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Abstract. 
This study aimed at evaluating the ability of autologous equine 
nasal chondrocytes (EqNCs) embedded in a silanised hydroxypro-
pyl methylcellulose (Si-HPMC) hydrogel to repair cartilage defects 
in horses. 
Autologous EqNCs from the nasal septum were cultured in vitro 
and mixed with Si-HPMC. This hybrid construct was injected ar-
throscopically to experimental full-thickness critical-sized cartilage 
defects in a pilot horse. After this preliminary test, it was implanted 
in 6 experimental horses and compared with microfracture (posi-
tive control) and with debridement only (negative control) using 
experimental defects created bilaterally on radial carpal bones and 
medial femoral condyles. Cartilage tissue repair was subsequently 
investigated arthroscopically, macroscopically and histologically 
18 months after the surgical procedure. Two client-owned horses 
presenting with cartilage damage were also treated using hybrid 
EqNCs/Si-HPMC constructs. 
We developed an injection technique for a 3D hybrid construct of 
EqNC and Si-HPMC under gas arthroscopy. The in situ reticula-
tion and adhesion properties of the construct ensured its stabil-
ity after injection.  The hybrid construct was well tolerated and 
Si-HPMC was estimated as a safe scaffold for horses. We found a 
better cartilage healing with our hybrid construct compared to mi-
crofracture or defect left empty characterized by an increased type 
II collagen content in the defects filled with the hybrid construct. 
In the 2 clinical cases, hybrid construct injection led to the forma-

Introduction
Articular cartilage is frequently damaged as a result of trauma or 
degenerative joint disease, and because it is an avascular and poorly 
cellularized tissue in adults, its capacity for spontaneous repair is lim-
ited (Hanie et al., 1992; Hurtig et al., 1988; Vachon et al., 1986). In-
deed, only osteochondral defects, which affect both the subchondral 
bone and cartilage exhibit a repair process that leads to the forma-
tion of fibrocartilage. This fibrocartilage does not however display the 
mechanical properties of native articular cartilage (Buckwalter and 
Mankin, 1998) and unfortunately degrades rapidly. Lesions of the ar-
ticular surface often predispose to osteoarthritis and total replacement 
of the joint is not currently available for equine patients, threatening a 
horse's career and/or life. 
Several regenerative therapies have been developed to improve osteo-
chondral defect healing, such as microfracture (Fortier et al., 2010; 
Frisbie et al., 1999) for the stimulation of endogenous healing process-
es or autologous osteochondral  grafting (e.g., mosaicplasty) (Bodo et 
al., 2004; Janicek et al., 2010). However, these approaches show mixed 

tion of repair tissue exhibiting the gross appearance of articular 
cartilage and both returned to intended use.
This study revealed that EqNCs/Si-HPMC constructs can support 
the formation of a healing tissue with hyaline cartilage features. 

Keywords: Articular cartilage; full-thickness defect; tissue engi-
neering; self-setting hydrogel; nasal chondrocyte; horse.
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results. Indeed, despite the improvement in quality and attachment of 
the repair tissue after microfracture, the tissue remains fibrocartilagi-
nous; on the other hand, mosaicplasty entails an additional procedure, 
may be limited to focal defects and may increase donor site morbidity 
(Desjardins et al., 1991). 
Promising strategies are being developed in the field of tissue engi-
neering to restore damaged articular cartilage. The implantation of 
scaffolds seeded with autologous articular chondrocytes allows for 
hyaline-like tissue formation but usually requires invasive arthroto-
my and chondrocytes recovery may lead to damage at the donor site 
(Barnewitz et al., 2006; Frisbie et al., 2009; Goodrich et al., 2007; Nix-
on et al., 2011). To overcome these limitations, alternative cell sources 
and innovative biomaterials are being intensively investigated. Tech-
niques using matrix-associated autologous chondrocyte implantation 
(MACI) are suggested to be technically more attractive than autolo-
gous chondrocyte implantation (ACI) while clinical, arthroscopic and 
histological outcomes are comparable (Barnewitz et al., 2006). The 
immobilization of chondrocytes, as known from MACI, in appropri-
ate biomaterials prevents loss of chondrocytes into the joint cavity 
(Barnewitz et al., 2006), allows an homogenous three-dimensional 
cell distribution within the scaffold, initial mechanic stability and the 
avoidance of a cover material(Risbud and Sittinger, 2002). The use of 
chondrocytes obtained from nasal septum cartilage has been suggest-
ed (Kafienah et al., 2002; Mumme et al., 2016a). Indeed, nasal chon-
drocytes present greater chondrogenic potential and are associated 
with lower donor site morbidity than articular chondrocytes(Mumme 
et al., 2016a). In humans, compared with articular chondrocytes, 
chondrocytes derived from the nasal septum have superior and more 
reproducible capacity to generate hyaline-like cartilage tissues, with 
the plasticity to adapt to a joint environment(Acevedo Rua et al., 2021; 
Kafienah et al., 2002; Rotter et al., 2002; Wolf et al., 2008). The use 
of an autologous cell source with superior and less donor-dependent 
cartilage forming capacity might enhance regenerative processes and 
lead to a predictable benefit for individual patients(Mumme et al., 
2016a). Regarding the matrix, the use of three-dimensional bioma-
terials suitable for minimally invasive arthroscopic injection would 
be less traumatic for the implanted joint. To date, various biomateri-
als have been evaluated for cartilage repair, including protein-based, 
polysaccharide-based, and synthetic matrices (Barnewitz et al., 2006; 
Hunziker, 2002). Unfortunately, some of these have been reported to 
induce inflammatory responses in vivo. In this regard, we developed 
a self-setting hydrogel of silanised hydroxypropyl methylcellulose (Si-
HPMC), allowing the in vitro three-dimensional culture of differenti-
ated chondrocytes(Bourges et al., 2002; Vinatier et al., 2005). In pre-
vious studies, we demonstrated that this Si-HPMC hydrogel seeded 
with autologous nasal chondrocytes filled articular cartilage defects 
in rabbits with a hyaline-like repair tissue(Vinatier et al., 2009) and 
that constructs associating Si-HPMC and equine nasal chondrocytes 
(EqNCs) enabled the formation of a cartilaginous tissue into sub-cu-
taneous pockets of nude mice(Merceron et al., 2011). 
Thus, considering these encouraging results in small animals, we 
proceeded to evaluate the capacity of this Si-HPMC hydrogel seeded 
with autologous nasal chondrocytes to repair full-thickness articular 
cartilage defects in a larger animal model: the horse. Therefore, the 

objectives of the present study were to evaluate: (1) the feasibility of 
arthroscopic injection of this hybrid construct into a surgically cre-
ated, full-thickness, critical-sized cartilage defect; (2) the safety and 
the capacity of this hybrid construct to repair this defect; and (3) the 
potential of this hybrid construct for the treatment of clinical cases of 
articular cartilage defects.

Materials and Methods
All animal handling and surgical procedures were conducted accord-
ing to European Community guidelines for the care and use of labora-
tory animals (2010/63/UE), and the study was approved after an ethi-
cal review by the national ethical committee Pays de Loire under the 
agreement n° 2012.159.

Hybrid construct preparation
Isolation of EqNC
Autologous EqNCs were isolated from the nasal cartilage of adult 
horses as previously described (Merceron et al., 2011). Five discs of na-
sal septum cartilage were aseptically harvested with an 8-mm biopsy 
punch through the nasal openings. The harvesting of cartilage from 
horse nasal septum led to substantial epistaxis that resolved spontane-
ously. The mucosa on both sides was removed, and the cartilage was 
rinsed in chlorhexidine (0.05%, Hibitane irrigation solution, Scher-
ing Plough vétérinaire) for 1.5 min before being dissected into small 
pieces and enzymatically digested at 37°C with 0.05% hyaluronidase 
(Sigma-Aldrich) in Hank’s Balanced Salt Solution (HBSS, Dominique 
Dutscher) for 10 min, then with 0.2% trypsin (Sigma-Aldrich) for 15 
min, and finally with 0.2% type II collagenase (Sigma-Aldrich)  for 30 
min. The pieces were digested overnight at 37°C in 0.03% collagenase 
in Dulbecco’s Modified Eagle Medium (DMEM; 4.5 g/L of glucose, 
Invitrogen Corporation). The suspended EqNCs were plated at the 
density of 5x104 cells/cm2 in a 75cm2 culture flask and cultured in 
culture medium (DMEM supplemented with 10% Fetal Calf Serum 
(Dominique Dutscher), 1% penicillin/streptomycin (Invitrogen Cor-
poration) and 1% L-glutamine (Invitrogen Corporation)). EqNCs 
were maintained at 37°C in a humidified atmosphere of 5% CO2, and 
the culture medium was changed every two to three days. The cells 
(P0) were grown until 80% confluence and then detached from the 
culture flask with trypsin/EDTA (Sigma-Aldrich), counted and re-
seeded to 104 cells/cm2 (P1). Isolated chondrocytes were expanded in 
monolayer culture for two to four weeks and passaged once before use.

Preparation of Si-HPMC hydrogel
Si-HPMC was prepared by implanting 0.5% silicon by weight on hy-
droxypropyl methylcellulose (E4M, Colorcon-Dow chemical) in a 
heterogeneous medium, as previously described (Bourges et al., 2002). 
The solution was then steam sterilized (121°C, 20 min). To allow the 
formation of a reticulated hydrogel, the solution was finally mixed 
with 0.5 volume of 0.26 M HEPES buffer. The final product is a viscous 
liquid at pH 7.4, allowing cell incorporation. The mixture cell/hydro-
gel then reticulates in approximately 30 min as described previously 
(Bourges et al., 2002).

Chondral defect model and implantation of the hybrid construct 
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Figure 1: Clinical case 1
a) Caudolateral-craniomedial oblique radiographic view of the right stifle before the initial surgery. A large chondral defect on the lateral femoral 
trochlear ridge (<) and several loose fragments can be observed (>). 
b) Arthroscopic image of the right lateral trochlear ridge after an extensive debridement that produced a large chondral defect (more than half 
of the lateral trochlear ridge). 
c) Same view as (b), but after injection of the EqNCs/Si-HPMC construct (>); the construct remained adherent to the vertical subchondral bone 
surface. 
d) Arthroscopic image of the lateral trochlear ridge three months after implantation, showing complete filling of the ridge with a white, slightly 
undulating repair tissue in level with the surrounding cartilage.
LTR = lateral trochlear ridge; P = patella

Figure 2: Clinical case 2
a) Dorsolateral-palmaromedial oblique radiographic view of the left carpus before the initial surgery. Severe arthritic changes in the dorsomedial 
aspect of the mediocarpal joint can be observed with two osseous fragments originating from the third carpal bone. 
Arthroscopic images of the radial carpal bone are shown in (b) to (g). 
b) Radial carpal bone after extensive debridement of damaged cartilage and necrotic bone. 
c) Same view as (b) during injection of the EqNCs/Si-HPMC construct with a needle under gas insufflation. 
Arthroscopic control images at seven months under fluid (d) and gas distension (e), and at 13 months under fluid distension (f and g). The im-
ages show a marked increase in the extent of defect coverage over time and a gradual improvement of repair tissue to a thick, white and non-
undulating tissue, in level with the surrounding cartilage. At 13 months, as shown in (g), degenerative joint disease worsened, and osteophytes 
were observed on the radial carpal bone.
RC = radial carpal bone; TC = third carpal bone; <= osteophytes
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on a pilot horse and experimental horses
Experimental horses
Seven French Trotter horses (33 to 68 months old, 40 ± 13) weight-
ing 445 ± 24kg were used, one mare as pilot horse and 3 mares and 
3 geldings for the experimental study. All horses were in good health 
and exhibited no palpable carpal or femorotibial joint effusion. Dorso-
palmar and flexed lateromedial radiographic examinations of the carpi 
and the femorotibial joints were performed on every operated joint to 
insure that preceding pathologic features did not exist in tested joints.

Experimental procedure
Each horse was medicated with procaine penicillin (Depocilline, MSD 
Santé animale, 22,000 UI/kg bwt, intramuscularly, SID) and flunixin 
meglumine (Meflosyl, Pfizer santé animale, 1.1 mg/kg bwt, intrave-
nously, SID) before surgery, and for two days after surgery. Phenylbu-
tazone (Equipalazone, Dechra, 2.2 mg/kg bwt, per os, SID) was then 
administered for four additional days. Morphine (Morphine Lavoisier, 
Laboratoire Chaix et du Marais, 0.1 mg/kg bwt, diluted in saline to 
10 mL) was administered by epidural injection in the hour before in-
duction of general anesthesia. Routine arthroscopic surgery was per-
formed after sterile preparation, with the horses positioned in dorsal 
recumbency under general anesthesia. 
During the first procedure, bilateral cartilage defects were created us-
ing an arthroscopic minimally invasive technique and EqNCs were 
harvested, as described above. The 1.5 cm2 full-thickness chondral 
defects were created on the axial weight-bearing portion of the medial 
femoral condyles of the pilot horse and of the 6 experimental horses, 
as well as on the distal articular facet on the axial weight-bearing por-
tion of the radial carpal bones of the 6 experimental horses. Defects 
were created under arthroscopy using curettes under gas insufflation, 
with particular care in the removal of the calcified cartilage layers, and 
all joints were irrigated with sterile lactate Ringer’s solution before clo-
sure. 
During the second procedure (two to three weeks later), Si-HPMC 
hydrogel seeded with EqNCs was implanted in a randomly selected 
defect, whereas the other defect was treated with microfractures in the 
pilot horse. For the experimental horses, 3 conditions were randomly 
distributed between horses and joints: hybrid construct implanta-
tion, microfractures or no treatment (debridement alone). Before 
arthroscopic injection, expanded EqNCs were trypsinised and gently 
mixed with Si-HPMC to reach a density of 2.5 106 cells/mL. For hy-
brid construct implantation, after curetting the defect and irrigation 
of the joint, the defect was dried with a sponge (Microsponge sharp 
tip, Alcon Manufacturing) under gas insufflation, and the EqNCs/
Si-HPMC construct was carefully injected into the defect with an 
18-gauge needle. Implanted limbs were then maintained in an extend-
ed position for 15 minutes. For microfractures, an orthopaedic awl 
with a 45° angled tip (Linvatec) was used to create 3-mm-deep per-
forations, 2 to 3 mm apart. All arthroscopic portals were closed with 
surgical staples (stifles) or 2-0 nylon in a simple interrupted pattern 
(carpi). The limbs were bandaged before the horses recovered from 
the effects of anesthesia.
After surgery, the horses were kept in 11-m2 box stalls and under-
went controlled exercise. The pilot horse was rested for 8 weeks, then 

walked on hand for 8 weeks with trotting on a treadmill beginning 
12 weeks post graft. At 16 weeks post graft, she was turned out in a 
paddock. Experimental horses were rested in a box for 8 weeks, then 
walked on hand for 12 weeks with trotting on a treadmill beginning 
12 weeks post graft. At 20 weeks post graft, they were turned out at 
pasture.

Evaluation of tissue repair
For experimental horses, locomotion was evaluated by a double-blind 
scoring performed by two trained examiners before the first surgery 
and at 5 and 18 months post grafting. Lameness was assessed at trot 
and graded on a scale from 0 to 5(Kester, W.Q., 1984). Other elements 
scored were joint effusion (0-4), articular range of motion (0-4) and 
clinical imaging findings (0-3). This locomotion score system was 
from 0 to 16 (worst value).
In addition, arthroscopic examinations were conducted and synovial 
fluid was sampled 5 months post grafting for the pilot horse and 18 
months post grafting on experimental horses in order to evaluate sy-
novitis, as well as the aspect and consistency of the repair tissue and 
surrounding cartilage. For experimental horses, an arthroscopic score 
from 1 to 31 (31 being the worst value) was calculated. The horses were 
then euthanized humanely with an overdose of embutramide and me-
bezonium (T61, Intervet) under general anesthesia, and every operat-
ed joint was opened for gross evaluation. A macroscopic score system 
from 1 to 20 (worst healing) was used. Osteochondral specimens were 
collected containing the defects and the surrounding areas, as well as 
synovial membrane adjacent to defects (see Supplementary Material 1 
for a description of the respective scoring systems). Histological and 
immunohistochemical studies were performed and a histologic score 
system was applied on both synovial membrane and articular cartilage 
(see Supplementary Material 2 for histology and immunohistochem-
istry). 

Test of the hybrid construct on clinical cases
The autologous hybrid EqNCs/Si-HPMC construct was tried out on 2 
clinical cases. Owners of both clinical cases, who had been informed 
about the experimental aspect of the procedures, provided their signed 
informed consent.

Clinical case 1
A 4-year-old Selle Français mare presented with a chronic grade 2 to 
3/5 lameness of the right hind limb that precluded her from being a 
show jumping horse. Physical examination revealed a severe disten-
sion of the right femoropatellar joint. Radiographic examination re-
vealed severe fragmentation of the lateral trochlear ridge of the right 
femur and the presence of several loose fragments in the femoropatel-
lar joint (Figure. 1a). Considering the severity of the lesion, the athletic 
prognosis was deemed poor to guarded, especially in the absence of 
cartilage reconstructive surgery.
Initial surgery was performed to debride the osteochondral lesion. The 
mare was placed in dorsal recumbency and a standard arthroscopy 
of the right femoropatellar joint was performed. Arthroscopic explo-
ration revealed an extensive lesion of the lateral ridge, several loose 
fragments in the suprapatellar pouch, severe synovitis and kissing le-
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Figure 3: Arthroscopic images of medial femoral condyle defects of 
the pilot horse. A full-thickness calibrated cartilage defect (1.5 cm²) 
was created on the weight-bearing surface with a n°1 curette under 
gas insufflation. Microfracture-treated defect of pilot horse at day 0 
(a), and after five months (b), showing incomplete centrifugal filling 
with the presence of white repair tissue. Implanted defect of pilot 
horse at day 0 (c) (top right image: same defect filled with the EqNCs/
Si-HPMC construct); and after five months (d) displaying almost com-
plete filling of the defect with white repair tissue. 

Figure 4: Photomicrographs of defects treated with microfracture (a 
and c) or implanted with EqNC/Si-HPMC constructs (b and d) in the pi-
lot horse, five months post-treatment. (a) and (b) Masson’s trichrome 
staining. (c) and (d) Type-II collagen immunostaining; bar: 500µm.

Figure 5: Photomicrographs of an chondral defect in a medial femo-
ral condyle treated with microfracture in an experimental horse, 18 
months post-treatment. Masson’s trichrome staining; bar: 1mm. “> 
“depicts the interface between repair and perilesional tissue, < de-
picts an area were calcified cartilage was not correctly curetted dur-
ing defect creation, leading to no attachment of the repair tissue to 
the underlying subchondral bone.

sions of the patella. The lateral trochlear ridge lesion was extensively 
debrided and curetted with a combination of rongeurs and curettes, 
creating a large defect (more than half of the lateral ridge; Figure. 1b). 
All loose fragments were removed.
Eight weeks after the surgery, and four weeks after the harvest of nasal 
chondrocytes under standing sedation, the hybrid EqNCs/Si-HPMC 
construct was injected into the defect, as described above. An ar-
throscopic control was performed three months later.

Clinical case 2
The second clinical case was a 4-year-old Thoroughbred mare that pre-
sented with a chronic grade 3/5 lameness of the left forelimb that pre-
cluded her use for steeplechase racing. Physical examination revealed 
a severe distension of the left mediocarpal joint. Radiographic ex-
amination revealed severe arthritic changes in the dorsomedial aspect 
of the mediocarpal joint and the presence of two osseous fragments 
originating from the third carpal bone (Figure. 2a). Considering the 
severity of these lesions, the athletic prognosis was deemed poor to 
guarded and broodmare suitability guarded.
Arthroscopy was performed to explore the mediocarpal joint, with the 
mare placed in dorsal recumbency. It revealed the presence of two free 
osteochondral fragments, extensive cartilage ulceration of the radial 
carpal bone with underlying subchondral bone necrosis, severe syno-
vitis, and severe degenerative joint disease evidenced by wear lines on 
the third carpal bone. The fragments were removed with rongeurs, and 
the cartilage lesion on the third carpal bone was curetted. In addi-
tion, the radial carpal bone was extensively curetted, because a major 
proportion of this bone was necrotic (Figure. 2b). Implantation of the 
hybrid EqNCs/Si-HPMC construct was deemed a potentially useful 
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therapy for this mare, and therefore, nasal cartilage was harvested as 
described above. 
During the second procedure, four weeks after the harvest of nasal 
cartilage, the hybrid construct was injected into the curetted articu-
lar surfaces of the third carpal and the radial carpal bones. Control 
arthroscopies were performed at two, four, seven and 13 months after 
chondrocytes implantation.

Statistical analysis
Results are expressed as mean ± SD. Scores were analyzed with linear 
models and multifactorial analysis of variance. Independent variables 
for the analysis included horse, joint (mediocarpal or medial femo-
rotibial) and treatment group (hybrid construct, microfractures or 
empty). For the locomotion score, time of measurement (before the 
experiment, at 5 months or at 18 months) was also considered. A p-
value ≤0.05 was considered statistically significant. The R application 
was used for analyses.
Result
Chondral defect model and chondrocytes implantation on a pilot 
horse and experimental horses
Pilot horse
The pilot horse was used as a model to validate the creation of the de-
fect and the feasibility of arthroscopic injection of the hydrogel, both 
under gas insufflation. The use of an 18G needle allowed easy access 
and distribution of the construct and the viscosity of the hybrid con-
struct led to an adequate filling of the defect (Figure. 3c). This horse 
was also used to preliminary compare repair tissue obtained on medial 
femoral condyles with our hybrid construct (Figure. 3c and d) or mi-
crofractures (Figure. 3a and b). Control arthroscopy five months post-
implantation revealed decent and nearly complete filling of the grafted 
defect, except in the center of the initial lesion, as well as the presence 
of white, slightly soft, homogenous repair tissue, mildly recessed when 
compared to the surrounding cartilage, with good attachments to 
cartilage and bone (Figure. 3d). In contrast, the microfracture defect 
showed an incomplete centrifugal filling with white, homogenous re-
pair tissue, markedly soft and with poor bone attachment (Figure. 3b). 
Histological examination of the cartilage defects (Figure. 4) revealed 
the presence of collagen in the repair tissue in both defects, as evi-
denced by positive Masson’s trichrome staining (Figure. 4a and b). In-
terestingly, only the repair tissue of the defect treated with the hybrid 
construct was consistently and homogeneously immunostained for 

type II collagen (Figure. 4d). In addition, the repair tissue in the defect 
treated by microfracture presented a non-homogeneous and fibrillar 
structure (Figure. 4a and c), whereas the repair tissue in the defect 
treated with the hybrid construct presented a homogeneous aspect 
(Figure. 4b and d). These favorable preliminary results led us to test 
our hybrid construct on experimental horses.

Experimental horses
Six horses underwent creation of chondral defects on their carpi and 
stifles, leading to 8 articulations for each of the 3 conditions, i.e. hybrid 
construct, microfractures and debridement alone/left empty.
All treatments were well tolerated, as shown by the normal values 
of synovial fluid analysis of the mediocarpal joints at the end of the 
experiment (Table 1) and by the fact that the histological scores of 
the synovial membranes 18 months after the experiment were ≤4/20 
(Table 2). No significant changes were seen between joints or treat-
ment groups for synovial membrane histological score. The locomo-
tion score analysis supported those findings (Table 3). Despite a sta-
tistically significant worsening of the score with time (p<0.001), the 
comfort of horses remained good all experiment long as the maximal 
value of lameness observed was ≤2/5 except for one mare that was 
lame 3/5 of her right hind limb from the beginning of the experiment 
(cause unrelated to stifle) and a maximal locomotion score of 6/16. A 
statistically significant difference between front limbs and hind limbs 
was observed for the locomotion score, with hind limbs locomotion 
scores worse than front limbs (p<0.001). Throughout the study, no 
lameness was observed that was considered to require nonsteroidal 
anti-inflammatory administration. 
At arthroscopic and macroscopic examinations, the defect site was 
apparent in all joints, albeit barely visible for 3/4 medial femoral con-
dyles grafted with the hybrid construct. Defects contained a variable 
amount of white colored repair tissue with either a smooth or undu-
lating surface. Perimeter integration varied, and some microfracture 
repair tissue from medial femoral condyle was excessively firm at pal-
pation. At overall subjective assessment, repair tissue of medial femo-
ral condyles was globally considered of better appearance than radial 
carpal bones repair tissue. In most carpal defects, it was either absent 
or poorly attached to the underlying bone. 
On microscopic examination, the repair tissue of grafted defects filled 
with the hybrid construct was well integrated to the adjacent carti-
lage and was rich in cells uniformly distributed. Repair tissue from 

Figure 6: Representation of the arthroscopic scores (a), the macroscopic scores (b) and the histologic scores (c) of the 6 experimental horses 18 
months after full-thickness cartilage defect creation in the radial carpal bones (RBC) or medial femoral condyles (MFC) and implantation the 
EqNC/Si-HPMC hybrid constructs (C), microfracture (M), or defects left empty (E). Results are expressed as mean ± S.D., n=4 for each condition.
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Condition Construct with EqNC Microfracture Empty Normal laboratory values
Color yellow yellow yellow yellow
Clarity clear clear clear clear
Viscosity + / ++ ++ ++ +
Total protein (g/L) 13 ± 3 12 ± 4 13 ± 4 < 20
Erythrocytes (cells/µL) 20 ± 15 155 ± 297 14 ± 13  
Leucocytes (cells/µL) 21 ± 6 24 ± 14 16 ± 6 < 5 000
Neutrophils (%) 4 ± 4 6 ± 8 3 ± 5 < 40
Lymphocytes (%) 20 ± 15 22 ± 20 22 ± 16  
Monocytes and macrophages (%) 52 ± 35 47 ± 36 50 ± 33  

Condition Construct with EqNC Microfracture Empty

Mediocarpal joint 1,00±0,82 2,00±1,63 1,75±1,50

Medial femorotibial joint 1,50±0,58 1,50±1,29 1,00±0,82

Both 1,25±0,71 1,75±1,39 1,38±1,19

Time before surgery after 5 months  after 18 months

Limb Forelimb Hindlimb Forelimb Hindlimb Forelimb Hindlimb
Construct with EqNC 0,13±0,25 1,38±1,44 1,50±0,71 3,38±2,69 1,38±0,48 3,25±0,50
Microfracture 0,38±0,48 1,00±0,71 0,88±1,11 2,88±1,25 1,63±0,75 3,63±0,48
Empty 0,38±0,48 0,63±0,48 1,13±0,63 1,63±0,75 0,88±0,48 3,00±0,71

Table 1: Values of mediocarpal joints synovial fluid analysis 18 months after creation of the defects and 3 different conditions: no treatment 
(empty), graft with our EqNC hybrid construct or microfractures (mean ± SD). All analyzed parameters were within normal limits.

Table 2: Synovial membrane histological scoring (mean ± S.D) for mediocarpal and medial femorotibial joints after 18 months of treatment of 
chondral defects either with the hybrid construct with EqNC, or microfractures or left empty. In this scoring system, 0 is the best score for normal 
tissue and 20 is the worst one.

Table 3: Locomotion scores (mean ± S.D.) for front and hind limbs before initial surgery, 5 and 18 months after treatment either with the hybrid 
construct with EqNC, or microfractures or left empty. In this scoring system, 0 is the best score for normal locomotion and 16 is the worst one.

the hybrid constructs contained significantly more type II collagen 
than microfracture and empty defects (score of collagen type II con-
tent from 0 to 4, 4 being the best score; p=0.017, Coll2C=3.31±0.21, 
Coll2M=2.88±0.05, Coll2E=2.50±1.64). Some defects containing cal-
cified cartilage (presumably not removed at the time of surgery) were 
observed. Subjectively, it appeared that better attachment of repair tis-
sue to the subchondral bone was observed when there was no calci-
fied cartilage (Figure. 5), no matter the initial treatment. Subchondral 
bone cysts communicating with the chondral defect were present in 4 
medial femoral condyles: 3/4 in defects treated with microfracture and 
one with a defect left empty. No subchondral bone cyst was observed 
on condyles treated with the hybrid construct. 
Examination of arthroscopic, macroscopic and histologic scores of 
the repair tissue revealed a statistically significant difference between 
carpi and stifles with an arthroscopic, macroscopic and histological 
appearance of the healing tissue better in stifles than in carpi (p<0.001 
for arthroscopic and macroscopic scores, p<0.05 for cartilage histo-
logical score, Figure. 6). No difference was highlighted between treat-
ments with any of the scores.

Test of the hybrid construct on clinical cases
Clinical case 1
Control arthroscopy three months after implantation revealed that the 
lateral trochlear ridge of the femur was completely covered with car-
tilage-like tissue (Figure. 1d). This repair tissue was non-undulating, 
soft, white and homogeneous, in level with the surrounding cartilage, 
and presented firm bone attachments, with a moderate degree of sy-
novitis. 

The mare was held in a box stall between first and second surgeries 
and up to five weeks after the third surgery. A walking treadmill ex-
ercise was introduced eight weeks after the second surgery for four 
weeks, and three weeks after the third surgery for four weeks. In both 
periods, exercise times were progressively increased. Subsequently, the 
mare was moved to a small paddock, and exercise was progressively 
increased over the year following chondrocytes implantation. The 
mare is now performing satisfactorily as a competitive show jumper 
with 147 competitions over 8 years.

Clinical case 2
Control arthroscopy seven months after chondrocytes implantation 
(Figure. 2d and e) revealed an improvement of the degenerative joint 
disease, evidenced by the minimal synovitis and marked reduction in 
wear lines. However, a small osteophyte was present on the dorsolat-
eral portion of the radial carpal bone. The repair tissue was non-un-
dulating, white, homogenous, in level with the surrounding cartilage, 
thicker and stronger than in previous controls, and slightly soft, but 
with firm bone attachments. During the final arthroscopy, 13 months 
after implantation (Figure. 2f and g), the overall aspect of the repair 
tissue was still satisfactory, and the gap between healthy cartilage and 
repair tissue was completely filled with tissue, but the degenerative 
joint disease had markedly worsened, as evidenced by the presence 
of osteophytes on the radial carpal bone, wear lines on the third and 
radial carpal bones and severe synovitis.
The mare was allowed to rest in a box stall for six months after implan-
tation. A treadmill walking exercise was introduced three weeks after 
the third surgery (i.e., three months after implantation) and progres-
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sively increased over eight weeks; she was then walked and trotted on 
the treadmill for an additional five weeks. Afterwards, the mare was 
moved to a small paddock and exercised twice a week on the treadmill 
for seven months post-surgery. She was then moved to a large pad-
dock. After the final control arthroscopy, she was not lame at walk 
and 1/5 lame at trot. She was subsequently used as a broodmare, as 
expected by her owner.

Discussion
We studied the feasibility of arthroscopic injection of our hybrid con-
struct, namely equine nasal chondrocytes seeded in Si-HPMC hydro-
gel, into a horse cartilage defect; the safety of this hybrid construct and 
finally the ability of this hybrid construct to repair articular cartilage 
defects.
 The Si-HPMC hydrogel used in our study has already shown his 
ability to provide a 3D scaffolding environment suitable to chondro-
genesis with rabbit and human adipose stromal cells(Portron et al., 
2013) and rabbit nasal chondrocytes(Vinatier et al., 2009). Its utility 
as an arthroscopically injected liquid carrier with in situ polymeris-
able and adherent capabilities make it attractive for cartilage repair 
procedure. Regarding the cells used in our experiment, we did choose 
to use autologous equine nasal chondrocytes. Compared with hu-
man articular chondrocytes, human chondrocytes derived from the 
nasal septum have superior and more reproducible capacity to gener-
ate hyaline-like cartilage tissues, with the plasticity to adapt to a joint 
environment(Mumme et al., 2016a; Pelttari et al., 2017). The chon-
drogenic properties of nasal chondrocytes are maintained after ex-
tensive culture expansion, so that a small biopsy specimen, obtained 
under minimally invasive conditions and with no relevant discomfort, 
is sufficient to generate biochemically and biomechanically mature 
grafts of clinically relevant dimensions(Farhadi et al., 2006). Human 
nasal chondrocytes could respond similarly to articular chondrocytes 
to physical forces resembling joint loading(Candrian et al., 2008) 
and could efficiently recover after exposure to inflammatory factors 
typical of an injured joint(Scotti et al., 2012). Reparation of articu-
lar cartilage defects created experimentally in goats was superior with 
nasal chondrocytes than with articular chondrocytes in engineered 
constructs(Mumme et al., 2016b; Pelttari et al., 2014). The use of au-
tologous nasal chondrocytes reduces the risk of immunological rejec-
tion and disease transmission and does not necessitate the sampling in 
another joint; making those cells the perfect candidate for our experi-
ment.
It was technically possible and indeed rather simple to use an ar-
throscopic technique to graft our hybrid construct containing au-
tologous EqNC in Si-HPMC self-setting 3D hydrogel as a scaffold. 
Arthroscopic injection is preferable to arthrotomy techniques as joint 
insult is markedly reduced (McIlwraith, C.W. et al., 2005a). Indeed, 
potential interests of an arthroscopic technique compared with a graft 
using an arthrotomy are a faster procedure, with quicker functional 
recovery, reduced hospital stay, and allowing treatment of defects in 
areas not accessible with arthrotomies (Frisbie et al., 2008). This is 
particularly important in clinical cases with an established joint pa-
thology.
Our hybrid construct was well tolerated in all horses as demonstrated 

by the absence of joint flare after the procedures, by the normal val-
ues of all synovial fluid analyses and by the synovial membrane and 
locomotion scorings not being different between the 3 treatments. 
Several biomaterials had been tested as a matrix scaffold for equine 
cartilage engineering with mixed results. Porcine collagen membrane 
has been used as a scaffold in the horse(Frisbie et al., 2008) but it can 
lead to an inflammatory reaction of the joints as it contains porcine 
DNA(Zheng et al., 2005). Fibrin has been used successfully but a study 
has shown that the use of fibrin glue can led to a local inflammatory 
reaction in the horse(Mancini et al., 2017). Chitosan gel has been ex-
perimented successfully in horses, being well tolerated(Martins et al., 
2014). A solid resorbable polyglactin/polydioxanone synthetic scaf-
fold has been tested successfully in the horse(Barnewitz et al., 2006) 
but required an arthrotomy for implantation. Regarding the cells, the 
use of equine nasal chondrocytes allowed both the use of autologous 
cells, allowing an absence of immunogenic reaction(Revell and Atha-
nasiou, 2009), and a source of cells easy to sample either on standing 
or anesthetized horses without any donor site morbidity. The use of 
allografts can generate an immune response leading to graft cell death 
and histologically inferior graft(Revell and Athanasiou, 2009). It’s even 
worse for ACI as a wide body of evidence exists demonstrating that 
allogenic transplantation of isolated chondrocytes elicits an immune 
response that gradually destroys the resulting cartilage tissue(Revell 
and Athanasiou, 2009). This immunogenic reaction against allogenic 
cells is significantly tempered when chondrocytes are implanted in a 
scaffold(Revell and Athanasiou, 2009) but the use of autologous cells 
as in our study is still considered safer.
The ability of our hybrid construct to repair articular cartilage defects 
was evaluated by comparing 3 conditions for the repair of full-thick-
ness chondral defects in the horse, namely our hybrid construct, mi-
crofractures -recognized as the current arthroscopic gold standard in 
horses and one of the most commonly used methods to treat cartilage 
defects in humans(McIlwraith, C.W. et al., 2005b)- and only debride-
ment -another method often used by equine clinicians-. We found sta-
tistical evidence of a better cartilage healing in the defects filled with 
our hybrid construct that showed a significantly increased type II col-
lagen content compared to the two other conditions. Type II collagen 
is associated with normal hyaline cartilage(Poole, A.R., 1993) and it is 
generally accepted that as the type II collagen content rises the tissue 
becomes progressively closer to normal articular cartilage(McIlwraith, 
C.W., 1996). Thus, the higher production of type II collagen in defects 
treated with our hybrid construct was considered positively. The im-
plantation of our hybrid constructs in cartilage defects led to prom-
ising results in the two clinical cases investigated. The implantation 
procedure had low morbidity and led to a satisfactory clinical outcome 
for the owners, as both horses returned to the intended use. The repair 
tissue continuously improved over time, in terms of overall aspect and 
defect filling. Moreover, typical soft tissue symptoms characteristic of 
degenerative joint disease, such as synovitis, kissing lesions and wear 
lines, improved after implantation. However, despite the satisfactory 
appearance of the repair tissue, osteophytes recurred in clinical case 2, 
seven months after implantation. This can be explained by the severe 
osteoarthritis of the left carpus, observed before the initial surgery. 
The implantation of this hybrid construct may be contraindicated in 
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some cases of osteoarthritis, particularly if the diseased subchondral 
bone cannot be fully removed before the procedure. Additional pre-
clinical experiments and clinical trials are necessary to address these 
clinically relevant issues.
We did observe differences between medial femoral condyle and ra-
dial carpal bone defects. On one hand, defect creation was slightly less 
well tolerated by our experimental horses in medial femorotibial joints 
than in carpal joint as evidenced by the locomotion scores. On the 
other hand, arthroscopic, macroscopic and histological appearance of 
the healing tissue was significantly better in stifles than in carpi. The 
major differences in the biomechanics between those 2 joints warrant 
separate consideration(Desjardins and Hurtig, 1990). Carpal cartilage 
has a directly loaded surface whereas medial femorotibial joint carti-
lage acts as a gliding surface(Desjardins and Hurtig, 1990). Vachon et 
al(Vachon et al., 1986) hypothesized that the lack of repair in carpal 
bone injuries was related to the high density of the subchondral bone 
and the high loading forces the repair tissue had to withstand. The cra-
nial rim of the middle carpal bone is especially considered as an area 
with poor healing(Hurtig et al., 1988).
Subchondral bone cysts communicating with the chondral defect 
were present in 4 medial femoral condyles: 3/4 in defects treated 
with microfracture and one in a defect left empty whereas no cyst 
developed on the condyles grafted with the hybrid construct. Other 
authors already reported subchondral bone cyst development with 
either microfracture or empty chondral defects of femoral condyles 
in the horse(Frisbie et al., 1999; Howard et al., 1994; Ray et al., 1996). 
Trauma or disruption of the subchondral bone plate has been a fac-
tor defined by some authors as a possible cause for subchondral cyst 
formation(Frisbie et al., 1999). 
The present study has some limitations that should be considered 
when interpreting the results obtained. 
Although care was taken to completely remove calcified cartilage 
throughout the defect, the histologic examination did reveal some ar-
eas where intact calcified cartilage remained. We observed that attach-
ment of repair tissue in these sites was very poor or absent irrespective 
of the repair method. Others have reported that incomplete removal of 
calcified cartilage impaired healing although the specific mechanism 
whereby this occurs has not been defined(Frisbie et al., 1999; Hurtig 
et al., 1988; Vachon et al., 1986). Complete curettage should always 
be performed as it has been demonstrated that the normal healing 
response for full-thickness defects is considerably inferior when the 
calcified cartilage is retained, both impacting quality and attachment 
of the repair tissue (Frisbie et al., 2006).
We did choose to test our hybrid construct under the most difficult 
conditions, i.e. in full weight-bearing portions of articular cartilage. Its 
use in the non-weight bearing portion is technically feasible and could 
lead to better results as suggested by clinical case 1. 
Our technique represents a two-step anesthetic surgical procedure: 
one for cell harvesting and defect evaluation or creation, and the other 
for implantation of cultured cells. Interestingly, as EqNCs harvesting 
can be performed with the horse in a standing position, thus implan-
tation of EqNCs/Si-HPMC can be performed through a single-step 
anesthetic procedure.
In this study, we demonstrated that a Si-HPMC hydrogel containing 
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Parameter  Score Clinical implication

AAEP grading (Kester, W.Q., 1984) 0 No lameness
1 Lameness not consistent, regardless of circumstances
2 Lameness consistent under certain circumstances
3 Lameness consistently observable on a straight line
4 Obvious lameness: marked nodding or shortened stride
5 Minimal weight-bearing lameness in motion or at rest

Joint effusion 0 None
1 Mild swelling
2 Moderate swelling
3 Severe swelling
4 Extreme swelling (also periarticular)

Range of motion 0 Normal flexion
1 Slight diminution
2 Mild diminution
3 Moderate diminution
4 Severe diminution

X-ray and ultrasonographic  findings 0 Normal

1 Minimal changes (i.e., mild periarticular osteophytes, slight
sclerosis or flattening of the subchondral bone)

2 Moderate changes (i.e. moderate periarticular osteophytes, moderate sclerosis, defect in 
subchondral bone and joint space narrowing).

3 Severe changes (i.e. severe periarticular osteophytes, severe sclerosis, lytic areas deep to 
subchondral bone and severe joint space narrowing).

Level of repair tissue filling compared to surrounding normal articular cartilage
0 Leveled
1 Slightly elevated or recessed
2 Moderately recessed
3 Almost no repair tissue
Surface smoothness
0 Non undulating

1 Slightly undulating

2 Midly undulating

3 Moderately undulating

Percent filling of the defect with repair tissue in 3-dimensions
0 Complete filling
1 >75% filling
2 50-75% filling
3  <50% filling
Perimeter integration/ Cartilage attachment
0 100% of perimeter
1 >75%
2 50-75%
3 <50%
Bone attachment
0 Normal attachment
1 Mild attachment
2 Silght attachment
3  No attachment
Firmness of the repair tissue at probe palpation compared to surrounding normal articular cartilage
1 More firm

Locomotion score system

Table 1: Overview of the locomotion score system used by 2 blinded examining veterinarians for assessing lameness, joint effusion, range of mo-
tion and joint imaging.

AAEP, American Association of Equine Practitioners. Total score range: 0=normal; 16=worst score.

Arthroscopic score system

Table 2: Grading criteria for arthroscopic evaluation evaluated by 2 observers. Adapted from (Frisbie et al., 2008) AAEP, American Association of 
Equine Practitioners. Total score range: 0=normal; 16=worst score.

Supplementary material 1 Scorings description
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0 Similar 
1 Mildly soft
2 Moderately soft
3 Marked softening
Presence or absence of hemorrhage associated with the defect
0 No blood
1 Old blood

2 Fresh blood
Color of the repair tissue
1 White
2 Yellow
3  Red
Grade i.e. overall subjective evaluation of the repair tissue
0 Excellent
1 Good
2 Fair
3 Poor or tissue not present
Presence of secondary osteoarthritic change
0 None
1 Yes

Injury to opposing articular surface
0 None
1 Yes

Inflammatory change of synovial membrane
0 None
1 Mild
2 Moderate
3 Severe

Percent area of defect covered
0 100% covered
1 >75%
2 50-75%
3 <50%
Percent area covered with hyaline repair tissue
0 Normal: smooth, hyaline
1 >75% normal
2 50-75% normal
3 <50% normal
Percent filling of the defect with repair tissue in 3-dimen-
sions
0 Complete filling
1 >75% filling
2 50-75% filling
3 <50% filling
Graft-recipient tissue integration
0 100% of perimeter
1 >75%
2 50-75%
3 <50%
Color of the repair tissue
1 White
2 Yellow
3  Red

Total score range, 1=normal; 31=poorest healing.

Macroscopic score system

Table 3: Scoring key for macroscopic morphology of repaired cartilage defects at 18 months after grafting evaluated by 2 observers. Adapted from 
(Frisbie et al., 2008).
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Presence of secondary osteoarthritic change
0 None
1 Yes

Injury to opposing articular surface
0 None
1 Yes

Inflammatory change of synovial membrane
0 None
1 Mild
2 Moderate
3 Severe

Cellular infiltration
0 normal
1 occasional changes notes in section
2 changes noted in approximately 50% of section
3 changes noted in >50% of section
4 changes throughout section
Synovial intimal hyperplasia
0 normal
1 occasional changes notes in section
2 changes noted in approximately 50% of section
3 changes noted in >50% of section
4 changes throughout section
Subintimal edema
0 normal
1 occasional changes notes in section
2 changes noted in approximately 50% of section
3 changes noted in >50% of section
4 changes throughout section
Subintimal fibrosis
0 normal
1 occasional changes notes in section
2 changes noted in approximately 50% of section
3 changes noted in >50% of section
4 changes throughout section
Increased vascularity
0 normal
1 occasional changes notes in section
2 changes noted in approximately 50% of section
3 changes noted in >50% of section
4 changes throughout section

Histological parameter Score

I.Nature of the predominant tissue

Cellular morphology

Hyaline articular cartilage 4

Mixed (Incompletely differentiated mesenchyme) 2

Fibrous tissue 0

Matrix staining 

Normal or nearly normal 3

Moderate 2

Slight 1

Total score range, 1=normal; 20=poorest healing.

Histologic synovial membrane score system

Table 4: Scoring parameters for assessment of synovial membrane histological sections by a blinded observer. From (Frisbie et al., 2008)

Total score range, 0=normal; 20=worst score.

Histologic articular cartilage score system

Table 5: Scoring parameters for assessment of articular cartilage histological sections by 2 blinded observers. Adapted from (O’Driscoll et al., 
1988).
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None 0

II.Structural characteristics

Surface regularity

Smooth and intact 3

Superficial horizontal lamination 2

Fissures 1

Severe discuption including fribrillation 0

Surface integrity 

Normal or nearly normal 2

Slight disruption, including cysts 1

Severe disintegration 0
Thickness

100% of normal adjacent cartilage 2

50-100% of normal cartilage 1

0-50% of normal cartilage 0

Bonding to the adjacent cartilage

Bonded at the both ends of graft 2

Bonded at the one or partially at both ends 1

Not bonded 0

III.Freedom from cellular changes of degeneration

Hypocellularity

Normal cellularity 3

Slight hypocellularity 2

Moderete hypocellularity 1

Severe hypocellularity 0

Chondrocyte clustering

No clusters 2

< 25% of the cells 1

25-100% of the cells 0
IV. Freedom from degenerative changes in adjacent 
cartilage
Normal cellularity, no clusters, normal staining 3

Normal cellularity mild clusters, moderate staining 2

Mild or moderate hypocellularity, slight staining 1

Severe hypocellularity, poor or no staining 0

V. Collagen type II content

Normal 4

Moderate + 3

Moderate - 2

Slight 1

None 0

Total score range, 0=poorest healing; 28=normal cartilage.
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Supplementary Material 2: Histology and immunohistochemistry
Osteochondral samples
Osteochondral samples were fixed in 10% formalin and embedded in paraffin. Paraffin sections (5 µm thick) were deparaffinised with toluene, 
rehydrated through a graded series of ethanol, and rinsed in distilled water. Each section was stained with Alcian blue and Masson’s trichrome, 
as previously described [1]. A three-step visualisation system was used (Dako LSAB)  for immunohistochemistry. Briefly, paraffin sections were 
mounted on pretreated slides, then deparaffinised, rehydrated and rinsed in distilled water. Sections were incubated for 10 min with a newly diluted 
solution of 3% H2O2 to inactivate internal peroxidases, followed by trypsin digestion for 10 min. After digestion, the slides were incubated for 20 
min in a blocking buffer of 2% goat serum. The slides were then immunoblotted with the primary monoclonal mouse antibody against human type 
II collagen   (1:100) in PBS for 1 h at room temperature. Incubation with biotin-labelled anti-mouse antibody for 30 min was followed by 30 min of 
incubation with horseradish peroxidase-conjugated streptavidin. Antibody binding was visualized with diaminobenzidine (DAB), and the nuclei 
were counterstained with hematoxylin. Human nasal cartilage was used as a positive control. As a negative control, sections were processed with an 
identical protocol but omitting the primary antibody. Sections were then visualised with a light microscope (Axioplan 2) . Immunopositivity was 
revealed by brown staining. 

Synovial membrane samples
The synovial tissues were fixed in 10% formalin, embedded in paraffin, and sectioned at 5 µm. These sections were stained using hematoxylin and 
eosin (H&E).
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