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a b s t r a c t 

A novel approach for stimulating articular cartilage repair was developed and evaluated in skeletally aged 
Arcott sheep with signs of early osteoarthritis. Freeze-dried (FD) chitosan formulations were optimized to produce 
ultraporous cylinders that slowly rehydrate and disperse into bioactive chitosan microparticles in coagulating 
blood plasma. FD-chitosan implants (80% Degree of Deacetylation, 85 kDa) were produced at 3 doses (initial 
concentrations of 5, 10, 20 mg/mL, pH 2.5). Full-thickness cartilage defects were created bilaterally in medial 
femoral condyles of 8–9 year-old sheep ( N = 12), microdrilled with 11 holes, then in one knee per sheep, one 
implant cylinder was inserted into each bleeding drill hole. At 1 day ( N = 2), 3 months ( N = 5) and 9 months 
( N = 5) post-operative, repair tissues were analyzed macroscopically and by micro-computed tomography, histol- 
ogy, biochemistry, and mechanics. Chitosan microparticles were detected in day 1 subchondral blood clots and 
mostly cleared at 3 months. At 3 months, microdrill holes were 2-fold larger, filled with angiogenic granulation 
tissue, callus, and woven bone, with more chondroinduction in treated versus control drill holes ( p = 0.021). At 
9 months, biomaterial treatment enhanced bone plate repair and stimulated 68% cartilage resurfacing vs 53% 

for drill-only controls ( p = 0.047). Both treated and control cartilage repair tissues had lower glycosaminoglycan 
content than intact cartilage and were thinner, stiffer, and more permeable. Upon indentation, hyaline-like repair 
cartilage showed poroelastic behavior. This study showed that FD-chitosan can be locally delivered to incorpo- 
rate chitosan microparticles into subchondral bone blood clots and exert anabolic therapeutic effects on articular 
cartilage resurfacing in aged sheep knees. 
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. Introduction 

Bone marrow stimulation (BMS) is a surgical technique currently
sed to treat focal articular cartilage lesions. Microfracture has a ther-
peutic benefit for most patients who report less pain and improved
unction at 2 years post-operative [1 , 2] however after 15 years post-
perative, a microfracture cohort showed a 32.5% failure rate [3] . Cur-
ent evidence suggests that some procedures fail because the subchon-
ral bone holes produce less cartilage repair tissue in patients over
Abbreviations: BMS, bone marrow stimulation; DDA, Degree of Deacetylation; ED
ilodalton; micro-CT, micro-computed tomography; mOsm, milliosmole; RITC, rhod
xclusion chromatography-multi-angle light scattering; sGAG, sulfated glycosaminog
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5 years old [2 , 4 , 5] . As most patients with cartilage lesions are over
0 years old, effective cartilage repair therapy for aged patients re-
ains an undisputed unmet need in orthopedics [6] . During the bone
arrow stimulation procedure, the surgeon debrides all residual le-

ional cartilage along with the underlying calcified cartilage layer, then
erforates small holes in the exposed subchondral bone with an awl,
rill or K-wire [7–10] . This controlled bone damage elicits bone bleed-
ng and stimulates a bone marrow-driven wound healing response.
n ideal cases, exposed bone becomes resurfaced with a hyaline-like
TA, ethylene diamine tetra acetic acid; FD, freeze-dried; IV, intravenous; kDa, 
amine isothiocyanate; SafO, Safranin O; SEC-MALS, molecular weight by size 
lycan; SMS, subchondral marrow stimulation. 
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artilage tissue, but most frequently the repair site is filled with a
ixture of hyaline-like cartilage, fibrocartilage or fibrous tissue, with

ome treated lesions persisting as exposed bone, for reasons that remain
nclear [11 , 12] . 

Augmented microfracture is a concept based on the premise that a
evice or biologic can be used to elicit a more voluminous, hyaline-like
artilage repair tissue from lesions treated by BMS [13] . One augmenta-
ion approach intends to fill the osteochondral wound void with a solid
ubstrate with or without added cells [14–17] . However, animal model
esting has revealed that the longer a scaffold persists in the lesion,
he worse the repair outcome is observed compared to surgery alone
17–23] . The conceptual framework of this study arose from emerging
vidence that subchondral bone plate remodeling ( i.e. , bone damage,
esorption and repair) can give rise to chondroinduction followed by ar-
icular cartilage regeneration [24–29] . Chondroinduction arises through
s-yet undetermined mechanisms that trigger the formation of chondro-
enic foci at the osteochondral junction, and this is distinct from pre-
ature cartilage formation in the subchondral bone that subsequently
ineralizes and is known as a callus. Chondroinduction can be elicited

o various degrees in animal models by different biomaterial implants
hat support subchondral bone plate regeneration [26 , 28 , 30] . However
ubchondral bone sclerosis can develop in older patients with chronic le-
ions and this can mute the bone remodeling response and physically ob-
truct bone marrow cell migration towards the cartilage lesion [31 , 32] .
ne way to overcome this barrier would be to deliver a bone-remodeling

mplant directly into subchondral bone marrow stimulation chan-
els [33] . This approach is termed “subchondral marrow stimulation ”
SMS). 

Chitosan is a biodegradable polysaccharide that can enhance wound-
epair through its bioactive effects on the innate immune response. Chi-
osans containing ~80% glucosamine and ~20% N-acetyl glucosamine,
n the form of microparticles, attract more neutrophils, macrophages,
lood vessels, and osteoclasts to osteochondral defects [30 , 34] . Osteo-
last activity at the bone plate induces bone remodeling and attracts
esenchymal stem cells that can subsequently undergo chondroinduc-

ion at the base of the cartilage lesion [30] . For cartilage repair applica-
ions, chitosan microparticles are preferred over solid scaffolds or hydro-
els, because microparticles have a more controlled clearance rate than
olid chitosan scaffolds whose physical forms can persist in the wound
nd block angiogenic bone repair [23] . Presolidified chitosan/blood im-
lants containing rapidly degrading 10 kDa chitosan particles were pre-
iously shown to improve cartilage repair in skeletally aged rabbits [27] ,
ut a device has yet to be identified that improves cartilage repair in a
keletally aged large animal model. 

The purpose of this study was to create an off-the-shelf device that
mproves cartilage resurfacing in a skeletally aged large animal model. A
reeze-dried (FD) chitosan implant was therefore designed to disperse as
icroparticles in coagulating blood, because biodegradable chitosan mi-

roparticles were previously shown to stimulate sterile inflammatory an-
iogenesis and bone remodeling in in vivo cartilage repair models [30] ,
nd more hyaline repair cartilage versus drilling alone [27] . 

In the first phase of this study, we screened over 40 FD-chitosan for-
ulations in vitro with and without different lyoprotectants (sucrose,

rehalose, dextran, sorbitol), at distinct pH and chitosan concentrations.
yoprotectants were added to enhance rigidity of the chitosan cake and
o facilitate rehydration and dispersion of chitosan into microparticles in
oagulating blood plasma. This approach is in contrast to other chitosan
caffolds that are intended to remain as a solid scaffold after implant-
ng in a wound [23 , 35 , 36] . After screening 5 optimized formulations in
n in vivo rabbit model, one formulation was selected for testing in an
MS model with 12 skeletally aged sheep that, at 8 to 9 years old, have
igns of early osteoarthritis. We tested the hypotheses that FD-chitosan
mplant resides as microparticles in the drill hole subchondral blood
lot, elicits bone remodeling and chondroinduction at 3 months post-
perative, and enhances poroelastic hyaline repair at 9 months versus

icrodrilling-alone. 
. Materials and methods 

.1. Materials 

Chitosans of different Degree of Deacetylation (DDA) and molec-
lar weight were produced in-house from Marinard starting mate-
ial (NB, Canada) and purified by alkaline precipitation. Chitosans
ere characterized for DDA by 1 H NMR and for molecular weight
y size exclusion chromatography-multi-angle light scattering (SEC-
ALS) ( Table 1 ). Rhodamine isothiocyanate (RITC) covalently cou-

led to chitosan at 1% mol/mol was prepared as described [37] .
eagents purchased from Sigma-Aldrich (Oakville, ON) included CaCl 2 
ihydrate (#C7902), 1 N cell culture-grade HCl (#H9892) and ly-
protectants: sucrose (#037K01071), trehalose (#020m70073v), sor-
itol (#019k013320), d -glucosamine-HCl (#125k00241), N-acetyl glu-
osamine (#099k00813v); dextran-5 was from Pharmacosmos A/S
#HK2171). Chitosan dissolved in dilute HCl was autoclave-sterilized,
iluted with sterile ddH 2 0 to concentrations from 2.4 to 20 mg/mL
t different pH levels (pH 2.5 to 6.0), without or with filter-sterilized
yoprotectant (2.5–50 mg/mL), dispensed as 0.5 mL aliquots in ster-
le glass vials then freeze-dried aseptically in a Laboratory Series
rogrammable logic controller (PLC) Stoppering Freeze-Dryer (Model
D85S3, Millrock Technologies Inc., − 40 °C, 100 mTorr for 48 h). Se-
ected samples were freeze-dried in a standard Freezone 12-port Freeze
ry System (LabConco). Sphericel R ○ glass microbeads (Grade 110P8)
ere from Matweb. 

.2. In vitro formulation screening 

The ability of different FD-chitosan scaffold formulations to rehy-
rate and disperse into microparticles in a fibrin clot was evaluated in
 human citrated blood plasma coagulation assay with a controlled 12-
in coagulation time [38] . FD-chitosan scaffold containing a fluorescent
ITC-chitosan tracer with matching DDA and molecular weight (weigh-

ng ~0.5 mg) was freeze-dried (Millrock), then a core was extracted
ith a 1.5 mm biopsy punch, and submerged in 170 μL citrated human
lood plasma containing clot activator (10 μL 200 mM CaCl 2 and 5 μL
0 mg/mL glass microbead suspension in ddH 2 0) for 1 h at 37 °C in
 96-well plate to allow fibrin clot formation. Microparticle dispersion
as documented by epifluorescence microscopy, capturing digital im-
ges with controlled exposure time and fluorescence intensity. 

.3. Animal study design and testing 

All animal procedures were approved by institutional ethics review
oards and in conformity with ARRIVE guidelines [39] . 

.3.1. Pilot rabbit screening 

Skeletally immature New Zealand White rabbits ( N = 4 male) were
andomly assigned drill hole treatment condition with 2 days ( N = 1) or
1 days ( N = 3) of repair. Rabbits were given a fentanyl patch the day
rior to surgery for analgesia, fully anesthetized with ketamine-xylazine
nd maintained with isoflurane/oxygen. Sequential mini-arthrotomies
ere used to create 2 osteochondral drill holes, 2 mm deep in the

rochlear groove with a 1.4 mm stainless steel drill burr (Fine Science
ools, catalog No. 19,007–14). Drill holes were left to bleed (control)
r treated by inserting in the proximal hole a 1.5 mm diameter cored
ylinder of FD-lyoprotectant (50 mg/mL initial concentration of sucrose,
orbitol, trehalose, dextran-5), and in the distal hole a cored cylinder of
D-chitosan (2.4, 5 or 10 mg/mL initial chitosan concentration, with
.1% w/w rhodamine-isothiocyanate-chitosan tracer) without or with
0 mg/mL initial concentration of lyoprotectant ( Table 1 ). Knees were
losed in 3 sutured layers. Rabbits were euthanized by IV pentobarbi-
al under full anesthesia. Distal femurs were formalin-fixed, scanned by
icro-computed tomography, EDTA-decalcified and cryosectioned with
ryoJane tape. Sections were histostained with SafraninO/Fast Green
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Table 1 

Characteristics of the chitosan solutions used in the in vivo studies prior to freeze-drying. 

Chitosan lot number DDA Mn Mw PDI Concentration (Osmolality) 

Rabbit study 

80–10K 10K03 81.9 25,100 7451 3.37 20 mg/mL (77 mOsm) 

RITC-10 K (a) CHEM5575 81.9 22,400 12,400 1.8 0.125 mg/mL (N.R.) 

Sheep study 

80–85K 80M8 80.6 85,380 52,590 1.62 20 mg/mL (46 mOsm) 

10 mg/mL (25 mOsm) 

5 mg/mL (10 mOsm) 

RITC-80M4 (b) CHEM4956 81.8 246,400 176,000 1.4 0.125 mg/mL (N.R.) 

Fluorescent chitosan tracer (a) 0.6% mol/mol RITC/chitosan or (b) 0.5% mol/mol RITC/chitosan was added to the chitosan 
solution prior to FD, and contributed non-relevant (N.R.) levels of osmolality to the formulation. 
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Saf-O) or Gomori Trichrome, or enzymatically digested with pronase
nd hyaluronidase, and immunostained for collagen type I (I-8H5 mon-
clonal 1:100 dilution, Calbiochem, Product No. CP-17), biotinylated
oat anti-mouse IgG (Vector, lot V0609) and ABC-AP red detection. 

.3.2. Sheep model of subchondral marrow stimulation 

Arcott cross sheep (8–9-year-old N = 12, females, 66 ± 6 kg) from
pecific pathogen-free herds were randomized to implant-treated knee
left vs right), and day 1 ( N = 2), 3 months ( N = 2) and 9 months
 N = 8) of repair. Sheep were anesthetized with intravenous ketamine
nd diazepam and then maintained on isoflurane gas. Sequential mini-
rthrotomies were used to access the joint surface of both knees and
 curette used to create a full-thickness ≈15 × 10 mm chondral defect
ebrided of the superficial calcified layer in the load-bearing area of
ach medial femoral condyle. A 1.4 mm diameter microburr was used
o perforate 11 microdrill holes at a 2 mm target depth in 3 vertical
proximal-to-distal) rows of 3 or 4 holes with constant irrigation with
aline. The surgeon transferred FD-chitosan cylinders to individual drill
oles in one knee with a sterile tweezers, with a distinct dose (chitosan-
Cl initial concentration 5, 10, and 20 mg/mL, pH 2.5) for each of the
 proximal-to-distal rows, a total of ~2 mg of chitosan per condyle.
ontrol drill holes in the contralateral knee were left to bleed without
reatment. Animals received analgesic medication after surgery. Sheep
ere housed in groups in 3 × 4 m stalls post-operatively for one week,
nd then permitted access to larger pens with a good footing. All sheep
xperienced acute post-operative lameness that subsided by 2 months
xcept for 3 sheep in the 9-month group that had persisting lameness
nd were reallocated to the 3-month group and euthanized at 3 months.
o unscheduled deaths occurred in the experiment. Sheep were eutha-
ized after 1 day ( N = 2), 3 months ( N = 5), and 9 months ( N = 5) for
steochondral tissue analyses. 

.3.3. Sheep defect macroscopic assessment, micro-CT scanning, and 

istostaining 

At necropsy, cartilage repair sites were photo-documented with a
igital camera. The surface of day 1 and 3 month repair tissues were
maged by epifluorescence microscopy at 1.25 × magnification. Menisci
ere frozen, and scored for degeneration from digital images [40] on
 scale of 0 (smooth), 1 (slight fibrillation), 2 (moderate fibrillation,
artial tears), 3 (complete tears), 4 (severe disruption). Distal 9 month
epaired femoral ends were dissected, submitted to indentation mea-
ures in a saline bath, after which Jamshidi needle biopsies and full-
hickness cartilage shavings were recovered from the distal repaired de-
ect, and outside the defect area in the lateral femoral condyle (LFC), for
echanical testing and biochemical assays of glycosaminoglycan [41] .
edial femoral condyle defect samples were fixed in 4% paraformalde-

yde/0.1 M cacodylate and scanned by microcomputed tomography
micro-CT, Skyscan X-ray Microtomography 1172, Kontich, Belgium) at
5 μm resolution, 80 kV, with Al–Cu filter and an image pixel size of
2.9 μm, decalcified in 0.5 N HCl/0.1% glutaraldehyde/ PBS at 4 °C, cut
ransversely in to 3 sagittal blocks, and embedded in paraffin to gener-
te 6 μm serial sections through three areas in the middle of each row
f holes. Calibrated line measures (Northern Eclipse) in macroscopic
mages of trimmed blocks were used to measure the distance of trim-
ing needed to attain the middle of each row of holes. Sections were

tained with Saf-O, Hematoxylin-Eosin and Gomori Trichrome and dig-
tally scanned at 40x magnification (NanoZoomer-RS, Hamamatsu Pho-
onics, Hamamatsu City, Japan) for quantitative histomorphometry and
istological scoring using NDP view software. 

.3.4. Quantification of macroscopic percentage resurfacing 

Macroscopic percent defect fill with repair tissue was determined
rom digital images of the 9-month defects obtained at necropsy. Re-
ions of interest (ROIs) were defined as the total defect area, and the
efect area covered by white smooth soft tissue (excluding visible pale
ellow exposed bone). ROIs were measured by 2 blinded readers using
he Northern Eclipse (Empix Imaging Inc., Mississauga, ON) polygon
ool (pixels as measure units). Percentage resurfacing was calculated as
he soft repair tissue area divided by the total defect area. 

.3.5. Micro-CT analysis of repair bone 

Micro-CT scanned datasets of day 1, 3-month and 9-month samples
ere reconstructed in a 3D model using NRecon (Skyscan software,

moothing 2, misalignment 0, ring artifact correction 4, beam harden-
ng correction 30%). Blinded reconstructions were repositioned in order
o vertically align the central hole of each condyle and then each resid-
al drill hole was analyzed to measure non-mineralized drill hole cross-
ectional area at the surface (top) and at − 0.5 mm, − 1.0 mm, − 1.5 mm
elow the bone surface, and hole depth using CTAn and DataViewer
oftware (SkyScan), as previously described [42] . Data were presented
s the mean ± standard error of the mean cross-sectional area at each
epth for all microdrill holes in N = 4 condyles at day 1, in N = 5
ondyles per group for 3 months and in N = 5 condyles per group for
 months. 

.3.6. Quantitative histomorphometry and histological scoring 

Semi-quantitative scoring of callus formation and chondroinduction
n 3 month repair tissue was assessed by 2 blinded readers from Saf-O
nd Gomori-stained serial sagittal sections collected through the middle
f the drill holes. Callus formation was scored as visible areas of Saf-
-stained tissue in the subchondral area (below 200 μm from the bone

urface). Chondroinduction was scored by the presence of repair tissue
t or above the osteochondral junction that stained red with Saf-O and
ontained cells with chondrocyte morphology (score of 1) as compared
o no tissue, tissues devoid of Saf-O staining (angiogenic tissue, woven
one), or cartilage flow (score of 0). The percentage callus formation
nd chondroinduction was determined (11 holes, 5 defects, N = 55 per
ondition). Two trained and blinded readers measured the percent resur-
acing of bone with integrated cartilage repair tissue and the percent
xposed bone in the defect area of 3 Saf-O-stained sections per 9-month



C.D. Hoemann, J. Guzmán-Morales and G. Picard et al. Materialia 9 (2020) 100609 

r  

s  

w  

E  

i  

p  

s  

m  

i  

9  

f  

a  

m  

b  

w  

c  

g  

w

2

 

p  

w  

a  

e  

s  

a  

t  

i  

c  

N  

J  

t  

f  

m  

c  

0  

(  

n  

s  

t

2

 

m  

(  

a  

i  

m  

p  

p  

c  

m  

a  

t  

d  

s  

a  

N

3

3

 

p  

t  

t  

a
 

d  

c  

t  

b  

t  

t  

d  

a  

c  

a  

a
 

c  

e  

r  

f  

b  

t  

i  

t  

r  

t  

t  

i  

f  

1  

i  

fi  

2  

d  

m  

a

3

 

i  

a  

W  

p  

r  

p  

i  

a  

c  

c  

s  

a  

p  

T  

a  

3
 

a  

n  

o  

H  

h
J  

w  

d  

c

epaired defect by measuring the sum of all calibrated line mea-
ures of integrated soft tissue or mineralized tissue, divided by defect
idth along a projected tidemark from the flanking cartilage (Northern
clipse, Empix Imaging Inc., Mississauga, ON). ICRS II histologic scor-
ng [43 , 44] was performed on 3 Saf-O and Hematoxylin-eosin sections
er defect by 3 trained and blinded readers to generate mean ICRS-II
cores (category/score: 1/tissue morphology; 2/matrix staining; 3/cell
orphology; 4/chondrocyte clustering; 5/surface architecture; 6/basal

ntegration; 7/tidemark formation; 8/subchondral bone abnormalities;
/inflammation; 10/abnormal calcification; 11/vascularization; 12/sur-
ace or superficial assessment; 13/mid-deep zone assessment; 14/Over-
ll assessment. In 11 out of 30 histology sections, repair cartilage was
issing in focal areas where a biochemical biopsy or a mechanical

iopsy was extracted, as determined by comparing histology sections
ith calibrated macroscopic images taken before and after biopsies were

ollected. When carrying out blinded histomorphometry for % inte-
rated repair and the ICRS II category 14 Overall score, the biopsy sites
ere omitted from the scoring. 

.3.7. Mechanical tests 

Freshly dissected femur ends from the 9 month repair group were
laced in an isotonic saline bath to perform indentation measurements
ith a spherical indenter of 0.5 mm radius and a mechanical tester (3-
xis Mach-1 v500css from Biomomentum Inc., Laval, QC, Canada). For
ach test site, the indenter was positioned ~2 mm above the cartilage
urface, the indenter detected the cartilage surface at the test site and
t four neighboring positions to calculate the surface angle, then the
est site was indented perpendicularly for 0.2 mm at 0.2 mm/s. A dig-
tal camera was used to map the position of each test site (21–62 dis-
rete measures for LFC and MFC per knee). Structural stiffness (SS, in
/mm) was calculated at 50, 100 and 150 μm of indentation depth.
amshidi osteochondral biopsies were extracted from the distal repair
issue and intact LFC. Cartilage thickness of the biopsies was determined
rom calibrated line measures of digital images taken with a dissection
icroscope. Unconfined compression tests (stress relaxation using a pre-

ompression of 10% strain followed by 5 compressions of 2% strain at
.4% strain rate) of Jamshidi biopsies were carried out with a Mach-1
Biomomentum, Laval, QC) in an isotonic saline bath. A linear fibril-
etwork-reinforced biphasic model [45] was used to fit the 2% strain
tress relaxation ramps to determine the fibril modulus (Ef, MPa), ma-
rix modulus (Em, MPa) and permeability (x10 − 12 m 

4 /N s). 

.4. Statistical analyses 

1-tailed Student’s t -test was used to test the effect of implant treat-
ent on macroscopic % repair tissue fill. The General Linear Model

GLM) with Unequal N Honest Significant Differences (HSD) post-hoc
nalysis (Statistica, Statsoft, Tulsa, AR) was used to analyze differences
n residual bone hole diameter with time (day 1, 3 and 9 months), treat-
ent (yes-no), and hole depth (top, − 0.5, − 1.0, − 1.5 mm) as categorical
redictors and individual drill holes as the statistical unit ( N = 33–45
er condition). The effect of treatment on 3 month chondroinduction or
allus formation, and 9 month integrated soft tissue repair and exposed
ineral tissue was analyzed by the GLM with a Tukey HSD post-hoc

nalysis. ICRS-II histological scores from 3 blinded readers for 3 his-
ology sections per defect were averaged and the GLM used to assess
ifferences ( N = 5 treated, control). Site-specific differences in 9 month
GAG levels, cartilage thickness, mechanical properties (Em, Ef, perme-
bility) and SS@100 μm were evaluated with JMP R ○ (v14.1.0; SAS, Cary,
C). Significance was set at p < 0.05. 

. Results 

.1. FD-chitosan formulation optimization 

Chitosan solutions that were freeze-dried in a standard freeze-dryer
roduced large chitosan flakes whereas freeze-drying under controlled
emperature and vacuum produced rigid, ultraporous chitosan cakes
hat could be shaped into cylinders with a biopsy punch ( Fig. 1 A
nd B). 

To develop FD-chitosan formulations with good cake rigidity that
ispersed as microparticles in coagulating blood plasma, FD-chitosan
akes were produced with different chitosan molecular weight, concen-
ration and pH, with and without lyoprotectants (sucrose, trehalose, sor-
itol, dextran-5). Lyoprotectants, or bulking agents, were added to ob-
ain more rigid cakes and to promote chitosan rehydration. From these
ests we discovered that FD-chitosan ≥ pH 4.5 formulations failed to
isperse into microparticles, even with added lyoprotectants ( Fig. 1 C
nd D). FD-chitosan formulations generated at pH 2.5, where all glu-
osamine free amine groups are fully protonated, formed rigid cakes,
nd spontaneously dispersed into microparticles when immersed in co-
gulating human blood plasma ( Fig. 1 E). 

To select a formulation with good surgical handling properties, FD-
hitosan implants were generated (10 kDa chitosan pH 2.5, ± differ-
nt lyoprotectants to increase cake rigidity), and evaluated in an in vivo

abbit microdrill model of cartilage repair. In this model, microdrill de-
ects slowly filled with blood. Drill-only control defects were filled with
lood clot at day 2 post-operative and at day 21 contained fibrocartilage
hat was poorly integrated with non-remodeled bone ( Fig. 1 F–I). Dur-
ng the surgery, FD-chitosan implants containing lyoprotectant (sucrose,
rehalose, or sorbitol) were rigid and easily manipulated as long as they
emained dry, but the moment they came into contact with blood in
he bleeding microdrill holes, they dissolved so rapidly that they instan-
aneously lost their rigid properties (unpublished observations). These
mplants rehydrated too rapidly to permit controlled delivery and there-
ore failed the handling test. Implants with chitosan-HCl alone (5 or
0 mg/mL), or chitosan with dextran-5 lyoprotectant rehydrated slowly
n the bleeding drilled defect ( Fig. 1 J). FD-chitosan-HCl alone was suf-
cient to induce subchondral angiogenesis and bone remodeling at day
1 post-operative ( Fig. 1 K–M), features of a therapeutic guided subchon-
ral regeneration response [30] . Therefore, the chitosan-HCl pH 2.5 for-
ulation was selected as a prototype implant for testing in skeletally

ged sheep. 

.2. Aged sheep SMS cartilage repair model and acute implant residency 

The effect of chitosan dose in vivo is rarely studied, and the dose effect
s largely unknown. Therefore, we designed a cartilage repair study in an
ged sheep SMS model using 3 different doses of FD-chitosan ( Fig. 2 A).
e elected to use 80% DDA chitosan at 85 kDa ( Table 1 ), because a

resolidified chitosan/blood implant containing 10 kDa chitosan was
eported to have no detectable effects on SMS articular cartilage re-
air in a previous sheep study [44] , while a presolidified chitosan/blood
mplant containing 150 kDa chitosan with a presumably slower clear-
nce rate elicited neocartilage tissue in sheep Jamshidi biopsy osteo-
hondral defects [33] . Microdrill holes were created in a full-thickness
artilage defect in the weight-bearing medial condyle and observed to
lowly fill with subchondral blood ( Fig. 2 B). In treated defects, blood
nd irrigation fluid were aspirated prior to placing one FD-chitosan im-
lant in each drill hole, at one dose per proximal-to-distal row ( Fig. 2 C,
able 1 ). Implant treatment added an average 7.3 min to the arthrotomy
nd BMS procedure (control defect: 27.5 ± 11.8 min, treated defect:
4.8 ± 7.2 min, incision to suture). 

After 1 day of repair, blood clot filled all microdrill holes in control
nd treated defects ( Fig. 2 D and E). Drill holes with no implant showed
o fluorescence ( Fig. 2 F), while chitosan microparticles containing flu-
rescent chitosan tracer were visualized in the drilled defect ( Fig. 2 G).
istology of day 1 subchondral blood clots showed that the FD-chitosan
ad dispersed as microparticles in the bone-derived blood clot ( Fig. 2 H–
). In serial unstained sections through the drill holes, chitosan particles
ere detected near the top of the bone-derived blood clots. All 3 implant
oses were retained in the drill holes with variable amounts of resident
hitosan microparticles. 
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Fig. 1. FD-chitosan formulation screening in vitro and in vivo in a rabbit SMS model. FD-chitosan macroscopic appearance as a (A) cake and (B) cored implant cylinder 
and (C–E) microscopic appearance of three different implants containing fluorescent RITC-chitosan tracer at 1 h post-coagulation in human blood plasma fibrin clot 
(C–E: red signal is RITC-chitosan). (F–M) show representative data from formulation testing in a rabbit model for control drill-only defects (F–I) and chitosan-HCl pH 

2.5 implant-treated drill defects (J–M). (F, G, J, K) Drill hole macroscopic appearance at the indicated time points, with matching day 21 sagittal micro-CT images of 
(H) drill-only and (L) FD-chitosan pH 2.5-treated, and (I, M) histostained sagittal cryosections of osteochondral repair tissues from control (I, Saf-O, non-integrated 
fibrocartilage) and chitosan-HCl pH 2.5-treated drill holes (M, Gomori trichrome angiogenic repair tissue). Scale bars are as indicated. Abbreviations and Symbols: (J) 
black arrow: FD-chitosan implant; (M) BV: blood vessel; (H and L) white arrows: perimeter of the drill hole (H) and remodeled drill hole (L). 
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.3. Sheep microdrill holes undergo bone resorption at 3 months and bone 

epair by 9 months 

Micro-CT measures of residual microdrill hole area showed that ini-
ial drill holes had an overall cylindrical hole shape with an average
.9 mm 

2 cross-sectional area that expanded at 3 months post-operative
o 3.4 mm 

2 (control) and 4.0 mm 

2 (treated), and shrank to 0.90 mm 

2 

control and treated) at 9 months ( Fig. 3 ). 
These data revealed a “wound bloom ” effect, where initial drill holes

ecame larger ( p < 0.0001, day 1 vs 3 months, Fig. 3 ) before healing
ver with bone ( p < 0.05, day 1 vs 9 months, Fig. 3 ). After 3 months
f repair, implant-treated microdrill holes had a different shape than
ontrol holes, with more bone resorption in the deeper area of treated
oles ( Fig. 3 ). Interestingly, residual RITC-chitosan deposits were spo-
adically observed deeper in several holes in histological sections at 3
onths post-operative ( unpublished observations ). 

After 9 months of repair, except for one out of 5 sheep with residual
nmineralized bone holes in both knees, most drill holes were healed
ver with mineralized tissue, with a significant narrowing of the drill
ole area compared to day 1 and 3 months ( Fig. 3 ). At the top of the
rill hole (the osteochondral junction), only implant-treated drill holes
howed significant bone repair compared to day 1 ( p = 0.029, Fig. 3 ).
 t  
esidual holes at 9 months consisted mainly of calcifying cartilage or
allus at the top of the bone hole and subchondral cysts deeper in the
rill hole. These data showed that microdrilling induced bone resorption
round the drill hole edges at 3 months followed by mineralized bone
epair, with a more complete subchondral bone plate repair in treated
rill holes than controls. 

.4. Sheep 3 month and 9 month cartilage repair outcomes 

At 3 months post-operative, cartilage defects were largely devoid of
acroscopic soft tissue ( Fig. 4 A) except for one control proximal area,

nd one defect area treated with 20 mg/mL chitosan implant that were
overed with pearly white tissue (arrow, Fig. 4 F, treated defect con-
ralateral to the control defect shown in Fig. 4 A). Histologically, repair
issues at 3 months post-operative were heterogeneous with many drill
oles containing angiogenic tissue at the surface. Callus, a type of min-
ralizing cartilage, was detected in 55% of control bone holes and 40%
f treated holes (non-significant difference, Fig. 4 B–D vs 4G–I). 

Many treated drill holes contained angiogenic granulation tissue
nd new woven bone ( Fig. 4 G and H). Chondroinduction was identi-
ed as the presence of Saf-O-stained tissue containing chondrocytes at
he surface of the drill hole, at or above the osteochondral junction
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Fig. 2. Chitosan implant delivery and microparticle residency in a bilateral skeletally aged sheep SMS model. (A) schematic of the model and macroscopic appearance 
at surgery (B, control; C, treated), and at day 1 post-operative (D, control; E, treated). Epifluorescence microscopy of whole defects at day 1 post-operative showed 
no fluorescence in (F) control drill holes and red RITC-chitosan signal in (G) treated drill holes. Unstained paraffin sections showed RITC-chitosan microparticles 
resident in treated microdrill holes (H, combined bright field-epifluorescence). Panels (I and J) show treated drill holes at higher-magnification for regions indicated 
with arrows in panel (H). Arrows in (E, G) show soft tissue covering the holes which blocked visualization of epifluorescent signal. In (A) 5, 10, 20 is the chitosan 
concentration in mg/mL prior to freeze-dry. 

Fig. 3. Micro-CT three-dimensional representative im- 
ages (A) and calibrated measures of repairing micro- 
drill hole cross-sectional area at different drill hole 
depths (B) at day 1, 3 months, and 9 months post- 
operative. Drill holes were approximately 2-fold en- 
larged at the top of the hole at 3 months then healed 
over at 9 months, with more complete bone plate re- 
pair in FD-chitosan-treated drill holes. The schematic 
on the right illustrates the 4 depths where drill hole 
diameter was measured in each drill hole. 
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Fig. 4. Macroscopic (A, F, K, O), histomorphometric (D, E, I, J, S, T) and histological (B, C, G, H, L–N, P–R, U) analyses of 3 month and 9 month repair tissues. At 3 
months post-operative control subchondral repair tissues (A–E) were predominately callus (D) whereas treated repair tissues (F–J) showed more chondroinduction 
(J). At 9 months post-operative control cartilage repair tissues (K–N) showed less resurfacing of the cartilage lesion compared to treated cartilage repair tissues 
(O–T). ICRS-II histological scoring (U) showed that treatment led to higher average scores for all parameters except for parameter 10, with a trend for improved cell 
morphology (category 3). Abbreviations and Symbols : 1, 2, 3 (K, L, O, P) are repaired microdrill holes; K, L, N, R: open arrowheads are exposed bone; black arrowhead 
(N) is granulation tissue. BV: Blood vessels. Data in S-U: mean ± 95% confidence interval (whiskers) for N = 5. 
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 Fig. 4 G). Semi-quantitative histologic scoring revealed a higher inci-
ence of chondroinduction at the surface of implant-treated holes com-
ared to drilling alone ( p = 0.021, Fig. 4 E vs Fig. 4 J). Sagittal histology
ections revealed an interesting proximo-distal healing effect, with a ten-
ency for a more advanced chondrogenesis and greater repair tissue fill
n the proximal holes ( Fig. 4 G). 
After 9 months of repair, all defects were resurfaced to a variable de-
ree with a dense white tissue ( Fig. 4 ). In 4 out of 5 sheep, the cartilage
epair tissues in both treated and control histology sections stained red
ith Saf-O and had nascent immature tidemarks at the repair cartilage-

epair bone interface ( Fig. 4 L and M control & P and Q, treated). Treated
epair was more integrated than control repair ( Fig. 4 M vs 4Q). In one
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Fig. 5. Raw thresholded image data and corresponding quantitative measures 
of soft tissue resurfacing from macroscopic images of bilateral defects, with con- 
trol (A) and the matching contralateral treated defect (B) shown directly below. 
Greater cartilage repair resurfacing was observed in FD-chitosan treated defects 
for 4 out of 5 sheep ( p = 0.043, mean% resurfacing 67.5% treated vs 52.6% 

control; see Fig. 4 S). 
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heep with the worst bone repair response ( i.e. , persisting subchondral
n-mineralized callus), the control defect had a large amount of exposed
one (open arrowheads, Fig. 4 N) and the treated defect contained GAG-
epleted repair tissue ( Fig. 4 R). 

The main effect of implant treatment at 9 months was higher macro-
copic % soft tissue resurfacing in 4 out of 5 treated defects ( p = 0.043,
 = 5, 67.5% treated vs 52.6% control, Fig. 4 S; Fig. 5 ). These data were

upported by blinded quantitative histomorphomety showing a more
ntegrated cartilage repair tissue (89% vs 74%) and less exposed bone
8% vs 15%) in treated compared to control cartilage defects ( p = 0.037,
 = 5, Fig. 4 T). Blinded ICRS II histological scoring revealed that treated

epair tissues had a modestly higher average score for almost all cate-
ories, but due to high variation and low sample number the differences
ere not significant. A trend for better cell morphology was seen in

reated repair tissues ( p = 0.07, Category III, Fig. 4 U). The ICRS II Over-
ll Score (Category XIV) was 40 ± 14 control and 47 ± 21 treated ( p = 0.14,
ig. 4 U), which reflected a more complete cartilage repair tissue resur-
acing in treated defects. At 9 months post-operative, most menisci had
igns of fibrillation with some thinning or occasional small tears (data
ot shown). 

In osteochondral biopsies collected for unconfined compression me-
hanical tests, repair cartilage was around 2-fold thinner than intact
FC cartilage ( p = 0.029, median ~0.5 mm repair vs ~0.9 mm LFC,
ig. 5 A). The repair tissue equilibrium modulus (Em) and fibril modu-
us (Ef) were highly variable with control tissues having the lowest mean
odulus compared to intact LFC cartilage (control: 0.05 MPa; treated:
.12 MPa; control LFC: 0.36 MPa; treated LFC: 0.18 MPa; Fig. 6 B and C).
ne control biopsy with a high outlier Em (1.45 MPa) and Ef (25.81)
as subsequently identified as being a potential artifact of the white

epair tissue in this specimen being subchondral and mostly calcified
 Fig. 7 ) . 

Most repair tissues had higher median permeability coefficients than
FC cartilage ( Fig. 6 D), which was consistent with a lower sGAG content
n control repair tissues compared to control LFC cartilage ( p = 0.036,
 = 5, Fig. 6 E). Treated repair cartilage had a lower median sGAG con-

ent compared to LFC cartilage but due to variability was not signif-
cantly different ( Fig. 6 E). The median sGAG content ( ± 90%C.I.) was
2(10–123) μg/mg wet weight control repair, 91(8–127) μg/mg treated
epair, versus 156(73–169) μg/mg and 130(89–145) μg/mg for control
nd treated LFC cartilage, respectively ( Fig. 6 E). 

These data showed that LFC cartilage had no signs of sGAG deple-
ion at 9 months post-operative. Indentation measures carried out over
he entire condyle surfaces were used to observe poroelastic mechani-
al behavior and to measure the force at 100 μm of indentation, other-
ise referred to as the structural stiffness (SS@100 μm). SS@100 μm
alues with high scatter were observed in untreated and treated re-
air defect sites (0.024–280 N/mm). Repair tissues showed a higher
edian SS@100 μm (3.9 N/mm) compared to intact cartilage in the
FC (0.5 N/mm for paradefect MFC, 0.4 N/mm for outer MFC), and

FC sites (1.5 N/mm; p < 0.005 defect vs other regions, Fig. 6 F). Co-
egistration of histological sections and macroscopic images of the in-
entation sites revealed several contributing factors to the heteroge-
eous SS@100 μm. Low SS@100 μm values from 0.02 to 0.9 N/mm
ere frequently observed in very thick hyaline-like repair tissue, and

n the paradefect region. The paradefect data were consistent with his-
ology showing sGAG depletion in the paradefect region which means
hat the tissue had weak mechanical properties and failed to stiffen in
esponse to compression ( Fig. 6 G). High SS@100 μm values exceeding
.5 N/mm were mapped to non-resurfaced areas of the defects (calcified
artilage or bone, Fig. 6 H). Control defects showed more outlier high
S@100 μm values than treated defects ( Fig. 6 F) which was consistent
ith more exposed bone in control defects ( Fig. 4 S and T). Hyaline-like

epair tissues showed poroelastic mechanical features and SS@100 μm
alues were similar to intact LFC cartilage ( Fig. 6 I and J). A color map
f all SS@100 μm test sites over the cartilage surfaces ( Fig. 6 J) showed
igher stiffness for repair cartilage and LFC cartilage, and lower struc-
ural stiffness at 100 μm of indentation in the thicker surrounding MFC
artilage. To summarize, these data showed that treated repair tissues
ad on average slightly higher sGAG content, slightly lower permeabil-
ty and less exposed bone according to indentation tests than the repair
issues in defects treated by microdrilling alone. 

. Discussion 

This study demonstrated for the first time, to our knowledge, that
ioactive biomaterial microparticles delivered into the subchondral
one hematoma can improve the articular cartilage repair outcome in a
keletally aged large animal model. After one day of repair, FD-chitosan
icroparticles were retained in microdrill holes ( Fig. 3 ). After 3 months

f repair, the implant promoted bone remodeling deeper in the drill
ole, angiogenic woven bone repair, and chondroinduction at the ar-
icular surface ( Fig. 4 ). These responses were followed by a more com-
lete bone plate repair and greater cartilage resurfacing compared to
ontrols. Our study only revealed a trend for improved repair tissue cell
orphology due to treatment ( Fig. 4 U). These collective data support

he hypothesis that FD-chitosan microparticles improved the resurfac-
ng of skeletally aged sheep cartilage defects by guiding and altering the
ubchondral bone wound repair response. 

The tissue regeneration rate was very slow in this aged sheep model.
hondral defects were largely unrepaired at 3 months, which may ex-
lain resurgent lameness in 3 sheep at 3 months, and meniscal fibril-
ation at 9 months, both due to unrestricted activity and weight bear-
ng during the entire course of the repair period. Meniscal degeneration
ould be viewed as a potential adverse effect of BMS in aged knees when
here is a very slow repair rate and unrestricted activity. More work is
eeded to understand tissue regeneration kinetics and to design appro-
riate rehabilitation programs for older patients admitted to BMS ther-
py. The aged sheep model is very challenging and the repair response
n an acute defect model may not fully mimic the response in chronic
efects more typically found in older subjects that can show sclerosis or
steoporosis. 

Our study was carried out with 1.5 mm diameter drill holes which
re between the 1.0 and 1.8 mm drill hole diameters previously tested by
ldracher et al. [46] in a BMS sheep model using a K-wire. In this former
tudy, smaller holes had a higher quality repair cartilage at 6 months
ost-operative, as shown by lower average Sellers histologic scores of
9 vs 25 (1.0 vs 1.8 mm) where 0 is perfect repair and 31 is no repair
46] . Cartilage repair quality was not correlated with any of their mea-
ured bone repair parameters at 6 months [46] . In our study, implant
reatment had a therapeutic effect on fully restoring the bone plate in
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Fig. 6. Mechanical and biochemical analyses of cartilage repair tissues and matching LFC intact cartilage at 9 months post-operative. Osteochondral biopsies with 
measured (A) cartilage tissue thickness were submitted to unconfined compression to measure (B) Em, (C), Ef and (D) permeability coefficient, (E) sGAG content 
(μg/mg wet weight) was obtained from adjacent biochemical biopsies. (F) SS@100 μm (N/s) values from automated indentation mapping throughout the regions 
shown in blue directly below (defect, paradefect MFC, MFC outer regions and LFC). Example stress-relaxation curves from indentation analyses of representative test 
sites: GAG-depleted paradefect MFC cartilage (G), exposed bone in a defect test site (H), hyaline-like cartilage repair tissue (I, treated defect), and intact LFC cartilage 
(J; LFC histology was not available therefore the LFC test site is shown on a color map of the interpolated log-scale SS@100 μm data points superposed at 60% 

transparency over this treated defect knee image (dark blue = 0.1 N/mm, red = 20 N/mm); In panels (G–J), black dots in macroscopic images: indentation test sites; red 
arrows: test site shown in the panel; blue arrowheads: cartilage defect boundaries; black arrows: area of sGAG depletion; scale bars are 2.5 mm. Abbreviations: LFC: 
lateral femoral condyle; MFC: medial femoral condyle; SS: structural stiffness; N: Newton; mm: millimeter. Data in (A–E) show the median ± quartiles (box) ± min/max 
(whiskers) ( N = 5) and overall mean (grey horizontal line, N = 20). Data in (F) show individual SS@100 μm datapoints collected from 5 distal femurs in the specified 
test areas ( N = 2 to N = 14 indentation measures per condyle per area). The corresponding median (90% confidence interval) of the combined control and treated 
test sites is given below. 

t  

s  

t  

c  

o  

d  

s  

w
0  

v
b  

O
 

i  

u  

R  

c  

o  

i  

t  

d  

d  

h  

c  

a  

t  

t  

r  

p  

o  

a  

m  

r  

o  

s  

i  

t  

k  

s  

t  

a  

h  

v  

e  

c  

l  

c  

T  

u  

p
 

m  
reated bone holes at 9 months ( Fig. 3 ) that we attribute in part to earlier
ubchondral angiogenic bone repair. Regeneration of bone at the top of
he drill hole permits initiation of chondroinduction at the base of the
artilage lesion, which is especially important to enhance performance
f aged stem cells that have a lower capacity for proliferation and chon-
rogenic differentiation compared to young stem cells [47] . The median
GAG content of repair tissues and LFC in this study (75–100 μg/mg
et weight) were much higher than the depleted sGAG content (0.02–
.06 μg/mg wet weight) reported at 19 months post-operative in a pre-
ious sheep study where osteochondral defects were press-fit with stiff
ilayer implants composed of polycaprolactone or Chondro-Gide and
rthoss [17] . 

Although 3 chitosan doses were tested, no dose-effect was evident
n any parameter analyzed, apart from tissue outgrowth at 3 months
niquely from 20 mg/mL treated drill holes in 1 out of 5 treated defects.
ehydration of the pH 2.5 FD-chitosan in bleeding subchondral bone
ould transient acidify the blood clot microenvironment and the impact
f this on the therapeutic effect is unknown. We do not expect any acid-
fication to persist very long considering that blood contains many pro-
eins with high buffering capacity. We also observed that microparticles
ispersed unevenly in different drill hole clots ( Fig. 2 H). Homogeneous
ispersion of ~1.5 μm diameter chitosan microparticles throughout the
ybrid blood clot is preferred compared to aggregated chitosan mi-
roparticle deposits. Neutrophils migrate to acetylated chitosan through
 leukotriene B 4 -sensitive mechanism [48] . Neutrophils attracted to chi-
osan are important for subsequent attraction of osteoclasts and alterna-
ively activated macrophages that are believed to promote the cartilage
epair response during the subchondral healing phase [48] . However a
rolonged residence of neutrophil-infiltrated chitosan can delay some
f the therapeutic effects of the hybrid chitosan/blood implant such
s subchondral angiogenesis, woven bone synthesis, and migration of
esenchymal stem cells towards the cartilage lesion [42 , 49] . For these

easons, in clinical translation of SMS implant therapies, selecting an
ptimal dose range and BMS approach will be challenging. Different
urgical instruments can produce different levels of subchondral bleed-
ng and bruising [44] , which may be related to bone marrow edema
hat is visualized by magnetic resonance imaging (MRI) in patients with
nee pain [50] . The downstream effects of subchondral hematoma are
till poorly understood; it is reasonable to presume that disruption of
he subchondral vasculature leads to local tissue deprivation of oxygen
nd nutrients. New blood vessel growth is therefore needed to restore
omeostasis following BMS. However, instead of inducing new blood
essel growth, BMS-alone most often stimulates the formation of a min-
ralizing callus in the area of the bone plate ( Fig. 4 A; Fig. 7 ) [29] , which
ould lead to “burning bridges ” for subsequent revisions or other carti-
age repair treatments [51] . Callus tissue resists remodeling, and some
ell-based therapies may require bone remodeling to elicit repair [52] .
hese collective observations suggest that BMS could be more safely
sed as a first-line therapy if implants such as FD-chitosan were used to
romote angiogenesis and suppress callus formation. 

It is remarkable that in this bilateral model of cartilage repair, the
ain treatment effect was to increase the area of the defect resurfaced
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Fig. 7. A single repair cartilage outlier with very 
high Em and Ef was associated with cartilage repair 
tissues that were mostly subchondral and partly 
composed of calcified cartilage. Images of the dis- 
tal femur of sheep Or26L (untreated control knee) 
at 9 months post-operative (A) showing “tufts ” of 
repair tissue covering the microdrill holes, (B,C) af- 
ter the extraction of Jamshidi biopsies for uncon- 
fined compression (mechanical) and biopsies for 
biochemical analysis. Calibrated digital images of 
biopsies from (D) the defect and (E) the intact LFC 
were used to measure white cartilage tissue thick- 
ness before unconfined compression tests. However 
H&E stained histology through adjacent repair tis- 
sue “tufts ” (panels F–H, section collected between 
the dashed arrows shown in panel C) later revealed 
that these cartilage tissues were mostly subchon- 
dral, contained tidemarks, with only 0.325 mm of 
uncalcified repair tissue thickness. These data sug- 
gest that the high Em and Ef values from the sam- 
ple in panel D arose from white repair tissue being 
mostly calcified cartilage. 
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ith cartilage tissue, without significant improvement over controls in
GAG content or mechanical properties. The lack of significant differ-
nces is partly due to the low sample number ( N = 5) which is one
f the limitations of this study. Due to the low sample number it is
ard to predict whether our biomaterials-based treatment could make a
linical difference for articular cartilage repair, however percent filling
f the cartilage lesion with repair tissue was previously singled out as
 strong predictor of good clinical outcomes. In a magnetic resonance
maging clinical study of microfracture by Mithoefer et al. [2] ( N = 24),
00% of patients with “good ” fill (67%–100%) showed improvement in
heir scores for activities for daily living whereas only 40% showed im-
rovement who had “moderate ” fill (34%–66%) and only 10% showed
mprovement with “poor ” fill (0%–33%). The percentage resurfacing
licited in our study by FD-chitosan (67.5%) could be comparable to
good ” fill in the Mithoefer study while the microdrilling-alone resur-
acing (52.6%) is comparable to “moderate ” fill, suggesting the potential
or a clinically meaningful effect. Other limitations include the lack of
istology data for all indentation test sites of LFC samples, and the fact
hat distinct samples were submitted to biochemistry, histology, and
echanics. Nonetheless, the similar repair tissue properties observed

n treated and control bilateral defects reinforce the emerging evidence
hat each knee has an endogenous osteochondral repair capacity that
eclines over time [47] , that can be improved by the FD-chitosan de-
ice. 

. Conclusion 

Subchondral chitosan microparticles showed the potential to en-
ance the volume and basal integration of cartilage repair tissue in aged
artilage lesions treated by bone marrow stimulation. Treated and con-
rol cartilage repair tissues had a similar median structural stiffness at
00 μm of indentation, 3.9 N/mm, compared to 1.5 N/mm for intact
artilage in the LFC, and 0.5 N/mm for the thicker intact MFC cartilage
issues surrounding the defect area. Future studies will test the effect of
urgical technique (microdrilling vs microfracture) and a single chitosan
ose. 
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