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An innovative approach was developed to engineer a multi-layered chitosan scaffold for osteochondral defect
repair. A combination of freeze drying and porogen-leaching out methods produced a porous, bioresorbable
scaffold with a distinct gradient of pore size (mean = 160-275 pm). Incorporation of 70 wt% nano-
hydroxyapatite (nHA) provided additional strength to the bone-like layer. The scaffold showed instantaneous
mechanical recovery under compressive loading and did not delaminate under tensile loading. The scaffold
supported the attachment and proliferation of human mesenchymal stem cells (MSCs), with typical adherent cell
morphology found on the bone layer compared to a rounded cell morphology on the chondrogenic layer.
Osteogenic and chondrogenic differentiation of MSCs preferentially occurred in selected layers of the scaffold in
vitro, driven by the distinct pore gradient and material composition. This scaffold is a suitable candidate for
minimally invasive arthroscopic delivery in the clinic with potential to regenerate damaged cartilage and bone.

1. Introduction

Osteochondral tissue engineering has been extensively researched
and possible solutions to musculoskeletal injuries, disease and age-
related degeneration have been developed (Zou et al., 2016). Despite
this focus, there is a lack of cost effective and scalable regenerative
medicine options available for clinicians to treat osteochondral defects
(Bicho et al., 2018). The ability of cartilage to lubricate bone movement
and absorb mechanical loading is vital to a functioning articular joint,
however it is a particularly problematic tissue to repair as it is aneural,
avascular and contains a limited number of cells (chondrocytes).
Cartilage defects often deteriorate, causing exposure of the underlying
subchondral bone and osteochondral defects, including those caused by
trauma and osteoarthritis, are a major burden on both the patient and
the healthcare system (Kon et al., 2017). The pain linked to the loss of
function in articulating joints reduces quality of life, decreases mobility,

and may lead to other health conditions (King et al., 2017), adding to the
substantial healthcare costs for these pathologies. Current strategies for
pain relief and defect repair vary in complexity and may involve non-
steroidal anti-inflammatories, debridement, microfracture and whole
joint replacement (NICE, 2019). Whole joint replacement has a rela-
tively limited lifespan as 1 in 20 need further surgery in 12 years (NHS,
2020). Compared to these therapeutic options, a tissue engineering
approach seeking to intervene early and prevent further deterioration of
a cartilage defect may provide an alternative, lifelong, and uniquely, a
single treatment option. Such a large unmet clinical need calls for tissue
engineered solutions to intervene early and prevent further deteriora-
tion of the defect, considering factors that facilitate cost-effective, large-
scale manufacture as well as structural integrity and functional tissue
regeneration.

Multi-layered osteochondral scaffolds made from synthetic or natu-
rally derived materials including polysaccharides such as alginate or
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carrageenan can guide tissue regeneration and facilitate functional
repair (Reddy et al., 2021; Iglesias-Mejuto & Garcia-Gonzalez, 2021;
Aslam Khan et al., 2020). The multi-layered properties, often defined by
chemical composition and gradients of porosity, serve to mimic the
natural architecture of an articulating joint, with biopolymers emerging
as the preferred option over synthetic materials due to their natural
biocompatibility (Xiao et al., 2019). Osteochondral devices entering
early phase clinical trials are predominantly collagen-based devices,
including CaRes (Schneider et al., 2011), MACI (Nawaz et al., 2014),
MaioRegen (Kon et al., 2010), Chondro-Gide (McCarthy & Roberts,
2013), Osseofit (McCarrel et al., 2017) and Vericart (GlobeNewswire,
2018). Collagen, however, degrades at body temperature (Yan et al.,
2010) and so is unlikely to provide support for tissue regeneration over
the longer term. An alternative material to collagen is chitosan, a
naturally derived long chain polysaccharide formed by deacetylation of
naturally available chitin, a polymer of N-acetyl-D-glucosamine (Rob-
erts, 1992) and a by-product of the shrimp industry (Yadav et al., 2019).
Chitosan has a chemical structure similar to the glycoaminoglycans
present in native cartilage tissue. It has properties of non-toxicity,
biocompatibility, mucoadhesivity and biodegradability, which make it
a suitable candidate for tissue engineering applications (Croisier &
Jérome, 2013; Busilacchi et al., 2013; Levengood & Zhang, 2014).
Haemostatic properties of chitosan have been exploited for cartilage
repair in commercial products such as BST-CarGel, developed for use in
microfracture and mosaicplasty techniques (Stanish et al., 2013). In vivo
preclinial trials of this hydrogel into femoral condyle defects of skele-
tally mature sheep showed restoration of glycosaminoglycan levels,
increased cell proliferation and greater production of type II collagen
compared to control defects using microfracture alone (Hoemann et al.,
2005).

Bone tissue engineering has also been enhanced by the osteo-
conductive and osteoinductive properties of chitosan (Levengood &
Zhang, 2014). Previous in vitro studies found that chitosan promoted the
growth of calcium phosphate crystals, a precursor of bone hydroxyap-
atite (Costa-Pinto et al., 2008; Viala et al., 1996), and led to increased
expression of alkaline phosphatase, a marker of early stage osteogenesis
(Costa-Pinto et al., 2009). Animal studies showed evidence of freeze-
dried chitosan sponges recruiting stem cells from the bone marrow,
which led to mineralisation of a lesion in the femoral condyle of sheep
(Muzzarelli et al., 1994), and 3D printed chitosan scaffolds were re-
ported to promote regeneration of trabecular bone in a goat model
(Zhang et al., 2017). The presence of a porous scaffold structure was
particularly useful in bone repair as it allowed blood and nutrient flow
and provided support for tissue regrowth (Muzzarelli et al., 1994). The
addition of nHA rods to chitosan structures can increase compressive
strength, enhance cell attachment and support osteogenesis (Oliveira
et al., 2006; Malafaya & Reis, 2009). Combining chitosan with chemical
cross-linkers can also improve the mechanical properties, and among
existing cross-linked versions, chitosan-genipin gels have shown
enhanced biocompatibility, mechanical strength and slower degrada-
tion rates when compared to chitosan-glutaraldehyde gels (Croisier &
Jérome, 2013).

Osteochondral scaffolds should exhibit mechanical resilience not
only to meet the physical requirements of the joint, but also for their
surgical implantation, which is increasingly performed via arthroscopic
or minimally invasive delivery (Frank et al., 2019), and therefore they
should exhibit mechanical properties compatible with the requirements
of this surgical procedure. However, multi-layered tissue engineered
scaffolds are prone to mechanical weakness at the interface between the
layers, which can prevent tissue integration and limit functional repair
(Martin et al., 2007; Zhang et al., 2020).

To address these limitations, the present study tested the hypothesis
that a collagen-free tissue engineered scaffold with superior properties
could be designed and manufactured using chitosan for the treatment of
osteochondral lesions. The main objectives were to (1) use an innovative
scalable manufacturing process to produce a chitosan-genipin multi-
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layered scaffold with controlled porosity in distinct but integrated
layers, (2) assess the suitability of the scaffold for arthroscopic delivery
by examining tensile strength, mechanical recovery, and delamination
potential, (3) determine the effect of adding nHA rods to the bone layer,
(4) ensure the device supports the proliferation of mesenchymal stem
cells in both the cartilaginous and osseous phases.

2. Materials and methods
2.1. Materials

Chitosan powder (CS) from Weifeng Kehai Ltd, China with a mo-
lecular weight of 471 kDa and a degree of deacetylation of 84% =+ 2%,
glacial acetic acid (purity > 99%) from Sigma-Aldrich, Dorset, UK, and
Genipin (GN) from Guangxi Shanyun Biochemical Science and Tech-
nology Co. Ltd, China (98% purity) were used to prepare the stock
aqueous solutions. Polycaprolactone (PCL) (MW: 14 kDa, purity >
99.5%), dichloromethane (DCM) (purity > 99.8%), polyvinyl alcohol
(PVA, MW: 13-23 kDa, 87-89% hydrolysed), potassium hydroxide
pellets (purity 85-99.95) and sodium borohydride solution (99%) were
obtained from Sigma-Aldrich, Dorset, UK. Nano-hydroxyapatite rods
(nHA, 0-40 nm diameter and 100-200 nm length) were used from a
14.5% (w/v) water suspension obtained from Promethean Particles Ltd,
Nottingham, UK (Lester et al., 2013; Hui et al., 2018). Reagents used for
cell culture including phosphate buffered saline (PBS), M Tris buffer,
sodium phosphate (99%), cysteine hydrochloride (99%), EDTA were
purchased from Thermo Fisher Scientific (Loughborough, UK).

2.2. Production of polycaprolactone (PCL) porogen microspheres

A PCL porogen was used to control the pore size gradient within the
scaffold. The PCL porogen microparticles were produced using an
emulsion method and two distinct size ranges were obtained using sieves
to separate the required particle sizes.

The emulsion method involved making an emulsion stabiliser PVA/
water solution and adding the PCL/DCM solution drop by drop to the
stirred solution. A 0.3% polyvinyl alcohol (PVA) solution was prepared
by dissolving 12 g of PVA in 1 L of distilled water at 95 °C with stirring at
500 rpm. This was then diluted down to 4 L and stirred at 300 rpm
overnight. Any undissolved granules were filtered out. A solution of PCL
was made by dissolving 25 g PCL (24% w/v) in 100 mL of DCM and
added dropwise using a syringe pump set at 2 mL/min into the stirred
solution of PVA at 300 rpm. The solution was continuously stirred
overnight at room temperature so the DCM could fully evaporate and
leave the PCL microspheres suspended in PVA solution. The micro-
spheres were thoroughly washed in deionised water over filter paper
before they were dried at 37 °C for 24 h. Finally, the PCL spheres were
sieved, and 180-300 pm and 300-425 pm particles were collected for
use in the scaffold production.

2.3. Production of chitosan-nHA composite scaffolds

A chitosan solution (4%) was prepared in distilled water with 2.5 v/v
% glacial acetic acid and kept overnight to remove the trapped air
bubbles. The scaffolds mixture was made by adding 4 mL of a 1%
ethanoic solution of genipin with 10 g of PCL microspheres to 20 mL of
CS solution. The first layer, containing PCL microspheres at a particle
size range 300-425 pm, was cast and allowed to partially cross-link for 2
h before the second layer, containing PCL microspheres at a particle size
range 180-300 pm, was cast on top. The bilayer structure was covered
and allowed to further crosslink overnight before freezing at —20 °C for
24 h. The frozen structure was then transferred to a freeze dryer
(Coolsafe 100-9 Pro) and left for at least 48 h to fully dehydrate. Indi-
vidual scaffolds were cut from the mould using a 6 mm cork-borer and
immersed in 2.5% alcoholic potassium hydroxide solution for 4 h at
50 °C to initiate the alkaline hydrolysis of the PCL microsphere ester
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bonds. The PCL depolymerised and formed an ester salt (Tindall et al.,
1994) leaving behind pores with a controlled size as shown in Fig. 1. The
scaffolds were washed in methanol to remove any residual genipin and
then repeatedly washed with distilled water to remove any residual salts
from the depolymerisation process. The final processing stage involved
immersing in 1% sodium borohydride/water solution for 24 h in a
sealed container to remove the dark blue colour of the genipin cross-
linker, washing in distilled water and then placing in a freeze dryer for
48 h. To produce the chitosan-nHA composite scaffold, a suspension of
nHA rods was incorporated at 70% (w/w wrt CS) in the CS solution and
PCL (300-425 pm) porogen mixture before cross-linking.

2.4. Characterisation of PCL porogen microspheres

Laser diffraction was used to determine the particle size distribution
of the porogen microspheres. The two particle size ranges were analysed
separately using a LS320 laser particle size analyser (Beckman Coulter
Ltd, US), with a background flux measurement of 80,000. All readings
were taken at a detector number of 20 and an obscurity between 8 and
12% to ensure a consistent concentration across samples.

2.5. Characterisation of scaffold pore size

For morphological analysis, the scaffold was mounted on sample
plates using carbon adhesive cement (Agar scientific, Essex, UK) and
sputter-coated with platinum for 80 s using a Polaron SC7640 (Quorum
Technologies Ltd, Kent, United Kingdom) before imaging using scanning
electron microscopy (SEM, Philips, XL30) with an accelerating voltage
of 10 kV. The morphology of the scaffold was examined by environ-
mental scanning electron microscopy SEM (eSEM) using a Quanta FEG
650 scanning electron microscope operating at 770 Pa. For pore size
measurements, scaffolds were frozen overnight at —80 °C then fractured
longitudinally to reveal the internal morphology, which was analysed
using SEM. Each scaffold section was divided into three segments to
allow measurement of the top, bottom and interphase. The pore size of
the scaffold was determined from PenTabletDrive software (Huion Ltd,
Shenzhen, China) by measuring the diameter of a minimum of 25 pores
in three different areas of each scaffold layer (Siddiqui et al., 2015;
Sarem et al., 2013) (Suppl. Fig. 1).

2.6. Mechanical properties and swelling properties of the scaffold

The mechanical properties of the chitosan scaffolds were determined
using a compression-testing machine INSTRON 5966 (Instron Universal
Testing Instruments, Buckinghamshire, UK) fitted with a 100 N load cell
and set at 0.5 mm/min crosshead speed under ambient conditions, in
accordance with ASTM 1621-10: 2010. The compression test was con-
ducted on dry and wet scaffolds. Five scaffold samples (approximately
14 mm in length and 7 mm in diameter) were soaked in distilled water
for 60 min and then tested applying 20% strain in each case. The scaf-
folds were briefly dried using tissue paper to avoid excess escape of
water during testing. Strain was calculated from the compressive
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extension and compressive stress was calculated from the load data
recorded from the equipment software using the accurate scaffold di-
mensions. Stress-strain curves were generated, and Young's modulus
was calculated using the gradient of the stress/strain data within the
linear region. Compressive strength was determined as the maximum
compressive stress at 20% strain.

Mechanical recovery of the wet chitosan scaffolds was evaluated
through the application of two successive cycles of compression test up
to 70% strain at 0.5 mm/min. To examine the delamination resistance of
the multi-layered scaffolds, individual dry samples were glued between
two nylon rods (8 mm diameter and 30 mm length) using cyanoacrylate
and left for 15 min to allow the glue to dry. The nylon rods were then
clamped into the Instron, and tensile test was conducted at 0.5 mm/min
until the scaffold failed. Tensile stress-strain curves and failure modes
were recorded.

The impact of arthroscopic delivery on the performance of the
scaffolds was analysed by a compressive test conducted on chitosan-nHA
scaffolds prior and post-delivery through a clinical 6.5 x 75 mm
threaded cannula (Stryker, Berkshire, UK). The scaffolds were radially
compressed by approximately 30% of the initial diameter to be injected
through the cannula.

The percentage of wet weight change was determined from the initial
dry and wet weight of each scaffold using the formula below. The
scaffolds were dried under vacuum at 50 °C for at least 2 h to determine
the initial dry weight (W,) and the wet weight (W,,) was determined by
pre-blotting to remove excess water as previously described (Siddiqui
et al., 2015):

ux 100 6))

The swelling ratio was evaluated after immersion of the cylindrical
scaffolds (14 mm x 7 mm) in phosphate buffered saline (PBS) (Sigma-
Aldrich, Dorset, UK) for 30 h at 37 °C using the following formula (Pati
et al., 2012):

Wy =W,

W, (2)
where Wy is the final wet weight of the scaffold. The final figures were
normalised to account for the increased weight of the chitosan-nHA
scaffold.

2.7. Degradation properties of scaffold

Scaffold degradation properties were tested according to BS ISO
13781. Five dry cylindrical scaffolds, approximately 0.04 g in weight
and 14 mm height and 7 mm in diameter, were submersed individually
in capped glass vials containing 20 mL of PBS, stored at 37 °C and tested
at regular intervals (0, 3, 7, 14, 21 days) for weight loss and mechanical
properties. The mechanical properties were tested according to the
method described in section 2.6. The initial weight (W,) of each scaffold
was taken both wet and dry. At each time point the wet weight of the
scaffolds was taken after at least 2 h immersion in PBS. Excess water was

Porogen Extraction

Solvent N
submersion

Network of Pores Spherical poresin
interconnected porous
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Fig. 1. Schematic of scaffold production using freeze drying and particulate leaching methods.
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first removed by blotting the scaffold with tissue paper. The scaffolds
were dried under vacuum at 50 °C for at least 2 h to determine the dry
weight (W) at each time point (Siddiqui et al., 2015).

The percentage of mass loss was calculated using the following
equation:

w, — W,
—x1
W, x 100 3

2.8. Cell culture

Immortalised bone marrow-derived human mesenchymal stem cells
(MSCs) (France et al., 2014) labelled with the green fluorescent protein
were cultured as previously described (Harrison et al., 2017). Briefly,
the standard growth medium used was Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with 10% (v/v) foetal bovine serum
(FBS), 1% (v/v) non-essential amino acids, 1% (v/v) r-glutamine, and
0.5% (v/v) antibiotic/antimycotics mixture consisting of 100 units/mL
penicillin, 0.1 mg/mL streptomycin and 0.25 pg/mL amphotericin B in
media working concentration and changed every 2-3 days. The cells
were passaged using 0.25% trypsin/0.02% EDTA and maintained at
37 °C in 5% CO,.

2.9. Cell metabolic activity

For metabolic activity and DNA tests, a 14 mm scaffold cylinder was
used. After alcohol sterilisation and extensive washes, scaffolds were
seeded with 1 mL of a 10° cells/mL cell suspension and incubated in
standard growth medium. The metabolic activity of the attached cells
was measured at 48 h after exposure to the supernatant using a Pres-
toBlue kit according to the manufacturer's instruction. The scaffold was
seeded with stem cells at a cell density of 1 Million cells per mL. Briefly,
after 50 min incubation, 100 L samples were collected from each well
and transferred in triplicate to a 96-well plate. The fluorescence in-
tensity was measured using a TECAN Infinite M200 plate reader (Tecan
Trading AG, Switzerland) at 560 nm excitation and 590 nm emission
with a constant gain of 85% determined from previous experiments.

2.10. Cell DNA content

The cells were lysed using a freeze/thaw method and analysed for
DNA content using the QuantIT PicoGreen assay kit (Thermo Fisher
Scientific, UK) according to the manufacturer's instructions. Briefly, the
plate containing 100 pL of cell lysate was incubated at room temperature
in the dark for 5 min with an equal volume of PicoGreen reagent before
reading on a plate reader at 480 nm excitation and 520 nm emission. The
fluorescence readings were quantified into DNA content using a DNA
standard curve prepared from the Lambda virus DNA provided in the kit.
The fluorescence readings were quantified into DNA content. Imaging of
live cells was performed using a JuLI FL imaging microscope and stage
(Nano EnTek Inc., Seoul, Korea) and a Nikon Eclipse Ts2-FL inverted
microscope (Nikon UK Ltd, Surrey, UK).

2.11. Cell differentiation

Differentiation medium was used to selectively direct the differen-
tiation of the seeded stem cells toward an osteogenic or chondrogenic
lineage. For all differentiation experiments, 2 mm slices were cut from a
whole scaffold cylinder, seeded with 500 pL of 0.8 M cells/mL cell
suspension, incubated in standard growth medium and at day 2 the
medium was replaced with differentiation medium. The media was
refreshed every 2-3 days. Osteogenic culture was maintained for 21
days using standard growth medium supplemented with 0.1 pM dexa-
methasone, 50 pM r-ascorbic acid and 10 mM p-glycerophosphate
(Sigma-Aldrich, Dorset, UK). Chondrogenic culture was maintained for
35 days using standard growth medium supplemented with 0.1 pM
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Dexamethasone, 50 pM t-ascorbic acid, 40 pg/mL Proline, 1 x ITS
(Sigma-Aldrich, Dorset, UK) and 10 ng/mL TGF-p (Thermo Fisher Sci-
entific, UK).

2.12. Alkaline phosphatase assay

Early-stage osteogenesis was assessed by measuring alkaline phos-
phatase (ALP) activity using a Sigmafast kit (Sigma-Aldrich, Dorset, UK).
Briefly, a 4.5 mM p-nitrophenyl phosphate solution was made up in 0.2
M Tris buffer (Sigma-Aldrich) and 500 pL was added to each scaffold
well. After 20 minute incubation in the dark at room temperature, 100
pL of solution was transferred in triplicate to a 96 well plate and the
optical density was read at 405 nm absorbance on a Tecan micro-plate
reader.

2.13. DMMB assay

A 1,9-dimethylmethylene blue (DMMB) assay was used to quantify
the increased level of sulphated glycosaminoglycans (GAGs) present on
chitosan-nHA scaffolds after chondrogenic differentiation of MSCs. The
scaffolds were prepared by transferring 2 mm slices of each layer into
Eppendorf tubes on dry ice, flash freezing in liquid nitrogen and storing
at -80 °C until needed. On thawing, the slices were finely minced using a
pair of surgical scissors and 1 mL of 0.01% papain solution (Sigma-
Aldrich, Dorset, Ltd) was added in papain buffer (0.1 M sodium phos-
phate, 0.005 M cysteine hydrochloride and 0.005 M EDTA, pH 7.5,
Sigma-Aldrich) to dissociate the GAGs from the scaffold matrix and
other glycoproteins. After mixing with papain buffer, the scaffolds were
incubated at 65 °C for at least 18 h. The digested scaffolds were
centrifuged at 10,000g for 10 min and the supernatant was analysed
with a Blyscan sGAG Assay Kit (Biocolor Ltd, County Antrim, UK).
Briefly, dye reagent was added to each tube and mixed for 30 min on a
plate shaker before centrifugation at 12,000 rpm for 10 min. The pellet
was resuspended in dissociation reagent, vortexed and centrifuged at
12,000 rpm for 5 min before 200 pL was transferred in duplicate into a
96 well plate. Absorbance values were read at 656 nm using a Tecan
micro-plate reader. Quantification of sulphated GAGs was obtained
using a 1-5 pg chondroitin sulphate standard curve contained within the
kit.

2.14. Statistical analysis

At least five replicates (n > 5) of each specimen were used in all tests
and the obtained results are represented as mean + SEM (standard error
of the mean), unless otherwise mentioned. All graphs and statistical
analyses were performed using GraphPad Prism 6.0. One-way ANOVA
analysis with a post hoc Tukey comparison was applied for mechanical
and degradation tests. For cytotoxicity, the data was analysed using two-
way ANOVA with Tukey post hoc testing for multiple comparisons and
the statistical difference between conditions is shown, with p values as *
< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001.

3. Results
3.1. Production of chitosan scaffolds

A schematic diagram of the scaffold manufacturing process is shown
in Fig. 1. The size of the pores in each of the two scaffold parts was
controlled by adding sieved fractions of a porogen of PCL microspheres.
Careful control of the crosslinking conditions ensured there was
adequate integration of the two layers at the interface and an inter-
connected network of pores was achieved by freeze drying. Size distri-
bution by laser diffraction of the PCL microspheres is shown in Fig. 2,
98% of the particles in the sieve range 180-300 pm were within this
range limit, with a mean particle size of 238 pm. The size distribution
graph for the larger size range, 300-425 pm showed 81% of the particles
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Fig. 2. Size distribution determined by laser diffraction of PLC microspheres within the two particle size ranges 180-300 pm (A) and 300-450 pm (B). Red dashed
lines indicate the sieve size ranges used to determine the particle size ranges. Three samples were used, shown individually by red, blue and green filled lines. More
than 98% of the particles are within the 180 and 300 pm size range with a mean particle size of 238 pm, n = 3. More than 81% of the particles are within the 300 and

425 pm size range with a mean particle size of 335 pm, n = 3.

within this size range, with a mean particle size of 335 pm.

3.2. Production of chitosan-nHA composite scaffolds

FTIR spectra taken from the scaffold prior to and post porogen
removal treatment confirmed the removal of the PCL porogen (Suppl.
Fig. 2). SEM images of the internal pore structure of the scaffolds de-
tailing the large and small pore size regions of scaffold are shown in
Fig. 3A and B, alongside an image of a longitudinal cross-section of the

\ - v /
. 3 \
V )\" J \
-~ g v ! \ y i
£ :
AccV SpotMagn Det WD p———o 200 um
500kV 40 214x SE 263

Cartilage phase
(mean pore size
160 +/- 12.3 um)

bilayer scaffold (Fig. 3D). The images show interconnected, round sha-
ped pores evenly distributed throughout the scaffold. Pore size distri-
bution is shown in Fig. 3C and details a mean pore size of 275 pm for the
large pore (subchondral) region, a mean pore size of 248 pm at the
interface between the two layers and a mean pore size of 160 pm in the
small pore region. This size distribution resulted in an overall porosity of
ca. 92%, determined using an Archimedes method (Hughes, 2005).

To improve the mechanical performance and cell adherence as well
as provide a direct cue for osteoinduction, nHA rods were incorporated

- f Vil
Det WD j}————————— 500 pm
SE 207

AceV  Spot Magn
S10.0kV 50 127x

10 pm

Fig. 3. SEM images showing a rigid internal pore structure of the composite scaffolds in the cartilage (A, chitosan) and bone (B, chitosan-nHA) phases. A schematic
image of the scaffold (C) shows the mean pore size in each phase, and an optical image of the scaffold (D) shows the nHA layer on the bottom. An eSEM image
showing the distribution and structure of nHA rods incorporated into the scaffold structure is shown in (E).
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into the bone-like layer of the chitosan scaffold, as shown in Fig. 3B. The
distribution and structure of nHA rods on the chitosan-nHA composite
scaffold is displayed in Fig. 3E and was confirmed by energy dispersive
X-ray (EDX) surface analysis performed on the scaffolds, which showed
calcium and phosphorus present on the surface of chitosan-nHA scaffold,
while it was undetected on the chitosan-only sample (Suppl. Fig. 3).
Rods homogeneously distributed over the entire scaffold structure pro-
duced a more rigid internal architecture resulting in wider pore struts,
measuring more than 10 pm thick, and more defined rounded pores than
the cartilage-like layer. MicroCT analysis of the scaffold confirmed the
porous structure with differential pore size across the scaffold (Suppl.
Fig. 4) and the absence of a tide mark at the interphase as seen by SEM
(Suppl. Fig. 5). Analysis of microCT data (Suppl. Fig. 4) confirmed high
open porosity in both the large pore section (71.79% =+ 3.84) and small
pore section (86.28% =+ 3.99).

3.3. Mechanical and swelling properties of the scaffold

The mechanical and swelling properties of both the chitosan and
chitosan-nHA scaffolds were analysed independently as shown in Fig. 4.
The wet weight of both scaffolds increased quickly in the first hour of
immersion in PBS, see Fig. 4A, before reaching the saturation after 4 h.
The addition of nHA rods had no significant effect on the swelling ratio
once the figures were normalised for the increased initial weight of the
chitosan-nHA scaffold, as displayed in Fig. 4B, the chitosan-nHA scaffold
had a mean ratio of 8.3 (+0.2) compared to a mean ratio of 8.6 (+0.2)
for the chitosan-only scaffold.

The compressive strength of the hydrated chitosan-nHA composite,
as displayed in Fig. 4C, shows a 2-fold increase in strength with the
addition of nHA resulting in a value of 4.81 (+0.79) kPa compared to
2.33 (+£0.06) kPa for the chitosan-only scaffold. The compressive
modulus follows the same trend with the chitosan-nHA composite
scaffold (34.2 £ 2.7 kPa) displaying a significantly higher modulus than
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the chitosan-only scaffold (18.6 + 0.8 kPa) as detailed in Fig. 4D.

3.4. Scaffold degradation, mechanical retention, and delamination
properties

The chitosan-nHA scaffold was chosen for further in vitro studies,
including degradation and mechanical retention tests, due to its
increased mechanical properties. Tensile tests to examine the delami-
nation potential of the composite scaffold were also performed. Fig. 5A
shows that the chitosan-nHA composite scaffold had a low rate of mass
loss under the degradation tests, with only 5% mass loss after 21 days of
submersion in PBS. This was consistent with the scaffold retaining
compressive strength and modulus during the early stages of degrada-
tion as shown in Fig. 5B and C. Indeed, an increase in both compressive
strength and modulus was seen after the initial time-point (day 3). Dry
scaffolds had compressive strength and modulus of 100 kPa and 1600
kPa, respectively.

Under tensile loading, the chitosan-nHA scaffolds exhibited a
gradual ductile failure mode initiated in the chitosan-only region away
from the interface.

When exposed to repeated compressive loads of up to 70% strain, the
wet scaffolds exhibited instantaneous mechanical recovery (Fig. 6A).
The compressive stress-strain graphs for the scaffold at repeated cycles
of 70% strain, as shown in Fig. 6, show strong similarity, indicating
preservation of mechanical properties, see Supplementary Video 1. This
suggested applicability for possible arthroscopic delivery to the joint in
vivo, which was investigated further by testing the compressive strength
of the chitosan-nHA scaffolds prior and post-delivery through a clinical
cannula (Fig. 6B, C & D), see Supplementary Video 2. No significant
change in compressive properties of the scaffolds was detected due to
the injection process.

Swelling Ratio

Chitosan Chitosan-nHA

Compressive Modulus
(kPa)

Chitosan Chitosan-nHA

Fig. 4. Mechanical properties and swelling of chitosan-only and chitosan-nHA composite scaffolds. The weight (A) and normalised swelling ratio at 30 h for both
scaffolds (B) showed no significant difference. However, the compressive strength (C) and modulus (D) were significantly increased in chitosan-nHA composite
scaffolds compared to chitosan-only scaffolds. Results are expressed as mean =+ standard error of the mean, n = 3. Data was analysed using an unpaired t-test,

adjusted p values, * < 0.05, ** < 0.005.
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3.5. Scaffold cytocompatibility - cell metabolic activity and DNA content scaffolds were examined by seeding each scaffold with MSCs and ana-
lysing cell growth. Tests with MSCs showed that cell colonisation was
The biological properties of the chitosan-only and chitosan-nHA enhanced on chitosan-nHA composite scaffolds, with nearly double the
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metabolic activity for cell-seeded chitosan-nHA scaffolds when
compared to chitosan-only scaffolds at day 2 (Fig. 7A). Similarly, Fig. 7B
shows a significant increase in the DNA content for cell-seeded chitosan-
nHA composite scaffolds when compared to chitosan-only scaffolds,
indicating higher cell content. SEM imaging at day 2 after MSC seeding
showed cell adherence to the material (Suppl. Fig. 6), with cell sheets
visibly attached to chitosan-nHA composite compared to more rounded
cell clusters present on chitosan-only scaffolds (Fig. 7C and D).

3.6. Scaffold support for stem cell differentiation

Culture protocols were applied to promote the differentiation of stem
cells to the osteogenic and chondrogenic lineage. A confocal imaging
scan performed on seeded scaffolds confirmed the presence of cells
within the structure at day 11 (Suppl. Fig. 7 and Suppl. Videos 3 & 4).
When osteogenic differentiation medium was added to cells on both
scaffolds, there was a significant increase in alkaline phosphatase (ALP)
activity when compared to cells cultured on scaffolds in standard me-
dium at day 14 as shown in Fig. 8A. There was also an increase in ALP
activity from day 7 to day 14 followed by a significant decline at day 21
for cells cultured in osteogenic medium on both scaffolds (Fig. 8A).
There was no significant difference between the 2 types of scaffolds
(Fig. 8A), indicating that both types of scaffolds can support early-stage
MSC osteogenesis.

Fluorescent microscope imaging of MSC-seeded chitosan-nHA scaf-
folds (Fig. 8C and D) showed clusters of cells bridging pores after 14 days
in standard medium (C), while in osteogenic medium (D), cell sheets
were observed to cover large areas of the scaffold topography. Von Kossa
staining after 21 days confirmed the differentiation response of cells
seeded on scaffolds under osteogenic conditions (Suppl. Fig. 8).

When MSC-seeded scaffolds were exposed to chondrogenic
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differentiation medium, both types of chitosan surface showed an in-
crease in GAG content at day 35 compared to standard medium, how-
ever significantly more GAGs were detected on the chitosan-only layer
of the scaffold compared the chitosan-nHA layer (Fig. 8B). The final
content of GAGs detected in the chitosan-only scaffold was double the
final content detected in the chitosan-nHA scaffold.

4. Discussion
4.1. Characterisation of scaffold pore size and porosity

The degree of cross-linking, the freeze-drying conditions, and the
addition of a porogen determined the final pore size, interconnected
network and porosity of the scaffolds produced here. The bilayer scaf-
fold structure was stratified by pore size, using two different porogen
size distributions to create two distinct layers. An analysis of these size
ranges found both small and large sized porogen microspheres pre-
dominantly within the desired specifications, confirming the effective-
ness of the microsphere production method. When comparing the pore
size measured from SEM images to the porogen size analysis, a lower
mean pore size was seen in the large and small regions as well as the
interface. This could be expected as the processes of dehydration/freeze-
drying of the scaffold after removal of the porogen, in preparation for
SEM, can lead to shrinkage. Smaller pores, created by solvent sublima-
tion during freeze drying, would also contribute to a reduction in the
overall scaffold mean pore size (Levengood & Zhang, 2014).

The scaffolds had both a macro and micro porous structure based on
the pore size measurements, which is considered beneficial for initial
cell attachment and growth for osteoblasts (Nath et al., 2015), and for
providing a sufficiently porous structure to allow transfer of nutrients
and waste (Hutmacher, 2000). Previous reports used scaffolds for cell

20007 oy TCP
B Chitosan
15004 ™ Chitosan-nHA

Metabolic activity (a.u.) =

Day 2 Day 7

104 Ak

DNA content (ng)

TCP Chitosan Chitosan-nHA

Fig. 7. Cell growth on chitosan scaffolds. Metabolic activity (A) and DNA content (B) for MSCs seeded onto chitosan-nHA composite scaffolds and chitosan-only
scaffolds at day 2 and day 7 of culture. Both scaffolds were compared to the cell response on a tissue culture plastic (TCP) control. Results are expressed as
mean =+ standard error of the mean, n = 5. Data was analysed using one-way ANOVA with Tukey's post hoc testing for multiple comparisons, adjusted p values, *** <
0.001, **** < 0.0001. Fluorescent images of Hoechst-stained nuclei of MSCs seeded onto the chitosan-only (C) and chitosan-nHA composite (D) scaffolds at day 2

post-seeding. Scale bar shows 250 pm.
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Fig. 8. Cell differentiation on chitosan scaffolds. Alkaline phosphatase activity (A) and sulphated glycosaminoglycans (B) measured in MSC-seeded chitosan scaffolds
exposed to osteogenic and chondrogenic culture conditions, respectively. GAG content was measured at day 35 of culture in chondrogenic medium. (SC = chitosan
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are expressed as mean =+ standard error of the mean, n = 5. Data was analysed using one-way ANOVA with Tukey's post hoc testing for multiple comparisons,
adjusted p values, ** < 0.01, *** < 0.001, **** < 0.0001. Fluorescent microscopy showing MSCs seeded onto chitosan-nHA composite scaffolds, after 14 days in

standard culture (C) and osteogenic medium (D). Scale bar shows 100 pm.

culture trials that had similar particle size ranges to the present study
and reported a positive cell response using mesenchymal stem cells
(Siddiqui et al., 2015), an osteoblast cell line (Yan et al., 2010), and
rabbit chondrocytes (Nath et al., 2015). Other work has highlighted the
need to tailor the pore size to the specific cell type after observing that
osteoblasts and MSCs differ in their response to a particular pore size on
a collagen-glycoaminoglycan scaffold (Murphy et al., 2016). It therefore
could be useful to examine how osteoblasts and chondrocytes react to
the chitosan surface and determine whether cell attachment and pro-
liferation could be further optimised based on pore size.

4.2. Mechanical and swelling properties of the scaffolds

Both the chitosan-only and the chitosan-nHA composite scaffold had
a strong ability to absorb water. This capacity indicates the scaffold
would be beneficial for biomedical applications as swelling increases the
porosity and the surface area for cell attachment and tissue regeneration
(Levengood & Zhang, 2014). In this case, swelling was enhanced by the
presence of chitosan's hydrophilic groups, and the stability and presence
of a porous network allowing the scaffold to absorb water and increase
in volume. Chitosan is naturally hydrophilic due to the presence of free
amino and hydroxyl groups that are distributed throughout the polymer
chain, which explains the high swelling ability of both scaffold types
produced in this study, as reported in other studies with genipin-
crosslinked chitosan scaffolds (Sarem et al., 2013; Nath et al., 2015;
Siddiqui et al., 2015; Yan et al., 2010).

The addition of nHA rods to the scaffold increased the compressive

strength by almost 50% when compared to the same scaffold without
nHA, which is also in line with previous studies, although the specific
values vary between research groups (Oliveira et al., 2006; Malafaya &
Reis, 2009; Moreau & Xu, 2009). This variation is due to the concen-
trations of the materials used, method of manufacture, final porosity of
the scaffold and the testing method used. For example, while similar
bilayer scaffolds exhibited the same 50% increase in strength from the
HA-containing to HA-free scaffolds, the actual values were several
magnitudes higher than those reported in the present study due to the
decrease in porosity formed by combining chitosan with sintered HA
particles (Malafaya & Reis, 2009). Similar values of compressive
modulus to those in this study (34.2 + 2.7 kPa), were recorded by
another group that used 2% chitosan solution and 1% wt HA (9.2 + 0.2
kPa) and measured the scaffold in the hydrated state (Thein-Han &
Misra, 2009).

While the compressive strength and modulus values obtained were
not equivalent to those found in native tissue, as shown in Table 1, this is
comparable to many other natural biopolymer scaffolds (Reddy et al.,
2021; Thein-Han & Misra, 2009). The exact values desired for a tissue-
engineered scaffold are not clear from the literature (Hutmacher, 2000;
Harley et al., 2010). Some work suggests it is not necessary to mimic the
mechanical strength of the native tissue (Harley et al., 2010) but instead
concentrate on creating the right cell niche for the cells to proliferate
and differentiate into functional tissue. For example, synthetic
biopolymer scaffolds have a mechanical strength more representative of
hard tissue, however, they often have poor cell binding ability (Reddy
et al., 2021). It may also be more important for the scaffold to bend and
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Table 1
Comparison of compressive strength and modulus for native tissue and natural
biopolymer scaffolds.

Material Compressive Young's Modulus Ref
strength (MPa) (kPa)
Cortical bone 130-180 1.2 x 107-1.8 x (Harley et al.,
107 2010)

Cancellous Bone 4-12 100,000-500,000

Articular cartilage 0.15-0.35 500-700

Chitosan-only 0.00233 18.6 £ 0.2 This study
scaffold

Chitosan-nHA 0.00481 34.2 +£2.7 This study
composite
scaffold

Chitosan-only Not recorded 9.2+0.2 (Thein-Han &
scaffold Misra, 2009)

Chitosan-nHA Not recorded 6.0 £ 0.3 (Thein-Han &
composite Misra, 2009)
scaffold

Information gathered from Harley et al. (2010) and Thein-Han & Misra (2009).

yield under pressure in vivo as this may convey mechanical forces to the
neighbouring stem cells and help to stimulate osteoblast and chon-
drocyte formation via mechanotransduction (Harley et al., 2010). Since
the properties of a cell-seeded scaffold will change as the scaffold is
progressively colonised and integrates with the surrounding tissue, an
initial low compressive strength of the starting material may not be an
issue to achieve long term repair.

4.3. Scaffold degradation, mechanical retention, and delamination
properties

The mass loss over time observed for the chitosan-nHA scaffold
showed a relatively slow degradation rate, with only a 5% reduction in
weight after 3 weeks. This is attributed to multiple factors, including a
high degree of deacetylation in the chitosan (DD 84%) (Varum et al.,
1997) used in this study, the crosslinking action of genipin, and the
presence of nHA rods. The rate slowed after the initial time point, which
is consistent with the fact that chitosan degrades by hydrolysis using
bulk erosion mechanisms (Ren et al., 2005; Dang et al., 2011).

The compressive strength and modulus of the scaffolds at day 0 were
significantly decreased from 100 and 1600 kPa (for dry scaffolds) to 4
kPa and 13 kPa after hydration in PBS for 60 min. This was expected due
to the plasticisation effect of the water (Felfel et al., 2018). However, the
mechanical properties were retained during the degradation process and
indeed an increase in compressive modulus was observed at day 3,
which was attributed to the increase in swelling of the scaffold.
Swelling-strengthening and swelling-stiffening effects have been re-
ported in the literature for scaffolds and hydrogels (Felfel et al., 2018;
Offeddu et al., 2018; Wu et al., 2020). A key consideration for clinical
use is how the in vivo environment may differ from the in vitro model
used in this study, for instance through different pH conditions and
possible effects on degradation rates (Felfel et al., 2018). Acidic degra-
dation media mimicking inflamed tissue was reported to accelerate the
degradation of the scaffolds (Felfel et al., 2018), and it will be interesting
to examine how physiological parameters such as simulated body fluid
and enzymes present in tissues may affect the degradation of chitosan
scaffolds (Ren et al., 2005).

All stress/strain graphs, produced using hydrated chitosan-nHA
scaffolds, followed the pattern of a porous material (Gibson & Ashby,
1997), with an initial linear region demonstrating elastic deformation of
the pore walls then a plateau in stress as the cell walls start to collapse,
and a final increase as the material densifies following progressive
compressing of the pores.

The scaffold exhibited excellent mechanical recovery characteristics,
as the structure returned instantaneously to its original shape and size
after experiencing both 70% compressive strain and after being injected
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through a clinical cannula which was repeated several times. This me-
chanical recovery after compression supports the scaffold's suitability in
the clinic for minimally invasive arthroscopic delivery, which would
potentially reduce the associated pain, recovery time and cost for pa-
tients after surgery.

Although the scaffold contained two distinctive porous layers there
was no evidence of delamination at the interface, during handling or
after the compression tests. This has significant advantages over un-
connected or poorly connected bilayer or trilayer structures that are
likely to suffer from delamination when subjected to mechanical chal-
lenges such as arthroscopic delivery and the stresses found naturally in
the joint (Zhang et al., 2020). Therefore, a strong interface which mimics
the tidemark of the articular joint with a gradual transition between
layers is considered an advantage in the clinic (Martin et al., 2007). The
chitosan/chitosan-nHA scaffold structure also exhibited a distinct pore
gradient mimicking the material transitions present in the native
osteochondral tissue, which is not currently achieved in products
affixing independent chondral or bone phases (Harley et al., 2010;
Zhang et al., 2020).

When the scaffold was placed under tensile load, the structure failed
by ductile failure however it did not delaminate at the interface, indi-
cating the continuous strong bonding and a robust pore gradient within
the composite developed by the manufacturing process. The tensile
failure was initiated at one of the pores and then propagated until the
scaffold failed under tension. The tensile failure stress was 0.36 4 0.07,
however, such tensile forces are unlikely to be experienced in the
physiological environment of osteochondral tissue, (Harley et al., 2010),
so this property will be clinically relevant only when considering the
scaffold's robustness during handling and implantation.

4.4. Scaffold cytocompatibility — cell metabolic activity and DNA content

As well as increased strength, the addition of HA to tissue engineered
scaffolds has been observed to be osteoconductive and osteoinductive,
both supporting the integration of the scaffold with the surrounding
bone tissue and mediating osteogenesis (Gil Mur, 2016). When incor-
porating nHA rods into the chitosan scaffold developed in this study, the
metabolic activity and DNA content of MSC-seeded scaffolds showed a
significant increase at early timepoints. An enhanced cell response to HA
has also been reported with MC 3T3-E1 cells (Beskardes et al., 2015;
Kong et al., 2005; Thein-Han & Misra, 2009) and bone marrow stem
cells from animal (Moreau & Xu, 2009; Oliveira et al., 2006), or human
origin (Kwei et al., 2010). The studies using a pre-osteoblastic cell line
reported increased levels of metabolic activity on HA surfaces only at
later timepoints, with no difference recorded from days 1 to 7
(Beskardes et al., 2015; Kong et al., 2005; Thein-Han & Misra, 2009). In
a study using stem cells isolated from adult human bone marrow, the
proliferation of cells depended on the concentration of HA used, with
higher concentrations of HA eliciting an initial increase in proliferation
followed by a sharp decrease as time progressed past 14 days.

The difference in cell morphology seen here on the chitosan-nHA
surface as compared to the chitosan-only surface, was also observed
for goat bone marrow stromal cells seeded on chitosan-HA freeze-dried
scaffolds, with more rounded cells on the chitosan layer compared to a
flattened morphology on the HA layer (Oliveira et al., 2006). This effect
on cell morphology was also echoed in studies comparing chitosan to
chitosan-HA composites using murine MC 3T3-E1 cells (Kong et al.,
2005; Thein-Han & Misra, 2009), and points to a difference in the
integrin binding ability of HA compared to chitosan, possibly due to the
presence of the divalent cation Ca?" in the HA which promotes integrin
binding to the substrate (Malafaya & Reis, 2009).

4.5. Scaffold support for stem cell differentiation

MSCs cultured on both scaffolds showed enhanced ALP levels per
scaffold at day 14 in osteogenic medium compared to standard culture
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medium, indicating these scaffolds supported osteogenic differentiation.
An increase in ALP activity in osteogenic medium was also seen in other
studies using MSCs cultured on chitosan-HA composite scaffolds (Mor-
eau & Xu, 2009; Oliveira et al., 2006). A later study using MC3T3 pre-
osteoblastic cells found similar levels of ALP in cells cultured on chito-
san scaffolds with and without HA at day 14; however, at day 7, ALP
levels were elevated in the chitosan-HA scaffold (Beskardes et al., 2015),
indicating osteogenesis is promoted on HA-containing scaffolds. Addi-
tional reports on osteogenic differentiation on chitosan-HA scaffolds
showed upregulation of osteogenic genetic markers, such as osteopontin
(Oliveira et al., 2006), osteonectin and osteocalcin (Kwei et al., 2010).
Further evaluation of ALP activity normalised to cellular content over
time could help refine the monitoring of osteogenic kinetics in cell-
seeded scaffolds.

The ability of the chitosan-only scaffold layer to preferentially sup-
port chondrogenesis was indicated by increased levels of GAGs produced
on MSC-seeded chitosan-only layers of the scaffold compared to the
chitosan-nHA layer of the composite scaffold. A previous study using
PLGA scaffolds, containing different levels of HA, cultured in chondro-
genic medium showed a decrease in gene expression of chondrogenic
markers, such as Collagen X and Sox9, on surfaces with HA (Kwei et al.,
2010), indicating downregulated chondrogenesis in the presence of HA.

The results in the present study indicate that the scaffold design can
provide support for osteochondral regeneration, with nHA rods solely
added to the bone-like layer to favour integration to the subchondral
region, and a chitosan-only layer on the surface to promote cartilage
repair. Further characterisation of the cellular response, including
through the analysis of late lineage markers at the protein and transcript
level, will provide more specific information on the range and kinetics of
the differentiation achieved within the construct.

5. Conclusion

The chitosan-based composite scaffold developed fulfilled the re-
quirements set out for an osteochondral application. The manufactured
construct displayed a controlled porosity and pore size distribution to
mimic the natural architecture and chemical composition of osteo-
chondral tissue. The compressive properties have been increased by the
incorporation of nHA rods that reinforce the chitosan matrix and pro-
vide a higher elastic modulus and stronger structure with thicker, more
defined pore walls. The mechanical properties were retained after
repeated compressive cycles and importantly, preservation of the in-
ternal pore network was confirmed, indicating the scaffold displays
excellent mechanical recovery compatible with arthroscopic or minimal
invasive surgical delivery. Crucially, the biomimetic stratified structure
did not delaminate under tensile loading.

The attachment and proliferation of mesenchymal stem cells was
supported by the chitosan scaffold and enhanced by the inclusion of
nHA. The distinct chondral-like and osteo-like layers preferentially
supported early-stage osteogenesis and chondrogenesis respectively
when subjected to differentiation conditions and promoted a phenotype
typical of differentiated stem cells. These results indicate the bilayer
chitosan/chitosan-nHA composite scaffold is a promising candidate for
future osteochondral repair applications. On the basis of the observa-
tions presented here, the preclinical analysis of the scaffold in vivo
represents the next experimental step to further evaluate its potential.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.carbpol.2022.119126.
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