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This study tested whether osseous integration into poly (e-caprolactone) (PCL) bioplastic scaffolds with fully-
interconnecting 155 + 8 pum pores is enhanced by an adhesive, non-inflammatory 99% degree of deacetyla-
tion (DDA) chitosan coating (99-PCL), or further incorporation of pro-inflammatory 83% DDA chitosan micro-

Igﬁ:ﬁ: ::la particles (83-99-PCL) to accelerate angiogenesis. New Zealand White rabbit osteochondral knee defects were
Angiogenesis press-fit with PCL, 99-PCL, 83-99-PCL, or allowed to bleed (drill-only). Between day 1 and 6 weeks of repair,
Osteogenesis drill-only defects repaired by endochondral ossification, with an 8-fold higher bone volume fraction (BVF) versus
Inflammation initial defects, compared to a 2-fold (99-PCL), 1.1-fold (PCL), or 0.4-fold (83-99-PCL) change in BVF. Hematoma

innate immune cells swarmed to 83-99-PCL, elicited angiogenesis throughout the pores and induced slight bone
resorption. PCL and 99-PCL pores were variably filled with cartilage or avascular mesenchyme near the bone
plate, or angiogenic mesenchyme into which repairing trabecular bone infiltrated up to 1 mm deep. More repair
cartilage covered the 99-PCL scaffold (65%) than PCL (18%) or 83-99-PCL (0%) (p < 0.005). We report the novel
finding that non-inflammatory chitosan coatings promoted cartilage infiltration into and over a bioplastic
scaffold, and were compatible with trabecular bone integration. This study also revealed that in vitro osteogenesis
assays have limited ability to predict osseous integration into porous scaffolds, because (1) in vivo, woven bone
integrates from the leading edge of regenerating trabecular bone and not from mesenchymal cells adhering to
scaffold surfaces, and (2) bioactive coatings that attract inflammatory cells induce bone resorption.

1. Introduction shapes that support cell infiltration and osteogenesis by mesenchymal

stem cells (MSCs) in vitro [3-8], and permit woven bone deposition in

Bone tissue engineering (BTE) strategies aim to control polymer
structures and bioactivities to favor bone growth into a porous scaffold
[1]. Although much progress has been gained in structural design, a
persisting challenge remains in understanding how to guide the inward
migration and differentiation of bone marrow cells and blood vessels, to
form mineralized tissue deep in a porous scaffold [2]. Poly (e-capro-
lactone) (PCL) has received a lot of attention as a biocompatible polymer
of choice, partly because the bioplastic can be melted to form different
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vivo (with the help of exogenous cells or bioactive factors) [9-11]. Pore
size has been studied as a factor that influences osseous integration into
different materials in vivo. Scaffolds with pore diameters <100 pm
showed limited vascularization [12] while promoting chondrogenesis
[13]. Vascular bone will spontaneously infiltrate into scaffolds with
>100 pm-850 pm pores but usually only the outer pores [9,11,14-16].

Previous collaborative works developed PCL scaffolds with fully-
interconnected pores and precise pore sizes to evaluate their potential
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in BTE applications [7,8,17,18]. These scaffolds were formed by
melt-blending PCL with poly (ethylene oxide) (PEO) at the
co-continuous composition (where both phases form a 3-dimensional
interpenetrated network) [17]. After melt-blending, a static annealing
step and annealing time (0.5-3 h) is used to control the phase size in the
polymer blend, then cooling and extraction of the porogen phase (PEO)
transforms PCL into a porous scaffold. This approach was used to
generate scaffolds with 84, 116, 141, and 162 pm average pore diameter
with smooth concave interconnecting surfaces that resemble a trabec-
ular network [17]. PCL has hydrophobic surfaces that inhibit cell
attachment, which is needed for in vitro osteogenesis [5,19]. Therefore a
method was worked out to coat the PCL scaffold pore surfaces with
hydrophilic cationic materials [7,8]. This was achieved through the
Layer-by-Layer (LbL) self-assembly of polyelectrolytes (poly (dia-
llyldimethylammonium chloride, PDADMAC, as polycation and poly
(sodium 4-styrenesulfonate), PSS as polyanion), using the last anionic
PSS layer to capture a uniform coating of cationic chitosan as the final
outside layer. This approach transformed a porous hydrophobic polymer
material of highly controlled morphology to one with essentially com-
plete chitosan-like surface characteristics. Human bone marrow-derived
mesenchymal stem cells (MSCs) infiltrating the PCL pores produced
more mineralized matrix in 3-D in vitro osteogenesis assays when the
PCL scaffold was coated with 99% degree of deacetylation (DDA) chi-
tosan [7,8]. Based on these promising results, the purpose of this study
was to evaluate the effect of a 99% DDA chitosan coating on in vivo
osteogenesis in the PCL scaffold, using an established skeletally mature
rabbit model of osteochondral repair [20].

Prior to initiating this study we were aware that a variety of scaffolds
or hydrogels were previously implanted in osteochondral defects, and
either failed to incorporate any tissue, leaving a bone void, or formed
tissues inside the scaffold pores with unknown mineralization state
[21-25]. Bone fractures can produce mineralized tissues through two
pathways: calcified cartilage (callus) in regions devoid of blood vessels,
and woven (lamellar) bone in vascularized areas. Angiogenesis is needed
to permit diffusion of nutrients and oxygen (100-300 pm) from capillary
beds to actively regenerating woven bone [26,27]. Angiogenic factors or
scaffolds pre-seeded with vascular cells were previously used as a means
to accelerate angiogenesis [26,27]. In this study, however, we consid-
ered that the hematoma is the first tissue to occupy a BTE scaffold after
implantation. Recent data showed that structurally distinct chitosans
have different innate immune activation potential that could be used to
guide bone fracture repair responses [28]. Chitosan is a family of linear
polysaccharide polymers with variable glucosamine and N-acetyl
glucosamine, where the % glucosamine is equal to the % DDA level [29].
Microparticles of 99% DDA chitosan with 10 kDa-30 kDa (but not 130
kDa) were shown to induce anti-inflammatory responses in vitro in
human macrophages, including the release of interferon alpha and
interleukin-1 receptor antagonist (IL-1ra) [28]. We therefore used 99%
DDA 10 kDa chitosan to coat the PCL scaffold for its cell-adhesive,
non-inflammatory and potentially anti-inflammatory activity in vivo.
By contrast, ~80% DDA chitosan microparticles (but not >95% DDA
microparticles) when incorporated into a hematoma specifically
attracted neutrophils and macrophages and stimulated angiogenesis
[30-32]. These data led us to hypothesize that the pro-inflammatory
activities of 83% DDA chitosan microparticles could be used to draw
angiogenic blood vessels into PCL pores coated with 99% DDA chitosan,
and thereby promote woven bone ingrowth. We implanted the PCL
scaffolds by press-fitting into epiphyseal microdrill defects to test the
hypothesis that PCL scaffolds with fully-interconnecting pores undergo
more osseous integration in vivo when coated with 99% DDA chitosan,
and more angiogenesis and osteogenesis when coated with 99% DDA
chitosan with added 83% DDA chitosan microparticles. Drill-only de-
fects served as controls for spontaneous repair. For this proof-of-concept
study we analyzed initial defects and repair tissues in 6 osteochondral
defects per condition at 6 weeks post-surgery, when osteochondral
mineralization processes were expected to be on-going.
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2. Materials and methods
2.1. Materials

Commercial-grade PCL (CAPA 6800, 80 kDa) was purchased from
Solvay (Brussels, Belgium). Poly (ethylene) oxide (PEO) water-soluble
polymer (POLYOX™ WSR-N10, 100 kDa) was supplied by Dow
(Midland, MI). PSS, M,, 70,000, 30 wt % in H>0, and PDADMAC, M,,
100,000-200,000, 20 wt % in HyO (#409014), were purchased from
Sigma (Oakville, ON, Canada). Chitosan was deacetylated and nitrous
acid-depolymerized in-house from starting material (Marinard, NB,
Canada) to generate 99% DDA, M, 9 kDa and 83% DDA, M, 11 kDa,
using NMR spectroscopy to characterize DDA, and gel permeation
chromatography ~to  determine M,?®. Rhodamine B iso-
thiocyanate—chitosan (RITC-chitosan) derivatives were produced at 1%
mol RITC/mol chitosan with 99% DDA, M,, 9 kDa, and 83% DDA, M,y
11 kDa [28]. Hoechst 33258 (H1398) was from Molecular Probes,
Safranin O (S2255), fast green (F7252), and hematoxylin (HHS32) were
from Sigma (Oakville, ON, Canada).

2.2. PCL scaffold fabrication

PEO/PCL blend preparation and annealing were carried out as
described [17] with minor modifications. Briefly, PEO and PCL were
dried under vacuum at 40 °C overnight, and blended at 45 vol % PCL/55
vol % PEO ratio in a Brabender internal batch mixer (Plastico, DDR501)
at 100 °C, 60 rpm, for 10 min under a nitrogen blanket then quenched in
liquid nitrogen. Samples were annealed at 160 °C for 1.5, 2 or 2.5h in a
hot press machine under a nitrogen atmosphere then frozen in liquid
nitrogen. Using a mechanical punch, 3 mm diameter, 1.5-2 mm thick
discs were cut. PEO was extracted for 7 days with ddH,0 under agitation
at room temperature and twice refreshing the rinse water.

2.3. Field emission scanning electron microscopy (FE-SEM)

In order to determine the average pore size of annealed scaffolds,
samples were cut using a microtome machine equipped with a cryo-
chamber (Leica-Jung RM 2165). PEO then was extracted using the
same procedure as mentioned above. Samples were sputter-coated with
a 15 nm thick gold layer, and imaged with an LEI detector by FE-SEM
(JSM 7600F, JEOL, acceleration voltage 5 kV, working distance 7
mm). An image analysis software (SigmaScan Pro V5, SigmaPlot) was
used to calculate the volume average pore size from 50 pore measures
per sample. The diameter of individual pores (d;) was determined by the
software from the pore area (A;) using Equation (1). Then the software
calculated the volume average diameter (dy) for a given number of pores
(n;) using Equation (2).

4A
di=\[— @
n
S md?
= . 2
d, S’ (2)

2.4. Surface modification of PCL scaffolds via LbL deposition of
polyelectrolytes and chitosan

In a laminar flow hood, PCL scaffolds were soaked in 45 mL of each
solution under static conditions in 50 mL conical tubes, except for the
filter-sterile chitosan solutions which were prepared in sterile microfuge
tubes, 0.5 mL (see Fig. S1 for more details). PCL discs with 155 pm pores
were made antiseptic by soaking in 70% ethanol for 1 h, rinsed over-
night in sterile distilled/deionized, MilliQ-purified water (ddH»0), then
stored aseptically (PCL) or coated by depositing layer-by-layer (LbL)
polyelectrolytes followed by chitosan as described [7]. LbL coatings
were generated with 10 mg/mL PDADMAC (polycation, pH 8 or pH 2)
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and PSS (polyanion, pH 2) in 1 M NaCl. A precursor layer was formed by
incubating in PDADMAC (pH 8) for 1 h followed by rinsing in water for
1 h. Subsequent coatings were added by incubating the scaffolds for 1 h
in PSS (pH 2) alternating with PDADMAC (pH 2) and rinsing between
each polyelectrolyte deposition step in ddH3O for 1 h to remove un-
bound material for a total of 8 layers. Negatively charged PSS was the
final outer layer. LbL-coated scaffolds were made antiseptic by incuba-
tion in 70% ethanol followed by three consecutive 1-h rinses in sterile
ddH,0. Within 24 h of use, LbL-coated scaffolds were incubated 4 h in a
filter-sterile 2 mg/mL 99% DDA, 9 kDa chitosan solution pH 4 (in ddH50
with dilute HCl to achieve 95% protonation of free glucosamine and
~pH 4, as previously described [33]) then rinsed for 1 h in sterile ddH;0
to produce 99-PCL. 83-99-PCL scaffolds were produced by placing
99-PCL in a solution of 2 mg/mL 83% DDA, 11 kDa chitosan (in ddH»0
with dilute HCl to achieve 95% protonation of free glucosamine). For all
in vitro studies and the day 1 in vivo implant, the 2 mg/mL chitosan
solutions were spiked with 0.1 mg/mL structurally-matched fluorescent
RITC-chitosan tracer (99% DDA or 83% DDA, 95% protonation in dilute
HCD).

2.5. In vitro asymmetric blood clot chemotaxis assay

Peripheral arterial whole blood was drawn aseptically from an adult
New Zealand White rabbit, 0.2 mL liquid aliquots deposited into 12
sterile depyrogenated glass vials, then one sterile scaffold (~12 pL
volume) was added or not (PCL, 99-PCL, 83-99-PCL, no scaffold, N = 3
per condition). Specimens were cultured for 60 min at 37 °C. Percent
clot retraction was determined from gravimetric analysis of extruded
serum. CBC-platelet analysis (Vitatech, QC) was normal (5 x 10%/mL red
blood cells, 313 x 10%/mL platelets, 114 g/L hemoglobin, 0.36 hemat-
ocrit, 7.5 x 10%/mL white blood cells, 19.8% neutrophils, 65.1% lym-
phocytes, 7.2% monocytes, 1.7% eosinophils, 6.2% basophils). Samples
were fixed in 4% paraformaldehyde/100 mM cacodylate (protected
from light), carried through graded sucrose, frozen in OCT, and 10 pm
cryosections generated through the middle of each scaffold in the clot
using the CryoJane tape transfer system (Fig. S2). Sections were stained
with SafraninO-Fast green-iron hematoxylin or Hoechst 33258 to label
cell nuclei. Nuclei were counted in 10x magnification images of the
blood clot at the edge of each scaffold and the middle of each clot
(ImageJ) in 2 cryosections from 3 independent samples per condition.

2.6. In vivo osteochondral repair model and histoprocessing

All experiments with animals were carried out under protocols
approved by the University of Montreal Animal Care Committee (Pro-
tocol 16-100, Polytechnique Montreal Protocol ANI-1516-20) and ac-
cording to ARRIVE guidelines [34]. Skeletally mature retired breeder
rabbits (N = 7, all females due to unavailable male retired breeders, over
10 months old, 4-5 kg, Charles River, St. Constant, QC, Canada) were
housed in individual cages. After placing a fentanyl patch for analgesia,
each rabbit was anesthetized with ketamine-xylazine, the knees shaved
and disinfected, then the rabbit was maintained on 3% isoflurane/8%
oxygen while performing small sequential bilateral arthrotomies to
create two 3 mm diameter, 2 mm deep osteochondral drill defects in
each knee trochlea. Ringer’s Lactated saline irrigation was used to keep
the site humidified and remove tissue debris. The defect area was scored
with a 3 mm biopsy punch, the cartilage shaved with a flat-blade knife,
then the subchondral bone drilled with a 2.9 mm diameter stainless steel
burr to 2 mm deep, followed by shaping the base with a 1.4 mm
diameter burr to create a hole that could fit a rigid cylindrical implant.
Rabbits and knees were randomized prior to surgery to 4 conditions to
obtain N = 6 osteochondral defects per condition. In 6 rabbits, both
holes in each knee were either left to bleed (control) or press-fit with the
same condition 3 mm diameter, 1.5-2 mm thick scaffold (PCL, 99-PCL,
or 83-99-PCL). Scaffolds were implanted slightly below the bone sur-
face. In one rabbit euthanized 1 day post-surgery, each of the 4 drill
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holes had one treatment condition (drill-only and PCL, 99-PCL and
83-99-PCL). Incisions were closed in 3 sutured layers. At 1 day (N =1) or
6 weeks (N = 6) post-operative rabbits were euthanized under anes-
thesia by pentobarbital intravenous injection. Distal femurs were fixed
in 4% paraformaldehyde/100 mM cacodylate pH 7.2, scanned by
micro-computed tomography (micro-CT), processed non-decalcified in
methyl methacrylate (MMA) and sagittal serial histology sections were
collected at the defect edge, mid-point, and middle of the 2 holes. Sec-
tions were left unstained for epifluorescence microscopy or deplastified
and stained with Goldner’s Trichrome, SafraninO-fast green/iron he-
matoxylin, or von Kossa-Toluidine blue, then digitally scanned at 40x
magnification (Nanozoomer, Hamamatsu). Intra-operative bleeding in-
tensity into the defects was estimated from digital images of the surgical
site after inserting PCL scaffold and prior to suturing the knees, by
threshold measures of red pixel intensity in a region of interest over each
drill hole. Post-operative knee inflammation around the arthrotomy site
was scored daily for 7 days post-operative then twice a week thereafter
as 0 (no inflammation), 1 (slight effusion), 2 (small bump), 3 (medium),
4 (large bump), then the cumulative scores over 6 weeks were averaged
for N = 3 knees per condition.

2.7. Micro-computed tomography

Distal femurs were imaged with a Skyscan 1172 instrument (70 kV,
141 pA, pixel size 9 pm, aluminum filter 0.5 mm, frame averaging (3),
0.42° rotation step). 3-D images were reconstructed using NRecon and
analyzed by a blinded observer using DataViewer to align each drill hole
perpendicular to the z-axis (N = 28). Bone volume density per tissue
volume (BV/TV, %) in the defect area was measured in a cylindrical 3-D
volume of interest (VOI) 3 mm in diameter and 1.5 mm deep in the drill
hole area. CTAn was used to measure the distance from the top to bottom
of the hole (drill hole depth). Using DataViewer, a polygonal line tool
was used to trace the perimeter of unmineralized residual drill hole area
at the top of the hole, —0.5 mm, and —1.5 mm from the top then an
inverted threshold was used to obtain the cross-sectional area (residual
drill hole area, mmz) (Fig. S3).

2.8. Quantitative histomorphometry and blood vessel stereology

For the 4 tissue types we analyzed (bone, cartilage, fibrous tissue,
blood vessels), we used 3 different histology stains in non-decalcified
plastic sections to clearly identify these tissues. Bone and calcified
cartilage were identified by green-stained tissue (Goldner’s Trichrome)
that also stained black with the von Kossa mineral stain, and tissue
morphology. Fibrous tissue was identified by a pale green-stained tissue
(Goldner’s Trichrome) that was not stained black by von Kossa stain.
Goldner’s Trichrome also stains newly deposited osteoid pink on the
surface of green-stained woven bone, and red blood cells are stained red
which facilitated identification of blood vessels. Cartilage was identified
by cell morphology and a pink/red (SafO), purple (Toluidine blue) or
pink/orange/red (Goldner’s Trichrome) stained hyaline matrix. Cali-
brated line measures of % resurfacing with repair cartilage tissue were
carried out by a blinded observer using digital scans (NDPview) of 2
distinct Gomori trichrome-stained sections, one collected near the edge
and one through the middle of each drill hole. % SafO tissue or % total
tissue resurfacing was measured by dividing the length of all SafO + soft
tissue or all soft tissue along the defect surface by defect width. %
subchondral cartilage was measured in 10x magnification images below
the cartilage-bone interface near the edge or in the defect middle using a
free-hand draw tool (NDPview) to outline total subchondral cartilage
area (mm?) which was divided by the total scaffold area or drill defect
area occupying the 405 mm? image. Blood vessel length density (Ly,
vesselsymm?) [32] was measured by scoring all blood vessel
cross-sections inside the PCL pore tissue area and divided by total
scaffold area, or by 405 mm? for drill-only defects.
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2.9. Statistical analyses

Differences between groups were analyzed using JMP® Pro (v14.1.0,
SAS). 2-tailed Student’s t-test was used to analyze clot retraction,
leukocyte density and transient knee effusion (N = 3). Analysis of the
variance of the mean (ANOVA) with Tukey Honest Significant Differ-
ences (HSD) post-hoc was used to analyze the effect of condition on
osteochondral defect bleeding (N = 7), and the effect of scaffold on 6-
week histological repair using microdrill hole as the experimental unit
(N = 6). Response variables (subchondral cartilage area, blood vessel Ly,
SafO+ % resurfacing, total tissue % resurfacing) in sections through the
defect edge or defect middle at 6 weeks of repair were analyzed ac-
cording to condition as an explanatory variable (drill-only, PCL, 99-PCL,
83-99-PCL). Micro-CT measures analyzed response variables BV/TV
(%), or residual drill cross-sectional area (mm?) as a between-factor with
depth as a within-factor for explanatory variables of condition (day 1
defects: N = 4 drill holes; 6-week repair drill-only, PCL, 99-PCL, 83-99-
PCL, N = 6). Significance was set at p < 0.05.

3. Results

3.1. PCL scaffold fabrication, chitosan coating, and in vitro blood clot-
scaffold interactions

PCL scaffold cylinders with fully interconnected pores were fabri-
cated with a 1.5, 2.0, and 2.5 h static annealing period, to obtain the
targeted 155 pm =+ 8 pm pore size with a 2 h annealing period (Fig. 1a
and b). PCL cylinders, 3 mm in diameter and 2 mm thick, were treated
with alternating polyelectrolyte LbL layers followed by 99% DDA chi-
tosan laced with structurally matched chitosan fluorescent tracer (99-
PCL). All 99-PCL scaffold surfaces were uniformly coated with 99% DDA
chitosan (~1-3 pm thick coating, Fig. 1c). Other 99-PCL scaffolds
(without fluorescent tracer) were soaked in dilute 83% DDA chitosan
containing 83% DDA RITC-chitosan tracer (83-99-PCL); these scaffolds
acquired a uniform 83% DDA chitosan surface coating on top of the 99-
PCL surfaces (Fig. 1d). Soluble 83% DDA chitosan was deliberately left
in the 83-99-PCL pore spaces in order to produce chitosan microparticles
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upon contact with liquid whole blood at neutral pH [31,35].

Innate immune cell-scaffold interactions were analyzed in an
“asymmetric” clot chemotaxis assay (Figs. 2 and S2). Structurally-
matched fluorescent chitosan tracers were used to visualize the chito-
san coatings and microparticles in the clots. During 1 h at 37 °C, pe-
ripheral blood clot cells “swarmed” to the 83-99-PCL scaffold, as shown
by a 2-fold higher cell density at the scaffold perimeter compared to 99-
PCL and PCL (p < 0.05, Fig. 2a—c). Higher cell density around 83-99-PCL
was not explained by greater clot retraction which was similar for the 3
scaffold-clot conditions (Fig. 2d). Red fluorescent phagocytes were
detected along the edges of 99-PCL scaffolds and pores but not PCL
(Fig. 2e, PCL and 2f, 99-PCL). These data showed that the clot cells could
phagocytose part of the 99% DDA chitosan coating. As for the 83% DDA
chitosan microparticles, clot cells were seen to ingest fluorescent 83%
DDA RITC-chitosan microparticles that diffused up to 600 pm away from
the scaffold edge (white arrowheads, Fig. 2g). These chitosan particles
were increasingly scavenged by phagocytes as they approached the
scaffold, with the most intensely red fluorescent cells occupying the
pores and clustered along the 83-99-PCL scaffold perimeter (Fig. 2g, and
inset). Altogether, these data showed a selective pro-inflammatory
chemotactic response to 83-99-PCL and not 99-PCL or PCL in the he-
matoma in vitro.

3.2. In vivo effect of scaffold on drill hole bleeding, knee effusion, and
macroscopic repair

After implanting the scaffolds in bleeding trochlear microdrill holes,
subchondral blood infiltrated the PCL pores at different rates that par-
alleled the defect bleeding intensity (light, medium, heavy), irrespective
of chitosan coatings (Fig. 3). At day 1 post-operative all defects con-
tained a hematoma (Fig. 3b). Transient knee effusion was seen starting
at day 3 and up to 22 days post-operative in 10 out of 12 arthrotomy
sites. Cumulative knee effusion scores were close to 0 for PCL (low or no
effusion) and below 20 for other knees (no effusion to moderate
swelling) (Fig. 3d). All effusion scores were below 20; scores over 20
were previously associated with catabolic effects on osteochondral
repair [20]. After 6 weeks of repair, drill-only defects were covered with

Fig. 1. Fabrication of porous PCL and chitosan
coatings. (a) Scaffold blends of 45% PCL/55% PEO
annealed for 1.5, 2 or 2.5 h yielded average pore
sizes of 95 + 4 ym, 155 + 8 pm and 182 + 10 pm,
respectively. (b) SEM image at 75x magnification
of a PCL scaffold with average 155 pm pore
diameter. Epifluorescent images of (¢) 99-PCL
(with RITC-99% DDA chitosan tracer) and (d) 83-
99-PCL (coated with unlabeled 99% DDA chito-
san and then 83% DDA chitosan containing RITC-
83% DDA chitosan tracer).

83-99-PCL
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Fig. 2. In vitro blood clot-scaffold interactions after 1 h of in vitro culture at 37 °C. Rabbit blood clot/scaffold cryosections (a) unstained or (b) SafraninO/Fast green-
stained, (c) clot cell density (n = 6) and (d) % clot retraction (n = 3). Epifluorescent images of clot samples showing RITC-chitosan (red) and Hoechst 33258-stained
cell nuclei (grey scale), for (e) PCL/clot, (f) 99-PCL/clot and (g) 83-99-PCL/clot with chitosan microparticles (arrowheads, g1 inset), clot cells (arrows, open ar-
rowheads), and cell clusters at the edge (g2, inset). Symbols: open triangles: clot cells inside the pores, white arrows: clot cells near the scaffold edge, white ar-
rowheads: 83% DDA chitosan microparticles. Scale bars: (a,b) 1 mm, (c,d) 200 pm, (e,f,g) 100 pm.

a white repair tissue that also covered most of the 99-PCL scaffolds.
Many PCL-only and 83-99-PCL implants had exposed scaffold (open
arrows, Fig. 3f-h). In 2 knees with exposed PCL-only scaffold, the
patellar surface was roughened. Some 83-99-PCL repair tissues had a red
hue suggestive of angiogenic blood vessels (thick black arrow, Fig. 3h).
Osteophytes were occasionally seen on the outer edges of the distal
femur. Synovial fluid in all knees was clear with no signs of effusion and
peripheral blood cell counts were normal. After 6 weeks of healing,
rabbits were ambulating normally and their knees had no signs of
infection.

3.3. In vivo day 1 hematoma responses to chitosan-coated PCL

At day 1 post-operative, hematoma filled the drill-only defect,
completely filled the pores and partly covered most surfaces of all PCL
scaffolds (Figs. 3-5). Chitosan coatings were detected on the PCL scaf-
fold pore surfaces while the 83% DDA chitosan microparticles were
displaced to the top of the scaffold clot in the pores, suggesting that the
pressure from subchondral bleeding in the direction of the articular
cavity pushed the particles up to the bone plate area (red signal, Fig. 4).
A hematoma formed in the curved base of the drill hole below 83-99-
PCL, 99-PCL, and PCL scaffolds (Fig. 4c and f, Fig. 5, Day 1). In this
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area, cells were depleted below 83-99-PCL and found instead at the
scaffold edges (black arrows, Fig. 4c). Fracture hematoma cells were
more evenly distributed below 99-PCL, PCL, and the drill-only defects
(Fig. 4f). Phagocytes containing fluorescent RITC-chitosan were
observed in and around the 83-99-PCL and 99-PCL scaffolds (white ar-
rows, Fig. 4a, d). These data further supported the hypothesis that 83-
99-PCL scaffolds were chemotactic for hematoma phagocytes, and that
phagocytes could ingest both chitosan coatings.

3.4. Chitosan coatings influence chondrogenesis, angiogenesis and
osteogenesis in PCL scaffolds

At 6 weeks post-operative, drill-only defects showed an on-going
classical spontaneous endochondral repair response, where a core of
calcifying cartilage was undergoing strong vascular bone invasion from
the surrounding trabecular bone (Figs. 5, 6a-b). When analyzed as the
mean cross-sectional area, drill defects contained on average ~1.2 mm?
subchondral calcifying cartilage near the defect edge and through the
defect middle (Fig. 7a). A predominately cartilaginous tissue was found
to infiltrate the pores from the bone plate and variably cover the PCL and
99-PCL scaffolds (Figs. 5 and 6). The morphology of these repair tissues
suggested that the cartilage had formed from an outgrowth of MSCs
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Fig. 3. Osteochondral defect intra-operative bleeding, hematoma formation
and transient post-operative knee effusion had minor effects compared to
scaffold on macroscopic appearance of 6 week repair tissues. Panels show
variable bleeding in drill holes (a-b) before and after implanting the scaffolds,
(c) hematoma formation at day 1, and (d) cumulative post-operative knee
effusion scores and representative macroscopic appearance of repair tissues for
(e) 83-99-PCL, (d) 99-PCL, (g) PCL, (h) drill-only. Symbols (e-h) Thick black
arrow: angiogenic tissue; open arrows: exposed PCL bioplastic, thin arrows:
cartilage repair tissue.

from immediately adjacent trabecular pores (Figs. S4, S5 & S6). Sub-
chondral cartilage on average infiltrated farther into 99-PCL pores
compared to PCL, with an average ~0.6 mm? subchondral cartilage in
both scaffolds at the edge, and 0.7 mm? (99-PCL) or 0.3 mm? (PCL)
filling pores in the middle of the scaffold (Figs. 5 and 6¢-d & 7a). 83-99-
PCL scaffold pores were strikingly devoid of cartilage, with 0.2 mm?
subchondral cartilage at the edge, and 0 mm? through the middle of the
scaffold (p < 0.0005 vs drill, p < 0.05 vs 99-PCL; Figs. 5 and 6f-g & 7a).

A strong angiogenic response to 83-99-PCL was observed, with blood
vessels, some very large, surrounding and fully infiltrating the pores
throughout the scaffold (red tissue, Figs. 50, 5, & 6g). One out of six 83-
99-PCL scaffolds had persisting sparse inflammatory cells in some pore
tissues. Blood vessel length density (Ly) was similar in drill-only and 83-
99-PCL defects (15.4/mm? vs 12.2/mm?, respectively, Fig. 7b), however
blood vessels in drill defects were encased in mineralized tissues
(Fig. 6b) whereas blood vessels in 83-99-PCL were enveloped by non-
mineralized fibrous tissues or undifferentiated mesenchyme (Fig. 6g1-
g2). Drill-only repair tissues and 83-99-PCL pore tissues contained on
average two-fold higher blood vessel L, compared to PCL or 99-PCL
(6.5/mm? or 6.8/mm?, respectively, Fig. 7b), but due to variability,
the differences were not significant. To summarize, pro-inflammatory
83% DDA chitosan stimulated angiogenesis throughout the PCL scaf-
fold pores and suppressed chondrogenesis and osteogenesis.
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SafraninO (SafO)-stained cartilage repair tissue resurfacing the de-
fects was positively correlated with subchondral cartilage area as an
explanatory variable (% SafO + cartilage resurfacing = 0.19 + 0.53 x
subchondral cartilage area; R?= 0.44, p < 0.0001). In this study, drill-
only defects showed excellent SafO-stained cartilage regeneration after
6 weeks of repair. Drill-only defects were covered 100% at the edge and
91.7% over the middle with a hyaline-like cartilage tissue as shown by
metachromatic purple Toluidine blue stain, and red SafO stained tissue
containing cells with chondrocyte morphology (Figs. 5, 6a and 7c). Less
cartilage repair tissue covered scaffolds, with the least cartilage over 83-
99-PCL (17%, edge, 0%, middle, p < 0.0001 vs drill) and less over the
middle of PCL (67% edge, 18% middle, p < 0.0005 vs drill, Fig. 7c). The
main effect of 99% DDA chitosan was to maintain 3-fold more SafO +
cartilage resurfacing over the scaffold middle vs PCL-alone (65% vs 18%,
p < 0.05, Fig. 7c). The effect was partly due to poor soft tissue resur-
facing over the middle of the PCL-only scaffold (average 35% vs 98%
drill, p < 0.005, Fig. 7d). Soft tissue covered on average 99% of drill
defect surface, 50.8% of the PCL scaffold (p = 0.004 vs drill), 66.7% of
99-PCL, and 56.7% of 83-99-PCL (p < 0.05 vs drill) scaffolds.

According to micro-CT measures of mineralized tissue regeneration
in the drill holes (Fig. 8), the bone volume fraction of the initial defects
(5.6% BV/TV) was significantly increased after 6 weeks of repair in drill-
only defects (42% BV/TV, p < 0.0001 vs all other conditions), slightly
higher in defects press-fit with PCL (6.3%) or 99-PCL (10.8%), and lower
in 83-99-PCL (2.0%) (Fig. 8f). The initial defect drill hole cross-sectional
area was 7.5 mm?, and narrowed to 3.5 mm? at the topand 1 mm? at 0.5
mm deep in the trabecular bone in drill-only defects (Fig. 8g). In 6 week-
repaired PCL and 99-PCL defects, the residual drill hole area slightly
shrank to 6.5 mm? and was not significantly different from day 1 defects.
By contrast, the 83-99-PCL defects showed a net increase of 1 mm in drill
hole cross-sectional area (p = 0.043 vs day 1, p < 0.0005 vs PCL and 99-
PCL, Fig. 8g). Woven bone infiltrated 0.3-1 mm deep into 99-PCL and
PCL pores in 4 out of 6 scaffolds, with no clear difference due to 99%
DDA chitosan coating. In one out of six 99-PCL treated defects, pore
tissues were filled with an angiogenic connective tissue and an
extraordinary hyaline cartilage resurfacing over polymer-mesenchymal
tissue and not bone (Fig. 512 & S4e). Bone marrow-derived cells were
detected as adhering along all scaffold pore surfaces (99-PCL, PCL and
83-99-PCL). Therefore, a chitosan coating was not necessary for cells to
adhere to the hydrophobic PCL pore surface in vivo.

4. Discussion

Results from this study did not support the hypothesis that a 99%
DDA chitosan coating is necessary to elicit osteogenesis in PCL scaffold
pores in vivo. Instead, data showed that repairing fractured trabecular
bone infiltrated spontaneously into 155 pm PCL and 99-PCL pores up to
1 mm deep, where angiogenic mesenchyme filled the deeper inter-
connecting pores. Our study also led to the novel finding that cartilage
tissues reproducibly infiltrated superficial PCL pores with a controlled
155 pm pore size. The 99% DDA chitosan coating enhanced pro-
chondrogenic mesenchymal cell infiltration, emergence up through
the pores, and adhesion of a hyaline-like cartilage tissue to the articular
scaffold surface. The data suggested that when cartilage infiltrated
deeply into the pores near the articular surface, this led to more com-
plete hyaline-like cartilage resurfacing over the bioplastic, provided that
the hydrophobic surface was modified with a cell-adhesive and non-
inflammatory 99% DDA chitosan coating. It is possible that the adhe-
sive 99% DDA chitosan coating accelerated mesenchymal progenitor
cell migration into the interconnecting pores, but these progenitor cells
underwent chondrogenesis instead of osteogenesis. Osteogenesis was
only observed at the leading edge of trabecular bone infiltrating from
outside the scaffold.

Our results support the hypothesis that 83% DDA chitosan micro-
particles/coatings stimulate inflammatory angiogenesis throughout the
scaffold pores, as this result was obtained in 6 out of 6 defects treated by
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83-99-PCL. Inflammatory responses to the small estimated dose of 83%
DDA chitosan administered per 83-99-PCL scaffold (10 pg) stimulated
angiogenesis, but also induced bone resorption and suppressed chon-
drogenesis during the 6-week repair period. Although a subchondral
angiogenic response elicited by 83% DDA chitosan microparticles
showed beneficial effects in microfracture therapy for cartilage repair
[20,31,32,36], our new data contra-indicate using inflammatory
angiogenesis as a BTE approach in load-bearing bone tissues that require
accelerated regeneration of a mechanically stable bone structure. These
new data are important to understand, because they highlight certain
shortcomings of in vitro pass-fail criteria that are traditionally used to
develop BTE devices. For example, previous in vitro studies suggested
that 80%-95% DDA chitosan coatings can be used in BTE applications
because they improve mesenchymal stem cell adhesion [6,7]. This
notion may seem reasonable based on the results of in vivo bone repair
studies using chitosans of unknown DDA level [6,37,38]. However this
study suggests a risk of bone resorption for chitosans with a deacetyla-
tion level <85% DDA. This assertion is based on the observation that
chitosan microparticles (70% DDA to 85% DDA) [30,39,40] and mem-
branes (56%-81% DDA) [41,42] attract neutrophils, and accumulation
of neutrophils or eosinophils in bone can elicit osteoclasts, induce bone
remodeling, and delay bone regeneration [20,31,39,40,43]. Although
this study used rabbit whole blood, human leukocytes are expected to
show the same chemotactic responses [30,42]. Other physical forms of
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chitosan (soluble oligomers, cross-linked sponges, beads, fibers, hydro-
gels) could elicit different immunological reactions [29,44]. Future R&D
studies could potentially be better informed by analyzing BTE scaffolds
for pro-inflammatory responses from innate immune cells in vitro as
pass-fail criteria (for example using the asymmetric blood clot assay
reported here), before progressing to in vivo testing. Inmunomodulation
of the fracture hematoma is a challenging aspect of BTE that deserves
more attention. Future studies could test drug-like levels of chitosan (10
ng or less), for example, to elicit angiogenesis without inducing bone
resorption.

In this in vivo study, endogenous MSCs populated all interconnecting
PCL pores. Bone spicules extended from the flanking trabecular bone up
to 1 mm deep into PCL and 99-PCL pores, but this osseous integration
was sporadic and not seen in all scaffolds. There were 2 requirements for
woven bone integration: firstly, deeper scaffold pores needed to contain
angiogenic mesenchyme, and secondly, fractured trabecular bone must
regenerate right up to the scaffold edge to allow the leading trabecular
bone edge to continue regenerating into the pores. These results are still
an improvement over previous studies in which bone was observed to
regenerate on top of, but not inside of, various implants placed in
osteochondral defects in other New Zealand White rabbit models
[21-25]. It was previously reported that 99% DDA chitosan or peptide
coatings were necessary to promote primary MSC adhesion and calcified
matrix formation on the PCL pore surfaces in vitro [6-8]. We were



C.D. Hoemann et al.

EDGE

DRILL

L0

therefore surprised by the similar level of woven bone incorporation into
PCL and 99-PCL in vivo. These results lead us to realize that (1) osteo-
genesis in vitro depends on appositional growth of osteoblasts from a
solid artificial substrate, whereas (2) osteogenesis in vivo occurred
through appositional growth of osteoblasts from remodeling living
trabecular bone surfaces into pores already populated with mesen-
chymal tissues. Osseous integration failed to occur into 83-99-PCL pores
at 6 weeks partly because innate immune responses to 83% DDA chi-
tosan led to trabecular bone regression from the scaffold edges. It is
possible that with longer repair periods and full resolution of inflam-
matory cell presence that osteogenesis could proceed in the 83-99-PCL
pores. The reaction to 83-99-PCL was different from other studies
using nanofibrous structured PCL that induced a foreign body response
and suppressed bone ingrowth [11]. In the present study no foreign body
giant cells were observed, and the scaffold was not enveloped by
capsular fibrous tissues. The scaffolds permitted normal spontaneous
regenerative responses that were however different from endogenous
repair because the woven bone that infiltrated into PCL pores was
growing into tissue mesenchyme instead of calcified cartilage.
Comparable levels of mineralized tissue formed in our cell-free PCL
and 99-PCL scaffolds (6.8%, 10.3% BV/TV after 6 weeks), and in a nude
mouse orthotopic model with 350-800 pm pore size PCL seeded with
BMP-7 expressing gingival fibroblasts (7.2%-10.3% BV/TV after 8
weeks) [9]. Jensen et al. [11] found that 300-500 pm pore size PCL
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Fig. 5. Nondecalcified histology at the
defect edge or middle showing a hematoma
filling PCL pores at Day 1 and bone marrow-
derived repair tissues filling the pores at 6
weeks post-operative. Panels show (a-d)
Drill-only, (e-h) PCL, (i-) 99-PCL, (m-p) 83-
99-PCL non-decalcified plastic sections,
stained with SafO-fast green (Edge: al,cl,
el,gl,i1,k1,m1), von Kossa/Toluidine blue
(edge and middle: b,d,f,h,j,1,n,p) or Gold-
ner Trichrome (Edge: o1; Middle: a2,c2,e2,
82,i2,k2,m2,02). SafO stains cartilage tissue
red, Goldner Trichrome stains bone green
and newly deposited bone, blood vessels and
cartilage pink/red, von Kossa/Toluidine blue
stains mineralized cartilage and bone black,
cartilage tissue purple. Scale bar: 1 mm.

83-99-PCL

<%

implanted in porcine calvarial defects regenerated 2.9%-5.8% BV/TV
by micro-CT after 8 weeks of repair. When a tantalum mesh with 430 pm
or 650 pm pore size was implanted in canine diaphyseal transcortical
drill holes, trabecular bone grew as slender spicules from existing bone
into the middle of the pores that subsequently filled in the pore space
over 52 weeks of repair [15]. No chondrogenesis was reported in a
cortical bone drill hole fracture site [15]. A similar spicule-shaped
trabecular bone ingrowth was seen at the base of the PCL and 99-PCL
scaffolds in this study. Some trabecular bone ingrowth was free from
the pore surfaces while other trabecular bone structures were fused to
the PCL surfaces. Blood vessels were always detected in tissues deeper in
the pores, towards which the trabecular spicules were growing. These
observations support the notion that trabecular bone grows towards
soluble signals of unknown character, from inside the pores. These sig-
nals could arise from blood vessels (oxygen gradients) [45-47], “founder
cells” inside the pore middle, or other sources such as synovial fluid in
the model used in this study. Failed osteogenesis could be due to lack of
these signals, physical impediments (fibrosis, bone debris), lack of
vascular ingrowth, or lack of healthy remodeling trabecular bone sur-
rounding the scaffold perimeter. Future efforts will focus on identifying
factors that drive trabecular bone appositional growth.

The role of fracture hematoma in bone regeneration is acknowledged
[48-50] yet little information is available on scaffold-hematoma in-
teractions that initiate osteogenic repair. Our PCL scaffolds were
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Fig. 6. High-magnification histology of representative 6 week subchondral repair tissues stained with Toluidine blue-von Kossa (a,c,d,e,g2) or Goldner trichrome (b,
f,g1). Drill-only defects (a-b) were undergoing endochondral ossification where bone and blood vessels invade calcifying cartilage. Scaffold pore tissues, here shown
for 99-PCL, included (c) cartilage, (d) calcifying cartilage (CC), and (e-f) vascular new woven bone (NWB) or unmineralized angiogenic tissue. Angiogenic blood
vessels in 83-99-PCL were often enveloped in fibrous tissue (F, in panels g1-g2). Symbols: Arrows: blood vessels. CC: calcified cartilage; NWB: new woven bone. F: fibrous

tissue. Scale bars: (a,f,g1,82) 250 pm, (b,c,d,e) 50 pm.

designed with 155 pm pores, above the 100 pm minimum pore size
recommended by Hulbert and colleagues for osseous integration of
permanent ceramic implants [16]. Using a layer-by-layer approach to
coat PCL scaffold pores with chitosan we were able to induce inflam-
matory cell migration into a porous PCL scaffold coated with 83% DDA
chitosan. We observed phagocytosis of both chitosan coatings in vitro
and in vivo, a novel observation permitted by our use of
structurally-tuned RITC-chitosans, that was not possible in previous
studies by others using non-fluorescent chitosan-coated scaffolds [6,51,
52]. Our study was limited by using fluorescent chitosan tracers only at
day 1 and not at 6 weeks. We are therefore unable to verify whether
some cell adhesion was mediated by polyelectrolyte LbL surfaces. The
polyelectrolytes used in this study are not approved for use in humans
and more work is needed to identify a clinically suitable LbL method,
such as hyaluronic acid-chitosan multilayers [53], to coat the pore
surfaces.

Our study was limited by a small number of biological replicates,
slight differences in the implant position in the drill hole relative to the
cartilage-bone junction, and on-going repair at the 6 week endpoint.
Mechanical shear forces created by joint locomotion had a variable and
uncontrolled effect on scaffold resurfacing and a scaffold shape
anatomically curved to the shape of the trochlear groove may have
improved the cartilage repair over the scaffolds (Fig. 9). 99-PCL was
covered with more hyaline-like repair cartilage than PCL, suggesting
that the chitosan coating permitted better cell adhesion and resistance to
shear forces. Current data suggest that chondroinduction cannot take
place with local inflammation, and that cartilage resurfacing requires a
“quiet” knee joint environment. Knee inflammation is an important but
neglected variable that was not reported in other cartilage repair studies
using PCL scaffolds [23-25]. Poor osteogenesis and chondrogenesis in
untreated control drill hole defects in these prior studies [23-25,54]
could be explained by persisting post-operative knee inflammation. It
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was previously shown that endochondral ossification is inhibited in
rabbit knees with a cumulative knee effusion score over 20 [20].

5. Conclusions

PCL scaffolds of 155 pm pore size elicited spontaneous avascular
mesenchyme and chondrogenesis, or angiogenic mesenchyme and
osteogenesis up to 1 mm deep into the scaffold. Subchondral chondro-
genesis and hyaline-like cartilage resurfacing was promoted by 99%
DDA chitosan coating. We also report the novel finding that cartilage
resurfacing can take place from bone marrow tissues migrating through
pores and over the articular scaffold surface, compared to other studies
where cartilage was formed from bone plate regenerating over the
implant (bone-derived chondroinduction). Our results are an improve-
ment over previously tested cell-free BTE scaffolds for cartilage repair
because the scaffold pores were infiltrated by both vascular woven bone
and calcifying cartilage tissues. Untreated drill holes however had
significantly better ossification and hyaline cartilage resurfacing
compared to scaffold-treated defects, therefore future studies should
look for a larger pore size with a faster degrading material along with
additional biological signals towards identifying the ideal BTE repair
device.
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