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Abstract

Cartilage defect repair with optimal efficiency remains a significant challenge due to the limited self-repair
capability of native tissues. The development of bioactive scaffolds with biomimicking mechanical
properties and degradation rates matched with cartilage regeneration while simultaneously driving
chondrogenesis, plays a crucial role in enhancing cartilage defect repair. To this end, a novel composite
scaffold with hierarchical porosity was manufactured by incorporating a pro-chondrogenic collagen type
I/Il-hyaluronic acid (CI/II-HyA) matrix to a 3D-printed poly(glycerol sebacate) (PGS) framework. Based
on the mechanical support of PGS framework, the composite scaffold exhibited a compressive modulus of
167.0 kPa, similar to that of native cartilage, as well as excellent fatigue resistance, similar to that of joint
tissue. /n vitro degradation tests demonstrated that the composite scaffold maintained structural, mass, and
mechanical stability during the initial cartilage regeneration period of 4 weeks, while degraded linearly over
time. In vitro biological tests with rat-derived mesenchymal stem cell (MSC) revealed that, the composite
scaffold displayed increased cell loading efficiency and improved overall cell viability due to the
incorporation of CI/II-HyA matrix. Additionally, it also sustained an effective and high-quality MSC
chondrogenesis and abundant de-novo cartilage-like matrix deposition up to day 28. Overall, the bioactive

composite scaffold with sufficient mechanical support, matched degradation rate with cartilage
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regeneration, and effective chondrogenesis stimulation showing great potential to be an ideal candidate for
enhancing cartilage defect repair.
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1. Introduction

Cartilage defects caused by trauma or disease negatively affect the quality of life of over 500 million people
worldwide and effective treatments remain a significant challenge in clinical applications in recent 10 years
[1,2]. Cartilage tissue is a porous-viscoelastic connective tissue populated by a low density of chondrocytes
embedded in a dense extracellular matrix (ECM), substantially limiting their mobility and ability to repair
damaged tissue [3,4]. The lack of nerves and blood vessels in its structure remains a big contributing factor
that ultimately leads to ineffective cartilage repair with the consequent formation of low-quality hyaline
tissue, which is unable to satisfy its function [5—7]. Although traditional surgical treatments consisting of
autografts and allografts can be effective on a short-term basis (<5 years), clinical success in the long-term
over 5 years is poor and ultimately can lead to full knee arthroplasty or revision surgery in patients [§]. In
this regard, tissue engineering (TE) has drawn a lot of attention in recent 20 years, with some cartilage-
engineered scaffolds showing promising alternatives [9,10]. Despite some successes in supporting
chondrogenesis and cartilage-like matrix formation, most scaffolds still display unmatched mechanical
properties and degradation rates with native cartilage, greatly affecting tissue repair efficiency [11].
Consequently, there is an urgent need to develop innovative advanced scaffolds that simultaneously meet
the requirements of providing mechanical support for cartilage growth, stimulating chondrogenesis, and

maintaining structural and mechanical stability during tissue regeneration.

The combination of the manufacturing technique and the material selection allows the design of scaffolds
with suitable properties to fulfil the requirements of tissues. For instance, in 3D-printing technologies,
features such as shape design and macro/microstructure can be controlled; complementary, the raw
materials provide the overall mechanical properties, biological functionality, and degradation rate of the
scaffold [12—14]. To this end, biodegradable synthetic polymers such as poly(caprolactone) (PCL),
poly(lactic acid) (PLA), and poly(lactic-co-glycolic acid) (PLGA) with tailored mechanical properties,
degradation rates, and ease of processing have been widely used in 3D-printed scaffolds for cartilage TE
[15-17]. However, high modulus and inelastic behaviour, slow degradation rates, and acidic degradation
products are not conducive to tissue repair and limit their suitability. In this regard, as a biocompatible
elastomer, poly(glycerol sebacate)(PGS) with flexible and elastic mechanical behaviour has been
considered as a suitable material for cartilage defect repair [18]. You’s group used a step-by-step curing

process to successfully fabricate 3D-printed porous PGS scaffolds and applied them to tissue engineering
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such as heart, bone, and cartilage [19-21]. Depending on the printing parameters and micropore sizes, the
elastic modulus of PGS scaffolds can be varied from 150.7 to 239.4 kPa, thus approaching the physiological
range of healthy articular cartilage (0.1-2 MPa). Meanwhile, PGS exhibit excellent fatigue resistance under
dynamic deformations, which is suitable for joint tissue repair [19,22,23]. However, like most
biodegradable synthetic polymers, PGS shows low bioactivity due to the lack of bioactive sites, which

limits its applications in biomedical and healthcare applications.

To improve bioactivity, attention has been paid to the functionalization of 3D-printed biodegradable
polymer scaffolds by incorporating active biomimetic matrices to obtain biomimetic structures [10,24-27].
In this context, ECM-based materials, such as collagen, are considered good candidates due to their
excellent biocompatibility and biodegradability properties, but more importantly, because of their ability to
direct cell-binding to the ECM and appropriate matrix deposition [28-31]. A pro-chondrogenic matrix
formed by incorporating collagen type Il and hyaluronic acid (key articular cartilage ECM components)
into a collagen type I has been proved to direct mesenchymal stem cell (MSC) chondrogenesis, thereby
leading to enhanced hyaline-like cartilage formation while inhibiting late-stage differentiation events and
MSC hypertrophy [32,33]. Furthermore, it has been observed in some animal models (e.g., rabbits, goats,
and horses) that when this matrix is incorporated into a multilayered collagen-based scaffold, it exhibits a
robust ability to drive efficient, high-quality cartilage repair [34-36]. However, despite some progress, its
chondrogenic potential and clinical therapeutic application are only involved in small defects repair, due to
the limited mechanical properties. Therefore, it remains a challenge to design scaffolds specifically for
larger cartilage defect repair that satisfies the requirements of biomimicking mechanical properties and
chondrogenic bioactivity, as well as a degradation rate that matches cartilage regeneration in order to ensure

long-term integration and stability.

Herein, this study thus proposes a novel biomimetic composite scaffold with hierarchical porosity by
directly incorporating a pro-chondrogenic highly porous collagen type I/II and hyaluronic acid (CI/II-HyA)
matrix in a 3D-printed PGS scaffold framework. The porous CI/II-HyA matrix provided the biological cue
to stimulate MSC chondrogenesis, while the PGS scaffold provided the mechanical enforcement to support
new cartilage tissue growth. The mechanical properties in dry and wet conditions were studied under
compression, while cyclic compressions under different deformations were performed simultaneously to
evaluate the fatigue resistance property. The structural, mass, and mechanical stability after degradation
were conducted by immersion in PBS solution for up to 8 weeks. Finally, the proliferation and
differentiation of rat-derived MSCs on the scaffolds were systematically studied for up to 28 days in vitro

to explore the chondrogenic capacity of these novel scaffolds.



2. Materials and Methods
2.1 Preparation of collagen-based PGS composite scaffold
2.1.1 Preparation of 3D-printing ink

The 3D-printing ink was prepared by mixing PGS prepolymer and sodium chloride particles. Firstly, PGS
prepolymer was synthesized through glycerol and sebacic acid polycondensation, as previously described
[19]. Glycerol (anhydrous, >99.5%, Sigma-Aldrich, Germany) and sebacic acid (analytical grade, 99%,
Sigma-Aldrich, Germany) at a molar ratio of 1:1 were mixed and heated to 120 °C under agitation in a
nitrogen atmosphere for 24 h. Then, the pressure was reduced to 2 mbar, and a continuous stirring was
conducted at 120 °C for another 24 h to obtain the PGS prepolymer. After this, the PGS prepolymer was
dissolved in tetrahydrofuran (THF, anhydrous, 99 %, Sigma-Aldrich, Germany) at a mass/volume ratio 1:5.
Next, grided sodium chloride particles (NaCl, 99 %, Sigma-Aldrich, Germany, diameter of 1-75 pm) with
a double weight of PGS prepolymer were added to the solution and stirred for 24 h. Finally, the mixture
was transferred to a vacuum oven and dried at 50 °C overnight to remove the solvent. The resulting

composite was used as the ink for the 3D-printing.

2.1.2 Manufacturing of 3D-printed PGS scaffold

A 3D printer (F40, Direct 3D, Italy) with a screw extrusion system was used to manufacture PGS scaffolds.
The ink was placed in the printer installed with a 500 pm nozzle and printed at 50 °C with a moving speed
of 10 mm/s and a screw flow percentage of 600 %. Once the system was filled up with the ink, cubic shape
samples with a design of a layer thickness of 500 um, a pore diameter of 10001000 pm, and a 0°/90°
laying pattern were printed. Then, the obtained samples were placed in a vacuum oven at 100 °C, 0.5 bar
for 15 h, and then at 150 °C, 1 bar for 24 h to complete the curing process. The cured scaffolds were soaked
in distilled water for 24 h (water was changed 4-6 times) to remove the NaCl particles and then freeze-dried
(FreeZone 4.5 Liter -50C Benchtop, Labconco, the United States) at -50 °C under a pressure of 0.2 mbar to
get the final PGS scaffolds with high porosity.

2.1.3 Fabrication of the collagen-based PGS composite scaffold

To fabricate the biomimetic composite scaffold, the 3D-printed PGS scaffold was combined with a pro-
chondrogenic collagen-based matrix slurry consisting of collagen type I/II and hyaluronic acid (CI/II-HyA)
[33]. Briefly, the CI/II-HyA slurry was prepared with a total collagen concentration of 0.5% w/v (collagen
I and collagen II at ratio 1:1) and a hyaluronic acid concentration of 0.05% w/v. The 3D-printed PGS
scaffold was loaded with 0.3 mL of the previously prepared CI/II-HyA slurry into a stainless-steel tray
(dimensions: 9.5 mm diameter and 4 mm height) prior being freeze-dried (Virtis Genesis 25EL, Biopharma,

UK) at a constant cooling rate of 1 °C min™' to a final temperature of -20 °C and drying at a pressure of 200



mTorr [37]. Then, the scaffold was punched to get a final dimension of 6 mm diameter and 3 mm height
using a commercially available biopsy puncher (Kai Medical, Japan). CI/II-HyA scaffolds without the 3D-
printed PGS framework were also fabricated and crosslinked using a dehydrothermally (DHT) crosslinking
procedure in a vacuum oven (VacuCell, MMM, Germany) at 105 °C for 24 h under a pressure of 0.05 bar.

2.2 Material Characterization

2.2.1 Composition and structure

The chemical structure of glycerol, sebacic acid, PGS prepolymer, and CI/II-HyA matrix, PGS and
composite scaffold were studied by Fourier-transform infrared spectrometer (FT-IR, Nicolet iS50,
ThermoFisher). All the spectra were recorded from 1000 - 4000 cm™. The morphology of CI/II-HyA, PGS,
and composite scaffold in top and cross-section view were observed in field emission scanning electron

microscope (FESEM, JSM-7800 F, ThermoFisher) with an acceleration voltage of 5.0 kV.

2.2.2 Mechanical characterization

The mechanical properties of original and degraded CI/II-HyA, PGS, and composite scaffolds were
evaluated at room temperature by a bioreactor (TC-3F, Ebers, Spain) with a 50 N load cell and compressive
grips in dry condition (air) and wet condition (PBS solution). Scaffolds with cylindrical shapes of a diameter
of 6 mm and a thickness of 3 mm were used in the tests, while scaffolds for the wet tests were immersed in
0.IM phosphate-buffered saline (PBS, Gibco, UK) overnight before compression. Scaffolds were
compressed to a strain of 50% at a speed of 0.1 mm/s, and stress-strain curves were recorded for statistical
analysis. Cyclic compressions in dry and wet conditions were carried out by compressing scaffolds to the
strain of 10%, 20%, and 40%, respectively, for 10 cycles at the speed of 0.1 mm/s. A minimum of 6

scaffolds were tested for each sample.

2.3 Degradation test

Degradation test was carried out in a 0.1 M PBS solution with a pH value of 7.15 at the physiological
temperature of 37 °C, following the ISO 13781 standard [38]. Briefly, CI/II-HyA, PGS, and composite
scaffolds with a dimension of 6 mm diameter and 3 mm height were placed respectively into 1.5 mL
reaction tubes and filled with PBS at a proportion of at least 30 mL g to ensure a complete immersion of
scaffolds. Then, scaffolds were placed in an oven at 37 °C and checked every 1 or 2 weeks up to 8 weeks.
At each time point, the pH was recorded using a pH meter (Sension + PH3, Hach, USA), and scaffolds were
taken out, washed 3 times with deionized water, and freeze-dried at -50 °C under a pressure of 0.2 mbar

for 24 h to obtain the change of mass.



2.4 Biological test

2.4.1 Bone-marrow derived mesenchymal stem cells in monolayer

Rat mesenchymal stem cells (MSCs) were cultured in a monolayer prior to being seeded on the scaffolds.
Firstly, the cells were isolated from the bone marrow of Wistar rats as previously described, under the
approval of the Royal College of Surgeons in Ireland Research Ethics Committee (REC Approval No. 237)
[39]. Following, cells from three separate pools of donors were expanded and cultured in monolayer onto
T-175 (175 cm?® growth area) flasks under normoxic cell culture conditions (37 °C, 5 % CO,, and 21 % O»).
The culture expansion media included high-glucose Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma-Aldrich, Ireland) supplemented with 10% fetal bovine serum (FBS), 100 U mL™’
penicillin/streptomycin, 1% L-glutamine, 1% Glutamax and 1% non-essential amino acids (components
were supplied by ThermoFisher Scientific, Ireland, unless otherwise specified). Once 70% confluent, cells
were passaged using trypsin ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich, Ireland) and cultured

on the scaffolds between passage number 3 and 5.

2.4.2 Culture of MSCs on scaffolds

Rat MSCs were trypsinized from culture flasks and counted to obtain a density of 5 x 10° cells per scaffold
in a total volume of 70 pL. Prior to cell seeding, scaffolds were initially pre-hydrated with 2 mL per scaffold
of ethanol 70% and PBS (Sigma-Aldrich, Ireland) for 30 min each and placed in 24 well-plates. Then, the
scaffolds were seeded with 35 pL of the cell suspension first pipetted onto one side of each scaffold, before
incubating for 30 min (37 °C, 5 % COa, 21 % O>). Subsequently, the scaffolds were turned and cultured
with the remaining 35 pL of cell suspension pipetted on the other side. Following 30 min incubation,
scaffolds were cultured with 2 mL of culture expansion media for 24 h. The culture expansion media was
then replaced with 2 mL of chondrogenic culture media including high-glucose DMEM with 50 pg mL™
ascorbic acid, 40 pg mL™" proline, 100 nM dexamethasone, 1xITS, and 0.11 mg mL™' sodium pyruvate and
20 ng mL™" human TGF-B3 (Prospec, Israel) (components were supplied by ThermoFisher Scientific,
Ireland, unless otherwise specified). Cell seeding efficiency was calculated by dividing the effective number
of cells seeded on the scaffold (total number of cells seeded per scaffold minus the leftover cells attached
at the bottom of the well) by the total amount of cells, as shown in Figure S1. The cell-seeded scaffolds

were incubated for 28 days, with media changed twice weekly.

2.4.3 Cellular metabolic activity assay
An AlamarBlue assay (ThermoFisher Scientific, Ireland) was conducted to measure the metabolic activity
of the cells within the scaffolds. Scaffolds were initially washed in PBS twice and later cultured in fresh

chondrogenic media containing 10% AlamarBlue viability reagent at 37 °C for 1 h. A spectrophotometer



(Victor2 D, Wallac, Boston, MA, USA) with an excitation wavelength of 550 nm and an emission
wavelength of 590 nm was used to read the resulting fluorescence level. Chondrogenic media containing
10% AlamarBlue were used as a blank sample, subtracted from the experimental readings to eliminate
background fluorescence. The cellular metabolic activity of cells grown on scaffolds at days 0, 3, 7, 15, 21,

and 28 was measured.

2.4.4 DNA quantification and sulfated glycosaminoglycan (sGAG) quantification

Scaffolds were washed in PBS and digested in a papain enzyme solution prepared with 0.5 M EDTA,
cysteine-HCI, and 1mg mL™" papain enzyme (Carica papaya, Sigma-Aldrich, Ireland) at 60 °C for 12 h.
The DNA concentration of cells grown on the scaffolds was determined using a Quant-iTTM PicoGreen®
dsDNA assay kit (Invitrogen, UK). The sulfated glycosaminoglycan (sGAG) content within the scaffolds
was also measured using Blyscan sulfated glycosaminoglycan assay kit (Biocolor Life Sciences, UK). The
DNA and sGAG contents for each scaffold were determined using a standard curve at day 28 as per the

manufacturer’s instructions.

2.4.5 Histological analysis of cellular infiltration and sGAG distribution

Histological staining protocols were used to further evaluate cellular infiltration and sGAG distribution
within the scaffolds. Scaffolds were formalin-fixed for 1 h, treated with 1 mL of 15% sucrose for 2 h and
30% sucrose overnight, embedded in OCT (Fisher-Scientific, Ireland), and transversally sectioned at
various depths on a cryostat (Leica RM 2255, Leica, Germany) to give 10 pm thick sections. These sections
were mounted on PolysineTM glass slides (Fisher-Scientific, Ireland) and stained for Alcian blue (Sigma-
Aldrich, Ireland), which stains sGAG blue, and nuclear fast red, which stains the cell nuclei red. The
sections were successively imaged at several magnifications using a Leica DMIL microscope (Leica

Microsystems, Switzerland).

2.4.6 Gene expression analysis

Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) was performed to determine the
expression of specific genetic markers associated with chondrogenic lineage (Table 1). The total RNA was
isolated from the cells within the scaffolds using an RNeasy kit (Qiagen, UK) and reverse transcribed to
cDNA at a final concentration of 2.5 ng uL™' using a QuantiTect reverse transcription kit (Qiagen, UK) on
a thermal cycler (Mastercycler Personal, Eppendorf, UK). A QuantiTect SYBR Green PCR kit (Qiagen,
UK) was used to run qRT-PCR reactions on a 7500 real-time PCR System (Applied Biosystems, UK) as



previously described[40]. The relative expression of mRNA was calculated using the delta-delta Ct (AACt)
method, where delta Ct (ACt) was the value obtained by subtracting the cycle threshold value (Ct) of a
house-keeping gene from the Ct value of target mRNAs: aggrecan (4ACAN), collagen type Il alpha 1 chain
(COL2A1) and collagen type I alpha 1 chain (COLIA1). The amount of target mRNA relative to the
housekeeping gene was normalized to a calibrator sample to generate AACt. This was then converted to a
fold increase in expression using the formula: Fold increase = 2"“*“Y, 18S ribosomal RNA (18S) was used

as the housekeeping gene.

Table 1. List of gene transcripts analyzed by qRT-PCR. Qiagen QuantiTect validated primers used to
analyze the expression levels of target genes.

Target gene Catalogue code Target gene reference
Collagen type 1 al chain (COL1A1) QT01081059 Rn Collal 1 SG
Collagen type 2 al chain (COL2A1) QT01084118 Rn Col2al 1 SG
Aggrecan (ACAN) QT00189518 Rn Acan 1 SG
18S ribosomal RNA (18S) QT02589300 Rn Rnl8s 1 _SG

2.5 Statistical analysis

All the data were recorded as mean + standard deviation unless stated otherwise. Each experiment was
carried out for at least triplicate samples. Statistical analysis was carried out using Origin software (2021b,
OriginLab, Northampton, Massachusetts, USA) and GraphPad Prism (GraphPad Software 10.2.0,
California USA) using a general linear model one-way analysis of variance (ANOVA) with Fisher’s LSD
test analysis performed for multiple comparisons. p-values less than or equal to 0.05 (p < 0.05) were

considered statistically significant. * Denotes p < 0.05, **p <0.01, ***p < 0.001 and ****p < 0.0001.

Results
3.1 The composite scaffold displayed a well-integrated structure and hierarchical porosity

The complete process of manufacturing, functionalization and evaluation of the material is summarized in
Scheme 1. After the manufacturing of the samples, FT-IR spectroscopy was used to identify the curing

reaction. As shown in Figure 1a, in the PGS prepolymer, the absence of the characteristic absorption at



1230 cm™ related to -C-O- in the carboxyl group from sebacic acid, and the weakness of absorption at
3291 cm™ corresponding to the -OH group in glycerol both demonstrate the consumption of monomers
during the reaction. Furthermore, the characteristic absorption of -CH,- in glycerol (2869 cm™ and 2932
cm™) and -C=0- in sebacic acid (1686 cm™) both appear in the final PGS scaffold [23], indicating

successful curing.

Scheme 1. The fabrication and application of composite scaffold manufactured from a 3D-printed PGS
framework and a collagen type I/II-hyaluronic acid (CI/II-HyA) matrix

The composite scaffold was obtained by soaking the PGS scaffold in the mixed solution of collagen type
I/type I (total collagen concentration of 0.5% w/v at ratio 1:1) and hyaluronic acid (HyA) at a
concentration of 0.05% w/v prior to being freeze-dried to a final temperature of -20 °C. The mass fraction
of collagen content in the composite scaffold was determined as 16.54 £ 6.04 %. Besides, it can be
observed from the FT-IR spectrum in Figure 1b that two specific absorption peaks at 1648 cm™ and 1542
cm' related to the amide I band and amide II bond in collagen occur in composite compared with the PGS,

indicating the successful incorporation.
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Figure 1. FT-IR spectrum of (a) glycerol, sebacic acid, PGS prepolymer and PGS, and (b) CI/II-HyA,
PGS and composite scaffolds

Figure 2 further displays the morphology of CI/II-HyA, PGS, and composite scaffolds. CI/II-HyA scaffold
exhibits a fluffy porous structure with a pore size of 155 £ 5 um and a porosity of 99 % formed through the
multiple freeze-drying procedure [33]. 3D-printed PGS scaffold presents an interconnected multi-layer
structure, in which the filaments exhibit a homogeneous cylindrical shape with an average diameter of 550
+ 23 um, and the average gap size between the filaments is 778 + 34 um. High microporosity caused by
NaCl leaching appears on the surface and inside of PGS filaments, making the overall PGS scaffold show
a hierarchical porosity. Additionally, it can be seen in the composite scaffold that the porous collagen matrix
is firmly coated on the surface of the porous PGS filaments and fill the printed pores of the PGS scaffold.

After incorporation, PGS framework maintained a good spatial structure without filaments deformation and
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collapse, and the internal microporous structure was also maintained. These results indicate that the

fabrication of the biomimetic composite scaffold with hierarchical porosity was successfully achieved.

Figure 2. The digital images and SEM images of (a)CI/II-HyA, (b)PGS, (c)composite scaffolds under
the top view and section view

3.2 The composite scaffold exhibited high elasticity and fatigue resistance both in dry and wet

conditions

The mechanical properties of CI/II-HyA, PGS and composite scaffold were tested through compression
and cyclic compression tests under air (dry) and PBS solution (wet) conditions. The incorporation of CI/II-
HyA matrix significantly enhanced the mechanical properties of the PGS framework in dry conditions.
The compressive modulus of the composite scaffold was 167.0 kPa, which is twice that of the PGS scaffold
with a modulus of 80.0 kPa, while the modulus of the CI/II-HyA scaffold was 10.8 kPa. In the PBS
solution, the compressive modulus of the composite scaffold was reduced to 45.22 kPa, which was close
to that of the PGS scaffold (35.74 kPa), as shown in Figure 3 and Table 2. In addition, cyclic compression
tests under dynamic strains of 10%, 20%, and 40% show that PGS and composite scaffolds exhibit good
elasticity and excellent fatigue resistance under dry and wet conditions (Figure 4). Both scaffolds show a
complete elastic recovery at low strains of 10% and 20%, while some hysteresis was observed at a high
strain of 40%. Among them, the composite scaffold shows more severe hysteresis under high strain in wet

conditions.
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Figure 3. (a) Stress-strain curves and (b) compressive modulus of CI/II-HyA, PGS, and composite

scaffold in dry and wet conditions

Table 2 The compressive parameters of CI/II-HyA, PGS and composite scaffolds in dry and wet conditions

Sample Compressive modulus (kPa) Compressive stress (kPa)
CI/II-HyA 10.8+1.2 12.6 £0.1
CI/II-HyA Wet 123+0.8 57+0.5
PGS 80.0£15.1 104.4+£15.8
PGS Wet 357+3.8 60.4+7.0
Composite 167.0+21.0 121.4+8.4
Composite Wet 452 +64 56.7+7.4
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Figure 4. Cyclic compression tests with strains of 10%, 20%, and 40% of (a) PGS scaffold in dry condition,
(b) PGS scaffold in wet condition, (¢) Composite scaffold in dry condition, and (d) Composite scaffold in
wet condition

3.3 Structural, mass, and mechanical stability was maintained in the composite scaffold during the

degradation of 8 weeks in vitro

The degradation behaviour of CI/II-HyA, PGS, and composite scaffolds was measured in vitro at 37 °C in
PBS solution for 8 weeks. During the degradation, all scaffolds showed shape integrity without any damage
(Figure S2) and mass retention with mass losses of 48.52%, 92.51%, and 94.51%, for CI/II-HyA, PGS and
composite scaffolds, respectively (Figure 5a). In addition, the real-time pH monitoring results presented
that the pH value decreased slightly over time. Among them, the composite scaffold showed a linear
degradation rate similar to PGS (Figure Sb). More importantly, the compressive modulus of PGS and
composite scaffolds remained unchanged after 4 weeks of degradation while gradually decreasing after 8
weeks, but the compressive stress decreased significantly with time (Figure Sc, 5d and Table S1, S2).
Besides, the elasticity and fatigue resistance of both scaffolds were well reflected without any destruction

during the time of degradation (Figure S3).
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Figure 5. (a) mass residue, (b) pH change, (c) compressive modulus change, and (d) compressive stress
change of CI/II-HyA, PGS, and composite scaffolds after degradation with time

3.4 All scaffolds sustained MSC viability up to day 28, with the composite scaffold having the
highest DNA levels

The capability of the scaffolds to support cellular viability and growth was evaluated to assess
biocompatibility. Biochemical assays revealed that all scaffold variants sustained cellular metabolic
activity in vitro up to day 28, with the composite scaffolds showing the highest levels of DNA (Figure 6).
Specifically, all scaffolds resulted in equal cellular metabolic activity at day 28, though PGS and composite
scaffolds showed significantly increased cellular metabolic activity at days 7 and 15, compared to the CI/II-
HyA scaffold (p <0.0001) (Figure 6a). However, despite similar metabolic activity was observed between
groups at day 28, the composite scaffold possessed the highest overall DNA content level (3.93 pg),
compared to CI/II-HyA (2.07 pg) (p < 0.001) and PGS (1.03 pg) (p < 0.0001) scaffolds (Figure 6b).

Furthermore, the DNA levels of the composite scaffold were significantly increased compared to the PGS
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scaffold of donors 1 and 2. Although CI/II-HyA scaffold had lower DNA levels than composite scaffolds,
they resulted in a significant increase in overall DNA level, compared to PGS scaffold (p < 0.05).
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Figure 6. (a) Cellular metabolic activity (normalized to CI/II-HyA scaffolds at 0 day) after 0, 3, 7, 15, 21
and 28 days and (b) DNA content per scaffold after 28 days of CI/II-HyA, PGS and composite scaffolds
in culture. Data shown represent the mean from three individual rat MSC donors n > 3 (unless indicated
differently)
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3.5 All scaffolds sustained effective MSC chondrogenesis, with up-regulated COL2A1 expression
from the composite scaffold

To assess the capability of the scaffolds to sustain effective MSC chondrogenic differentiation, the
expression of key genetic markers typically associated with accurate chondrogenesis was investigated. All
scaffold variants sustained overall gene expression of Collagen I (COLIAI), Collagen 2 (COL2A41) and
Aggrecan (ACAN) of MSC at day 28, thus indicating the ability of these scaffolds to support effective
MSC chondrogenic differentiation (Figure 7). Interestingly, the composite scaffold displayed significantly
higher COL2A1 compared to CI/II-HyA scaffold (p < 0.05), demonstrating potential for the composite
scaffold to enhance chondrogenesis. Specifically, COL2A1 gene expression was significantly upregulated
in composite scaffold compared to CI/II-HyA scaffold in two individual donors, respectively, donors 1 (p
<0.01) and 3 (p £ 0.05). Moreover, although it was not significant when compared to the other groups, the
composite scaffold also displayed the highest ACAN expression at day 28.

Figure 7. Expression of chondrogenic genes COLIAI, ACAN, and COL2A41 of MSC on CI/II-HyA, PGS
and composite scaffolds after 28 days in culture. Data shown represent the mean from three individual rat
MSC donors n > 3 (unless indicated differently).
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3.6 The composite scaffold supported improved cartilage-like matrix deposition

The ability of the scaffolds to induce cartilage-like matrix formation in vifro was then studied by sGAG
deposition and histology assessment. All scaffold variants sustained sGAG deposition by MSCs at day 28.
The composite scaffolds displayed the highest overall levels of sGAG per scaffold (2.70 pg/mL) (Figure
8), which was significantly higher compared to PGS scaffold with a level of 1.63 pg/mL (p < 0.01).
Specifically, the composite scaffold supported significantly increased sGAG quantities compared to PGS
scaffold with donors 1 (p <0.05) and 3 (p <0.01), as well as CI/II-HyA scaffold with donor 3 (p < 0.05).

Figure 8. Overall sGAG content on CI/II-HyA, PGS and composite scaffold after 28 days in culture. Data
shown represent the mean from three individual rat MSC donors n > 3 (unless indicated differently).

Furthermore, histological analysis was performed and analysed to qualitatively assess the ability of these
scaffolds to sustain effective MSC migration and cartilage-like matrix distribution in the scaffolds.
Histological analysis confirmed sGAG presence in all scaffold groups at day 28 (Figure 9). CI/II-HyA
and composite scaffolds displayed more abundant and homogenous sGAG distribution compared to PGS
scaffold. In parallel, a more homogenous cellular infiltration and migration throughout the matrices was

also observed in CI/II-HyA and composite scaffolds in comparison to the PGS scaffold.
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Figure 9. Representative histological images of MSC-seeded scaffolds stained with alcian blue after 28
days in culture. The histological images were collected for scaffolds seeded with rat MSCs from donors 1,
2 and 3. Scale bar represents 1000 um and 100 pm length for the 4X and 10X magnification, respectively.

4. Discussion

Therapeutic options for efficient cartilage repair are limited due to the poor self-repair ability of native
cartilage. Tissue engineering offers a promising alternative for tissue replacement, particularly through the
development of scaffolds that combine necessary mechanical properties and appropriate degradation rates,
while promoting effective tissue regeneration. To contribute to this field, an innovative composite scaffold
with a hierarchical porosity was developed, in which a pre-chondrogenic CI/II-HyA matrix served as a
biological cue to stimulate MSC chondrogenesis, while an elastic 3D-printed PGS scaffold served as
mechanical enforcement to support cartilage growth. Following this rationale, it is demonstrated that the
newly developed composite scaffold can effectively enhance the cartilage repair efficiency in terms of
architecture, mechanical properties, degradation rate, and MSC chondrogenesis, showing great promise as

an attractive “off-the-shelf” scaffold biomaterial to enhance cartilage defect repair in the clinic.

As a first very notable achievement, the composite scaffold was successfully manufactured with a
hierarchical porosity between the porous collagen type I/II-hyaluronic acid matrix and the PGS filaments,
which demonstrated both good integration and spatial structure. SEM analysis revealed that the composite

scaffolds had an interconnected multi-layer structure, in which the filaments exhibit a homogeneous
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cylindrical shape with the porous CI/II-HyA matrix firmly coated on the surface of the porous PGS
filaments. Architecturally, the development of these highly porous scaffolds is crucial in cartilage TE to
ensure an appropriate nutrient-waste exchange for cell populations colonized on biomaterials, ultimately
biologically satisfying their function in a long-term culture environment [41]. Additionally, porosity is
important to mimic the viscoelastic behaviours of tissues, which is related to the lubrication and
deformation of cartilage [42]. The dimension of the pores in the scaffold is another major feature that can
impact cellular behaviour, dictating different MSC responses to migration and chondrogenesis [43]. To
this end, the 3D-printed PGS scaffold (with a macro pore size of 778 um) has been functionalized with a
pro-chondrogenic collagen-based (CI/II-HyA) matrix, which has previously been shown to possess the
optimal architectural features to facilitate a robust MSC chondrogenesis and cartilage-like formation.
Previous research [33] has shown that this kind of collagen-based matrix with an optimal pore size of 155
um and a highly interconnected porous network of 99% has the ability to facilitate abundant cellular
infiltration and viability up to day 28 when tested in vitro with rat-derived MSCs. In this study, when this
CI/II-HyA matrix was incorporated to the PGS scaffold, it is demonstrated to possess comparable
architecture features in terms of porosity and pore size to what was previously found, thus highlighting the

successful integration of the pro-chondrogenic matrix to the PGS filaments.

The composite scaffold exhibited adapted elasticity and excellent fatigue resistance under dynamic
compression conditions, suitable for use in the cartilage environment under frequent deformation. Notably,
after incorporating the CI/II-HyA matrix, the compressive modulus of the composite scaffold in dry
conditions was greatly improved due to hydrogen bond interactions in the collagen molecular chain,
reaching 167.0 kPa, which is within the modulus range of native cartilage (100-2000 kPa) [44]. While in
wet conditions, the modulus of the composite scaffold decreased to 45.22 kPa, similar to that of the PGS
scaffold. It demonstrated that although the incorporation of a collagen-based matrix improved the
mechanical properties, the PGS scaffold is still the main provider of mechanical support in the composite
scaffold. Furthermore, studies [45,46] have shown that during daily physiological activities, the amount of
cartilage deformation caused by force is about 10%-20% of its height, depending on the distribution. When
articular cartilage undergoes vigorous exercise, its deformation range can be as high as 40%, especially in
joint tissues [47,48]. Consequently, developing scaffolds capable of processing adapted elasticity is
another important aspect to consider guaranteeing mechanical features that recapitulate cartilage healthy
physiological conditions. However, PCL, PLA, and other materials are widely used as the framework to
fabricate 3D-printed cartilage scaffolds. While ideally, these materials would enhance cartilage tissue
repair under modifications, most of them lack high elasticity[49]. Interestingly, as the mechanical support

in the composite scaffold, PGS exhibited elastic recovery under dynamic cyclic compression conditions
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of 10%, 20%, and 40%, regardless of dry or wet conditions, indicating its excellent fatigue resistance.
Following incorporation into the CI/II-HyA matrix, the composite scaffolds maintained fatigue resistance
similar to the PGS scaffold. Therefore, the novel composite scaffold offering mechanical support similar
to those of native cartilage shows strong promise in facilitating an effective and enhanced cartilage repair

in vivo.

Another important characteristic of successful cartilage-engineered constructs is to possess a degradation
rate that matches the regeneration rate of native tissues. Therefore, the degradation behaviour of CI/II-
HyA, PGS, and composite scaffold in PBS solution at a physiological temperature of 37 °C for 8 weeks
was investigated. Results have shown that PGS and composite scaffolds maintained structural, mass, and
mechanical integrity within 4 weeks, which matches the speed of MSC chondrogenesis and cartilage-like
formation in vitro, while CI/II-HyA scaffolds showed a rapid decrease, which lost almost half of its mass
in the same period. This is because the PGS framework not only provides mechanical support but also
helps to protect against the loss of the collagen-based matrix. Meanwhile, in the composite scaffold, the
PGS filaments were firmly surrounded by a collagen-based matrix, limiting the degradation of the PGS
framework, which can be proved by the slower liner degradation tendency caused by surface erosion of
the composite scaffold than PGS only. It solves the problem of the fast degradation rate of PGS to a certain
extent, making it more matched with cartilage regeneration [50]. Additionally, after 8 weeks, the
mechanical properties of these scaffolds all showed decreasing, and the tendency of pH and mass kept
dropping gradually with time, meeting the requirements of the biodegradable scaffolds in TE. Therefore,
the combination of CI/II-HyA matrix and PGS framework shows a syncretic effect on the degradation
control, endowing the composite scaffold with a perfect degradation rate matched cartilage tissue

regeneration.

Biologically, the composite scaffold demonstrated robust and efficient MSC chondrogenic differentiation,
which translated to improved overall cartilage-like matrix formation at day 28 in vifro. The novel
composite scaffold promoted the highest levels of DNA and sGAG compared to the other groups. In
addition to the major mechanical reinforcement provided by the 3D-printed PGS filaments, the PGS
framework also supported the porous pro-chondrogenic collagen matrix, thus benefiting the overall
construct to obtain an increased cellular proliferation and matrix deposition. These findings are comparable
with studies related to cartilage-engineered scaffolds that incorporated bioactive matrices such as
alginate/agarose/collagen or hyaluronic acid into 3D-printed frameworks such as PCL and PLA [26,51,52].
It is possible to hypothesize that, while the porous collagen-based matrix ensured adequate cell attachment,

migration, and differentiation, the 3D-printed PGS framework reduced risks of cell-mediated contraction,
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thereby ensuring a greater surface area available to the cells. Consequently, this may have translated into
enhanced MSC migration, proliferation, and matrix deposition in composite scaffolds. Furthermore, the
gene expression of collagen type II (a typical gene associated with successful MSC chondrogenesis[53])
was also upregulated in the differentiated MSCs colonizing the composite scaffold when compared to other
groups. This indicates that the composite scaffold exhibits a strong ability to direct higher-quality MSC
chondrogenic differentiation. Interestingly, the more restricted structure of the collagen-based matrix in
the composite scaffold due to the PGS framework mediates an effect that may affect MSC behaviour and
SOXO9 (a key early promoter) through the ROCK pathway. It is possible that higher tensional forces on the
cell's cytoskeleton due to the PGS filaments activate ROCK, which in turn phosphorylates SOX9,
determining its activation and pro-chondrogenic effect [54,55]. Further investigation on the cell-mechanic
signal effects induced by the combination of the 3D-printed PGS framework and the pro-chondrogenic
CI/II-HyA matrix can be conducted. Taken together, the overall results of this study are sufficient to
demonstrate that collagen-based PGS composite scaffold is an excellent biomimetic scaffold with a strong

possibility to succeed in vivo in enhancing cartilage defect repair.

In the end, this study has demonstrated the significant potential of collagen-based PGS composite scaffolds
for cartilage defect repair, regarding architecture, mechanical properties, degradation, and MSC
chondrogenesis. However, there are still some limitations. Firstly, cartilage, especially articular cartilage,
is frequently exposed to complex stress environments in vivo due to the host movements, including
unstable compression and shear forces. This study only tested mechanical properties under stable
compression, lacking investigations into long-term fatigue behaviour under more complex, unstable stress
conditions. Additionally, investigations on in vivo degradation and in vivo chondrogenesis of tissue-
engineered cartilage implants are critical for assessing their clinical potential. Future research will focus
on implanting the composite scaffolds into animal articular cartilage models to monitor and record
degradation behaviour and cartilage regeneration over time. Furthermore, composite scaffolds loaded with
mesenchymal stem cells will also be implanted to explore potential synergistic effects, in order to further

enhance the cartilage defect repair efficiency for clinical applications.

Conclusion

In this study, a novel biomimetic collagen-based 3D-printed PGS composite scaffold was specifically
designed to enhance cartilage defect repair, whereby the porous CI/II-HyA matrix served as the biological
cue for MSC chondrogenic stimulation and the PGS scaffold as the mechanical enforcement to support
tissue growth. The resulting composite scaffold exhibited mechanical properties similar to native cartilage,

promoting accurate MSC differentiation and abundant cartilage-like matrix deposition at 28 days in vitro,
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while maintaining structural, mass, and mechanical stability during the initial cartilage regeneration period
of 4 weeks. Taken together, this novel biomimetic composite scaffold with adaptive properties to native
tissue holds great promise as an attractive “off-the-shelf” alternative clinical approach in cartilage tissue

engineering.
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