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Abstract

Cartilage tissue engineering (CTE) with the help of engineered constructs has shown promise for
the regeneration of hyaline cartilage, where fibrocartilage may also be formed due to the
biomechanical loading resulting from the host weight and movement. Previous studies have
primarily reported on hyaline cartilage formation in vitro and/or in small animals, while leaving
the fibrocartilage formation undiscovered. In this paper, we, at the first time, present a comparison
study on hyaline cartilage versus fibrocartilage formation in a large animal model of pig by using
two constructs (namely hydrogel and hybrid ones) engineered by means of three-dimensional (3D)
bioprinting. Both hydrogel and hybrid constructs were printed from the bioink of alginate (2.5%)
and ATDCS5 cells (chondrogenic cells at a cell density of 5 x 10 cells ml~!), with the difference in
that in the hybrid construct, there was a polycaprolactone (PCL) strand printed between every two
bioink strands, which were strategically designed to shield the force imposed on the cells within the
bioink strands. Both hydrogel and hybrid constructs were implanted into the chondral defects
created in the articular cartilage of weight-bearing portions of pig stifle joints; the cartilage
formation was examined at one- and three-months post-implantation, respectively, by means of
Safranin O, Trichrome, immunofluorescent staining, and synchrotron radiation-based (SR) inline
phase contrast imaging microcomputed tomography (inline-PCI-CT). Glycosaminoglycan (GAG)
and collagen type II (Col II) secretion were used to evaluate the hyaline cartilage formation, while
collagen type I (Col I) was used to indicate fibrocartilage given that Col I is low in hyaline cartilage
but high in fibrocartilage. Our results revealed that cartilage formation was enhanced over time in
both hydrogel and hybrid constructs; particularly, the hydrogel construct exhibited more cartilage

© 2024 The Author(s). Published by IOP Publishing Ltd
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formation at both one- and three-months post-implantation, while hybrid constructs tended to
have less fibrocartilage formed in a long time period. Also, the result from the inline-PCI-CT
revealed that the inline-PCI-CT was able to provide not only the information seen in other
histology images, but also high-resolution details of biomaterials and regenerating cartilage. This
would represent a significant advance toward the non-invasive assessment of cartilage formation
regeneration within large animal models and eventually in human patients.

1. Introduction

Articular cartilage may lose its structure and function
over time due to the age-related wear and tear, sports
injuries, diseases, and trauma [1]. Injured articular
cartilage is unable to heal spontaneously in adult
animals and humans [2], and further progression of
articular cartilage degeneration leads to osteoarth-
ritis, a chronic joint disorder [3]. The current treat-
ments for severely damaged articular cartilage include
the total joint replacement [4], autochondrocyte or
xenochondrocyte transplantation [5], mesenchymal
stem cell injection [6], microfracture [7], cartilage
scraping via arthroscope [8], and transplantation of
periosteum [9]. However, these treatments do not
result in long-lasting healing and even need a sec-
ondary surgery later [3, 10]. Also, the tissue regener-
ated is typically of fibrocartilage or fibrous one rather
than hyaline cartilage [11]. Hyaline cartilage contains
round chondrocytes within a dense extracellular mat-
rix (ECM) mainly composed of glycosaminoglycans
(GAGs) and collagen type II (Col II) [12]; while fibro-
cartilage contains densely-packed, elongated chon-
drocytes within an ECM of abundant collagen type
I (Col I) and is featured by the inferior mechanical
properties, leading to the reduced articular cartilage
functions as compared to hyaline cartilage [13].
Promising articular cartilage therapies focus on
cartilage tissue engineering (CTE), which uses engin-
eered constructs to help regenerate new cartil-
age. Among them, hydrogel-based constructs have
garnered attention [14] due to their ability to incor-
porate chondrocytes while maintaining their mor-
phology and phenotype [15]. Static culture of hydro-
gel constructs in vitro has shown that incorporated
cells can produce hyaline cartilage ECM as indicated
by the examination of GAGs and Col II, as well as
low fibrocartilage regeneration as indicated by Col I
[16]. However, static in vitro culture does not rep-
licate the biomechanical conditions of native car-
tilage in vivo, which can result in different cellular
responses when hydrogel constructs are implanted.
This dichotomy may result in the outcome discon-
nect between in vitro and in vivo [17]. Unfortunately,
most in vivo studies examined only the formation of
GAGs and Col II at the sites of cartilage defects (where
the constructs were implanted), but not investigated

into the potential fibrocartilage formation [13, 18].
Furthermore, the in vivo studies have primarily per-
formed on small animal models [19, 20], such as rab-
bits that do not replicate the biomechanical condi-
tions of larger animals or humans. Also, previously
studies have indicated that the fibrocartilage forma-
tion in the hydrogel-based methods may be of an issue
due to the biomechanical forces [21-23] emphasizing
the need for CTE approaches to assess fibrocartilage
formation under mechanical load [17].

In this study, we hypothesized that the excess-
ive mechanical forces exerted on the cells within
engineered constructs promote the fibrocartilage
formation at the knee joints. To test this hypothesis,
we employed the state-of-the-art three-dimensional
(3D)-bioprinting technique to fabricate alginate/-
polycaprolactone (PCL) hybrid constructs and
alginate-alone constructs (both with living cells) and
then investigated into the formation of hyaline cartil-
age and fibrocartilage. We strategically designed the
hybrid constructs by employing the force-shielding
mechanism to reduce the forces on the cells within
the alginate hydrogel strands, which were printed in
the spaces or canals between the printed PCL strands
(figure 1(B)) [13]. Previous studies have illustrated
that the cells within such hybrid constructs remain
highly viable and are able to secrete GAGs and Col II
in vitro [24-26]. In the current study, both hydrogel
and hybrid constructs were implanted into the stifle
(knee) joints of pigs and underwent both qualitative
and quantitative analyses on the hyaline cartilage vs.
fibrocartilage formation. In addition to standard his-
tological stains and biochemical assays to characterize
cartilage ECM formation, Col I and Col II deposition
were assessed quantitatively to determine whether
the new-generated tissue was of hyaline cartilage or
fibrocartilage.

Cartilage regeneration has been typically evalu-
ated in vivo using traditional, yet invasive, techniques
that provide only 2D assessments of 3D tissue regen-
eration, limiting the visualization of spatial outcomes
[27]. Notably, these traditional techniques like bio-
chemical assays and histological analysis require
sample excision, obscuring spatial information and
necessitating large animal use, which is costly and
raises ethical concerns [26, 28-30]. Most import-
antly, all of these approaches have to be relinquished
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with the advance from animal to human studies; and
non-invasive imaging techniques must be developed
and used for examining the constructs and tissue
regeneration at intermediate times during the repair
process. Non-invasive imaging techniques, such as
micro-computed tomography (micro-CT) or mag-
netic resonance imaging (MRI) are able to offer valu-
able 3D insights into the structural characteristics
of implanted tissue constructs without the need for
invasive procedures [31-33]. Notably, these imaging
techniques have limited or poor contrast and spa-
tial resolution for characterizing the implanted con-
structs within newly-formed and surrounding nat-
ive tissues [34, 35]. With the advance of synchro-
tron light, new non-invasive imaging techniques have
emerged in the fields of biomedical and mater-
ial sciences [36]; among these techniques, the syn-
chrotron radiation (SR)-based inline phase contrast
imaging microcomputed tomography (inline-PCI-
CT) shows the most promising [37, 38]. Inline-PCI-
CT utilizes phase shift variations in x-rays passing
through samples to visually distinguish each mater-
ial and tissue that has a different refractive index [39,
40]. The potential of inline-PCI-CT to assess fabric-
ated constructs and their time-dependent structural
changes has been demonstrated both in vitro and
in vivo [30, 41, 42]. In this study, we utilized inline-
PCI-CT to visualize implant components and mon-
itor regeneration in a large animal model, comparing
these results with traditional histological sections to
identify cartilaginous features.

2. Materials and methods

2.1. 3D bioprinting hydrogel and hybrid constructs
A-cell-alginate mixture was prepared using a well-
established in vitro chondrogenic cell line from mice,
ATDC5 [43], as previously described [44]. Briefly,
ATDCS5 cells from RIKEN cell bank (Japan) were cul-
tured in Dulbecco’s modified Eagle’s medium/Ham’s
nutrient mixture F12 (DMEM/F12, Sigma, D8900,
USA) supplemented with 5% fetal bovine serum
(FBS, Gibco, USA) and 1% penicillin/streptomy-
cin (Sigma, USA). The cells were trypsinized at
confluency and mixed with alginate solution at
a final cell density and alginate concentration of
5 x 10° cells ml~! and 2.5%, respectively. The result-
ing mixture was used as a bioink for bioprinting both
hydrogel and hybrid constructs on a 3D-Bioplotter
(Envisiontec, Germany) (figure 1(A)).

Alginate bioink was printed through a 200 ym
conical needle into a 6-well plate containing 50 mM
calcium chloride solution (CaCl,, Sigma-Aldrich)
layer-by-layer, forming the hydrogel construct with
a cylindrical shape with a diameter of 8 mm and a
height of 2 mm. This height was designed according
to the in vivo conditions, where articular cartilage in
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pigjoints has 1.5-2 mm thickness [45, 46]. The fabric-
ated constructs were then transferred to another well
with DMED-F12 media and were rinsed twice with
media.

Hybrid constructs were fabricated as per the pre-
viously established protocol [25]. Briefly, PCL beads
(Sigma-Aldrich, Mw 48 000-90 000) were loaded
into a high temperature printing head of the 3D-
Bioplotter, melted, and maintained at 65 °C-80 °C
for 15-20 min before printing to kill any micro-
bial contamination. The PCL strands were printed
at 80 °C through a cylindrical metal needle with
an inner diameter of 300 um on a printing stage
with a temperature controlled at 10 °C. The cell-
impregnated alginate bioink strands were printed
through a conical needle with an inner diameter of
200 pm. The deposition of PCL and bioink strands
was done in an alternating manner, ensuring a 1 mm
gap between PCL-PCL strands and between bioink—
bioink strands. This strategy aimed to strategically
design the hybrid constructs by employing the force-
shielding mechanism to alleviate the forces on the
cells within the alginate hydrogel strands, which were
printed in the spaces or canals between the PCL
strands. Additionally, the strands in adjacent lay-
ers were oriented at 0° and 90° angles alternately.
Overall, hybrid constructs had a cylindrical shape
with a diameter of 8 mm and six layers in height,
about 2 mm. During fabrication, 170 mM CacCl, aer-
osol released from a nebulizer (MY-520) was used
to conduct partial cross-linking. In order to further
crosslink the alginate strands, the fabricated con-
structs were submerged in a 100 mM CacCl, solution
for 20 min. Then, the constructs were rinsed twice in
DMEM/F12 solution for 5 min.

The fabricated hydrogel and hybrid constructs
were transferred immediately to a media consist-
ing of differentiation medium: DMEM/F12 sup-
plemented with 5% FBS, 1% penicillin/strepto-
mycin, 10 mg ml~! insulin-transferrin-selenium
(ITS, Sigma, 13146), and 0.05 mg ml~! ascorbate-
2-phosphate (Sigma, A8960). The 3D-bioprinted
constructs were cultured inside a 37 °C incub-
ator with 5% CO, for 10 d prior to implant-
ation, to initiate chondrogenic differentiation of
the cells. Differentiation media was changed every
other day.

2.2. In vivo implantation of hydrogel and hybrid
constructs

Pigs were selected for these in vivo experiments
since their joint conditions resemble human joints
in terms of gross anatomy, size, weight applica-
tion, and cartilage thickness [47], along with the
fact that the biomechanicsl conditions at the pig
joints are similar to human joints. All animal pro-
tocols were approved by the Animal Research Ethics
Board of the University Animal Care Committee from
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Hydrogel structure

(A) (B) Hybrid structure
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L PCL Cell-impregnated
alginate strand
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3D-bioprinted
hybrid construct
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hydrogel construct

SD»bioprinted construct
Articular cartilage
v Subchondral bone

Hydrogel
construct

construct

Implanted hydrogel and hybrid
constructs

Created defects in femoral condyles Post-operated pig

Figure 1. Fabrication of constructs and their implantation into a pig model. (A) Hydrogel and hybrid constructs were fabricated
on a 3D-bioprinter. (B) Hydrogel constructs (right) were composed of cell-impregnated alginate strands alone, while hybrid
constructs (left) were composed of both cell-impregnated alginate strands and PCL. Note that cell-impregnated alginate strands
are not as tall as PCL strands, thus shielding the cells from the force or stress. (C) Cylindrical defects were created in the femoral
condyles of pigs (left) and then treated with 3D-bioprinted hydrogel and hybrid constructs (middle); and the treated pigs were set

free to stand and walk after surgery (right).

the University of Saskatchewan (#AUP 20140091) in
compliance with Canadian Council on Animal Care
guidelines. Specifically, ten (10) female pigs, each
about 6 months of age and weighing about 130 kg,
were sourced from the Pig Improvement Company
Canada (Winnipeg, MB). The surgeries and animal
care before and after the surgical procedures were
conducted at the Prairie Swine Centre (Saskatoon,
SK). Xylazine (2.2 mgkg~!; Rompun™ 100 mg ml~!
injectable, Elanco Canada Ltd, Mississauga ON)
and butorphanol (0.2 mg kg~!; Torbugesic®, Zoetis
Canada Inc, Kirkland QC) were combined in one syr-
inge and administered to pigs in their holding pen by
intramuscular injection (IM, behind the ear) for sed-
ation/premedication. For general anesthesia, the pig
trachea was intubated for inhalation anesthesia fol-
lowing intravenous injection (IV) of ketamine hydro-
chloride (2 mg kg~!; Narketan, Vetoquinol N.-A.
Inc., Lavaltrie, QC). Following intubation, the pig was
moved onto a veterinary operating table, and inhal-
ation anesthesia of Isoflurane USP (Fresenius Kabi
Canada Ltd, Toronto, ON) started, with the option of
administering additional ketamine boluses as needed.
An IV catheter was placed for administration of
0.9% saline/norm-R/Lactated ringers (2 ml kg h™!)
to maintain hydration during surgery. Anesthesia

monitoring was performed continually with record-
ings made every 5 min for heart rate and respirat-
ory rate; temperature recordings were made at least
hourly.

The left stifle (knee) was selected for each pig
for implantation of the constructs (figure 1(C)). The
skin over the implantation site was surgically pre-
pared (shaved, washed, and sterilized with povidone
iodine solution). A surgical incision was performed
on the craniomedial aspect of the femorotibial joint,
starting proximally, and extending distally over the
joint. Muscle and fat tissues around the joint cavity
were sharply dissected and an incision was made in
the joint capsule. By physically flexing the joint and
luxating the patella medially, a portion of the femoral
condyle was exposed. One defect with a diameter of
8 mm and a depth of about 2 mm, reaching the sur-
face of the subchondral bone, was created on each of
the lateral and medial femoral condyles using a biopsy
punch (figure 1(C)). The defects were then cleaned
with forceps and small curettes, and a hydrogel or
hybrid construct was implanted into each defect.
Implantation sites for hydrogel and hybrid constructs
were alternated (lateral or medial condyle) for each
animal until the last surgery. In a preliminary study,
cell-free 3D printed scaffolds were implanted into
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defects in a joint of one pig. Pig’s blood was collec-
ted into an anticoagulant tube, centrifuged, and the
resulting platelet-rich plasma (PRP) was transferred
into a sterile tube. Thrombin from bovine plasma
(Sigma, T6634) was added to the PRP to activate
it, followed by gentle mixing. Some of the implants
were covered with activated PRP as an adhesive fibrin-
like glue [48], while others were left uncovered. After
two weeks, the pig was euthanized, and both types of
implanted scaffolds, with and without PRP covering,
remained in the defects. Based on this observation, no
PRP covering was used for the subsequent surgeries to
reduce the duration and extent of surgical procedures
performed on the animals.

After the operated joint was returned to the nor-
mal anatomical position, sterile sutures were used
to close the joint capsule and skin. The pig was
given a single subcutaneous dose of buprenorphine
(0.12-0.24 mg kg™!) for post-operative analgesia,
sourced from Chiron Compounding Pharmacy Inc in
Guelph, ON, and injectable meloxicam (Metacam®
20 mg ml~! Solution for Injection, Boehringer
Ingelheim Animal Health Canada Inc, Burlington,
ON) was administered at a dose of 0.4 mg kg™! via
intramuscular injection daily for 5 d post-surgery.
The animals were allowed to move freely in stalls after
surgery, while being subject to daily physical exam-
inations for monitoring their recovery and overall
health. After one and three months, respectively, the
animals were sacrificed using a captive bolt (5 pigs per
time-point).

2.3. Gross examination

After sacrificing the pigs, implanted regions were
excised with a bone saw, and the femoral condyles,
including the implantation sites, were photographed
and examined grossly. Each defect site was examined
to determine how closely the newly formed tissue
resembled normal hyaline articular cartilage. The
coverage, color, surface, and margins of each defect
(n = 4) were evaluated grossly by three observers
using a gross scoring system (table 1) modified from
the Wayne scoring system [49]. Subsequently, each
implanted construct and surrounding cartilage and
bone were further excised with a bone saw and fixed in
4% paraformaldehyde (PFA) in phosphate-buffered
saline on a rocker overnight at room temperature.
Afterwards, the samples were dehydrated over many
hours with increasing concentrations of ethanol, with
the final step using 100% ethanol, and stored at
—20 °C for further analyses.

2.4. Imaging of implanted constructs via
inline-PCI-CT scanning and 3D image
reconstruction

The excised samples (each comprising one defect
and surrounding tissues) were transferred to the
Canadian Light Source (CLS, Saskatoon, SK) and
scanned by means of inline-PCI-CT at the Biomedical
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Table 1. Scoring system for gross evaluation of articular cartilage
defects.

Gross appearance Grade

Coverage
>75% fill
50%-75% fill
25%-50% fill
<25% fill
No fill
Neocartilage color
>75% transparent surface
50%—75% transparent surface
25%-50% transparent surface
<25% transparent surface
0% transparent surface (Opaque surface)
Defect margins
<25% circumference visible
25%-50% circumference visible
50%—75% circumference visible
>75% circumference visible
Entire circumference visible
Surface
Smooth/level with normal
Smooth but raised
25%-50% irregular
50%—75% irregular
>75% irregular

O = N W S = N W O =N W

O = N W

Imaging and Therapy beamline, as previously
described (n = 5) [30]. Briefly, samples were secured
in a sample holder and placed on a rotating stage,
which was located 58 cm and 85 ¢cm from the beam
source and detector, respectively, for scanning at an
imaging energy of 30 keV. Samples were rotated 180°
while collecting 2000 projections on a beamline mon-
itor (AA-60; Hamamatsu) combined with a CCD
camera (PCO 4000) with an effective pixel size of
8.9 pum and scanning exposure time of 0.290 s.

The application of Paganin/transport-of-
intensity phase retrieval, combined with CT recon-
struction, was performed with delta/beta ratio of
300 on raw projection datasets using open-source
UFO-KIT software available at CLS to produce vir-
tual 2D image slices. The histogram was clipped
based on the minimum and maximum grey val-
ues of —0.001 and 0.0015, respectively, obtained
from a test reconstruction, in order to convert
the reconstructed values from 32-bit to 8-bit. 2D
virtual slices were used for 3D-volume rendering
using either manual or automatic segmentation with
Amira software (FEI, France) or a two-step process
involving pre-segmentation with Amira and inter-
polation using the smart interpolation tool provided
by the online Biomedisa platform (https://biomedisa.
org) [50]. Briefly, Amira was used for manual seg-
mentation of different components on every tenth
slice. Subsequently, the online Biomedisa platform’s
automatic interpolation tool was utilized to inter-
polate and segment the remainder of the volume
between the pre-segmented slices. The segmentation
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results were then imported back into Amira for fur-
ther refinement, where minor errors were manually
corrected.

2.5. Tissue processing and sectioning

After imaging at CLS, samples were cut into smal-
ler pieces of about 10 mm X 10 mm X 5 mm
(W x L x H), encompassing the implanted con-
structs, adjacent cartilage, and subchondral bone. The
samples were then decalcified in 19% (w/w) ethyle-
nediaminetetraacetic acid (EDTA) in double distilled
water over three weeks on a rocker at room temper-
ature, changing solution every other day. Decalcified
samples were cut into 5 equal sagittal slabs to repres-
ent the edges and center of each defect (supplemental
figure 1) and then were processed in graded eth-
anol, xylene, and paraffin using a Leica PEARL Tissue
Processor. The slabs were embedded in paraffin, and
sagittal sections of 10 yum were obtained using a Leica
Digital microtome. The sections were mounted on
Superfrost Plus microscopy slides and stored at room
temperature. Tissue processing and sectioning steps
were carried out at the Histology Core Facility of the
University of Saskatchewan.

2.6. Histology

Production of GAGs and collagen fibers were visu-
alized by Safranin O/fast green and Milligan’s
Trichrome staining, respectively, of adjacent his-
tological sections as previously described [51, 52].
Safranin O stains sulfated GAGs red, and fast green
is a counterstain [53, 54]. Aniline blue staining of
collagen fibers (usually Col I or Col II) results in a
dark blue staining of bone and dentine, and a light
blue staining of cartilage in the Milligan’s Trichrome
protocol [52]. Stained sections were imaged at 4x
magnification using a light microscopy (Nikon,
Eclipse E600, SPOT Insight™ Camera), and images
were stitched together to cover the entire section.

2.7. Col I and Col II immunodetection

ColIand Col Il immunofluorescence were performed
on tissue sections to detect deposition of Col I and
Col II, respectively, as previously described [44, 55].
Briefly, the sections were digested with 0.1% trypsin
(MP Biomedicals) at 37 °C for 15 min, followed by
treatment with 0.5% hyaluronidase (Worthington) at
37 °C for 15 min for antigen retrieval. After block-
ing in 4% goat serum (Sigma) and 2% sheep serum
(Sigma) in PBST (0.5% Triton X-100 mixed in PBS),
primary antibodies against Col I (1:100; 2150-1410,
BioRad) and Col II (1:100; II-116B, DSHB) in block-
ing buffer were applied overnight at 4 °C. After PBST
washing, secondary antibodies of goat anti-rabbit
IgG-594 (1:1000, Invitrogen) and goat anti-mouse
IgG-488 (1:1000, Invitrogen) in blocking buffer were
applied for 3 h in the dark at room temperature.
DAPI mounting medium (Vectashield) was applied
on the slides, images of the sections were taken with a
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fluorescence microscope (Nikon, Eclipse E600, SPOT
Insight™ Camera), and images were stitched together
to cover the entire section. Col I, Col II, and DAPI
were visualized in red, green, and blue, respectively.

2.8. GAG and collagen image quantitation

GAG production was quantitated from images of
Safranin O-stained sections using Adobe Photoshop
software (Adobe systems Inc., version 13.0, San Jose,
CA, USA). Margins of each defect were identified
by tissue discontinuities with surrounding host tis-
sues, in some cases assisted by evaluating Safranin
O or collagen immunostaining on neighboring nat-
ive cartilage, which was generally much higher than
in the defect region. Photoshop’s lasso tool was used
to isolate the defect area based on those margins,
and the number of pixels in this region was recor-
ded as the ‘regenerated tissue’ Using the color range
tool built into the software, a specific range of colors
can be selected [56]. As reference for GAG deposition,
a group of pixels of positive Safranin O staining was
selected by applying a color range to the native car-
tilage, and when such a color range successfully iden-
tified native cartilage on a wide range of slides from
many samples, this color range was saved for use in all
analyses. The number of positive red pixels selected
by this standard color range in each defect area was
recorded. To reveal ‘%GAGs/regenerated tissue, data
were expressed as a percentage of selected red pixels
in the defect pixels.

A similar approach was used to determine the rel-
ative abundance of hyaline cartilage and fibrocartil-
age in defect areas of immunostained section images
(supplemental figure 3). To define the Col II staining
reference color range, green pixels in immunostained
images were reproducibly selected from native cartil-
age, as described above. Application of this reference
color range to isolated defect areas produced ‘%New
cartilage/regenerated tissue’, since Col I is high in both
hyaline cartilage and fibrocartilage. To quantitate the
amount of newly formed fibrocartilage, both Col I
and Col IT images were opened in Photoshop as layers.
The Col I staining reference color range was defined
by reproducibly selecting red pixels in the superficial
zone of native cartilage. Then, selected Col II pixels in
the defect area were used to generate a mask on the
Col I images. Within this masked region, red pixels
that were selected by the Col I staining reference color
range would be positive for both Col I and Col II,
so this represented how much of the new cartilage
was fibrocartilage, or ‘%fibrocartilage/new cartilage’.
Finally, the inverse of this calculation led to ‘%hyaline
cartilage/new cartilage’.

For each of these quantitative assessments,
samples from four different pigs were analyzed
(n = 4). To account for regional differences within
each sample across the defect area (supplemental
figure 1), three adjacent slabs (out of five per sample)
from the marginal region to the central region of the
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defects were sectioned, and three slides per slab were
stained and imaged (n = 9 per sample).

2.9. Terminology

Defects implanted with 3D-bioprinted hydrogel and
hybrid constructs are referred as hydrogel-treated
defects and hybrid-treated defects, respectively.

2.10. Statistical analysis

Statistical analyses were performed with GraphPad
Prism software package version 9.4.1. As all groups
had small sample sizes, non-parametric statist-
ical Kruskal-Wallis one-way analysis of variance
(ANOVA) followed by Dunn’s multiple comparis-
ons test was used. Quantitative results are presented
as mean value with the corresponding standard devi-
ation (SD) within the context, while the figures depict
median and the interquartile range (IQR), and stat-
istical significance was accepted for p values of less
than 0.05.

3. Results

3.1. Gross analyses suggested that articular

cartilage increased in defect-treated areas over time
Post-surgery gross images showed that cartilage
defects were created in the same general region of
the femoral condyles with slight varying positions
(figures 2(A) and (B)). Considering that the substan-
tial size of the femoral condyle relative to the defect
size, it is reasonable to assume that both hydrogel-
treated defect and hybrid-treated defect be subject
to the same forces or mechanical conditions. Both
hydrogel-treated defects and hybrid-treated defects
were filled with regenerated tissues at both the
1 month and 3 month post-implantation timepoints
(figures 2(A) and (B)). One-month after implanta-
tion, the margins of the defects remained clearly vis-
ible, with little apparent integration of new tissue
with adjacent cartilage (figures 2(A)—(A")). Likewise,
little to none of the regenerated tissue appeared
to have the glassy sheen that gives hyaline cartil-
age its name, and the surface of the defects was
very irregular and not smooth, with large central
depressions. For hybrid-treated defects at one-month
post-implantation, PCL strands were also visible in
some cases in these depressions (figure 2(A”)). Three
months after implantation, the margins of both types
of defects were much less visible, and the regen-
erated tissues were better integrated with the sur-
rounding native cartilage (figures 2(B)—(B")). A lot
of the defect areas had a glassy, hyaline appearance,
more obvious in the hydrogel-treated defects than
the hybrid-treated defects. Compared to one-month,
the surfaces of the defects at three-months post-
implantation appeared more regular and smooth, and
the depressions were less noticeable (figures 2(B)—
(B”)). No evidence of acute or sustained immune
reaction was observed at any time after surgery
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(data not shown), which might have been expec-
ted with ATDC5 mouse cells implanted in pigs, sug-
gesting that the hydrogel shielded the impregnated
cells from the host immune system. Using Wayne’s
gross scoring system (table 1) [49], both hydrogel-
treated defects and hybrid-treated defects showed an
increasing trend in total scores from one- to three-
months post-implantation (figure 2(C)), indicating a
possible improvement in regeneration of the new tis-
sue. The hydrogel-treated defects had slightly higher
total scores than the hybrid-treated defects at both
timepoints.

3.2. Histology staining showed increased cartilage
regeneration within treated defects over time
Safranin O staining was used to illustrate sulfated
GAG deposition in regenerating tissue of the femoral
condyle defects. Safranin O staining showed that
GAG deposition increased within both hydrogel-
treated defects and hybrid-treated defects over
time (figure 3). One-month post-implantation,
hydrogel-treated defects had large areas of Safranin
O staining, while hybrid-treated defects had none
(figures 3(A) and (B)). By three-months post-
implantation, Safranin O staining was strong in both
defects, but hydrogel-treated defects still seemed
to have higher staining than hybrid-treated defects
(figures 3(C) and (D)). Several Safranin O-positive
cells at deeper regions of the regenerating tissue
showed rounded chondrocyte morphology within
lacunae (figures 3(C"”), (C""), (D”) and (D))
similar to what was seen in the surrounding nor-
mal hyaline cartilage (figures 3(A”")). Such non-
integrated, regenerated hyaline cartilage was even
observed in hydrogel-treated defects one-month
post-implantation, mostly at neighboring regions
to the native cartilage (figure 3(A"")).

For both defects at the two timepoints, superfi-
cial regions of the regenerated tissue with less Safranin
O staining showed densely-packed, elongated cells,
which may simply indicate undifferentiated mesen-
chyme, but also could reflect formation of fibrocar-
tilage (figures 3(A")—(D’)) [57], similar to what was
seen in the surrounding superficial zone of normal
articular cartilage (figure 3(A”)). For hybrid-treated
defects at 1 month post-implantation, the majority of
cells throughout the regenerating tissue showed this
fibroblastic appearance (figures 3(B)—(B"')). At three-
months post-implantation, this feature decreased in
deeper regions of the regenerating tissue for both
types of defects (figures 3(C) and (D).

Holes in the sections of hybrid-treated defects
were likely artifacts that reflected where PCL strands
used to be in the regenerating tissue before they were
extracted by xylenes during histological processing
(see ‘P’ in figures 3(B) and (D)). According to this
inference, fewer PCL strands were observed in hybrid-
treated defects at three-months post-implantation,
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Figure 2. Gross analyses suggested that articular cartilage increased in treated defect areas over time. (A)—(B) Gross images of
dissected joints one- (A), (A’), and (A”") and three-months (B), (B’), and (B”’) post-implantation. Defects are marked with dark
blue and yellow squares for hydrogel-treated defects and hybrid-treated defects, respectively. (C) Gross grading of the defects
showed an enhanced treatment trend for both hydrogel-treated defects and hybrid-treated defects, indicating an improvement in
the healing and regeneration of the joint tissue (n = 4 for each experimental group at each timepoint; n.s. = not significant).

and those remaining were displaced deeper into the
subchondral bone (see ‘P’ in figure 3(D)).

Safranin O stained images were used to quant-
itate the area of GAGs within regenerating tissues
(see Methods 3.8). The percentage of GAGs appeared
to increase over time for both hydrogel-treated
defects and hybrid-treated defects. In hydrogel-
treated defects, Safranin O-positive pixels covered
33.0 £ 25.4% and 41.6 £ 23.8% of regenerating tis-
sues at one- and three-months post-implantation,
respectively (figure 3(E)). An increasing trend of GAG
secretion was also observed in hybrid-treated defects
over time, with 0.2 £ 0.2% and 22.4 £ 22.1% of
regenerating tissues covered with Safranin O-positive
pixels at one- and three-months post-implantation,
respectively (figure 3(E)). Hydrogel-treated defects
tended to have more Safranin O-positive pixels,
compared to hybrid-treated treated defects at both
timepoints. However, no statistically significant dif-
ference was observed between groups or timepoints
(figure 3(E)). In total, Safranin O analyses verified
gross observations that cartilage production increased
over time in both treated defects.

Representative images from the center to the
margin of both treated defects were analyzed with
the results highlighting their histological differences.
Safranin O staining showed significant regional vari-
ation in GAG deposition, with higher staining in
the margins for both treated defects (supplemental
figure 2). At both one and three months post-
implantation, hydrogel-treated defects had more
staining at the margins (supplemental figures 2(A)—
(F)), while hybrid-treated defects had minimal stain-
ing at one month (supplemental figures 2(G)—(I))
but showed more staining at three months, though
less between the center and margin (supplemental
figures 2(J)—(L)). This regional analysis underscores

the need for comprehensive sampling to capture gen-
eral findings, as reflected in all study analyses. Aniline
blue staining of Milligan’s Trichrome protocol was
used to illustrate fibers of collagen in regenerating tis-
sue of the femoral condyle defects, where a higher
density of those fibers gives stronger blue staining
[53]. Much of the articular cartilage adjacent to the
treated defects had a light blue color with rounded
chondrocytes (figures 4(A), (A”")), indicating the
more sparse collagen fibers typical of hyaline cartil-
age; whereas the superficial zone of articular cartil-
age had slightly stronger staining with more densely-
packed, elongated cells (figures 4(A), (A”)), suggest-
ing the denser fibers typical of fibrocartilage [54].
According to these internal controls, Aniline blue
staining intensity and cell morphology were used to
evaluate cartilage deposition in regenerating tissue of
both hydrogel-treated and hybrid-treated defects.
Trichrome staining (on sections adjacent to the
Safranin O data in figure 3) indicated that cartil-
age collagen deposition increased over time for both
treated defects (figure 4). Regenerating tissues in
the hydrogel-treated defects appeared slightly blue at
one-month post-implantation, while the higher mag-
nification images revealed that most of this appear-
ance was not due to ECM staining by Aniline blue
but the clusters of cells with sparse ECM staining
(figures 4(A), (A’) and (A"")). Darker blue staining
was observed around densely-packed elongated cells
in a broad region near the surface of the regener-
ating tissue (figures 4(A) and (A’)). In the hybrid-
treated defects at one-month post-implantation, little
to no light blue staining was observed through-
out the regenerating tissue, but darker blue stain-
ing appeared at the surface and in a few other
locations (figures 4(B), (B’) and (B")). Regions of
hyaline-cartilage-like Aniline blue staining in ECM
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Figure 3. Safranin O staining demonstrated that GAG deposition increased over time in both treated defects. (A) Numerous
Safranin O-stained regions (yellow arrows) of the regenerating tissue (within dashed yellow lines) were seen in hydrogel-treated
defects at one-month post-implantation. (B) Hybrid-treated defects at one-month post-implantation showed little to no Safranin
O staining in the regenerating tissue (within dashed yellow lines). (C), (D) Safranin O staining (yellow arrows) increased for both

type of defects at three-months postimplantation, while less PCL strands (labelled P) were visible in hybrid-treated defects.
(AN)—(A""), (B")—(B""), (C")=(C"""), (D’)~(D""")) Higher magnification views of boxed regions in panels A-D demonstrated
histological staining and cell morphology in different regions of the regenerating tissue and surrounding articular cartilage.
(E) Quantitation of Safranin O-stained red pixels (see Methods 3.8) showed a trend of increased GAG deposition for
hydrogel-treated defects and hybrid-treated defects over time, and hydrogel-treated defects seemed to have more GAGs than
hybrid-treated defects at both timepoints, although these were not statistically significant (n = 4 for each type of defect at each
timepoint). Abbreviations: n.s. for not significant and P for PCL strands. Scale bars: A-D = 1 mm; A’-D’// = 200 pm.

containing round chondrocytes increased dramat-
ically at three-months post-implantation for both
defects (figures 4(C) and (D’)). In both treated
defects at three-months, darker blue color around
densely-packed, elongated cells was seen mostly at the
surface and a bit in the center of regenerating tis-
sues (figures 4(C) and (D"")). Both treated defects
showed improvement over time in terms of integra-
tion between the regenerating tissue and surround-
ing native cartilage. By comparing trichrome stained
images with the adjacent safranin O stained images
(figure 3), regions of light blue staining were also
Safranin O-positive regions, independently support-
ing designation of this tissue as hyaline cartilage. On

the other hand, dark blue regions had little to no
Safranin O staining, arguing that these tissues were
fibrocartilage, other connective tissues, or undifferen-
tiated mesenchyme.

3.3. Collagen 2 immunostaining showed increased
cartilage regeneration, while Collagen 1
immunostaining showed increased fibrocartilage
and fibrous tissue, at the treated defects over time
To identify the cartilage generated in the treated
defects of either hyaline or fibrocartilage, we also
conducted immunofluorescent staining of Col I and
Col II on sections adjacent to the histology. At the
hydrogel-treated defects, Col II immunostaining was
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Figure 4. Trichrome staining demonstrated that hyaline cartilage-like collagen fiber deposition was increased over time in both
hydrogel-treated and hybrid-treated defects. (A) Compared to surrounding articular cartilage (outside of dashed lines),
hydrogel-treated defects at one-month post-implantation had more darker blue staining ECM than lightly stained ECM in
regenerating tissues (within dashed lines). (B) Hybrid-treated defects at one-month postimplantation mostly had a little darker
blue staining ECM near the surface of the regenerating tissue (within dashed lines). (C), (D) Collagen fibers with hyaline cartilage
characteristics were observed throughout regenerating tissues at three-months post-implantation for both defects. (A")-(A”""),
(B")-(B"), (C")-(C""), (D")-(D’"") Higher magnification views of boxed regions in panels A-D demonstrated histological staining
and cell morphology in different regions of the regenerating tissue and surrounding articular cartilage. Abbreviations: P for PCL

strands. Scale bars: A-D = 1 mm; A’-D’’/ = 200 pm.

seen at both timepoints, but appeared to increase
from one- to three-months post-implantation
(figures 5(A) and (E). Col II was deposited at deeper
regions of hydrogel-treated defects at the one-month
timepoint, and the margins of regenerated tissues
were easily recognized (figure 5(A)). By three months,
Col II deposition was detected from deep to superfi-
cial regions of the regenerated tissue, and the margins
were less noticeable (figure 5(E)). Hybrid-treated
defects showed very faint Col II immunostaining in
regenerating tissues at one-month post-implantation
(figure 5(B)), but by three months, Col II depos-
ition seemed to increase compared to the one-month
timepoint (figure 5(G)). Interestingly, hybrid-treated
defects with fewer visible PCL strands showed higher
Col II deposition. The amount of Col II deposited in
hybrid-treated defects at three months appeared to be
less than that deposited in hydrogel-treated defects,
with only deep regions showing Col II immunore-
activity. Integration with adjacent cartilage in the
margins of hybrid-treated defects also seemed to be
less than in hydrogel-treated defects.

Similarities between GAG and Col II depositions
further confirmed the cartilaginous nature of regen-
erated tissues in both hydrogel-treated and hybrid-
treated defects. Compared to Safranin O staining
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(figure 3), Col II immunofluorescence occurred in
similar regions of both hydrogel-treated and hybrid-
treated defects (figure 5), with more Col II seen
at marginal regions of 1 month defects and cent-
ral regions of 3 month defects. Taken together, all
these data suggested the cartilage formation at both
treated defects though what kind of cartilage (either
hyaline cartilage or fibrocartilage) remained unclear.
To make this clear, Col I immunostaining was also
employed because Col I is a marker of fibrocartilage
[58]. In particular, overlaying images of Col I and
Col IT immunostaining allowed localization of where
Col I and Col II were co-deposited (see supple-
mental figure 3). At the hydrogel-treated defects at
one-month post-implantation, Col I immunostain-
ing was only seen in superficial regions of regenerat-
ing tissues, resembling the superficial zone of artic-
ular cartilage (figure (B)). Comparing Col I regions
to Col II, Col II-positive, Col I-negative regions seen
deeper within regenerating tissue suggested hyaline
cartilage formation at these locations (figures 5(A)
and (B)). In the hybrid-treated defects at one-month
post-implantation, Col I immunostaining was also
abundant at superficial regions of regenerating tis-
sues, but significant Col I was detected between PCL
strands in slightly deeper regions (figure 5(D)). Since
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Figure 5. Inmunostaining showed that cartilage formation increased over time in both treated defects, but Col I immunostaining
suggested that fibrous tissue and fibrocartilage were common. (A), (B) Col II immunostaining was moderate in deep regions of
regenerating tissues (dashed lines) in hydrogel-treated defects at one-month post-implantation (white arrows), with weak
staining for Col I at superficial regions (yellow arrows). (C), (D) Hybrid-treated defects had little to no Col Il immunostaining in
regenerating tissues (dashed lines), with some Col I immunostaining in superficial regions. (E), (F) Col II deposition (white
arrows) was enhanced throughout regenerating tissues (dashed lines) of hydrogel-treated defects by three-months
post-implantation, with higher Col I deposition (yellow arrows) at superficial regions. (G), (H) Hybrid-treated defects at three
months showed Col II deposition (white arrows) mostly in deeper regions of regenerating tissues (to the right of the dashed line),
and Col I was deposited (yellow arrows) mostly at superficial regions of these defects. Immunostaining quantitation showed that
cartilage regeneration trended higher over time, and fibrocartilage levels were relatively low. (I) New cartilage regeneration
trended higher in hydrogel-treated defects than the hybrid-treated defects at both time points. (J) Fibrocartilage formation
showed an increasing and decreasing trend for hydrogel-treated defects and hybrid-treated defects, respectively. (K) Hyaline
cartilage regeneration accounted for most of the formed cartilage in both types of defects at both time points. n = 4 for these
analyses. Abbreviations: P = PCL strand. Scale bars: A-H = 1 mm.

these regions between PCL strands had little to no
Col II detected, Col I immunostaining likely reflected
fibrous tissue. By three-months post-implantation,
Col I deposition had increased at superficial regions
of hydrogel-treated defects, but remained at sim-
ilar levels in hybrid-treated defects (figures 5(F) and
(H)). In hydrogel-treated defects at three-months
post-implantation, overlapping Col I and Col II
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deposition at superficial regions of the regenerat-
ing tissue resembled the superficial zone of healthy
articular cartilage (figures 5(E) and (F)). Covering
this superficial region in hydrogel-treated defects,
however, was a thin layer with low Col I and no
Col 1I deposition that did not exist in native cartil-
age. In hybrid-treated defects at three-months post-
implantation, Col I deposition was relatively high in
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superficial regions of the regenerating tissue, but deep
to this region was a large region with little Col I and
no Col II deposition, likely representing fibrous tissue
(figures 5(G) and (H)).

In order to more accurately and objectively com-
pare total cartilage (Col II-positive area), fibro-
cartilage (Col I-positive/Col II-positive area), and
hyaline cartilage (Col I-negative/Col II-positive
area) in regenerating tissues, immunofluorescence
images were quantitated. Total cartilage regenera-
tion (i.e. Col II-positive area/regenerated tissue area)
tended to be higher in hydrogel-treated defects com-
pared to hybrid-treated defects at both timepoints
(figure 5(I)). At one-month post-implantation,
23.8 + 5.1% cartilage regeneration was observed in
hydrogel-treated defects, which tended to increase to
52.7 £ 13.6% by three-months (figure 5(I)). Over
time, cartilage regeneration also tended to increase
within hybrid-treated defects from 5.6 + 1.8% to
32.0 £ 19.6% (figure 5(1)), although no quantitation
of cartilage regeneration was statistically significant
between timepoints for a given group or between
groups for a given timepoint.

Quantitating how much of the Col II-positive tis-
sue was also Col I-positive showed that formation of
fibrocartilage was relatively low at both timepoints
and hyaline cartilage was relatively high. At one-
month post-implantation, Col I-positive areas within
Col II-positive areas trended higher in hybrid-treated
defects (6.8 = 1.5%) than hydrogel-treated defects
(3.5 £ 2.6%) (figure 5(J)). By three-months, how-
ever, fibrocartilage regeneration trended higher in
hydrogel-treated defects (11.1 & 1.1%) than hybrid-
treated defects (3.5 £ 1.0%) (figure 5(J)). Similar
quantitation of hyaline cartilage regeneration showed
an inverse trend compared to fibrocartilage form-
ation, as these measurements represented comple-
mentary percentages as they were defined. As such,
for hydrogel-treated defects at one- and three-months
post-implantation, the percentage of hyaline cartilage
within total regenerating cartilage was 96.5 + 2.6%
and 88.9 £ 1.1%, respectively (figure 5(K)). This
quantitation was 93.2 £ 1.5% and 96.5 £ 1.0%
in hybrid-treated defects, respectively (figure 5(K)).
These analyses showed that most of the formed cartil-
age seemed to be hyaline cartilage, although no quant-
itation of fibrocartilage or hyaline cartilage was stat-
istically significant between timepoints for a given
group or between groups for a given timepoint.

3.4. Synchrotron inline-PCI-CT revealed
high-resolution details at the treated defects,
including a correlation between pixel intensities of
virtual slices and Safranin O-stained sections

To provide a non-invasive view of various tissues
and biomaterials within and surrounding femoral
condyle defects, excised samples were imaged using
synchrotron radiation-based inline phase contrast
with computed tomography (inline-PCI-CT) and
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3D reconstructed. Virtual slices from these recon-
structions (inline-PCI-CT slices) clearly depicted
regenerating tissue in the defects at high resolu-
tion, PCL strands for hybrid-treated defects, sur-
rounding native cartilage, and subchondral bone
(figures 6(A) and (B)). Due to high absorption prop-
erties, mineralized subchondral bone had the bright-
est pixels, but surrounding unmineralized articu-
lar cartilage and regenerating tissues were also evid-
ent, due the edge enhancement from phase con-
trast image processing [59]. In hybrid-treated defects,
PCL strands were obvious in inline-PCI-CT slices
(figure 6(B)). Therefore, the high resolution and
increased contrast of inline-PCI-CT enabled evalu-
ation of many discrete features of value for CTE.

Comparatively, inline-PCI-CT  slices were
examined alongside corresponding tissue sections
stained with Safranin O to illustrate its ability to
provide biologically-meaningful information non-
invasively. Overall tissue morphology confirmed that
the specific virtual slices of hydrogel-treated defect
and hybrid-treated defect samples matched well with
the selected histological tissue sections (figures 6(A)—
(D)). As with Safranin O-stained sections, inline-
PCI-CT slices of both types of defect visualized the
margins between defect regions and surrounding
host tissues (figures 6(A)—(D)). Visualization of bio-
materials was very different between inline-PCI-CT
slices and Safranin O-stained tissue sections. Inline-
PCI-CT slices showed individual PCL strands at
high contrast within hybrid-treated defects, even if
PCL strands were extremely close to one another
(figures 6(B) and (B')). In histological sections, how-
ever, close PCL strands were not easily discernible
(figures 6(D) and (D')). Integrity of the tissues and
cellular resolution (under the specific synchrotron
imaging settings) also varied. Wrinkles and tears
were often observed in Safranin O-stained sections,
whereas inline-PCI-CT slices were free of such arti-
facts (figures 6(A)—(D)). Individual cells were dis-
cernible in Safranin O-stained section, but not in the
inline-PCI-CT virtual slices (e.g. figures 6(A’) and
(€)).

Unexpected variations in pixel intensities were
observed in different regions of cartilage in inline-
PCI-CT slices, and these differences seemed to cor-
relate with pixel intensities in Safranin O-stained tis-
sue sections. Higher gray-value pixel intensities in
inline-PCI-CT slices were observed at deeper regions
of both the regenerating and surrounding native car-
tilage of hydrogel-treated defects at one-month post-
implantation, while more superficial regions had
lower pixel intensities (figure 6(A)). Similar trends
were observed in native cartilage of hybrid-treated
defects, but pixel intensities were generally low in
the regenerating tissues (figure (B)). Similar intens-
ity changes were observed in Safranin O staining
of sulfated GAGs in tissue sections that correspon-
ded to the virtual inline-PCI-CT slices. In both
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Figure 6. Synchrotron inline-PCI-CT revealed high-resolution details of defects, including a correlation between pixel intensities
of virtual slices and Safranin O-stained sections. (A)—(D) Both hydrogel-treated defect and hybrid-treated defect inline-PCI-CT
slices showed high-resolution details of regenerating (yellow dashed lines) and surrounding native tissues and biomaterials. Also,
their gray-value pixel intensities had good correlation with red pixel intensities in corresponding Safranin O sections of similar
regions. (B)—(B’) Inline-PCI-CT slices were advantageous in discerning close PCL strands, and (C)—(C’) Safranin O-stained
sections were able to visualize resident cells (regions A’~D’ indicated on panels (A)—(D)). (E)—~(N) Variations in gray-value pixel
intensities of inline-PCI-CT slices through the depth of both regenerating and native cartilage appeared to correlate with Safranin
O staining levels (regions 1-5 in panels E-N are illustrated on panels (A)—(D)). (O)—(S) Gray-value histograms (vertical dashed
lines in panels E-N) through regenerating and native cartilage confirmed this correlation. Scale bars: A-D = 1000 pm;

A’-D’ =200 pm; E-N = 500 pm.

hydrogel-treated defects and hybrid-treated defects,
Safranin O-stained tissue sections appeared to have
higher and lower red pixel intensity in the exact
regions where inline-PCI-CT slices showed higher
and lower gray-value pixel intensities, respectively
(figures 6(E)—(N)).

Quantitative analyses of representative histogram
traces of inline-PCI-CT slices along the depth of
either regenerating tissue or surrounding native car-
tilage supported a correlation between the gray-
value pixel intensities and sulfated GAG staining by
Safranin O. According to the gray-value histograms
(vertical dashed lines on figures 6(E)—(N)), most
pixels that had higher Safranin O staining (see hori-
zontal dashed lines on figures 6(F), (H), (J) and (N))
generally were above a certain ‘boundary’ gray value
(figures 6(0)—(S)). The absolute boundary gray value
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could vary between samples, but gray values gener-
ally dropped below this boundary at regions showing
little Safranin O staining (figure (E)—(S)). The cor-
relation between inline-PCI-CT slices and Safranin
O staining was not only seen in native cartilage, but
also in regenerating tissue (figures 6(O)—(S)). For
example, higher Safranin O staining was found at
various ranges above the subchondral bone surface
of a hydrogel-treated defect (e.g. up to 1700 pm,
1400 pm, and 950 pm for surrounding native cartil-
age, marginal regenerating tissue, and central regen-
erating tissue, respectively) (dashed yellow lines on
figures 6(F), (H) and (])). A corresponding inline-
PCI-CT slice had boundary gray values that correl-
ated very well with the higher Safranin O-stained
sulfated GAGs; most pixels were over a boundary gray
value of 50 in those same ranges above the surface
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Figure 7. 3D volume rendering of segmented inline-PCI-CT datasets allowed non-invasive evaluation of in vivo-implanted,
3D-bioprinted cartilage tissue engineering constructs. 3D volume rendering of hydrogel-treated defects (A), (C), (D), (G) and
hybrid-treated defects (B), (E), (F), (H), (I) visualized 3D morphology of different components, such as subchondral bone,
regenerating and surrounding native tissues, and PCL strands, either individually or collectively in 3D. The samples could be
3D-cut at any region to look at morphological features of defects. Hybrid-treated defects were deeper into the subchondral bone

compared to hydrogel-treated defects.

of the subchondral bone (figures 6(O)—(Q)). Hybrid-
treated defects also showed large gray-value peaks at
the edges of PCL strands (figure 6(R)).

3.5. Segmentation of inline-PCI-CT data
non-invasively highlighted 3D relationships
among various components, including PCL
strands and loss of subchondral bone in
hybrid-treated defects

To better understand 3D morphological relationships
between various tissues and biomaterials within and
surrounding the femoral condyle defects one-month
post-implantation, inline-PCI-CT slices underwent
segmentation of subchondral bone, newly regenerat-
ing and surrounding native tissues, and PCL strands
(figure 7). Regenerating tissues over the defects
were not as smooth as the adjacent native cartil-
age, presenting depressed surfaces on top of both
hydrogel-treated defects and hybrid-treated defects,
although this was more common in hydrogel-treated
defects (figures 7(A) and (B)). After segmenta-
tion, spatial relationships between subchondral bone,
regenerating and native tissues, and PCL strands
could be easily discerned on sliced views through
the 3D-rendered volume (figures 7(C)—(F)). In both
groups, the subchondral bone surface was unexpec-
tedly found to be depressed away from the artic-
ular surface below the defect (figures 7(C)—(H)),
even though the initial surgical defect was only
drilled down to the surface of subchondral bone.

Supporting the idea that the 3D-bioprinted con-
structs played a role in this feature, depressions
into subchondral bone were more common and
obvious in hybrid-treated defects. At one-month
post-implantation, PCL strands maintained their
printed orientation in some of the hybrid-treated
defects samples (figure 7(I)). By three-months post-
implantation, inline-PCI-CT demonstrated that most
hybrid-treated defects had missing, disoriented, and
damaged strands that were displaced into deeper
subchondral regions, confirming the histology find-
ings (data not shown). In summary, synchrotron-
based inline-PCI-CT proved to be an effective non-
invasive alternative to traditional methods for evalu-
ating features of the in vivo-implanted 3D-bioprinted
constructs.

4, Discussion

A major goal of CTE is to treat defects in articular car-
tilage by producing cartilaginous molecules including
GAGs and Col II (both are the indications of hyaline
cartilage) [16, 60]. However, there has been limited
exploration of simultaneous examinations of Col I (a
fibrocartilaginous molecule) and Col II in vivo, des-
pite the fact that previous studies hinted the potential
formation of fibrocartilage within the hydrogels sub-
jected to mechanical forces both in vitro and in vivo
[21-23]. In this paper, we present a comparative study
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on the formation of hyaline cartilage versus fibro-
cartilage in a large animal model of pigs, employ-
ing two types of constructs i.e. hydrogel and hybrid
constructs. We also explored the potential use of
an inline-PCI-CT technique for monitoring cartilage
regeneration within large animal models.

Over time, gross observations of either type of
treated defect showed increased regenerating tissue
formation and integration with surrounding native
cartilage. According to the Wayne et al scoring system
[49], gross anatomical measures of femoral condyle
defects treated with hydrogel constructs (hydrogel-
treated defects) were slightly higher than those treated
with hybrid constructs at both one- and three-
months post-implantation, but these differences were
not statistically significant. In fact, many of the quant-
itative measures of cartilage regeneration in this study
were not statistically significant, despite methodolo-
gical approaches undertaken, like averaging measures
across many regions of each histologically-prepared
sample. The likely major causes of this lack of statist-
ical power are that in vivo experiments are generally
complicated by numerous factors outside of control,
and large animal studies are very expensive, limiting
the overall sample size possible under a given budget.
In any case, macroscopic observations suggested that
white translucent cartilage-like tissues progressively
covered the defects over time.

Multiple techniques, including Safranin O,
Trichrome, and Col II immunofluorescent staining,
demonstrated an increase in cartilage formation over
time in both hydrogel-treated and hybrid-treated
defects. Specifically, these stains showed deposition of
sulfated GAGs and Col II, two of major components
of cartilage ECM [12]. The organization and shape of
cells also resembled hyaline cartilage at one-month
post-implantation in hydrogel-treated defects and
at three-months for both treated defects. While the
observed cartilage formation seemed to increase over
time, no samples had completely filled the defects
with regenerated cartilage by three-months, suggest-
ing that for large animal models with large defects
(8 mm in this study), timepoints longer than three
months would be required for complete cartilage
regeneration.

Hydrogel constructs seemed to be more effect-
ive in cartilage regeneration than hybrid constructs
at both timepoints. At one-month post-implantation,
hydrogel-treated defects already appeared to have
high amounts of sulfated GAG staining and Col 1I
immunofluorescence, while almost no staining was
observed in hybrid-treated defects. However, hybrid
constructs had both PCL and alginate strands, while
hydrogel constructs were comprised of only cell-
impregnated alginate strands. According to these dif-
ferences in fabrication methods, hybrid constructs
used in the study contained fewer cells, compared to
the hydrogel-only constructs, which could have led to
lower performance. Similar to results from this study,
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a previous study reported that 3D-bioprinted colla-
gen/PCL hybrid constructs had little or no cartilage
formation in vivo over 8 weeks, while 3D-bioprinted
collagen hydrogels supported cartilage regeneration
[61]. These authors related failure of the hybrid con-
structs to excessive mechanical strength of colla-
gen/PCL hybrid structure [61], and our data expand
upon future problems to be solved in the hybrid
approach. Indeed, despite enhanced GAG and Col II
deposition in hybrid-treated defects by three-months
post-implantation, this cartilage formation actually
occurred at regions where fewer PCL strands were
present.

What might be the influence of PCL strands on
cartilage regeneration? Several in vivo studies that
implanted PCL constructs into articular cartilage
showed similar results as reported here, with either
fibrous formation or little to no cartilage regenera-
tion around the PCL structures [61-63]. In our study,
PCL strands seemed to be in the correct structure
and location within the defect at one-month post-
implantation, but fewer strands were seen at three
months, which agrees with a similar study report-
ing about 80% PCL volume loss from osteochond-
ral defects in an equine model [62]. The loss of PCL
strands is unlikely due to degradation, since the PCL
degradation period is up to 3—4 years [64], and more
likely resulted from mechanical forces in the joints
causing damage to the PCL structure, either pushing
it down into the subchondral bone or causing some
of the damaged and broken PCL strands to be lost
from the defect region. Indeed, hybrid-treated defects
seemed to have greater degradation of subchondral
bone than hydrogel-treated defects, aligning with pre-
vious suggestions [62]. The collapse of adjacent artic-
ular cartilage into the defects also probably contrib-
uted to subchondral bone degradation by causing
excessive forces inward. As for the influence of PCL
on cartilage regeneration, this study, and potentially
previous studies, are inconclusive, as the PCL seemed
to be displaced far from the surface of the regen-
erating defect by three-months post-implantation.
Notably, earlier studies on smaller animals like rab-
bits and minipigs revealed similar outcomes, where
PCL structures were displaced to lower regions of
the subchondral bone, leading to severe bone lysis
[63]. However, in those cases, the dislocated strands
retained their configuration and were not extens-
ively damaged. In contrast, our results reveal that not
only did the PCL structure contribute to subchond-
ral bone degradation, but the PCL strands were also
damaged by three-months post-implantation, losing
their printed structure. The quantity of PCL strands
within the defect regions appeared visually dimin-
ished three-months post-implantation. This poten-
tial structural loss may be associated with the damage
of the PCL strands and their subsequent loss from the
defect site. This emphasizes the intricate mechanical
forces inherent in larger animals and underscores the



10P Publishing

Biofabrication 17 (2025) 015014

importance of conducting in vivo cartilage research in
such contexts to observe the effects of higher mechan-
ical forces, aligning with those found in human joints.
Thus, it is urged further modifications are necessary
for 3D bioprinted hybrid constructs to maintain PCL
strands in place, enabling them to withstand applied
mechanical forces in joints for the duration required
for new hyaline cartilage to be generated and replace
the naturally degraded PCL. Of note, alginate strands
were not visible in either hydrogel-treated defects
or hybrid-treated defects, with two possible explan-
ations: (1) the strands degraded in response to the
in vivo conditions of the joints; or (2) they remained
at the defect and blended so intimately into the sur-
rounding tissues that our histological and imaging
protocols could not distinguish them.

In this study, a critical focus was placed on
immunofluorescence staining for Col I and Col II
deposition to assess whether hyaline cartilage or
fibrocartilage was formed at the treated defects. This
also allowed for assessing whether hybrid constructs
could mitigate fibrocartilage formation, as repor-
ted previously [21-23]. In vitro, hydrogel constructs
under cyclic compression loading tended to produce
more hyaline-like cartilage ECM compared to PCL-
reinforced hydrogel constructs [55] However, it is
important to note that these in vitro experiments
were conducted under unconfined compression con-
ditions, which may differ from the confined condi-
tions experienced in vivo. This limitation highlights
that the findings observed in the in vitro environ-
ment may not be replicated in the complex in vivo
setting. In the current study, hydrogel-treated defects
exhibited a similar amount and location of Col I and
Col II deposition as seen in the surrounding nat-
ive articular cartilage, predominantly at the super-
ficial regions of the defects, at both timepoints. At
one-month post-implantation, Col 1 deposition in
hybrid-treated defects was also in superficial regions,
but appeared somewhat increased a bit deeper after
three months. However, these regions did not have
evidence of Col II deposition, indicating simple
fibrous or undifferentiated tissue, rather than fibro-
cartilage. Quantitatively, our study demonstrated that
fibrocartilage levels tended to decrease in hybrid-
treated defects three months post-implantation com-
pared to hydrogel-treated defects, where fibrocartil-
age formation increased over time. This supports our
hypothesis that excessive mechanical forces exerted
on cells within engineered hydrogel constructs pro-
mote fibrocartilage formation at knee joints. Also,
3D-bioprinted hybrid constructs, based on the force-
shielding mechanism, allowed reducing the forces on
cells within alginate hydrogel strands and thus dimin-
ishing the Col I and fibrocartilage production. It is
noted that the observed loss of PCL strands in the
treated defects may diminish the PLC role in force
shielding. Meanwhile it is worthwhile to note that
at the treated defects, the regenerated cartilage along
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with its the integration of the surrounding tissues
imparts the construct strength, thus compensating
for the loss of PCL strands.

Some mechanical features, such as the fast stress
relaxation seen in alginate hydrogels, can increase
ECM production by chondrocytes [65], which might
explain why hydrogel-treated defects appeared to
have more regenerating cartilage than hybrid-treated
defects. Slower relaxing environments restrict cell
volume expansion, and increase cell death and cata-
bolic gene expression through activation of IL-15
signaling [66]. Furthermore, increased stiffness of
fabricated constructs results in minimal stress relaxa-
tion, which inhibits the production of GAGs and col-
lagens, cartilage matrix distribution, and chondrocyte
proliferation [66]. In the present study, regenerative
cells within or beneath the PCL structure were in a
stiffer environment than the cells in hydrogel-treated
defects while being subjected to high biomechanical
forces of the joint. These factors could potentially
contribute to the lower production of GAGs and col-
lagen observed in hybrid-treated defects. However,
detailed investigations were not conducted in this
regard. Future research into cellular mechanisms
of mechanotransduction would help in understand-
ing how cells in different 3D-bioprinted constructs
respond to their biomechanical environment.

What was the cellular source of regenerating tis-
sues? Chondrogenic ATDCS5 cells were impregnated
into both constructs in this study, but no evid-
ence of an immune response was observed at any
point after implantation of these mouse cells into pig
articular cartilage. Two explanations are likely. First,
the alginate surrounding these cells shielded them
from immune detection, at least at early timepoints.
Second, the synovial joint capsule has generally low
immunosurveillance, limiting an immune response
[67]. In addition to the possibility that ATDCS5 cells
contributed to regenerating cartilage as per this study,
local stem cells might have been recruited in a sim-
ilar fashion to the microfracture surgery [7, 68],
given that the defects were surgically created down
to subchondral bone of the pig femoral condyles.
Being consistent with this idea, early regenerating
cartilage was often observed to apparently extend
from native surrounding cartilage in deeper regions
close to the subchondral bone. It may be interest-
ing for future experiments to help discover the cel-
lular source of regenerating cartilage at these defects.
For this, scaffolds without cells may be implanted
alongside cell-impregnated constructs for compar-
ison. Also, the molecular markers of the cellular ori-
gin of regenerating tissues may be assayed, e.g., the
mouse-specific HLA antibodies or even transgenic or
otherwise labelled cells could be employed for future
studies. Additionally, it is noted that the cell lines
used in this study have a relatively higher proliferation
rate compared to primary chondrocytes or MSCs,
which are commonly used in clinical trials with slower
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expansion and tissue regeneration. Since primary
cells have a more complex phenotype, which might
influence differentiation pathways and the quality of
the regenerated tissue, future studies are urged to dis-
cover the influence of these factors. Meanwhile, it
would be interesting to develop strategies to enhance
the primary cell-expansion rate to achieve optimal
outcomes.

In efforts to increase non-invasive visualization of
regenerating tissues in CTE, we explored the poten-
tial of a novel synchrotron radiation-based method,
inline-PCI-CT [30]. Traditional methods limit spa-
tial understanding and require many animals for lon-
gitudinal studies, raising concerns about cost and
animal use. Furthermore, transitioning to human
studies demands non-invasive imaging for examin-
ing tissue regeneration at intermediate stages. Our
findings from inline-PCI-CT demonstrated that this
state-of-the-art tool provides user-defined 2D and 3D
views of regions of interest, in contrast to traditional
invasive methods, such as histology and immuno-
fluorescence, which are limited to 2D views [32]. With
x-ray absorption and phase contrast edge enhance-
ment, inline-PCI-CT visualized at high resolution
implanted PCL strands, regenerating tissue within the
defects, and surrounding bone and cartilage. In com-
parison to histology images, inline-PCI-CT images
were free from wrinkles and tears and allowed direct
visualization of PCL strands instead of inferring them
from spaces after xylene extraction. While cartilagin-
ous features at the cellular level have been observed
by inline-PCI-CT and were validated by standard
histology [69], the current study is the first to demon-
strate a clear correlation between gray-value pixels of
inline-PCI-CT virtual slices and sulfated GAG depos-
ition, verified by Safranin O histology. Higher gray-
value pixel intensities within regions containing more
sulfated GAGs might result from higher mass dens-
ities, since inline-PCI-CT imaging is highly respons-
ive to mass density changes [70]. Since GAG sulfation
dictates the chemical and biological functions of car-
tilage matrix [71], such imaging correlations might
allow non-invasive assessment of cartilage function.
A further advantage of inline-PCI-CT scanning was
the ability to examine overall 3D morphology of the
regenerated tissue, as well as its 3D relationships with
surrounding tissues. These features facilitated the
straightforward identification of subchondral bone
depressions within the defects, further confirming
the importance of conducting studies on the knees
of large animals for the purpose of cartilage regen-
eration. These alterations were previously demon-
strated through our histology stainings; however,
studying them using traditional histological tech-
niques would have required laboriously sectioning
the entire sample, imaging it, and digitally recon-
structing it to obtain views of various regions. This
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process is both time-consuming and effort-intensive,
while inline-PCI-CT images makes it more efficient
and faster to observe different locations in both 2D
and 3D.The exact radiation dose used in our study is
still unsuitable for imaging living animals, although
recent studies have begun to develop appropriate pro-
tocols that maximize imaging resolution while min-
imizing effective dose [72, 73]. Overall, our ima-
ging findings demonstrated that inline-PCI-CT can
provide great insight for investigators who are consid-
ering the in vivo characterization of tissue engineered
constructs for cartilage regeneration.

5. Conclusions

Both hyaline cartilage and fibrocartilage formation
are concerned in cartilage tissue engineering, which,
however, have not been investigated simultaneously,
as well as in large animal models or those similar to
humans. This paper presents our comparative study
on the hyaline cartilage and fibrocartilage formation
in a pig model by employing 3D-bioprinted hydrogel
and hybrid constructs.

Our results by means of multiple assays or tech-
niques showed that cartilage formation increased at
both hydrogel- and hybrid-treated defect sites over
the time period of three months as we examined,
while the overall cartilage regeneration was more
promising at the hydrogel-treated defects as com-
pared to the hybrid-treated defects. The presence of
GAGs and Col 11, essential components of cartilage
ECM, was observed at one-month post-implantation
in hydrogel-treated defects and at three months for
both treated defect sites. According to GAGs and
Col II depositions, hydrogel construct showed higher
levels of cartilage formation at both one and three
months after implantation as compared to the hybrid
constructs. Our results also showed that fibrocartilage
tended to decrease in hybrid-treated defects at three-
months post-implantation compared to hydrogel-
treated defects, where the formation of fibrocartil-
age increased over the examination time. This find-
ing is in support of that the excessive mechanical
forces exerted on the cells within engineered hydrogel
constructs do promote the fibrocartilage formation
at the knee joints, as we hypothesized. Concurrently,
our imaging results demonstrated that the gray-value
pixels from inline-PCI-CT images correlated with the
amount of GAG staining by Safranin O, suggest-
ing that inline-PCI-CT be promising as an altern-
ative to histological methods in characterizing car-
tilage regeneration. This would represent a signi-
ficant advance toward the non-invasive assessment
of cartilage formation regeneration, which is essen-
tial to human patients in the future. Interestingly,
our imaging data on 3D volume-rendered views of
inline-PCI-CT also revealed the information on the
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PCL strands or structures at the defect sites, show-
ing that over the examination time period, the PCL
strands are changed in their orientation, as well as
allocations from the region defect into subchon-
dral bone, which may cause subchondral bone
degradation.

Taken together, this study contributes to the
investigation of hyaline and fibrocartilage formation
in vivo using 3D-bioprinted constructs and examines
cartilage regeneration in pig knee joints, which replic-
ate human knee biomechanics. Additionally, it pion-
eers the non-invasive assessment of cartilage regen-
eration in large animal models and potentially in
humans using inline-PCI-CT.
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