues, including the interfaces between cartilage 
and bone, ligament and bone, and tendon and bone [9–12]. 
Some of these technologies are amenable to scaling up to 
industrial fabrication levels under controlled and reproduc‐
ible conditions. For example, several extrusion-based 
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fabrication methods are suitable for the fabrication of 
graded scaffolds [13–16].

Various biocompatible materials, including natural poly‐
mers, synthetic polymers, and combinations of these poly‐
mers [17, 18], have been employed to fabricate scaffolds 
for OC tissue. Scaffolds may also be fabricated using decel‐
lularized tissues [19]. Agarose is a well-characterized hydro‐
gel widely used as a matrix for chondrocyte bioactivity and 
cartilage tissue engineering [20, 21]. Chondrocyte-laden aga‐
rose constructs exhibit physiologically relevant mechanical 
properties approaching the properties of native cartilage [22]. 
Hydroxyapatite (HAp) is present in bone tissue and is com‐
monly used for bone tissue regeneration. Incorporating HAp 
into hydrogels improves the mechanical properties and bioac‐
tivity of 3D-printed scaffolds [23, 24].

The aims of this study were (i) to characterize the OC in‐
terface of the bovine knee, focusing on the unique structural 
and mineral components, (ii) develop a continuously graded 
unitary synthetic graft (USG) that replicates the structural 
properties of a native OC interface using agarose and HAp 
as the primary biomaterials, and (iii) employ bioextrusion 

technology to fabricate a USG with graded calcium content 
similar to natural OC tissues. We hypothesized that a 
hydrogel-based graft made with bioextrusion would closely 
resemble the structural and compositional attributes of a na‐
tive OC interface. This is a novel approach to simulating 
the physiological characteristics of calcium gradients within 
OC tissues.

The results of this study provide valuable insights into 
the application of biomaterials to OC repair and regenera‐
tion in both preclinical and translational settings. These in‐
sights will significantly advance orthopedic research, poten‐
tially influencing the technological and socio-economic as‐
pects of the field. This novel approach can be used to de‐
velop grafts with similar physiological and structural charac‐
teristics as native tissues to address the lack of effective OC 
regeneration solutions for the rapidly aging global population.

2　Materials and methods

The experimental procedure is shown in Fig. 2. First, OC 
tissues from bovine knee joints were harvested and 

Fig. 2  Experimental procedure for tissue harvesting, graft fabrication, and graft characterization. SEM: scanning electron microscopy; EDX: 
energy-dispersive X-ray; TGA: thermogravimetric analysis; Micro-CT: micro-computed tomography

Fig. 1  Structural representation of the OC tissue (layer thicknesses are not to scale)
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characterized. Second, grafts were printed and character‐
ized. Third, the distribution of mineral content and the bio‐
mechanical and rheological properties of the grafts were 
compared with the OC tissues from bovine knees. Fourth, 
the viability of extruded chondrocytes and human fetal os‐
teoblasts (hFOBs) in hydrogel was investigated.

2.1　Materials

Low-melting-temperature agarose was obtained from Cam‐
brex Bio Science Rockland (Product #50100, Rockland, 
ME, USA). HAp (Product #04238) and phosphate-buffered 
saline (PBS, Product #524650) were obtained from Sigma-
Aldrich (Saint Louis, MO, USA). Detailed sources of bio‐
logical materials are specified in the appropriate sections of 
the manuscript.

2.2　Harvesting the OC tissue

Bovine knee joints (1–2 years old, n=3) were obtained from 
a local slaughterhouse and stored at 4 °C. The refrigerated 
knee joints were brought to room temperature before test‐
ing, and plugs were harvested from the femoral condyle 
using 4- and 8-mm punches (Fig. 3). The mineral content 
was evaluated in the 4-mm specimens using thermogravimet‐
ric analysis (TGA). Micro-computed tomography (micro-
CT) and biomechanical and rheological measurements were 
performed using the 8-mm specimens.

2.3　Formulation and extrusion printing of 
graded OC grafts

The USG was fabricated to include a chondrogenic region, 
a transition region, and a bone region. Agarose was dis‐
solved in PBS solution at a concentration of 0.02 g/mL to 
prepare the chondrogenic hydrogel. The solution was 
heated to boiling three times to ensure complete polymeriza‐
tion. HAp nanoparticles were added to the 2% agarose solu‐
tion to make a 20% solution (0.2 g HAp per milliliter of 2% 
agarose), and the solution was sonicated after mixing to dis‐
rupt agglomerates. The agarose and agarose/HAp mixtures 
were non-flowable at room temperature but transformed 
into injectable fluids at ⩾37.5 °C before addition to the ex‐
truder via infusion pumps. The agarose solution and 
agarose/HAp suspension solidified into gels at room tem‐
perature to make the OC USGs (Fig. 4).

Functionally graded biomimetic USGs were fabricated 
using a twin-screw extruder with fully intermeshing, co-
rotating 7.5 mm diameter screws, custom-built by Material 
Processing and Research, Inc. (New Jersey, USA). The ex‐
truder was equipped with a slit die tailored specifically for 
this application (die dimensions in Table 1). Multiple feed‐
ing ports allowed the continuous introduction of solutions/
suspensions, including the agarose solution and the agarose/
HAp suspension. The extruder screws enhanced dispersive 
mixing, breaking up agglomerates of HAp that formed 

Fig. 3  Harvesting and preparation of OC tissue. (a) Gross view of bovine femoral condyles. (b) Specimen collection using 4-mm and 8-mm 
punches. (c) Specimens for thermogravimetric (4 mm), micro-CT, biomechanical, and rheological characterization (8 mm)

Fig. 4  Formulation of the hydrogel for synthetic graft fabrication. The 2% agarose was injectable at 37.5 °C (a) and exhibited gel-like behavior 
at room temperature (b). Similarly, the 20% HAp suspension was injectable at 37.5 °C (c) and gel-like at room temperature (d)
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during initial mixing. Combinations of kneading disks and 
fully flighted elements were staggered at specific angles 
and directions to optimize distributive and dispersive mix‐
ing efficiency [25–28].

The twin-screw extruder was housed in an environmental 
chamber maintained at 37.5 °C. The barrel temperature was 
maintained at 37.5 °C by circulating water through a heated 
bath (Figs. 5a and 5b). This setup prevented the premature 
gelation of the agarose and agarose/HAp suspensions dur‐
ing processing. The agarose solution was introduced through 
an injection point near the die, and the agarose/HAp suspen‐
sion was fed through a different injection point. HAp con‐
centrations within the OC USG were continuously varied 
from 0% to 20% (by weight) by adjusting the agarose and 
agarose/HAp feed rates in a time-dependent manner. The 
overall feed rate to the extruder was maintained at 10 mL/h. 
The flow rate of agarose was incrementally increased from 
0 to 10 mL/h at 1.5 mL/h intervals, while the flow rate of 
the agarose/HAp was decreased from 10 to 0 mL/h at 
1.5 mL/h intervals. The gradient formation within a specific 
length was controlled by varying the lag time between feed 
rate adjustments, the rotational speed of the screws, and the 

die opening. The impact of these adjustments on the gradi‐
ent distance and the optimized parameters for achieving the 
desired grading distance are shown in Table 1.

The agarose and agarose/HAp under the conditions de‐
fined in Table 1 were extruded into 25-mm vials, which 
were moved from the environmental chamber to room tem‐
perature to form the USG. These grafts were punched into 
cylindrical shapes for thermogravimetric, mechanical, 
rheological, micro-CT characterization, and microscopic 
visualization. For scanning electron microscopy (SEM) 
and energy-dispersive X-ray (EDX) characterizations, the 
specimens were cut into rectangular shapes for better 
imaging.

2.4　Thermogravimetric characterization of 
OC tissue and grafts

The weight fraction of mineral content in the native OC tis‐
sues and the HAp content in the USGs were validated using 
a TGA (TGA-Q50, TA Instruments, New Castle, Delaware, 
USA). The tissues were harvested from femoral condyles, 
and the tissues and USGs were stored in sealed packages at 
4 °C in a hydrated chamber during sample collection to pre‐
vent dehydration. Slices were cut from the cylindrical tis‐
sues and grafts, and the thickness was measured using a 
digital caliper (AOS 500, Mitutoyo, Japan). The sections 
were placed in the analyzer’s sampler. The residues of the 
sliced specimens were determined after heating from 25 to 
550 °C at a rate of 25 °C/min under nitrogen.

Table 1  Parameters used to optimize the gradient transition length

Run index

1
2
3

Lag time (s)

30
12
0

Rotational speed 
(r/min)
50
50
75

Die opening (width×
height; mm×mm)
10×3
10×3
2×2

Fig. 5  Bioextrusion of OC grafts. OC grafts contained HAp at the bottom, a continuously decreasing concentration of HAp (from 20% to 0%) in 
the middle, and pure agarose at the top, designed to mimic bone, OC interface, and cartilage, respectively. (a, b) Grafts were fabricated using a 
twin-screw mini extruder installed in an environmental chamber. The 2% agarose solution and agarose/HAp were fed into the extruder from two 
separate infusion pumps with changing flow rates to create a gradient of HAp. Graft specimens were formed using 4 mm (c) and 8 mm 
(d) punches for thermogravimetric, rheological, and micro-CT characterizations
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2.5　SEM and EDX characterization

The OC tissues and USGs were freeze-dried overnight, 
coated with gold, and imaged using an SEM (Scientific 
Apreo 2, Thermo Fisher, USA). The EDX of the OC 
grafts was conducted under SEM after scanning for 
300 s at 20 kV to validate the presence of calcium and 
phosphorus.

2.6　Biomechanical characterization of OC 
tissue and grafts

The compressive properties of OC tissues and USGs 
were characterized using a rheometer (ARES, Rheomet‐
ric Scientific, currently TA Instruments) in the strain range 
of 0%–5% at a constant compression rate of 0.05 mm/s 
while immersed in 37 °C PBS. This strain level was pre‐
viously used for biomechanical characterizations of na‐
tive cartilage and engineered tissues [7, 29]. The speci‐
mens were initially subjected to a normal force (0.03 N) 
to obtain full contact before initiating the compression 
test.

2.7　Linear viscoelastic properties and 
relaxation of OC tissue and grafts

Compression and the oscillatory shear of the samples 
were characterized using the ARES rheometer. The na‐
tive tissue or graft specimens were inserted between two 
disks (8 mm diameter) immersed in 37 °C PBS to prevent 
drying during the experiments [29]. The upper disk was 
either oscillated in the clockwise and counterclockwise 
directions or translated in the downward direction at a 
constant velocity, and the second disk, which remained 
stationary, was connected to the torque and normal force 
transducer.

In the small-amplitude oscillatory shear test, the shear 
strain oscillated as a function of time as Eq. (1):

γ=γ0sin(ωt), (1)
where γ0 is the shear strain amplitude (i.e., θD/h, with θ  
being the angular displacement, D the disk diameter, and h 
the gap between the two disks), ω is the oscillation fre‐
quency, and t is time. The shear stress (τ) response to the 
oscillatory deformation consisted of two components re‐
lated to the stored energy and energy dissipated as heat, ac‐
cording to Eq. (2):

τ=G′(ω)γ0sin(ωt)+G″(ω)γ0cos(ωt), (2)
where G′(ω) is the shear storage modulus and G″(ω) is the 
shear loss modulus. The ratio of G″(ω) to G′(ω) is tanδ. 
The oscillatory shearing was conducted in the linear visco‐
elastic region where the moduli were independent of the 

strain amplitude. The strain amplitude sweeps indicated 
that up to a strain amplitude of 0.1%, the oscillatory shear 
deformation of the hydrogels and the native tissue occurred 
in the linear region. The dynamic properties G′(ω) and 
G″(ω) were characterized as a function of the frequency 
range of 0.1–100 rad/s at 0.1% strain. The linear viscoelas‐
tic response of the tissue over a range of time scales was 
performed by sweeping the frequencies. The elastic re‐
sponse was emphasized at relatively short characteristic 
deformation times, and the viscous flow behavior was em‐
phasized at longer characteristic times. Time sweep tests 
performed earlier on cartilage tissue [29] and hydrogels 
[30] suggested that the samples were stable within the 
time scale of the experiments, which was usually less than 
15 min of shearing per sample.

2.8　Micro-CT characterization of OC tissue 
and grafts

The bovine OC tissue samples were harvested from the bo‐
vine knee joint and immediately tested. The samples were 
kept hydrated with a customized moisture chamber during 
the testing. The graft specimens were tested after freeze-
drying in air. The micro-CT machine (SkyScan 1272, 
Bruker, MA, USA) was operated at the following param‐
eters: source voltage, 60 kV; source current, 70 μA; 
2×2 binning; Al filter, 0.5 mm; resolution, 2048×2048 
with varied pixel sizes. The 3D reconstruction of bone 
mineral density was performed using the built-in micro-
CT software set (CTVox and CTAn) from Bruker.

2.9　Bioextrusion of hFOBs and chondrocytes

hFOBs (Catalog# CRL-3602, TCC, USA) and rat articular 
cartilage chondrocytes (Cells-Online LLC, USA) were used 
for the bone and cartilage regions of the USG, respectively. 
All cells were incubated at 37 °C and 5% CO2. The hFOBs 
were maintained in a 1:1 mixture of Ham’s F12 medium 
and Dulbecco’s modified Eagle’s medium (DMEM), 
supplemented with 2.5 mmol/L L-glutamine, 1% antibiotics 
(penicillin/streptomycin), and 10% fetal bovine serum. The 
medium was changed every 2 d. The hFOB cells (20 mL of 
3.0×104 cells/mL) were labeled with green CMFDA 
(#C7025, Thermo Fisher), mixed with 20 mL of agarose/
HAp suspension, and fed into the extruder unit for bioextru‐
sion. Rat articular cartilage chondrocytes were cultured in 
DMEM supplemented with 10% fetal bovine serum and 
1% penicillin/streptomycin. The medium was changed every 
other day. Agarose hydrogel scaffolds were prepared in steril‐
ized PBS. Chondrocytes (10 mL of 3.0×104 cells/mL) were 
mixed with 10 mL of 2% agarose (0.02 g agarose/mL PBS) 
and fed into the extruder for bioextrusion. Before infusing 
the hydrogels into the extruder, chondrocyte cell viability 
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was determined at different concentrations of agarose 
(0.5%–2%).

After warming the CellTrackerTM Green CMFDA 
(#C7025, Thermo Fisher) to room temperature, a 10 mmol/L 
stock solution of green CMFDA in dimethyl sulfoxide 
(DMSO) was prepared. The stock solution was diluted to a 
working concentration of 5 µmol/L for labeling. After re‐
moving the culture medium, the pre-warmed working solu‐
tion was added, and the cells were incubated for 30 min at 
37 °C in a 5% CO2 incubator. After removing the working 
solution, the cell culture medium was added as described 
above. The stained cells were visualized using a fluorescent 
microscope (emission: 514 nm; excitation: 485 nm) for 
72 h.

For bioextrusion of cells, chondrocytes were mixed with 
2% agarose, and hFOBs were mixed with 20% HAp/aga‐
rose (0.2 g HAp per milliliter of 2% agarose). The mix‐
tures were fed into the extruder, and the cellular OC graft 
was formed according to the conditions described in Sect. 
2.3. The bottom part of the bioextruded construct, contain‐
ing hFOBs, mimicked the bone part, and the top part, con‐
taining chondrocytes, mimicked the cartilage. Cylindrical 
specimens were punched and processed for staining and 
imaging. The hFOB cells were already labeled as previ‐
ously described. One drop of 4′,6-diamidino-2-phenylindole 
(DAPI) solution was added to the sections to stain the cell 
nuclei before imaging.

To section the OC grafts, the samples were incubated in 
15% or 30% (0.15 or 0.30 g/mL) sucrose in PBS and em‐
bedded in optimal cutting temperature compound. The 
specimens were sectioned into 8-μm-thick slices with a 
cryostat microtome. The mineralized matrix within the 
grafts was analyzed using Alizarin Red staining. Sections 
were rinsed with PBS, fixed in 10% neutral buffered forma‐
lin for 30 min, and stained with 2 mL of 40 mmol/L Alizarin 
Red S (TMS-008-C, Millipore, Germany) for 30 min under 
gentle agitation. The sections were rinsed 10 times with de‐
ionized water to remove non-specific binding. The sections 
were imaged using a stereomicroscope (T100, Nikon, Japan). 
Fluorescent imaging was performed utilizing CMFDA for 
green staining and DAPI for blue staining of the cell nuclei. 
Fluorescently labeled cells were imaged using a stereomi‐
croscope (SMZ1500, Nikon).

2.10　Statistical analysis

The thicknesses of the gradients in the native OC and 
the grafts were compared using Student’s t-tests. The 
modulus of the graft and the first and second moduli of the 
native tissue were compared using one-way analysis of 
variance (ANOVA). A p value <0.05 was considered sta‐
tistically significant.

3　Results

3.1　Gradient transition length determined by 
TGA

The gradient transition length is the length over which the 
HAp concentration changes from high to low (from bone to 
cartilage). Two sets of experiments were performed using 
TGA. First, the mineral content of the bovine OC tissue 
was analyzed across the bone–cartilage interface. Second, 
variations in HAp concentration across the bone to cartilage 
transition in the printed USGs were quantified. The har‐
vested bovine OC tissues were approximately 10 mm thick. 
The cartilage and OC layers together were approximately 
2 mm. Thus, assessments were conducted up to 3 mm from 
the articular surface.

Based on TGA measurements, the gradient transition 
length for the native OC tissue was (633±124) µm (Fig. 6a, 
n=3). The USGs formed under the conditions specified in 
Table 1 exhibited different gradient transition lengths 
(Fig. 6b). Reducing the time between flow rate changes 
from 30 to 12 s decreased the gradient transition length 
from 3830 to 2720 µm. Instantaneously altering the flow 
rate, increasing the screw rotational speed, and reducing the 
die opening decreased the gradient transition length to 
(647±21) µm. As shown in Fig. 6c, the gradient transition 
lengths of the OC tissue and the USG, measured using 
TGA characterization, were similar. Comparison is given in 
Fig. 6d (p>0.05).

3.2　SEM and EDX characterization

The SEM imaging, EDX elemental mapping, and line scan 
analyses qualitatively and semi-quantitatively demonstrated 
similar mineral distributions in the native OC tissue and the 
USGs. Changes in tissue and graft composition as a func‐
tion of distance from the surface were indicated by the color 
differences in the gross images (Figs. 7a1 and 7b1). Struc‐
tural and compositional (as calcium content) changes were 
demonstrated by SEM (Figs. 7a2 and 7b2) and EDX 
(Figs. 7a3, 7a4, 7b3, and 7b4).

Calcium was absent on the surfaces of the OC tissue 
and the USG. The calcium concentration gradually in‐
creased in the cartilage–bone transition region, and then 
remained constant. The changes in calcium content were 
quantified, as shown in Figs. 7c1–7c3. The thickness of the 
native OC interface gradient was approximately 140 µm, 
based on the median values in the violin plot (Fig. 7c2) 
and around 275 µm based on the mean values in the scat‐
ter plot (Fig. 7c1). The OC native tissue and graft exhib‐
ited gradual changes in calcium content at the interface 
region.
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3.3　Linear viscoelasticity and biomechanical 
properties of the OC tissue and grafts

The linear viscoelastic material functions of the USGs and 
native OC tissues were characterized using an ARES rheom‐
eter. Oscillatory shear experiments were conducted to evaluate 
sample stability under shear, determine the strain amplitude 

range for linear behavior, and determine the dependence of 
storage and loss moduli on deformation rates (frequency). An 
initial time sweep test of approximately 15 min was con‐
ducted to verify data reliability. The results indicated stable 
properties. The storage modulus was measured over 900 s 
(Fig. 8a). No significant temperature sensitivity was detected 
in the tissues and grafts between 19 and 39 °C (Fig. 8b).

Fig. 7  A gross image (a1), SEM micrograph (a2), and calcium mapping (a3, a4) of fresh bovine OC tissue. A gross image (b1), SEM 
micrograph (b2), and calcium mapping (b3, b4) of the OC graft (USG). (c1–c3) The grading distances for native OC tissue and the grafts 
determined by line scans over the EDX-mapped images and (c4) the corresponding gradient lengths (n=3). Error bars represent standard deviations

Fig. 6  Determination of the mineral gradient in bovine OC tissue (a) and USGs (b) and comparison of the two specimens (c, d). (a) The mineral 
concentration of the bovine OC tissue (approximately 10 mm thick) was determined as a function of the thickness of the tissue (n=3). The 
bottom and top parts of the OC tissue corresponded to bone and cartilage, respectively. (b) Process parameters (screw rotational speed and lag 
time) and extruder design parameters (die dimensions) were adjusted to form a gradient of HAp in the graft similar to native OC tissue. (c) The 
gradient transition lengths in the OC tissue and graft overlapped. (d) The gradient transition lengths for grafts fabricated under different 
conditions and bovine OC tissue
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A strain sweep test was used to determine the linear vis‐
coelastic range for each sample. The native OC tissues ex‐
hibited consistent rheological properties up to a 0.1% strain 
amplitude, whereas the grafts and their components (aga‐
rose and agarose/HAp) maintained stable properties up to a 
1% strain amplitude (Fig. 8c1). Thus, the frequency sweep 
test was conducted at 0.1% strain, where the OC tissues and 
all graft compositions displayed typical gel-like behavior. 
This is indicated by frequency-independent responses in 
storage (G′) and loss (G″) moduli (Figs. 8c2 and 8c3); the 
storage modulus significantly exceeded the loss modulus, as 
indicated by tanδ values below 1 (Fig. 8c3).

The compression stress relaxation behavior was analyzed 
by imposing 5% compression over 2 s (Fig. 8d). After the 

initial strain, normal stress in the native OC tissues and 
grafts gradually decreased. The time-dependent relaxation 
was characterized by a gradual decrease in normal stress, 
which stabilized around 200 s. The native tissues and the 
USGs behaved similarly, highlighting the successful replica‐
tion of native tissue viscoelastic properties in the USGs.

Figures 8e and 8f show the compressive stress–strain be‐
havior of the native OC tissue and the graft. The native OC 
tissue exhibited dual moduli. The initial modulus, represent‐
ing the cartilage region, was recorded at (0.48±0.28) MPa, 
and the second modulus, indicative of the bone region, was 
recorded at (2.13±0.55) MPa (p<0.05 vs. the initial modu‐
lus). Conversely, the OC graft exhibited consistent linear 
stress–strain behavior until failure. The modulus of the graft 

Fig. 8  Linear viscoelastic material functions and compressive properties of bovine OC tissue and the USG (graft). (a) Time sweep of the native 
tissue (Gel: agarose gel alone; Gel+HAp: agarose gel with hydroxyapatite). (b) Temperature sweep of the OC tissue. Strain sweep at 1 rad/s 
(c1), frequency sweep behavior at 37 °C (c2), and tanδ (c3) of native OC tissue and USGs. (d) Relaxation behavior of the OC tissue and USGs. 
(e) Stress–strain behavior of the USG and the OC tissue with two moduli. (f) Compressive moduli of the OC tissue and graft. Error bars 
represent standard deviations, and p-values show comparisons with the second modulus of the OC tissue
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((0.04±0.01) kPa) was notably lower than the second modu‐
lus of the native tissue (p<0.05).

3.4　Micro-CT characterization of OC tissue 
and grafts

Native OC tissue specimens and grafts were examined us‐
ing micro-CT imaging, and the mineral density was mea‐
sured by dividing the entire specimen into 12–14 µm layers. 
The specimen images show the cartilage, bone, and the tran‐
sition between the two (Figs. 9a and 9b). The changes in 
bone mineral density of the specimens were plotted as a 
function of length from the first value where a signal was 
detected (individual runs shown in Fig. 9c1 and means with 
standard deviations in Fig. 9c2).

3.5　Bioextrusion of hFOBs and chondrocytes

A twin-screw extruder was used to bioprint the agarose hy‐
drogel containing chondrocytes and agarose/HAp hydrogel 
containing hFOBs. The final cellular USGs were then visu‐
alized (Fig. 10). As shown in Fig. 10a, the chondrocytes 
were viable in Ag hydrogel concentrations ranging from 
0.5% to 2%, with reduced survival after 1.5%. For the bioex‐
trusion process, a 2% Ag concentration was chosen based 
on its favorable biomechanical properties. Post-bioextrusion 

survival of chondrocytes and hFOBs was confirmed 
(Figs. 10b and 10c). The graded mineralization within the 
OC grafts is visible in Fig. 10d. These results demonstrate 
the effective incorporation and distribution of minerals in 
the bioextruded structures.

4　Discussion

Fabricating scaffolds or grafts that accurately replicate the 
complex structure and precise mineral gradients of native 
OC tissue poses significant challenges. The main objective 
of this study was to engineer a graft that mimics the mineral 
gradient in native OC tissue. To achieve this goal, we em‐
ployed extrusion printing to construct grafts made from aga‐
rose solutions with and without HAp. These solutions were 
fed through two separate ports of the extruder. The mineral 
gradient was carefully engineered by adjusting the flow rates 
of the agarose solution and the agarose/HAp suspension to 
ensure a consistent overall flow rate. Several parameters, in‐
cluding the rotational speed of the screws, the die opening, 
and the timing of flow rate changes, were adjusted to refine 
the gradient transition length from 5 mm to <700 μm. 
These adjustments resulted in a gradient transition length 
similar to native OC tissue, as determined by TGA. The op‐
timal settings included a rotational speed of 75 r/min, a die 

Fig. 9  Micro-CT characterization of OC tissue (a) and the USG (b), and grading length for OC tissue (Joint) and the USG (c). The native OC 
tissue and the graft were imaged using micro-CT (a1, b1) and colored for better visualization (a2, b2). (c1, c2) The specimens were scanned in 
layers for mineral density, processed, and plotted for comparison. (c2) is the average of the data reported in (c1). Error bars in (c2) represent 
standard deviations
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opening of 2 mm×2 mm, and precise switching between 
flow rates to achieve the desired gradient.

After testing a range of agarose concentrations, 2% aga‐
rose and 20% HAp were identified as the optimal concentra‐
tions (Fig. 10a). Cell survival decreased in agarose solu‐
tions greater than 1.5% concentration. To improve the me‐
chanical properties of the graft, 2% agarose was selected. A 
recent study using 3D printing demonstrated the feasibility 
of 3.5% HAp in a GelMA-based graft [31]. Utilizing an ex‐
truder enabled us to go to a relatively high HAp level of 
20%. However, this value is lower than the mineral concen‐
tration in native OC tissue (approximately 60% by weight, 
Fig. 6c) and requires further consideration. TGA was em‐
ployed to quantify the HAp content within the composite 
USGs. TGA can differentiate between organic material de‐
composition and residual inorganic content, which primar‐
ily consists of HAp that is stable at up to 550 °C [15]. The 
analysis confirmed that approximately 20% of the material 
did not decompose, indicating the presence of HAp.

The linear viscoelastic properties of the USGs were 
characterized under oscillatory shear and compared with 
native OC tissue. The storage moduli for the grafts and na‐
tive OC tissue were independent of time and temperature. 
The tanδ values demonstrated that the tissue and USG ex‐
hibited frequency-independent gel-like behavior, with 
storage moduli significantly exceeding loss moduli. After 

compression, the USGs and native OC tissue exhibited in‐
complete stress relaxation over 200 s, highlighting the sig‐
nificant role of viscoelasticity. Unlike Newtonian fluids, in 
which the stress decays instantly upon cessation of shear‐
ing, or purely elastic materials that maintain constant stress 
under sustained strain, the USGs and native OC exhibited 
typical viscoelastic stress relaxation.

Differences in biomechanical properties between the 
USGs and native OC tissue were detected. Although na‐
tive OC tissue exhibited a two-slope stress–strain curve, in‐
dicating two distinct moduli for cartilage and bone re‐
gions, the grafts exhibited single-slope stress–strain behav‐
ior up to failure [32]. These results suggest that mechani‐
cal strength varies with the different hydrogel concentra‐
tions and HAp content within the grafts. Additionally, the 
discrepancy between the mechanical properties of the graft 
and the native OC tissue, indicating the functionality of 
the graft, can be improved by material optimization, cross‐
linking strategies, and hybrid scaffold approaches [33]. A 
clinically relevant graft can be formed using these meth‐
ods. The mechanical properties of the graft may also be 
improved by embedding cells, which synthesize tissue-
related components [34].

Mineral gradients in OC scaffolds and grafts using uni‐
tary structures have been developed. For example, Erisken 
et al. [7] and Liu et al. [35] used electrospinning to 

Fig. 10  Bioextrusion of hFOBs and chondrocytes. (a) Survival (live/dead stain) of chondrocytes in different concentrations of Ag gels (0.5%–2%) 
before bioextrusion. (b) Live/Dead staining of chondrocytes (3×104 cells/mL) in 2% Ag after bioextrusion. (c) Stereomicroscope image of 
CMFDA-labeled hFOBs and (d) Alizarin Red staining of the mineralized matrix (different grafts obtained from different runs). The green 
arrows in (c) point to CMFDA-labeled hFOBs, the blue arrows represent DAPI staining, and the black color represents HAp. *p<0.05. See the 
supplementary information for a higher magnification of (c). Data in (b2) are expressed as mean±standard deviation (n=3)
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successfully produce thin membranes with mineral gradient 
thicknesses of 350 and 460 μm, respectively. Mohan 
et al. [36], Singh et al. [37], and Harley et al. [38] devel‐
oped unitary scaffolds with graded concentrations of miner‐
als and biomolecules but did not specify the gradient transi‐
tion lengths. They used microparticles ranging from 100 to 
300 μm to form gradients; thus, their gradient transition 
lengths may have significantly exceeded 700 μm. Leving‐
stone et al. [39], Khanarian et al. [34], and Erickson 
et al. [32] established gradients with transition lengths ex‐
ceeding 1 mm. In our study, the thickness of the native OC 
interface gradient was approximately 140 µm, based on the 
median values in the violin plot, and approximately 
275 µm, based on the mean values in the scatter plot. The 
reported thickness of the bovine OC interface was approxi‐
mately 150 µm [40]. We successfully achieved a gradient 
transition length of (647±21) μm, as determined by TGA, 
in a unitary graft tailored for OC interface repair and regen‐
eration. This narrow gradient transition length closely mir‐
rors the natural OC interface.

In this study, different methods yielded different gradient 
thicknesses for the OC tissue specimens. Using TGA, the 
specimens had to be kept wet, and dehydration inevitably 
occurred before placing the specimen into the instrument’s 
chamber, causing deviations. Considering the low weight of 
the specimen (1–2 mg slices were needed to detect the 
gradual changes), evaporation of water from the native tis‐
sue may have introduced significant errors. In addition, 
TGA is an indirect method of measuring changes in mineral 
concentrations across the thickness of the OC interface. 
Therefore, we also evaluated the mineral gradient using EDX, 
a direct method. This method yielded a mean graft gradient 
thickness of around 275 μm. The thickness of the graft gra‐
dient was approximately 650 μm using either TGA or EDX. 
To the best of our knowledge, this value is still the lowest 
mineral gradient thickness generated in a scaffold/graft.

Of note, the optimization parameters were studied in 
more detail by changing each process parameter over a 
range while maintaining the other parameters to obtain the 
lowest possible gradient thickness. The initial parametric 
study, involving the processing parameters provided in 
Table 1, showed that the lag time (the time between the in‐
cremental change in feed rates) was the dominating param‐
eter. When this parameter was decreased to zero, variations 
in other parameters had only minimal effects. Thus, the ex‐
truder was run at 75 r/min, with a 2 mm×2 mm die opening 
while instantly changing the feed rates, as described in 
Table 1 and Fig. 6.

The bone and cartilage layers in the OC tissue contain 
different densities of cells, which depend on the loca‐
tion. The mean cell density in cartilage is around 
9.5×106 chondrocytes/mL [41]. Cell density varies more 
based on the location in the bone. Therefore, the cell count 

per bone area or thickness is usually reported. Subchon‐
dral bone tissue has a cell density of approximately 
1.7×106 osteoblasts/mL [42, 43]. In this study, the cell 
density in both cartilage and bone areas was set to the 
same value of 3×104. Thus, there is a three-order-of-
magnitude difference in cell numbers for the two zones of 
the graft compared with native tissues. Our major goal was 
to mimic the gradient in native OC tissue using a novel 
bioextrusion methodology. Cells were included as proof of 
concept for using the extruder as a bioextruder. We be‐
lieve that using the extruder as a processing tool will sup‐
port the generation of gradients in scaffolds for OC tissue 
applications and other applications involving gradients 
(tendon–bone, ligament–bone, meniscus–bone, muscle–
tendon, and other tissue–tissue interfaces).

The bioextrusion of chondrocytes and hFOBs into desig‐
nated zones produced a graft that physiologically resembled 
native OC tissue, and cell viability was confirmed after bio‐
extrusion. This accomplishment underscores the efficacy of 
the bioextrusion technique to produce functionally graded 
grafts suitable for OC tissue engineering. Moreover, the ex‐
trusion method can be scaled up for precision manufactur‐
ing, enhancing its applicability in clinical settings. Around 
40% of the cells survived the harsh conditions formed by 
the tight clearances between the screws themselves and be‐
tween the screws and the wall of the extruder. Cell survival 
was evaluated in vitro as a function of agarose concentra‐
tion before feeding the solutions into the extruder. Cell sur‐
vival peaked at 1.5% agarose and then diminished with fur‐
ther increase in agarose concentration. To optimize the me‐
chanical properties of the gel, a 2% agarose concentration 
was selected to produce the grafts. Extruders have been 
used to produce acellular scaffolds, but, to our knowledge, 
this is the first time an extruder was used as a bioextruder. 
Cell survival may be optimized by carefully controlling the 
material and processing conditions. For example, the tem‐
perature was maintained at 37.5 °C using an oil bath. How‐
ever, the temperature within the extruder may have ex‐
ceeded 37.5 °C due to fluctuations, leading to permanent 
cell damage. Tighter temperature control may improve cell 
survival. Other process parameters (screw rotational speed, 
material feed rate and frequency, and die opening) were 
controlled to create a gradient with the smallest possible 
distance, and may not be altered for cell survival without 
sacrificing the structural changes in the graft. The me‐
chanical properties of hydrogel scaffolds play a significant 
role in cell survival. Cells survive better in gels with a 
lower modulus [44]. The modulus of the gel is already low 
enough and should not be modified to increase cell sur‐
vival. However, this is a proof-of-concept study to repli‐
cate the distribution of minerals at the OC interface, and 
our future efforts will focus on improving cell survival and 
functionality.
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Our future research will focus on culturing the bioex‐
truded chondrocytes and hFOBs to monitor matrix formation 
and to analyze the ECM synthesis by the cells. This re‐
search will deepen our understanding of graft behavior in a 
physiological environment and the potential of these grafts 
for clinical applications.

5　Conclusions

This investigation aimed to develop unitary synthetic OC 
grafts that replicate the structural properties of native OC 
tissue using an innovative bioextrusion technique. Our 
novel application of precise bioextrusion to create a mineral 
gradient mimicking natural OC interfaces addresses a key 
challenge in regenerative tissue engineering. Our primary 
goal was to fabricate grafts that closely match native OC tis‐
sue, in terms of mineral gradient transition lengths and vis‐
coelastic properties, and support viable chondrocytes and 
hFOB cells within their matrix. The use of bioextrusion to 
achieve narrow gradient transition lengths and integrate liv‐
ing cells directly into the grafts is a novel aspect of this re‐
search, pushing the boundaries of current tissue engineering 
technologies.

One significant challenge was replicating the complex 
viscoelastic behavior and precise mineral gradients of natu‐
ral OC tissue. This was addressed by controlling the extru‐
sion of agarose and HAp to fine-tune the material properties 
and gradient transition lengths. Additionally, ensuring cell 
viability post-bioextrusion was critical and was successfully 
managed by optimizing the bioextrusion parameters to 
maintain a conducive environment for cell survival and 
integration.

Several steps are necessary to advance the clinical appli‐
cation of these novel bioextruded grafts. The biomechanical 
properties of the grafts should be enhanced to match or ex‐
ceed the properties of native tissues. Different material com‐
positions or hybrid structures that incorporate both synthetic 
and natural materials may be applied to enhance the biome‐
chanical properties. In addition, long-term in vivo studies 
are essential to assess graft performance, including integra‐
tion with host tissue, the longevity of the repair, and the 
functional restoration of joint mechanics.

Transitioning from laboratory-scale bioextrusion to clini‐
cally relevant production requires significant advances in 
automation, reproducibility, and sterility control. The au‐
thors have over 40 years of experience with the extrusion 
process. Thus, automation and reproducibility should not be 
a significant issue. However, working under sterile condi‐
tions with a continuous bioextrusion process (in the pres‐
ence of cells) presents a significant challenge. Setting up a 
clean room to perform the entire graft manufacturing pro‐
cess may be necessary.

The economic feasibility of any advanced biomaterial 
solution is critical. Bioextrusion may reduce costs by 
integrating gradient fabrication and cell incorporation into a 
single process. However, sourcing high-purity raw materi‐
als, maintaining sterile conditions, and scaling up to clini‐
cally relevant batch sizes are challenging. Comparative 
analyses with existing scaffolds and graft production meth‐
ods will be an important next step.

In terms of regulatory considerations, these grafts will 
likely be classified as combination products (device–
biologic) by regulatory agencies. Thus, both safety and effi‐
cacy must be demonstrated through rigorous preclinical test‐
ing, followed by phased clinical trials under Food and Drug 
Administration/European Medicines Agency (FDA/EMA) 
guidelines. This requirement emphasizes the need for early 
engagement with regulatory authorities to align develop‐
ment with approval pathways. Ensuring consistent product 
quality is paramount. Standardized assessment criteria, re‐
quiring the implementation of robust quality management 
systems and adherence to Good Manufacturing Practice 
standards for mineral gradient reproducibility, viscoelastic 
performance, and cell viability, must be developed.

In conclusion, this study sets the groundwork for signifi‐
cant potential advancements in orthopedic treatments by 
creating grafts that could repair complex OC defects and re‐
store joint function, addressing a critical clinical need that 
affects millions globally.
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