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Abstract
Recent research has been focusing on the generation of living personalized osteochondral
constructs for joint repair. Native articular cartilage has a zonal structure, which is not reflected in
current constructs and which may be a cause of the frequent failure of these repair attempts.
Therefore, we investigated the performance of a composite implant that further reflects the zonal
distribution of cellular component both in vitro and in vivo in a long-term equine model.
Constructs constituted of a 3D-printed poly(ε-caprolactone) (PCL) bone anchor from which
reinforcing fibers protruded into the chondral part of the construct over which two layers of a
thiol-ene cross-linkable hyaluronic acid/poly(glycidol) hybrid hydrogel (HA-SH/P(AGE-co-G))
were fabricated. The top layer contained Articular Cartilage Progenitor Cells (ACPCs) derived
from the superficial layer of native cartilage tissue, the bottom layer contained mesenchymal
stromal cells (MSCs). The chondral part of control constructs were homogeneously filled with
MSCs. After six months in vivo,microtomography revealed significant bone growth into the
anchor. Histologically, there was only limited production of cartilage-like tissue (despite
persistency of hydrogel) both in zonal and non-zonal constructs. There were no differences in
histological scoring; however, the repair tissue was significantly stiffer in defects repaired with
zonal constructs. The sub-optimal quality of the repair tissue may be related to several factors,
including early loss of implanted cells, or inappropriate degradation rate of the hydrogel.
Nonetheless, this approach may be promising and research into further tailoring of biomaterials
and of construct characteristics seems warranted.

1. Introduction

Osteochondral lesions, i.e. those involving both
the articular cartilage and subchondral bone,
may lead to tissue degeneration that can pro-
gress into osteoarthritis (OA) [1]. In clinics, a
commonly applied strategy for (osteo)chondral
repair relies on the recruitment of native repair
cells through microfracture [2]. More sophisticated

techniques include different forms of mosaicplasty
[3] and implantation of osteochondral allografts
[4]. Clinical trials have also used various commer-
cially available scaffolds [5, 6], with or without
cells.

However, these strategies are often associatedwith
significant limitations, like donor site morbidity and
high costs [7] and all result in insufficient functional
repair [8].
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The failure to achieve successful chondral repair
may be due to the avascular nature of articular car-
tilage [9]. Recent research has focused on the genera-
tion of living personalized prostheses for joint repair
through biofabrication techniques [10, 11], however,
the resulting repair tissue still lacks the hierarchical
collagen structure typical of healthy native articular
cartilage [12]. This results in formation of repair tis-
sue that is biomechanically inferior, contributing to
failure of function in the long-term [13]. Restora-
tion of the bone part in osteochondral repair is less
challenging, because of the innate repair response of
bone [14], which is a well vascularized tissue. This
discrepancy in intrinsic healing capacities between
bone and cartilage makes the production of con-
structs for osteochondral defect repair a complex task,
as it requires a highly specialized multiphasic scaffold
to mimic the functional characteristics of the native
osteochondral unit [15].

Tissue engineering techniques have the poten-
tial, through the use of multiple materials and cell
types, to further approximate the zonal architecture
of the native tissue [16, 17]. To achieve this, appro-
priate choices need to be made with respect to both
the biomaterials and the cells that are used. Hydro-
gels are considered promising biomaterials for cartil-
age repair because of their intrinsic hydrated nature.
Also, they can be functionalized by incorporation of
chemical cues, providing them a high degree of ver-
satility for biofabrication applications, including rep-
lication of spatially organized constructs [11, 18].
However, a definite drawback is that their stiffness
is very limited, making them unsuitable to recre-
ate the mechanical characteristics of the native tis-
sue on their own [14]. A key challenge for success-
ful regeneration is the choice of the biomaterials used
to build a bio-inspiredmultiphasic zonally-organized
construct [19]. In such constructs, hydrogels based on
synthetic polymers, such as polyglycidols-based (PG)
polymers [20] combined with a thiol-functionalized
hyaluronic acid (HA-SH) [21], may offer the pos-
sibility to provide a cell-friendly environment while
still permitting control of the chemical and physical
properties [22].

To increase chances of success, it is also possible
to improve the biomechanical performance of hydro-
gels by combining biomaterials with fiber reinforce-
ments, although fiber thickness and deposition pat-
terns have different effects on biomechanics [23],
hence this principle was also adapted for this study.
The combination of biomaterials and fiber reinforce-
ment however, may be insufficient, as the regenera-
tion is also driven by cells [24], partially through their
interaction upon implantation with the host environ-
ment [25]. There is, however, still debate on which
cell type may give optimal results for regenerative
purposes [22, 26].

To assess if the appropriate choices have been
made, a pre-requisite for eventual clinical application

is the long-term evaluation in a reliable large animal
model [27]. The equine model has often been
described as a suitable option for this purpose, as
the equine stifle has characteristics that resemble
those of the human knee, and an equally, pos-
sibly more challenging mechanical environment
[27, 28].

Chondrocytes have been used with some suc-
cess in the equine model [29, 30], as have bone-
marrow derived stem cells (MSCs), which, how-
ever, showed limited improvement in repair com-
pared to control treatments in the long-term [31],
and are known to exhibit a hypertrophic pheno-
type under chondrogenic induction [32]. A relatively
unexplored cell population identified in the super-
ficial layer of cartilage, known as Articular Cartil-
age Progenitor Cells (ACPCs) [33], may be more
suitable than MSCs [34]. These cells show multipo-
tent capacity for differentiation, as do MSCs, and in
vitro, they synthesize collagen type II and aggrecan,
but no collagen type X, marker of hypertrophic
chondrocytes [35]. These cells also lack RUNX2, a
master transcription factor for osteogenic differen-
tiation observed during endochondral ossification
[36]. Additionally, ACPCs harvested from the equine
articular cartilage have been thoroughly character-
ised. In particular, gene expression analysis showed
positivity of ACPCs for CD73, CD90, and CD105,
negativity for hematopoietic marker CD34 and leuk-
ocyte marker CD45. ACPCs were also shown to
be positive for CD29, CD44, CD49, CD106 and
CD166 [24].

Furthermore, when embedded in a gelatin-based
hydrogel, ACPCs were found to express PRG4, a gene
that encodes production of lubricin in the superficial
layer of cartilage [37], indicating that these cells rep-
resent a promising cell source for cartilage repair, and
may instruct repair cells to develop a superficial zone
phenotype [38], making them great candidates for
attempting to recapitulate the zonal features of native
cartilage. The principle of differences in spatial distri-
bution to enhance chondral formation has been pre-
viously investigated with different cell sources such
as chondrocytes [39], MSCs and ACPCs [24]. In the
study by Levato et al in particular, the in vitro com-
bination of the two latter cell types appeared themost
promising [24].

Therefore, here we investigate the perform-
ance of a multi-composite implant for the repair
of osteochondral defects, focusing on the pos-
sible effect of a zonal distribution of the cellu-
lar component. A composite construct with zonal
cell distribution was developed utilizing MSCs and
ACPCs. The basic construct consisted of a thiol-ene
cross-linkable hyaluronic acid/poly(glycidol) hybrid
hydrogel (HA-SH/P(AGE-co-G)) [21] and a 3D-
printed poly(ε-caprolactone) (PCL) osteochondral
anchor previously tested for fixation [40] in the
equine model. We evaluate the impact of a zonal
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configuration against a non-zonal configuration in
vitro and in vivo in a long-term equine model for
cartilage repair, as well as the long-term effects of the
anchoring scaffold for bone repair.

2. Materials andmethods

2.1. Isolation and culture of cells
2.1.1. Cell expansion for in vitro experiments
Equine MSCs and ACPCs were isolated as described
by Levato et al from two different donors (one
for cell type) [24]. These cells were used for three
independent experiments, in which they were cul-
tured up to passage 4 in expansion medium. For
MSCs this was DMEM high glucose 4.5 g l−1

(Sigma-Aldrich, St. Louis, MO, USA), supple-
mented with 10% FCS (Thermo Fisher, Waltham,
USA), 1 ng ml−1 bFGF (Recombinant Human FGF-
basic/145aa, BioLegend, London, UK) and 1% P/S
(100 U ml−1 penicillin, 0.1 mg ml−1 streptomycin,
Thermo Fisher, Waltham, USA). For ACPCs: DMEM
high glucose 4.5 g l−1, supplemented with 10%
FCS, 1% MEM NEAA (Thermo Fisher, Waltham,
USA), 0.2 mM L-ascorbic acid 2-phosphate (Sigma-
Aldrich, St. Louis, MO, USA), 5 ng ml−1 bFGF and
1% P/S.

2.1.2. Cell encapsulation in HA-SH/P(AGE-co-G)
hydrogels for in vitro experiments
For hydrogel preparation, HA-SH (5 wt%), P(AGE-
co-/G) (5 wt%), and the photoinitiator I2959
(0.05 wt%, BASF, Ludwigshafen, Germany) were
dissolved in PBS (Thermo Fisher, Waltham, USA)
[21]. The pH of the slightly acidic solution was neut-
ralized using 5 M NaOH (Sigma-Aldrich, St. Louis,
MO, USA). Subsequently, MSCs or ACPCs at pas-
sage 4 were suspended in the precursor solution
(20 × 106 cells ml−1), and the cell suspension was
cast in cylindrical silicone molds with a diameter of
6 mm. Constructs containing either MSCs or ACPCs
alone had a volume of 55 µl and were crosslinked
via UV irradiation at 365 nm for 10 min. For zonal
constructs, 35 µl MSC suspension was first irradiated
for 5 min; then, 20 µl ACPC suspension was pipet-
ted on top and irradiated again for 5 min to com-
plete crosslinking. Pure hydrogel constructs (without
PCL) were used for in vitro experiments. Constructs
were cultured for 28 d in chondrogenic differenti-
ation medium (DMEM high glucose, supplemented
with 1% v/v ITS + premix (Corning, NY, USA),
0.2 mM L-ascorbic acid-2-phosphate, 100 nM dexa-
methasone (Sigma-Aldrich, St. Louis, MO, USA),
10 ng ml−1 TGF-β1 (BioLegend, London, UK), 1%
P/S). Per construct, 1 ml medium was used and
refreshed every 2–3 d. For in vitro evaluation, three
independent experiments were conducted. For each
experiment, the number of samples per groupwas (n)
equals 3.

2.2. Generation of constructs for in vivo study
2.2.1. Osteochondral constructs
2.2.1.1. Osteochondral anchor.
Osteochondral anchors were fabricated as previously
described in Mancini et al [40]. Briefly, a screw-based
extruder on a 3DDiscovery printer (regenHU SA,
Switzerland) was used to 3D print GMP-grade PCL
(Purasorb® PC 12, Corbion, The Netherlands). The
osteochondral plug was designed using BioCAD soft-
ware (regenHU SA) as a cylinder with 6 mm dia-
meter, featuring a square-grid scaffold structure with
six zones with different porosities. The design was
replicated with decreasing porosity to mimic trans-
ition from trabecular to subchondral bone, result-
ing in a virtually closed interface between the chon-
dral and osteal compartments, and a chondral fiber
reinforcement to enhance fixation of biomaterials and
increase biomechanical resistance [40]. The scaffold
also allowed for press-fit fixation of the implant.

2.2.1.2. Cell encapsulation in HA-SH/P(AGE-co-G)
hydrogels.
Cell encapsulation was, in principle, executed as
described above, using cells from the same donors
(section 2.1). The HA-SH/P(AGE-co-G) hydro-
gel/cell mixture was cast in a layer-wise fashion on top
of the 3D-printed PCL osteochondral scaffold. Zonal
architecture was determined by subsequent casting
of two hydrogel layers with different cell types, while
non-zonal constructs were constituted of a single
layer of hydrogel laden with a single cell-type. Spe-
cifically, for the chondral portion of the constructs a
single layer was cast with 55µl of hydrogelmixedwith
equine MSCs (20 × 106 cells ml−1 of hydrogel) for
the non-zonal constructs. For the zonal constructs,
two hydrogel layers seeded with equine MSCs (35 µl,
20 × 106 cells ml−1 of hydrogel) and with chondro-
progenitor cells (20 µl, 20 × 106 cells ml−1 of hydro-
gel) were consecutively cast on the osteochondral
anchor (figure 1). Constructs were stored in differen-
tiation medium (see paragraph 2.1.2) overnight and
soaked with DMEM high glucose with no additions
before implantation.

2.3. Evaluation of chondrogenesis in vitro
2.3.1. Biochemical analysis
After 28 d, constructs (n = 3) were harvested and
DNA, GAG and hydroxyproline content was meas-
ured [41]. Briefly, a TissueLyser (Quiagen, Hilden,
Germany) was used to homogenize samples at 25 Hz
for 5 min and afterwards samples were digested in
a papain solution (3 U ml−1) for 16 h at 60 ◦C.
DNA content was measured fluorometrically using
Hoechst 33 258 DNA intercalating dye (Ex: 360 nm,
Em: 460 nm), with salmon testes DNA as a stand-
ard [42]. GAG content was determined by DMMB
assay at 525 nm, using bovine chondroitin sulfate as
a standard [43]. The amount of hydroxyproline was
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Figure 1. HA-SH/P(AGE-co-G) hydrogel/cells mixtures were cast in a layer-wise fashion on the 3D-printed PCL osteochondral
scaffold. To produce the zonal constructs, the first layer of the chondral portion of the constructs was seeded with equine MSCs
(35 µl, 20× 106 cells ml−1 of hydrogel), the second with chondroprogenitor cells (ACPCs, 20 µl, 20× 106 cells ml−1 of
hydrogel).

measured after acid hydrolysis and reaction withDAB
and chloramine T at 560 nm, with L-hydroxyproline
as a standard. Collagen content was determined based
on a hydroxyproline to collagen ratio of 1:10 [44, 45].

2.3.2. Histology and immunohistochemistry
Constructs were first fixed in 3.7% PBS-buffered
formalin overnight and then, after dehydration,
embedded in paraffin, and paraffin sections, 1 µm
thick, were obtained. For histological analysis of GAG
deposited in the constructs, sections were stained
with Weigert´s hematoxylin, fast green and safranin-
O [46]. For immunohistochemical analyses, anti-
gen retrieval was performed. For aggrecan, collagen
type I and collagen type II sections were treated
consecutively with pronase (30 min) and hyalur-
onidase (30 min). Sections were blocked with 1%
BSA in PBS for 60 min. For visualization, sec-
tions were stained with respective primary anti-
bodies: anti-aggrecan (1:300, 969D4D11/AHP0022,
Thermo Fisher, Waltham, USA), anti-collagen I
(1:200, ab34710, Abcam, Cambridge, UK) and anti-
collagen II (1:200, ab34712, Abcam, Cambridge,
UK). For immunofluorescence staining, the second-
ary antibody Alexa Fluor 488 goat anti-rabbit IgG

(1:400, 111–545-003, Jackson Immuno Research, Ely,
UK) was used. For immunohistochemical staining
with 3,3′-diaminobenzidine (DAB) as chromogen,
the ultra streptavidin HRP detection kit (USA) (Bio-
legend, San Diego, USA) was used.

2.4. Long term evaluation of constructs in the
equine model
A study with eight Shetland ponies was performed
comparing a zonal versus a non-zonal configura-
tion in the same animal. Zonal and non-zonal con-
structs were randomly implanted in either the right
or left stifle joint. The study was approved by the
local Ethics Committee for Animal Experimentation
of Utrecht University (CCD n AVD108002015307)
and was performed in accordance with the Institu-
tional Guidelines on the Use of Laboratory Animals
in compliance with the Dutch Act on Animal Experi-
mentation.

The ponies (n = 8, age 4–10 years, weight 167–
187 kg) were free of lameness and without any clinical
or radiographic evidence of acute or chronic injuries.
They were housed together and fed a standard main-
tenance ration of concentrate with hay ad libitum and
free access to water.

4



Biofabrication 12 (2020) 035028 I A D Mancini et al

General anesthesia was induced with midazolam
and ketamine intravenously (0.06 and 2.2 mg kg−1,
respectively), after premedication with detomidine
and morphine (10 mcg kg−1 and 0.1 mg kg−1,
respectively); anesthesia was maintained with
isoflurane (1.1–1.5% end tidal in oxygen) with
intravenous continuous rate infusion (CRI) of
ketamine (0.5 mg kg−1 hr−1) and detomidine
(10 mcg kg−1 hr−1). Furthermore, before implanta-
tion surgery all ponies received an epidural injection
with morphine 0.1 mg kg−1 bwt in 8 ml of saline
solution just before induction of anesthesia.

The medial trochlear ridge of the femoropatellar
joint was exposed by arthrotomy through a subpatel-
lar approach between the medial and middle patel-
lar ligament; in each joint, an osteochondral defect
with a diameter of 6 mm and a depth of 7.5 mm
was created using a custom-made surgical drill and
drill guide. After the scaffold was placed (press-fit),
the wounds were closed in 4 layers using resorbable
suture material (VicrylTM, Ethicon, US, LCC) and
MonocrylTM (Ethicon, US, LCC) for the skin. Stents
were placed over the wound for protection for the
first 48 h and subsequently removed. Full weight bear-
ing was allowed after recovery from anesthesia. Post-
operatively, the ponies received NSAIDS (meloxicam,
0.6 mg kg−1, PO, BID-SID) up to 7 d and tramadol
(5 mg kg−1, PO, BID-SID) up to 3 d postoperatively.
Prophylactically, antibiotics were administered peri-
operatively (ampicillin (10–15 mg kg−1, IV), while
procaine penicillin (20 mg kg−1, IM) was admin-
istered once after surgery.

2.4.1. Post-operative evaluation
Orthopedic examinationswere performed before sur-
gery (baseline), and 2, 4 and 6months after defect cre-
ation, and included objective gait analysis with awire-
less networked inertial measurement system motion
capture-based system (Qhorse, Qualisys AB, Göte-
borg, Sweden) [47].Motion of the pelvis and protrac-
tion/retraction angle of the hindlimbs were assessed
as an outcome parameter for lameness.

Second-look arthroscopy was performed at 4 and
6 months after defect creation and subsequent repair,
and assessed repair tissue for attachment to surround-
ing articular cartilage, firmness, degree of filling and
macroscopic appearance, using the Oswestry Arthro-
scopy Score [48].

After 6 months, animals were sedated with
detomidine (10 mcg kg−1) and subsequently euthan-
ized by administration of pentobarbital (50 mg kg−1

of body weight). Gross assessment of the medial
trochlear ridge after euthanasia consisted of evalu-
ating the volume of the repair tissue, integration of
the margins of the repair tissue with the surround-
ing native tissue and surface quality. After this, the
entire osteochondral area of the medial femoral ridge

containing the constructs was harvested for analysis
using a surgical bone saw.

2.4.2. Biomechanical analysis of repair tissue
A displacement-controlled nano indenter (Piuma,
Netherlands) including a controller, an optical fiber
and a spherical probe (Optics, Netherlands) was used
to obtain force-displacement curves on the surface of
the repair tissue. The probe is attached to a spring
cantilever, which is connected to the end of the optical
fiber allowing to measure the cantilever deflection. A
probe with radius X (54 µm) and cantilever stiffness
Y (84.3 N m−1) was used to perform an indentation
protocol comprising an indentation phase to a depth
of 18 µm for 1 s in the loading phase, followed by
7 s holding time, and an unloading time of 20 s [49].
A minimum of 3 measurements were taken at differ-
ent locations within the defect, and then values were
averaged.

2.4.3. Evaluation of bone repair
Each defect was scanned in a micro-CT scanner
(µ-CT 80, Scanco Medical AG, Switzerland) at a
resolution of 20 µm. The acquisition parameters were
set to a voltage of 70 kVp, an intensity of 114 µA,
and an integration time of 300ms. Subsequently, the
acquired images were processed by first applying a
Gaussian filter (sigma = 2, support = 0.8 voxel)
and then segmentation. The images obtained were
processed with BoneJ (a free plugin of ImageJ) to
obtain the bone volume fraction (BV/TV) in the
defect.

2.4.4. Parenting DNA analysis
Full-thickness biopsies of repair tissue were obtained
post-mortem and frozen at−20 ◦C. DNAwas extrac-
ted using the Kleargene spin plate according to the
manufacturer’s instructions (LGC, UK). The PCR of
17 equine STR markers was performed according to
van de Goor et al [50] by VHLGenetics, Wageningen,
the Netherlands. Markers were compared between
donor cells and host cells to detect possible presence
of donor cell DNA at 6 months.

2.4.5. Histology
The osteochondral tissue blocks containing the
defects were fixated in 4% formalin, decalcified with
Formical-2000 (EDTA/formic acid; Decal Chem-
ical Corporation, Tallman, NY) for 14 d, dehyd-
rated through a graded ethanol series, cleared in
xylene and then embedded in paraffin. Samples were
sectioned into 5 µm slices and stained with hem-
atoxylin and eosin (HE) and Safranin-O. Repair
was assessed by a modified O’Driscoll scoring and
ICRS scoring [51], and cell infiltration evaluated
using an Olympus BX51 light microscope. Samples
were also stained with picrosirius red and analyzed

5



Biofabrication 12 (2020) 035028 I A D Mancini et al

Figure 2. Biochemical analysis of ECM production in HA-SH/P(AGE-co-G) hydrogel constructs, seeded with
20.0× 106 cells ml−1, after 1 and 28 d of chondrogenic differentiation. (A) Production of total GAG (GAG/construct); (B) GAG
normalized to DNA (GAG/DNA); (C) production of total collagen (collagen/construct); (D) collagen normalized to DNA
(collagen/DNA). Three independent experiments with n= 3 biological replicates each were performed. Data are presented as
means± standard deviation. (∗) indicates statistically significant differences between a d28 value and the corresponding d1 value
of the same group (p < 0.05). (∆) indicates statistically significant differences between groups (p < 0.05).

with polarized light microscopy for visualization
of collagen fibril orientation. Immunohistochem-
ical staining was performed for collagen type-I and
type-II.

2.5. Statistical analysis
Statistical analysis for in vitro evaluation was per-
formed using Graph Pad Prism 6.0 (GraphPad
Software, La Jolla, USA) by two-way ANOVA with
a Tukey´s post-hoc test. Differences between experi-
mental groupswere considered statistically significant
at p < 0.05.

Statistical analysis for in vivo studywas performed
bymeans of the statistical package SPSS (version 25.0,
IBM,Armonk,NY), using one-wayANOVA, compar-
ing zonal and non-zonal constructs (statistical signi-
ficance set at p < 0.05).

Statistical analysis for objective gait analysis was
performed in R [52] using linear mixed models with
horse used as a random effect and time as a fixed
effect. Significance was set at p < 0.05 and correction
for multiple comparison was done using the false dis-
covery rate method’.

3. Results

3.1. In vitro study
3.1.1. Biochemical analysis
Within 28 d of in vitro culture, ACPCs and MSCs
alone, as well as combined in zonal constructs were
able to produce distinct amounts ofGAGswithinHA-
SH/P(AGE-co-G) hydrogels. MSCs produced signi-
ficantly more GAGs than ACPCs (figures 2(A) and
(B). In line, collagen production was also observed
within all constructs, with higher collagen content
for MSCs compared to ACPCs (figures 2(C) and
(D). Zonal layering of ACPCs and MSCs did not
result in higher ECM levels compared to non-zonal
constructs.

3.1.2. Histological analysis
GAGdepositionwas observed in all constructs. In line
with the biochemical analysis, MSC-laden constructs
showed more intense GAG staining than ACPC-
laden constructs. This difference was also reflec-
ted in the zonal constructs, with stronger stain-
ing in the MSC-containing bottom part. In all
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Figure 3. Histological and immunofluorescence stainings of (HA-SH/P(AGE-co-G)) hydrogel constructs, seeded with
20× 106 cells ml−1, after 1 and 28 d of chondrogenic differentiation. (A) Safranin O staining for GAG. Immunofluorescence
stainings for (B) aggrecan, (C) collagen type I and (D) collagen type II. Three independent experiments with n= 3 biological
replicates each were performed. Representative data from one experiment is shown. Scale bars represent 100 µm.

constructs, GAGs were mainly observed in peri-
cellular regions, i.e. not homogeneously distrib-
uted throughout the entire construct (figure 3(A)).
Similar observations were made in the immuno-
fluorescence and immunohistochemical stainings for
aggrecan and collagen types I and II (figures 3(B)–
(D); figures S1, S2, Supporting Information (avail-
able online at stacks.iop.org/BF/V/A/mmedia)). High
magnification of hydrogel constructs showed matrix
intra- and mainly pericellularly distributed around
the cells (figures S3, Supporting Information). In

general, it was observed that ACPCs preferentially
produced extracellular matrix in the outer areas
of the constructs, whereas MSCs produced matrix
within the whole construct (figures S2, Supporting
Information).

3.2. Long term evaluation of constructs in the
equine model
3.2.1. Post-operative evaluation
Clinical examinations after surgery did not reveal
evident signs of lameness or joint effusions. All
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Figure 4. Arthroscopic images of representative defects at 4 and 6 months (top zonal, bottom non-zonal constructs). (A), (C) At 4
and 6 months, repair tissue filled all defects, appearing well integrated with the surrounding cartilage. (B), (D) Appearance of
repair tissue changed from transparent to more whiteish over time. (E) Semi-quantitative scoring according to the oswestry
arthroscopy score showed similar results for overall repair tissue quality in both groups, with no significant changes between 4
and 6 months.

Figure 5. Biomechanical characterization of newly formed tissue filling the defects with micro-indentation. Average value of the
compressive modulus in the zonal group was 147.5± 40.7 kPa, while in the defects repaired with non-zonal constructs, the
average compressive modulus was significantly lower (96.9± 33.0 kPa, p < 0.05). A minimum of 3 measurements were
performed in different areas of the defect for each animal (n= 8, right, black stars).

wounds healed by primary intention without com-
plications.

Objective gait analysis was performed with the
motion capture-based QHorse system. For both
hindlimbs, maximal protraction angle was reduced
after surgery and remained reduced until the last time
point (5deg reduction, p < 0.001, figure S5(A)) Max-
imal retraction of the hindlimbs was initially reduced
after surgery and increased over time, when com-
pared to baseline (2.5 deg, p < 0.001. Figure S5(B)).
Pelvis rotation along the horizontal plane (yaw) was
reduced after surgery and increased at the last time
point when compared to baseline (2.4deg, p= 0.033,
figure S5(C)). Vertical motion symmetry of the pelvis
in the sagittal plane reduced after surgery (1.2 mm,
p= 0.004, figure S5(D)).

At 4months after implantation, repair tissue filled
all defects and appeared well integrated with the

surrounding cartilage tissue (figures 4(A) and (C).
The aspect of the repair tissue changed from transpar-
ent to more whiteish over time (figures 4(B) and (D).
The semi-quantitative Oswestry scoring [48] was not
different in both groups and did not show significant
changes between 4 and 6 months (figure 4(E)).

3.2.2. Biomechanical analysis of the repair tissue
The average compressive modulus of the repair tis-
sue in the zonal group was 147.5 ± 40.7 kPa. In
the non-zonal constructs, this figure was signific-
antly lower (96.9 ± 33.0 kPa, p < 0.05) (figure 5).
Healthy cartilage from the same animals ranged at
495.9± 174.0 kPa.

3.2.3. Evaluation of bone repair
The bone volume fraction was similar for both
groups, averaging 26.7% ± 5.6% for zonal and
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Figure 6. (A) Bone volume fraction (BV/TV) was similar for both groups, averaging 26.7%± 5.6% for zonal and 25.7%± 3.4%
for non-zonal constructs (n= 8). (B zonal, C non-zonal) Micro-CT images of representative samples showing integration of the
scaffold with the surrounding native tissue, and production of new mineralized tissue within the scaffold.

Figure 7. (A), (B) Polarized light microscopic histological images of the osteoal portion of the scaffold stained with picro-sirius
red, showing presence of collagen fibers throughout. (C), (D) Hematoxylin eosin staining showed infiltration of the scaffold (S,
empty space left after dissolution during histological processing) with new bone-like tissue (NB). (E), (F) At higher magnification
lying along the PCL fibers of the scaffold multinucleated cells could be observed (black arrows).

25.7% ± 3.4% for non-zonal groups. (figure 6(A)).
Micro-CT revealed good integration of the scaffold
with the surrounding native tissue, and presence of
mineralized tissue within the scaffold (figures 6(B)
and (C).

Polarized light microscopy showed presence of
collagen fibers throughout the osteal portion of the
scaffold (figures 7(A) and (B).

Histology showed new tissue formation in con-
struct pores with a bone-like structure (figures 7(C)

9



Biofabrication 12 (2020) 035028 I A D Mancini et al

Figure 8. (A), (D) Histological sections stained with hematoxylin-eosin showing repair tissue level with the surrounding tissue,
and integration with the native bone and cartilage. (B), (E) Immuno-histological staining showing widespread production of
collagen I, but scarce to none presence of collagen type II, independent of zonal or non- zonal configuration (C), (F).

Figure 9.Microscopic scoring according to a modified O’Driscoll score did not show significant differences between the groups
(n= 8).

and (D), and presence ofmultinucleate cells along the
PCL fibers (figures 7(E) and (F)).

3.2.4. Evaluation of chondral repair tissue
Six months after surgery all defects were filled
with tissue with heterogeneous appearance, suggest-
ing a varying degree of repair tissue production.
Traces of hydrogel fragments were detected. Histolo-
gical analysis showed that the defect was filled with
repair tissue level to the surrounding tissue, and
well-integrated with the native bone and cartilage
(figures 8(A) and (D)). Immuno-histological stain-
ing characterized the tissue as prevalently fibrous (fig-
ures 8(B) and (E)) with scarce to none presence of
collagen type II, independently of zonal or non-zonal
configuration (figures 8(C) and (F)). Staining for col-
lagen type I appeared consistently more intense in the

zonal group. Semi-quantitative histological scoring of
the repair tissue did not show significant differences
between zonal and non-zonal constructs (figure 9).

Parenting of DNA showed no evidence of DNA
presence from donor cells and only host cells were
detected.

4. Discussion

This study is the first to report on the long-term
outcome of the use of a cell-seeded multi-composite
fibre-reinforced hydrogel scaffold with a 3D printed
anchor for fixation in the subchondral bone for the
repair of artificially created osteochondral defects in
an equine in vivo model, comparing a zonal versus a
non-zonal configuration of the cartilage component.
Overall, the results are similar to other longer term
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studies on cartilage repair in large animal models or
in humans: clinically satisfying (at least for the dura-
tion of the study), amacroscopically reasonable filling
of the defect, but histologically formation of fibrocar-
tilage at best, characterized by low, if any GAG con-
tent, production of collagen type I rather than type
II and biomechanical properties that fall far short of
those of native tissue [5, 12, 53, 54]. In the case of the
current study the zonal constructs were significantly
stiffer than the non-zonal constructs, but compress-
ive stiffness was still a factor 6 or 7 less than that of
native cartilage.

The combination of cell-seeded biomaterials
with a 3D-printed scaffold is a versatile approach
to address the challenge of osteochondral repair,
enabling creation of mechanically competent scaf-
folds, while still allowing guidance of regeneration
based on cells and hydrogels [55]. The choice of cell
type may play a determining role. Previous studies
have shown that chondrocytes may suffer dedifferen-
tiation during in vitro expansion [56, 57], contrarily
to MSCs [58]. However, MSCs tend to differentiate
terminally and thereby can cause hypertrophy and
partial matrix calcification in the tissue [59]. Nev-
ertheless, they are still utilized for cartilage regenera-
tion, particularly in combination with other cell types
[24]. ACPCs on the other hand, can be expanded
in vitro without losing their chondrogenic potential
[34], and have been shown to differentiate chondro-
genically without hypertrophy or matrix calcification
[36], rendering them a promising cell source for car-
tilage regeneration.

The choice of allogeneic cells for the execution of
the in vivo experiments, originates from the rationale
that use of allogeneic cells would allow execution of
a single step procedure, avoiding complications and
costs related to two-step procedures that are neces-
sary when using autologous cells [60]. In this study,
allogeneic equine MSCs and ACPCs from two sep-
arate donors were seeded into HA-SH/P(AGE-co-G)
hydrogels in non-zonal and zonal constructs. Equine
MSCs have been cultured in vitro in HA-SH/P(AGE-
co-G) hydrogel before and, when considering the dif-
ferent cultivation times, the levels of GAG/DNA and
collagen/DNAwere in the same range as in the present
study [21]. The combination of MSCs and ACPCs
in zonal constructs has also been previously investig-
ated, although in association with a different gelatin-
based biomaterial (gelMA) [24]. In that study, a com-
parison of zonal co-cultures between ACPCs, MSCs,
and chondrocytes showed that the combination of
ACPCs in the upper layer and MSCs in the lower
layer outperformed the other combinations. MSCs
produced highest levels of GAG/DNA, followed by
ACPCs and then chondrocytes [24].

This promising data inspired us to use the same
combination of cell types in HA-SH/P(AGE-co-G)
hydrogels. In the present study, MSCs outperformed
ACPCs in non-zonal constructs as well. A possible

reason for this could be that the hydrogel -as well as
the differentiation medium- was initially developed
for MSCs; therefore with suitable adjustments, it may
be possible to increase in vitro matrix production by
ACPCs. Matrix production and distribution in zonal
constructs reflected those of non-zonal constructs of
the respective cell type, with more GAG and collagen
in the lower layer (MSCs) compared to the superficial
layer (ACPCs). As this distribution is similar to nat-
ive cartilage structure, this approach towards a zonal
construct consisting of two different cell types seemed
promising for further evaluation in the animalmodel.

Even when in vitro studies show encouraging res-
ults, translation of tissue engineering strategies to rel-
evant large animal preclinical models remains a per-
sisting challenge [53, 61, 62]. Nevertheless, the large
animal models are an indispensable step in the eval-
uation of any therapy for osteochondral repair [63],
and among them the equine model is considered as
probably the most challenging large animal model
for cartilage repair [27]. Advantages of this model
include accessibility of the joint, that allows for mon-
itoring the repair process in long-term studies [27],
and the fact that cartilage biochemical composition
and thickness [28] and (subchondral) bone dens-
ity approximate that of humans [64]. Disadvantages
include high costs and immediate load-bearing after
surgery [53]. An important ethical advantage is that
the horse, unlike the majority of experimental anim-
als, is a frequent orthopedic patient itself with a clear
clinical need for improved treatment of joint injuries,
as it naturally suffers from joint trauma and osteo-
chondral diseases, due to its regular use as an athletic
and working animal [27].

It is recognized that, when addressing scientific
questions in large animal in vivo studies, many com-
plex variables come into play. Answering a scientific
question in a satisfactory way is a fundamental pre-
requisite, however the design needs to accomplish this
while respecting the 3R’s principles. With the goal
of reducing possible influences of multiple groups
(which may provide more data but potentially intro-
duce confounding factors) while maintaining a sci-
entifically sound design, the authors opted for a dir-
ect, intra-individual left-right comparison to invest-
igate the influence of a dual (zonal) distribution
of cells on cartilage repair, eliminating the large
inter-individual variations characteristic of outbred
populations.

The simultaneous investigation of cell-free scaf-
folds, or empty defects may be valid and interesting,
but not directly pertinent to the understanding of the
influence of cell zonal distribution in cartilage repair.
Cell-free scaffolds represent an alternative approach
to cartilage repair with its own merits and drawbacks
[65, 66]. Similarly, while empty defects may represent
a tempting control group, it is known from previous
studies that defects of more than 4 mm of diameter
will show poor regeneration, while requiring a higher
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number of animals [67]. The use of an untreated con-
trol defect thus becomes dispendious from an eco-
nomic perspective, and is undesirable in terms of
respect of the 3Rs principles: the natural development
of empty cartilage defects as little as 2mm in diameter
showed repair with fibrous, collagen I based tissue
poor in proteoglycan content [6]. Previous authors
have also opted for not using empty control defects,
choosing for example a comparison with fibrin glue
[1], which also presents some drawbacks in terms of
fixation [7], or other repair strategies better suited for
comparison to the aim of the study [2], including a
direct comparison between two variations of a sim-
ilar repair strategy [3], like in the case present here.

The use of multiple defects within the same joint
would potentially allow for inclusion of multiple
groups, while requiring a lower numbers of animals.
Nevertheless, multiple larger defects within a single
joint do feature the loss of proteoglycans in a rel-
atively wide area around the defect, also affecting
the surrounding healthy cartilage, and thus impact-
ing on the repair potential of the evaluated treat-
ments [68]. Apart from this, any additional defect
will affect joint homeostasis and thus affect the condi-
tions under which other defects in the jointmust heal,
making a multiple-defect approach methodologically
questionable at least.

Based on earlierwork on the fixation of constructs
meant for the repair of focal cartilage lesions in the
equine model [40], the choice was made for an osteo-
chondral construct that could surgically be placed
press-fit without need for further fixation. There are
currently no satisfying techniques for fixating chond-
ral constructs in the horse. In humans, fibrin glue is
commonly used, however there are serious concerns
with respect to its use in the horse, mainly because
of immunological reasons [40], but also because of
immediate post-surgical weight-bearing in the equine
species. Biodegradable polydioxanone pins have been
used with some success to secure cartilage flaps in
horses affected by the developmental orthopaedic
disease osteochondrosis [69], but these rely on the
consistency of the native tissue (which is much less
in hydrogel-based constructs) and would alter the
architecture of 3D scaffolds [70]. The polycapro-
lactone osteochondral anchor that had been earlier
designed and tested in short-term in vivo pilots [40]
served its purpose well in this long-term in vivo
study.

Previous equine studies testing biphasic osteo-
chondral constructs commonly utilized either cal-
cium phosphate (CaP) [53, 71, 72] or magnesium
hydroxyapatite (Mg-HA) [5] for the osteal portion
of the scaffold. This was the first long-term study in
the horse that used polycaprolactone as the struc-
tural element of the osteal part of the scaffold. The
material had, however, been used for reinforcement
of scaffolds in other species [11, 73]. Polycaprolactone
is a material that will degrade very slowly through

hydrolysis (24–36 months) [74], and as expected no
resorption was seen during the experimental period,
differently from degradable CaP or HA-based con-
structs [53, 71, 72]. The PCL scaffold showed good
integration with the surrounding bone with produc-
tion of new mineralized tissue, in line with earlier
reports [74]. Histology did not show presence of any
inflammation, confirming the inertness of the mater-
ial. Although the conclusion cannot be drawn definit-
ively from the current data, it seems reasonable to pre-
sume that the scaffold will continue to slowly degrade
and bone tissue will continue to be produced, likely
leading to functional repair of the bone.

The performance of the cartilage portion of the
implanted construct was less favourable than that of
the osteal portion.

Interestingly however, clinically the animals did
not display macroscopic signs of discomfort other
than those expected from a surgical intervention;
objective gait analysis showed that both the pelvis
motion and limb movement seem to indicate a bilat-
eral effect of the surgery. These results are compatible
with a mild degree of bilateral lameness or disfunc-
tion although the effect may be very small and thus
not clinically evident.

Althoughmacroscopically the defects were for the
major part neatly filled with repair tissue to the level
of the original joint surface and no step defects of rel-
evant size were seen, the tissue that was formed was
virtually devoid of both glycosaminoglycans and col-
lagen type II, whereas collagen type I was found in
abundance. This type of repair tissue is similar to tis-
sue commonly observed in repair of untreated osteo-
chondral defects, or after surgical interventions such
asmicro-fracturing [12], and often represents the end
stage of even more advanced therapies, such as ACI
and MACI [12]. Apparently, the conditions in vivo
were too far off from those that favoured chondro-
genesis in the in vitro situation, where the two cell
types as well as their combination showed both glyc-
osaminoglycan and collagen type II production, be it
at different rates.

It is important to state that the data presented here
results from one possible zonal chondral approach
and therefore its outcome should not be taken as rep-
resentative for all possible zonal chondral strategies.
Several factors may have played a role in obtaining
these results andmay offer the possibility to influence
the outcome.

Firstly, DNA parenting showed that after
6 months no cells with DNA other than that of the
host could be detected. This means that the seeded
MSCs and ACPCs had all disappeared and had also
failed in producing new generations of cells. From
the experimental data it is not possible to determ-
ine when this happened, but evidently at 6 months
post-implantation ongoing repair was realized solely
by cells from the host. In that light, the fibrotic rather
than hyaline character of the repair tissue may be
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unsurprising, as it is the type of tissue that is gen-
erated by intrinsic repair of articular damage [12].
The main effect seen in this study was the marginally
-but significant- higher stiffness of the repair tissue in
the sites treated with the zonal constructs. This was
not associated with tangible histological differences
within the zonal and non-zonal groups, other than a
subjectively higher intensity of collagen type I stain-
ing. Although interesting, these findings cannot be
said to represent better repair.

Secondly, the degradation rate of the hydrogel on
top of the PCL scaffold where MSCs and/or ACPCs
were encapsulated should be considered. Histology
showed the scattered presence of some persistent
hydrogel fragments after 6 months, leading to the
conclusion that at least some of the material res-
isted for a relatively long period. Although very early
degeneration is considered a negative factor for the
success of regeneration [14], little is known about
what the desirable degradation profile should be. This
represents a great challenge in tailoring the degrad-
ation profile of any biomaterial destined for cartil-
age repair and it is, therefore, difficult to rate the
rather long-lasting but heterogeneous degradation
profile seen in the current study. There was histolo-
gical evidence that early degeneration did not happen
in this case, but it can be questioned to what extent
some scattered fragments are enough to still have
any effect on the chondrogenic capacity of cells and
whether cues to promote chondrogenic performance
should not remain present formuch longer.What can
be deduced here is that the degradation profile was
apparently prolonged enough to permit good filling
of the defect, level to its surroundings, and formation
of a good connection at the scaffold-cartilage inter-
face, which can be seen as encouraging, as this integ-
ration prevents further deterioration of the native tis-
sue [35].

A third factor, that may be related to the former
two, is the severe lack of stiffness of the cell-seeded
hydrogel that was used on top of the PCL struc-
ture. Both the overall biomechanical properties of
the implant and the biomechanical environment
within the structure as perceived by the seeded cells,
in our materials approach, are evidently different
from those generated by the native collagen network.
Fibre-reinforcement can substantially improve stiff-
ness compared to hydrogels alone, although it should
be noted that stiffer materials shield cells from exper-
iencing mechanical stimuli which may then hinder
matrix production [75]. It has however been demon-
strated before, that a significant improvement in stiff-
ness can be achieved through a specific architecture
of the PCL structure -with a high-volume percent-
age of the composite scaffold filled by the hydrogel
[23]. This would be an obvious next step for construct
design, once the fabrication of scaffolds by combin-
ing different production processes needed to integrate
this into the osteochondral anchor is possible.

It can be concluded that the PCL-based osteo-
chondral construct used in this equine long-term
study was easy to handle surgically, could be well fix-
ated, and gave promising results with respect to the
regenerative capacities of its osteal portion. The car-
tilage part failed to generate better repair tissue than
that produced by natural intrinsic healing of osteo-
chondral defects. This may be related to early loss of
the seeded cells, the degradation rate of the hydro-
gel or the failure to recreate an environment that bio-
mechanically resembles native articular cartilage, and
most likely by a combination of these factors. Future
approaches should focus on materials tailoring to
mimic the biomechanical environment for the seeded
cells without impeding them to produce extracellu-
lar matrix elements because of excessive biomaterial
stiffness, and on optimizing the degradation profile
of the hydrogel. Pre-matured multiphasic scaffolds
might be a way to address some of the issues raised in
this study. Another approach could be the stimulation
of ingrowth of native cells combined with provid-
ing long-lasting regenerative cues to these, e.g. by
controlled release from extracellular vesicles, rather
than relying on implantation of allogeneic cells. In
all approaches it is nevertheless expected that the
structural element of cartilage will present the biggest
challenge.
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