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ABSTRACT: Osteochondral tissue damage is a serious concern, with
even minor cartilage damage dramatically increasing an individual’s risk
of osteoarthritis. Therefore, there is a need for an early intervention for
osteochondral tissue regeneration. 3D printing is an exciting method for
developing novel scaffolds, especially for creating biological scaffolds for ~
osteochondral tissue engineering. However, many 3D printing techniques 3D printed PEGT/PBT lattice '
rely on creating a lattice structure, which often demonstrates poor cell Biphasic 3D printed Osteochondral S)ggmal
bridging between filaments due to its large pore size, reducing silicinfilled scaffold actiostar [
regenerative speed and capacity. To tackle this issue, a novel biphasic cartilage
scaffold was developed by a combination of 3D printed poly(ethylene
glycol)-terephthalate-poly(butylene-terephthalate) (PEGT/PBT) lattice
infilled with a porous silk scaffold (derived from Bombyx mori silk fibroin)
to make up a bone phase, which continued to a seamless silk top layer,
representing a cartilage phase. Compression testing showed scaffolds had Young’s modulus, ultimate compressive strength, and
fatigue resistance that would allow for their theoretical survival during implantation and joint articulation without stress-shielding
mechanosensitive cells. Fluorescent microscopy showed biphasic scaffolds could support the attachment and spreading of human
mesenchymal stem cells from bone marrow (hMSC-BM). These promising results highlight the potential utilization of this novel
scaffold for osteochondral tissue regeneration as well as highlighting the potential of infilling silk materials within 3D printed
scaffolds to further increase their versatility.
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1. INTRODUCTION Additive manufacturing through 3D printing has emerged as
a highly versatile and cost-effective process, especially in fields
like tissue engineering, where it allows for the rapid and
personalized creation of complex structures with precise
control over bulk geometry.” Recent advancements in 3D
printing have revolutionized material science by enabling layer-
by-layer construction of intricate geometries, offering un-
precedented control over the spatial distribution of materials
and internal structures. This process significantly shortens
production times while enhancing the ability to fabricate
customized scaffolds and optimized designs. Poly(ethylene
glycol)-terephthalate-poly(butylene terephthalate) block co-
polymer (PEGT/PBT) is a series of segmented block
copolymers; the properties of this thermoplastic, as with all

Osteochondral tissue damage is a serious concern, with even
minor cartilage damage increasing an individual’s risk of
suffering from joint discomfort or pain and can lead to
osteoarthritis (OA)."” Osteochondral damage is often seen as
a result of traumatic injury from sports or work and is
particularly prevalent in young active patients.’ Articular
cartilage demonstrates a poor self-repair capability, with even
small-sized lesions failing to heal due to it is unique structure
which does not have blood vessels, nerves and lymphatics.
One of the most common treatments for osteoarthritis is joint
replacement; however, this intervention is highly invasive and
the joint replacement has a limited lifespan.5 Therefore, there
is a need for an earlier intervention before the onset of OA.
Tissue engineering presents a unique opportunity to address A0S
this need to regenerate osteochondral tissue. But osteochon- Received: October 7, 2024 H W:W
dral tissue regeneration presents several unique challenges due Revised:  November 12, 2024 - s
to its multitissue composition. Osteochondral tissue comprises Accepted:  November 18, 2024
both articular cartilage and underlying subchondral bone, each Published: November 26, 2024
tissue type presenting unique challenges for regeneration and

requiring a novel approach.
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block copolymers, are a result of its constituent segments
blending both their mechanical and physical properties.”® The
relatively soft and hydrophilic nature of the PEGT segments
contributes elastomeric properties and hydrophilicity, whereas
the hard hydrophobic PBT segments contribute rigidity and
improved mechanical strength. Researchers have demonstrated
the biocompatibility and biodegradability of PEGT/PBT
blends.”™'®> However, there remains a major issue with the
utilization of 3D printed lattice is as biological scaffolds in that
the scaffolds suffer from limited cellular migration due to the
relatively large distance between the 3D printed filaments
leading to the formation of large pores in the scaffold. The
substantial size of the pores prevents cells from bridging the
gaps efficiently, diminishing their migration ability throughout
the scaffold."* The reduction in cellular migration subsequently
leads to a reduced rate of tissue regeneration as cells are unable
to effectively populate the scaffold and regenerate new tissue.
Due to the nature in which the filaments of a 3D-printed lattice
scaffold are deposited, the pore size cannot be reduced without
reducing scaffold porosity in turn. Therefore, this is not a
viable method for reducing scaffold pore size within 3D printed
lattice scaffolds. As for adequate tissue regeneration in general,
it has been estimated that approximately 70% scaffold porosity
is required for adequate cellule infiltration and regenera-
ti0n15,16

In contrast to 3D printing, scaffolds can also be formed into
foam or sponge-like structures by using a simple freeze-drying
process to form a highly porous scaffold."” The porous nature
of these scaffolds gives the physical surface onto which the cells
can lay their extracellular matrix (ECM) and gives rise to a
large surface area for cell binding and spreading.'® Silk fibroin
from the silkworm Bombyx mori is already used in various
biomedical applications. The reason for its extensive use is that
silk fulfils many of the requirements for a successful
biomaterial; such as possessing biodegradability, biocompati-
bility, a minimal inflammatory response postimplantation, as
well as long-term compatibility, and allows for cell adhesion to
its surface.'”~>' However, porous sponge scaffolds derived
from natural polymers are often mechanically weak, partic-
ularly when highly porous, thus limiting their ability to
withstand mechanical stresses and strains, which can be
particularly problematic when used in load-bearing applica-
tions. Moreover, natural polymer-based sponge scaffolds can
also be rapidly degraded. While a biological scaffold’s ability to
be degraded over time is essential to its functionality, rapid
degradation can be problematic as it can compromise the
mechanical stability of the scaffold and limit its ability to
support tissue regeneration over the long—term.22

Achieving balance in the scaffold creation process between
the scaffold’s load-bearing ability and its success at cellular
viability is imperative; This balance can be found by combining
the advantageous properties of 3D printed synthetic constructs
and natural porous scaffolds. Therefore, in this study, we aimed
to create a unique biphasic scaffold consisting of a porous silk
cartilage phase, which is seamlessly integrated with a bone
phase consisting of a 3D printed lattice infilled with a porous
silk sponge for osteochondral tissue regeneration. This study
focuses on the characterization of a biphasic 3D printed silk-
infilled scaffold physical and mechanical properties as an
indication for its potential further use within bone and
osteochondral tissue regeneration.

The physical and mechanical properties of a scaffold are
crucial indicators of its potential efficacy in osteochondral
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tissue regeneration. These properties determine the scaffold’s
ability to provide appropriate support and structural integrity
which is essential for tissue formation and function.
Mechanical strength and stiffness must prevent scaffold failure
under physiological stresses. Additionally, physical character-
istics such as porosity and surface topology influence cell
attachment, proliferation, and differentiation, which are vital
for the integration of new tissue. Therefore, assessing these
properties ensures the scaffold can effectively support tissue
regeneration, maintain structural stability, and integrate
seamlessly with the host tissue, ultimately leading to successful
osteochondral repair.

2. MATERIALS AND METHODS

2.1. Scaffold Design and Fabrication. The 3D printed PEGT/
PBT scaffold (15 X 15 X 2 mm with a 0.75 mm pore size) scaffolds
were printed by 3D BioPlotter (EnvisionTec) at a printing
temperature of 180 °C using PEGT/PBT (Polyactive
300PEGTSSPBT4S, PolyVation, The Netherlands) with a PEG
molecular weight (MW) of 300 g mol™"' and a PEGT/PBT (55:45 wt
%)

The silk fibroin was extracted from B. mori cocoons as previously
described™ Briefly, silk cocoons were degummed in boiling sodium
carbonate solution (0.02 M) (Sigma-Aldrich, St. Louis, MO) for 30
min to remove sericin. The pure silk fibroin was then solubilized in a
lithium bromide solution (9.3 M) (Sigma-Aldrich) at 60 °C for 4 h at
a 20 wt %/v of silk to lithium bromide. Lithium bromide was then
removed from the solution via dialysis (3500 MWCO, EMD
Millipore) in deionized water for 3 days.

A 5% silk solution was then cast into 3D printed lattices or alone
(as the control) into 12 well plates (1.5 mL of silk solution in each
well). To improve pore filling by the silk solution over the 3D printed
scaffolds, scaffolds were placed under vacuum for 5 min. Following
this, samples were frozen overnight at —20 °C followed by
lyophilization in a freeze-dryer. Dried constructs were then removed
from the plate and wrapped in aluminum foil and autoclaved at 121
°C for 20 min to induce beta-sheet formation in silk and sterilize the
constructs. Silk only scaffolds were also created using the same
protocol but without the 3D-printed lattice. Before use, scaffolds were
cut to 5 mm? constructs and rehydrated overnight by rocking in 1x
PBS (Corning 21-040-CV) at room temperature. This was followed
by placing them under negative pressure for S min while submerging
them within 1X PBS (unless stated otherwise).

2.2. Characterization of Scaffold Surface Morphology and
Pore Size Using Scanning Electron Microscopy. Scaffold
morphology was investigated through a scanning electron microscope
(SEM) (Hitachi S3400N variable pressure SEM) at various
magnifications with an electron exoneration voltage of 10.0—20.0
Kv. Prior to imaging, samples were sputter coated with gold.

Pore size for the silk scaffolds, 3D printed scaffolds and the
cartilage and bone phase of biphasic scaffold was determined by
taking SEM images (at one hundred times magnification) at three
zones of each scaffold (n 4). The mean pore diameter was
calculated by manually measuring a minimum of 40 pores per image
using Image]. software (version 1.41).

2.3. Element Analysis of the ScaffoldsUsing Elemental
Dispersive X-ray. Energy dispersive X-ray analysis was performed
with dual Bruker XFlash detectors attached to a Hitachi S3400N
variable pressure SEM. Analysis was undertaken with Quantax analysis
software (1.9). The accelerating voltage was set to 10 kV for all EDX
measurements. Quantifications were undertaken at 3 distinct and
separate locations within 4 separate scaffolds for each group (3D
printed control scaffolds, silk control scaffolds, and both the cartilage
and the bone phase of the biphasic scaffolds), and the average was
taken. Quantax analysis software utilizes a peak-to-background ZAF
evaluation (P/B-ZAF) algorithm to quantify the presence of various
elements found within the sample. Bremsstrahlung’s background was
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Figure 1. Comparison of a schematic representation of natural osteochondral tissue (A) compared to the morphology of biphasic scaffolds (B),
highlighting the location and morphology of cartilage and bone phases, and the composition of the scaffold. This highlights the comparative regions
between the designed biphasic scaffold and natural tissue. Figure was created with the assistance of BioRender.com.

automatically calculated. A Bayes deconvolution was used for line
overlap separation.

2.4. Scaffold Porosity Analysis Using the Archimedes
Method. Scaffold porosity was calculated as per the Archimedes
method.** Silk control scaffolds, biphasic scaffolds and 3D printed
scaffolds (n = 4) were preweighed, followed by rehydration in ethanol
under negative pressure for S min. The scaffolds were removed, excess
liquid was removed using filter paper, and weight was recorded. The
scaffolds were then resubmerged in ethanol, and the submerged
weight was measured. Scaffold porosity was then calculated.

M., —
Muwet = Moy 100
Sub

Porosity(%) =
Wet —

where W, is the dry weight of scaffolds, Wy, is the weight of the
scaffold after hydration in ethanol, and Wy, is the weight of the
scaffolds submerged in ethanol.

2.5. Mechanical Characterization of the Scaffolds with
Uniaxial Compression Testing. Load-to-failure uniaxial compres-
sion testing was utilized in wet unconfined conditions to determine
the structural integrity of biphasic 3D printed silk-infilled scaffold
scaffolds (n = 4) and silk scaffolds (1 = 6). Prior to mechanical testing,
all scaffolds were rehydrated in 1 X PBS for 24 h, followed by negative
pressure rehydration to confirm complete rehydration. Uniaxial
compression testing was used to measure the ultimate compressive
strength and Young’s modulus. The biphasic and 3D printed scaffold
were tested until failure with a 500 N load cell at a strain rate of 0.1
mm min~" (Instron 3365). Silk scaffolds were tested until the
maximum load of the testing instrument on a 8 N load cell at a strain
rate of 0.1 mm min—1 (Bose ElectroForce 3200 Series III Test
Instrument). Fatigue testing was utilized to determine the long-term
resistance to mechanical loading. Biphasic scaffolds (n = 3), silk
scaffolds (n = 4) and 3D printed scaffolds (n = 4) were subjected to a
load of 8 N at 100,000 cycles with a 1 Hz sinusoids wave pattern on a
Bose ElectroForce 3200 Series III Test Instrument with a 8 N load
cell. The maximum induced strain was recorded every 100 cycles, the
height of the scaffolds after testing was determined, and the percent
reduction in height was calculated.

AH
Percent reduction in height (%) = H X 100

where H is the original height of the sample, and AH is the change in
height of the sample.

2.6. Swelling Capacity and Degradation Analysis of
Scaffolds. The swelling capacity of the scaffolds was assessed in
1x PBS. Silk control scaffolds, 3D printed control scaffolds, and
biphasic scaffolds (n = 4) were preweighed, followed by rehydration
in 1X PBS at 37 °C; every 1 h, scaffolds were removed, and excess
liquid was removed using filter paper, and weight was recorded. The
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scaffolds were then returned to fresh 1X PBS. The percentage increase
in mass was calculated by comparing the scaffolds’ dry and hydrated
mass. After 18 h, scaffolds were submerged in 1X PBS and left under
negative pressure for S min before being weighed and compared to
the mass of the scaffold before negative pressure rehydration.

(W, — Wa)
W,

Swelling % = X 100

d

where W,, and Wy are the wet and dry weights of the samples,
respectively.

Degradation analysis of the scaffold in vitro The initial mass of dry
scaffolds was recorded. The scaffolds (n = 4 per group) were then
placed in preweighted 1.5 mL Eppendorf tubes. One mL of 2 U/mL
Protease XIV solution (in 1X PBS) was added to each tube and
incubated at 37 °C. The Protease XIV was removed every 2 days.
Scaffolds were then washed with deionized water and dried overnight
at 60 °C. Dry mass was recorded, the remaining mass percentage was
calculated, and fresh Protease XIV solution was added.

(M/o - T/le)

AW, (%) = X 100

d1

where W, and Wy, refer to the initial sample weight and the sample
weight at time (), respectively.

2.7. Cells Culture. Human mesenchymal stem cells from bone
marrow (hMSC-BM) (PromoCell, C-12974) were cultured in basal
expansion medium consisting of the alpha modified minimum
essential medium (a-MEM) (Corning 15-012-CV), containing 10%
(v/v) fetal bovine serum (FBS) (Sigma-Aldrich, F75240), penicillin/
streptomycin (P/S) (100 units/ml, and 100 pg/mL respectively)
(Sigma-Aldrich P0781) and 1 ng/mL recombinant human basic
fibroblastic growth factor (bFGF) (PeproTech, 100-18B). The
medium was changed every 3—4 days. All cells were passaged at
approaching approximately 80% confluence and passage 3 cells were
used for the experiments accordingly.

2.8. Contact Cytotoxicity Assay by Giemsa Staining. Silk
control scaffolds, biphasic scaffolds and 3D printed scaffolds were
attached to 6 well plates (corning, cat no. 3516) with the aid of steri-
strips (Medisave, R1540C), steri-strips alone and 40% dimethyl
sulfoxide (DMSO) were used as the positive and negative controls
respectively (n = 3). For all groups 1X PBS was used to wash the wells
twice, aspirated, and 2 mL of hMSC-BM cell suspension containing
50,000 cells was added to each well. The culture plates were incubated
at 37 °C for 96 h in 5 (v/v)% CO?2 in an incubator. After 96 h, the
media was aspirated from the wells and washed twice with 1X PBS.
One mL of 10 (v/v)% neutral-buffered formalin (Cellpath, BAF-
0010-01A) was added to each well and incubated for 15 min. The
formalin was aspirated, and all wells were stained for 5 min using
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Giemsa solution, then washed using distilled water. The culture plates
were air-dried for 24 h and examined microscopically to record any
changes in morphology, confluency, attachment, and detachment of
the hMSC-BM using a Leica DM16000 B inverted microscope.

2.9. Cell Viability. hMSC-BM (500,000 cells per scaffold) were
statically seeded onto the 3D-printed scaffolds, silk scaffolds, the
cartilage phase of biphasic scaffolds and the bone phase of biphasic
scaffolds. All scaffolds were initially rehydrated in 1X PBS for 12 h,
followed by negative pressure rehydration for S min. Scaffolds were
then seeded by submerging in a 1.5 mL basal media containing
500,000 cells per scaffold for 24 h in a standard cell incubator. After
24 h, the cells on the constructs (n = 4) were labeled with Cell
Tracker Green S-chloromethyl fluorescein diacetate (CFMDA,
ThermoFisher Scientific, C7025) and visualized using a TCS SP8
confocal laser scanning microscope (Leica, Germany).

2.10. Statistical Analysis. Statistical analysis was run using SPSS
(26) and Microsoft Excel. Data was tested for normality using a
Shapiro—Wilk test and QQ_plots; all data was found to be normally
distributed. A two-tailed T-Test and ANOVA with Bonferroni
posthoc tests were performed. P < 0.05 was considered as statistically
significant.

3. RESULTS

Biphasic 3D printed silk-infilled scaffolds (Biphasic scaffolds)
were successfully fabricated. Biphasic scaffolds consisted of a
flexible and resilient porous silk scaffold (cartilage phase)
seamlessly integrated into a mechanically strong silk-infilled 3D
printed PEGT/PBT scaffold (bone phase), mimicking the
natural stratified structure seen in osteochondral tissue (Figure
1).

3.1. Structural Characterization of Different Scaf-
folds. Visual analysis of scaffolds demonstrated that biphasic
scaffolds (Figure 2B) possessed a combined appearance of that
of silk scaffolds (Figure 2A) and 3D printed scaffolds alone
(Figure 2C)

SEM analysis showed that the biphasic scaffolds have two
distinct regions. The cartilage phase (silk layer) showed a thin
sheet-like network of lamellae with interconnected porosity
(Figure 3A), which continued into the bone phase with no
apparent change in silk morphology, with it successfully casting
around the 3D printed lattice (Figure 3B). The silk component

Figure 2. Stereomicroscope image representing the structural
characteristics of the different scaffolds: silk scaffolds (A), biphasic
scaffolds (B), and 3D printed scaffolds (C).

of the biphasic scaffold showed no noticeable morphological
differences from the silk scaffolds alone (Figure 3C). Both
biphasic and silk scaffolds showed a wide distribution of pore
sizes ranging from 1S5 to 370 um (Figure 3E—H). No
significant difference (p > 0.05) was seen in the mean pore size
of the cartilage phase (113 + 52 pm), bone phase (124 + 44
um), and silk scaffolds alone (103 + S1 um). All scaffolds
showed significantly (p < 0.05) smaller pore size than 3D
printed scaffolds alone (768 + 28 um) (Figure 3H).

EDX analysis showed scaffolds’ elemental distribution as
well as the presence or absence of any elemental contamination
introduced during fabrication. This investigation indicated that
carbon, oxygen, nitrogen, and gold were the only elements
found within the 3D printed scaffolds, biphasic scaffolds, and
silk control scaffolds. The presence of gold was associated with
the sputter coating process required to visualize biological
materials within the SEM due to its electrical conductivity. As
no other elements were seen this indicated that no elemental
contaminants were introduced into the scaffold during
fabrication, such as lithium, bromide or sodium used during
the silk purification process. Further investigation into the
normalized weight distribution of carbon, nitrogen and oxygen
(Figure 3I) between scaffolds showed that the cartilage phase
of the biphasic scaffolds, which have the distribution of 45.15
+ 1.39% carbon, 20.35 + 0.83% nitrogen and 34.50 + 0.95%
oxygen; this was not significantly different (p > 0.05) to the silk
control scaffolds witch had a distribution of 45.67 + 1.40%
carbon, 21.67 + 0.31% nitrogen and 32.65 + 1.26% oxygen.
These two scaffolds were compared to the bone phase of the
biphasic scaffolds, which showed a significant increase (p <
0.05) in carbon 51.06 + 1.89%, a significant decrease (p <
0.05) in nitrogen 15.24 & 1.13%, and no significant change (p
> 0.05) in oxygen content 33.69 + 0.77% compared with the
cartilage phase of the biphasic scaffolds and silk control
scaffolds. On the other hand, the 3D printed scaffolds showed
significantly higher (p < 0.001) carbon levels of 65.51 + 0.31%,
as well as significantly lower (p < 0.001) nitrogen 1.49 +
0.10%, with no significantly different (p > 0.0S) oxygen levels
33.00 = 0.21% when compared with all other groups.

Scaffold porosity was evaluated using the Archimedes
method (Figure 3J). Silk control scaffolds and the cartilage
phase of the biphasic scaffolds showed the two highest
porosities, with 90.03 + 1.8% and 90.93 + 2.7%, respectively,
which were not significantly different (p > 0.05). In contrast,
the 3D printed scaffolds and the bone phase of the biphasic
scaffolds showed significantly lower (p < 0.01) porosities of
56.99 + 0.4% and 61.01 + 1.63%, respectively. There was no
significant difference (p > 0.05) between the porosity of the
3D printed scaffolds and the bone phase of the biphasic
scaffolds.

3.2. Mechanical Characteristics of the Biphasic
Scaffolds. A typical compressive stress—strain curve is
shown in Figure 4A. The 3D-printed lattice provides rigidity
and a greater load resistance than the silk scaffold control. The
compressive modulus was significantly greater (p < 0.001) in
the bone phase of the biphasic scaffold group (12.56 + 1.94
MPa) compared to that of the silk scaffolds (0.113 + 0.028
MPa) (Figure 4C). However, there was no significant
difference (P > 0.05) between the silk scaffold and the
cartilage phase of the biphasic scaffold (0.12 + 0.01 MPa).
There was also no significant difference (P > 0.05) between the
bone phase of the biphasic scaffold and the 3D printed scaffold
(14.60 + 0.53 MPa). The incorporation of the silk layer
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Figure 3. SEM images (A—D) and quantitative measurement (E—J) of the scaffold morphological characteristics. (A) SEM micrograph of the
structural morphology of cartilage phase within biphasic scaffolds. (B) SEM micrograph of the structural morphology of bone phase within biphasic
scaffolds and the interactions between silk scaffold and 3D printed lattice. (C) SEM micrograph of the structural morphology of silk scaffolds. (D)
SEM micrograph of the structural morphology of 3D printed scaffolds. (E—H) Pore size distribution within each scaffold as determined by SEM
and image]. There was no statistically significant difference between the average pore size in silk scaffolds, the cartilage phase of biphasic scaffolds
and the bone phase of biphasic scaffolds (p > 0.05). However, 3D printed scaffolds did show significantly larger average pore size then all other
scaffold types (p < 0.05). (J) Elemental distribution within each scaffold as determined by EDX. bone phase showed significantly reduced nitrogen
content compared to all other groups and significantly increased carbon content compared to all other groups. (J) Scaffold porosity as determined
by the Archimedes method. Silk scaffolds and the cartilage phase of the biphasic scaffolds showed the 2 highest porosities which were
nonsignificantly different (p > 0.05); whereas 3D printed scaffolds and the bone phase of the biphasic scaffolds showed significantly lower (p <
0.01) porosity. There was no significant difference (p > 0.05) between the porosity of the 3D printed scaffolds and the bone phase of the biphasic
scaffolds. Data represent mean + SD.

appears to have no detrimental effects on the biphasic saw an increase in resultant strain after the first 100 cycles,
scaffold’s ultimate compressive strength, demonstrated by followed by a plateau with very little further change (Figure
there being no significant difference (P > 0.05) on the ultimate 4D,E) in contrast with the 3D-printed scaffold alone, which
compressive strength between the 3D printed scaffold (1.88 + saw a slight decrease in resultant strain.

0.087 MPa) and the biphasic scaffold (1.56 + 0.34 MPa) Biphasic scaffolds showed a significant increase (p < 0.05)

(Figure 4B). The silk top layer on the biphasic scaffold also between the resultant strain at cycle 1 (35.88 + 0.69%) to
significantly increased the strain at failure from the 3D printed cycle 100 (36.55 + 0.64%) followed by no further significant
scaffold (25.7 & 4.5%) to the biphasic scaffold (42.1 + 7.3%) changes. Silk control scaffolds also presented a significant
(p < 0.001). The biphasic scaffold retrieved at the end of increase (p < 0.05) in the resultant strain at cycle one (83.08 +

compression testing consisted of a flattened scaffold. There was 1.92%) to cycle 100 (85.13 + 1.60%) followed by no further
no sign of delamination between phases. The presence of silk significant changes. This is in comparison to the nonsignificant
appeared to increase the resilience of the scaffold dramatically, change (p > 0.05) between the resultant strain at cycle 1 (5.81
extending the toe region, as seen in Figure 4A. + 0.58%) to cycle 100 (5.99 + 0.60%) seen in the 3D printed
3.3. Fatigue Behavior of the Biphasic Scaffolds. scaffolds (Figure 4F). However, the decrease seen over the first
During fatigue testing, the biphasic scaffolds and silk control 100 cycles within the silk control scaffolds (2.05 + 0.34%) was
7610 https://doi.org/10.1021/acsbiomaterials.4c01865
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Figure 4. Scaffold mechanical properties (A) representative stress—strain curves for the scaffolds under uniaxial compression testing (B) ultimate
compressive strength under uniaxial compression testing as determined via stress—strain curves. No statistically significant difference in ultimate
compressive strength between biphasic scaffolds and 3D-printed control scaffolds (p > 0.05). (C) Scaffold compressive modulus under uniaxial
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Figure 4. continued

compression testing as determined via stress—strain curves. Silk scaffolds and the cartilage phase of the biphasic scaffolds showed the 2 lowest
compressive moduli, which were nonsignificantly different (p > 0.05), whereas 3D printed scaffolds and the bone phase of the biphasic scaffolds
showed significantly higher (p < 0.001) compressive modulus. There was no significant difference (p > 0.05) between the compressive modulus of
the 3D printed scaffolds and the bone phase of the biphasic scaffolds. (D—F) Fatigue testing shows the resultant strain every 100 cycles after
applying a force of 8 N over 100,000 cycles. (D) Silk, (E) biphasic, (F) 3D printed. Silk control scaffolds significantly increased (p < 0.05) from the
resultant strain at cycle one to cycle 100. Biphasic scaffolds also showed a significant increase (p < 0.05) between the resultant strain at cycle 1 to
cycle 100; after cycle 100, no further significant (p > 0.05) changes were seen for both scaffolds compared to the nonsignificant change (p > 0.05)
between the resultant strain at cycle 1 to cycle 100 seen in the 3D printed scaffolds. The decrease within the silk control scaffolds at cycle 100 was
significantly greater (p < 0.05) than the decrease within the biphasic scaffolds. (G) Percentage remaining height of scaffolds after 100,000 cycles of
fatigue testing at a load of 8 N. All scaffolds showed significantly different heights after fatigue testing (p < 0.001). Data represent mean + SD.
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Figure 5. Scaffold swelling and degradation behavior. (A) Swelling potential of scaffolds over 18 h. All percentages of mass changes after the first
hour were significantly different (p < 0.0001). Following the initial increase within the first hour, all three scaffolds saw no significantly different
further changes in mass in the subsequent 18 h (p > 0.05). All changes in mass were significantly different between groups at all time points (p <
0.001). (B) Comparison of scaffold rehydration after 18 h of rehydration in 1x PBS with rocking or 18 h of rehydration plus negative pressure
rehydration. Silk scaffolds and biphasic scaffolds showed a significant increase in percentage mass increase (p < 0.01), whereas the 3D-printed
scaffolds saw no significant change (p > 0.05). (C) In vitro degradation of scaffolds submerged in protease solution over 20 days. Initially, silk
scaffolds, biphasic scaffolds and 3D printed scaffolds showed similar degradation rates, with after 2 days, there being no significant difference (p >
0.05) in mass decrease. However, in all the following days, the silk scaffolds had a more significant decrease in mass than the biphasic scaffolds and
3D-printed scaffolds. After 20 days, all scaffolds showed a significant difference in mass. Data represent mean + SD.

significantly greater (p < 0.0S) than the decrease seen within increase within the first hour, all three scaffolds saw no
the biphasic scaffolds (0.67 + 0.11%). significantly different further changes in mass in the
Following 100,000 cycles, samples were evaluated for change subsequent 18 h (p > 0.05). All changes in mass were
in overall height as a measure of permanent damage to the significantly different between groups at all time points (p <
scaffolds (Figure 4G). All scaffolds showed a significantly (p < 0.001). Following the initial increase within the first hour, all
0.05) decreased height after 100,000 cycles of fatigue testing scaffolds demonstrated minimal further changes in mass and

compared to their starting height with all decreased heights the subsequent 18 h.
being significantly different (p < 0.001) between groups. To confirm whether the scaffolds were fully rehydrated after
Biphasic scaffolds saw a reduction of 18.5 + 2.5%, silk scaffolds 18 h of incubation in 1X PBS, a negative pressure rehydration
showed a reduction of 33.9 & 1.5% and the 3D printed scaffold step was conducted. This consisted of placing the scaffolds
alone saw a reduction of 2.4 + 0.5%. within a low-pressure environment while they were submerged
3.4. Swelling and Degradation of the Scaffolds. Both in PBS. Both the silk control scaffolds and the biphasic
biphasic scaffolds and silk scaffolds showed an initial rapid scaffolds saw significant increases in mass compared to the 18
increase in mass after 1 h, with biphasic scaffolds undergoing h level after negative pressure rehydration (p < 0.01). Whereas
an increase of 172 + 19% and silk scaffolds seeing an increase the 3D printed scaffolds saw no increase in mass (Figure SB).
of 1075 + 103% and the 3D printed scaffolds seeing a small Biphasic scaffolds increased from an 18 h level of 240 & 47% to
increase of 12 + 4.7% (Figure SA). Following the initial a post negative pressure rehydration level of 299 + 62% (p <
7612 https://doi.org/10.1021/acsbiomaterials.4c01865
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Figure 6. Cell scaffold interactions (A—C) Investigation of contact cytotoxicity via Giemsa staining, as per 15010993-5:2009 (E) of hMSC-BM
cultured in the presence of biphasic scaffolds (A), silk control (B) and 3D printed control (C). (D—G) Confocal images of hMSC-BM labeled with
CMFDA labeled seeded on silk scaffolds, 3D printed and biphasic after 24 h of culture. Cartilage phase of biphasic scaffold (D), bone phase of
biphasic scaffold (E), silk scaffolds (F) and 3D printed (G).

0.01). Silk control scaffolds increased from the 18 h level of showed a much more even distribution of cells across the
1241 + 61% to the postnegative pressure rehydration level of surface of scaffolds compared to 3-D printed scaffolds, where
1611 + 106% (p < 0.01). However, the 3D-printed scaffolds cells were limited and restricted the filaments of the 3D printed
saw no change between the 18 h level of 11 + 1.4 and the lattice leading to large regions with no cells.

postnegative pressure rehydration level of 11 + 2.6 (p > 0.05).
This indicates that passive diffusion of fluid into the biphasic 4. DISCUSSION

and silk scaffolds was not satisfactory to fully rehydrate the Due to osteochondral tissue’s hierarchal and complex

scaffolds, and negative pressure rehydration is required for architecture, scaffolds representing cartilage and bone may be
complete scaffold rehydration. This was further visually requlred for proper and satisfactory osteochondral regener-
confirmed by the scaffolds transitioning from floating when ation.”> However, osteochondral tissue comprises two unique
placed within liquid to sinking after negative pressure tissue types (bone and cartilage), so regeneration of this tissue
rehydration. is particularly challenging. This study designed a scaffold to

Initially, silk scaffolds, biphasic scaffolds and 3D printed tackle this challenge by combining two well established
scaffolds showed similar degradation rates; after 2 days, there biomaterials and deploying them into a novel biphasic scaffold
was no significant difference (p > 0.05) in mass decrease, with in a unique way. This unique biphasic scaffold consisted of a

silk scaffolds having 94.5 + 4.2%, biphasic scaffolds having 98.8 bone phase made up of a 3D printed poly(ethylene glycol)-
+ 1.1% and 3D printed scaffolds having 99.3 + 1.1% of the terephthalate-poly(butylene terephthalate) lattice in which silk

original mass (Figure SC). After 20 days, all scaffolds showed a was utilized as an infill material which was continuously
significant difference in mass to each other whereby the silk blended to a porous silk only cartilage phase. This scaffold was
scaffolds had 5.3 + 4.6% of the scaffolds’ starting mass, the then characterized for its physical and mechanical properties,
biphasic scaffolds had 854 =+ 2.6% and the 3D printed allowing for conclusions to be drawn about its potential future

scaffolds had 98.8 + 0.6%. use and deployment in osteochondral tissue regeneration.
3.5. Cells Viability. Contact cytotoxicity was undertaken as The flexibility of 3D printing technology is a significant
per ISO 10993-5:2009; the results indicate all three scaffold advantage in the field of tissue engineering, as it allows for the
types showed no signs of contact cytotoxicity as evidenced by fine-tuning of many fundamental parameters for creating
no cytotoxic zone being seen around any scaffold type (Figure scaffolds, such as scaffold pore size and mechanical behavior,
6A—C). The hMSC-BM in all the groups showed normal cell due to the ability to adjust printing parameters like nozzle
morphology, with good membrane integrity and no cell diameter, print speeds, temperatures, and feed rates. Addition-
detachment or lysis. Cell viability and morphology after short- ally, it enables the creation of geometries that would otherwise
term seeding were evaluated by seeding of hMSC-BM onto all be impossible to fabricate. Furthermore, 3D printing fits well
three scaffold types and visualized with CMFDA labeling. The within the ever-growing field of personalized medicine, offering
confocal laser scanning micrographs revealed a high proportion the potential for scaffolds to be tailored to an individual’s
of viable green cells in all scaffold types. There were no specific tissue engineering requirements. For instance, in the
observable differences in viability across all groups at 24 h field of osteochondral tissue engineering, varying the shape and
(Figure 6D—G). However, silk scaffolds, the cartilage phase of size of scaffolds can be crucial for addressing individual
biphasic scaffolds and the bone phase of biphasic scaffolds osteochondral defects. However, this technology still presents
7613 https://doi.org/10.1021/acsbiomaterials.4c01865
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notable drawbacks. For example, the large pores in some 3D-
printed scaffolds can cause difficulties in cell bridging.'*
Therefore, there is potential for using secondary infilling
materials to enhance the porosity of 3D-printed scaffolds while
still maintaining their versatility.

Pore size and porosity are integral to the scaffold’s function,
as these two factors dramatically affect cell adhesion,
proliferation, differentiation, ingrowth, and the transportation
of nutrients and waste products. Porosity and pore size also
play a fundamental role in angiogenesis and revascularisation in
vivo."?® When designing a scaffold with an optimal pore size
for osteochondral tissue regeneration, the difficulty is often
seen in that both subchondral bone and cartilage scaffolds have
differing optimal pore sizes.”” Studies have previously
demonstrated that for optimal cartilage regeneration a pore
size of approximately 90 to 120 ym is desirable as this helps to
direct and encourage chondrogenesis”**” It has been
previously shown that optimal scaffold pore size for
subchondral bone regeneration is a larger size than that seen
for chondrogenesis (approximately 300 ym), as this pore size
seems to favor direct osteogenesis while also allowing for
vascularisation, providing a relatively high oxygenation within
the scaffold. However, smaller pores do still allow for
osteogenic differentiation and bone formation, but this is
only following cartilage formation.">*****" Previous attempts
to utilize a synthetic 3D printed lattice for tissue regeneration
have demonstrated an issue with the lattice structure; due to
the large pore size seen in the lattice structure, cells often
struggle to migrate between the filament’s large gaps, retarding
the migration of cells."* The larger pore size also demonstrates
the problem of reduced cell adhesion due to the lower
availability of specific areas for ligand binding.’* The cartilage
phase of biphasic scaffolds demonstrated a pore size of 117 +
1S pum that falls within the optimal range, as previously
demonstrated in the literature, of approximately 90 to 120 ym
for chondrogenesis.”**” This is compared to the bone phase
where by utilizing a silk-infilling material within the bone phase
of biphasic scaffolds, the pore size could be functionally
reduced to 124 + 24 um compared to that seen within 3D
printed lattices alone of 768 + 28 ym. The reduction of pore
size increases the ligand binding surface area for cells and the
surface area for extracellular matrix deposition. The ability of a
silk infill material to improve cell binding was reinforced by
hMSC-BM showing equivalent adherence on silk scaffolds and
biphasic scaffolds as compared to 3D printed scaffolds, where
cells were limited to the filaments of the 3D printed lattice.
The silk infilling was demonstrated to be an effective technique
to improve cell adherence and migratory potential for scaffolds
incorporating 3D printed components. However, the reduced
pore size presents a disadvantage as it is lower than the
recommended pore size for osteogenesis and vascularisation of
300 um. However, due to the natural nature of the silk
component, it is theorized degradation occurs more rapidly in
vivo while the synthetic 3D component remains; this provides
the notable advantage of degrading to allow for vascularisation
but this still maintaining the structural protection the 3D
printed component provides to the newly formed tissue within
the bone phase. The in vitro data supports this theory as
showed that the proteolytic solution preferentially degraded
the silk component of biphasic scaffolds, leaving the 3D
printed component relatively unchanged, indicating its greater
resistance to degradation, which was assigned to its synthetic

7614

nature being dramatically less susceptible to proteolytic
degradation.

Within this study, the biphasic scaffold showed dramatically
less degradation compared to the silk control scaffolds. The silk
control scaffolds exhibited similar degradation profiles to other
studies that investigated silk-only scaffolds.”* The 3D-printed
component of the biphasic scaffolds showed greater resistance
to degradation than the silk infill material, as confirmed by
visual inspection, showing almost complete degradation of the
infilling silk material within the biphasic scaffold after 20 days.
The 3D-printed component appeared to provide a small
amount of protection against the degradation of the infilling
silk material, as the remaining mass seen within the biphasic
scaffold of 85.4 + 2.6% is approximately 5% higher than what
would be expected. Bearing in mind, that there was 5.3 + 4.6%
of the silk-only scaffold’s mass remaining after 20 days, and the
weight ratio of silk infilling material to the 3D-printed
component is 1:4. This protective ability was attributed to
the 3D-printed component diminishing the surface area
available for degradation of the infilling silk material. Silk
biodegradation in vivo is primarily mediated by proteolytic
enzymes such as matrix metalloproteinases (MMPs), and
lysosomal proteases (cathepsins). As these enzymes can cleave
the peptide bonds in silk proteins.””~** Previous studies that
investigated silk fibroin degradation in vitro showed similar in
vitro degradation rates as the scaffolds seen within this study.”*
The same study also showed in vivo that silk fibroin scaffolds
lose about 50% of their original size within 12 weeks. Further
studies have also shown that scaffolds implanted subcuta-
neously have a tendency to be completely degraded within six
months.”” The degradation rate during subcutaneous im-
plantation appears to be similar to that seen when silk scaffolds
are implanted within articular cartilage. With scaffolds seeing a
large amount of degradation and replacement with natural
tissue within 12 weeks and complete replacement with native
tissue after six months.””*" Heavily inferring that the scaffolds
created within this study are most likely to have an adequate
degradation rate that matches osteochondral tissue regener-
ation. Although further in vivo studies will need to be
undertaken to confirm this.

Within this study, the cartilage phase of the biphasic scaffold
showed a comparable porosity to the silk control scaffolds,
with a porosity of 90.93 + 2.7% compared to that of silk
scaffolds alone (90.03 + 1.8%). It has been indicated that
porosity of %reater than 70% is suitable for tissue
regeneration," ' as this amount theoretically allows for cell
infiltration into the scaffold surface and adequate permeability
for oxygen, nutrients and waste exchange. However, the bone
phase of the biphasic scaffolds showed a less than 70% porosity
of 61.01 + 1.63%; this is comparable to the 3D printed
scaffolds (56.99 + 0.4%). The reason for the reduced porosity
was assigned to the nonporous nature of the 3D-printed
filaments found within the bone phase taking up a large
proportion of this phase. Although the porosity of the bone
phase is less than the indicated 70%, this fails to consider the
nuances of the scaffold design, as the silk component of the
bone phase is most likely to have a high comparable porosity to
a silk control scaffold. Thus, although the bone phase of the
biphasic scaffold as a whole has less than 70% porosity, the
regional variability of the bone phase should mean that there
should still be adequate potential for cell infiltration as well as
nutrient, oxygen, and waste exchange within the bone phase of
the biphasic scaffolds via the silk component.
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The ability of sponge-like scaffolds to swell and retain water/
liquid within their structure is essential for their regenerative
capacity and potential cellular interactions.*”*’ A scaffold’s
failure to rehydrate can fundamentally reduce its effectiveness
regarding tissue engineering and its ability to regenerate
natural tissue. Failure of rehydration can lead to the collapse of
scaffold pores, reducing porosity,44 affecting cell penetration
and reducing nutrient and waste exchange through the
scaffold’s interconnected pore network. Furthermore, lacking
an aqueous environment can reduce cell adhesion to the
scaffold surface. The swelling capacity of the scaffolds
investigated in this study differed based on the material
composition, with the biphasic scaffolds showing a lower
capacity than the silk control scaffolds. This difference in
swelling capacity was assigned to the 3D printed components
of the biphasic scaffold’s limited swelling capacity and its
considerable contribution to the scaffolds’ initial mass. It was
also found that passive liquid diffusion into the scaffold could
not fully rehydrate scaffolds from the dried state. Hence, a
negative pressure rehydration step is required to rehydrate the
scaffolds completely. The reason for the lack of complete
rehydration under passive diffusion conditions was assigned to
the surface tension of the liquid, limiting the depth at which
liquid could penetrate through pores to the center of scaffolds.
However, this study determined that the simple method of
negative pressure rehydration could be used to entirely
rehydrate silk and biphasic scaffolds. Negative pressure
rehydration was conducted by first placing scaffolds into liquid
before lowering the relative atmospheric pressure surrounding
the scaffold. This caused the air bubbles enclosed within the
scaffold’s pores to be removed, and the pores were then filled
with the liquid in which the scaffold was submerged. The
negative pressure rehydration step utilized within this study
demonstrates an easy and effective way to induce scaffold
rehydration within a relatively short time frame. It should
enable an increased potential cell infiltration and an increased
regenerative capacity.

The mechanical properties of the scaffold are fundamental to
its regenerative capacity; its mechanical properties need to be
great enough to resist articulation and manipulation during
implantation but not so great that they stress shield
mechanosensitive cells. The selection to blend two material
types for the bone phase enables the scaffold to possess
improved characteristics for osteochondral tissue regeneration.
Silk scaffolds have been shown to have excellent biocompat-
ibility.***>** However, they have also been shown to have
weak mechanical properties making them difficult and
undesirable in load-bearing applications. Therefore, as this
study has demonstrated, using a synthetic 3D-printed lattice
infilled with silk can improve the scaffold’s mechanical
properties. The addition of the 3D-printed lattice increases
the scaffold’s long-term survival and regenerative capacity. The
ultimate compressive strength of the bone phase within the
biphasic scaffold (1.465 MPa) appears to be high enough to
allow the scaffold to survive implantation and joint loading.*”
The seamlessly integrated silk layer further enables the scaffold
to represent native tissue, as the cartilage phase could undergo
a large amount of deformation while still maintaining shape
recovery. It has previously been shown that under normal
walking, cartilage undergoes a maximum strain of no greater
than 6%, and a maximum strain of no greater than 30% during
vigorous exercise.”” ' The biphasic scaffolds used in this
study demonstrate a strain at failure of 42.1 + 7.3%, which is
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well above the 30% seen during vigorous exercise and well
before the yield point of the scaffold. This indicates that the
synthesized biphasic scaffold should have adequate properties
to survive physiologically relevant strains post implantation.

Rather than implanted scaffolds experiencing overloading
forces, it is much more likely that they will experience low-
intensity repeated fatigue loading during normal articulation.>’
It has previously been shown that cartilage is loaded at
approximately 1 Hz during normal walking, with a strain-no
greater than 6%."7°° As demonstrated, all three scaffolds can
survive repeated loading far over the strain seen within normal
articular cartilage of 6% with no major failure on any scaffolds.
3D printed control scaffolds showed the greatest propensity to
resist fatigue loading showing very little change in the scaffold’s
height (2.4 + 0.5%). This is in contrast to silk control scaffolds
showing the least propensity to resist fatigue loading with the
greatest reduction (33.9 + 1.5%). As expected, the biphasic
scaffolds showed a blend of fatigue behavior of the two
scaffolds (18.5 + 2.5%). This data demonstrates that,
theoretically, the biphasic scaffolds within this study can
survive low-intensity repeated loading postimplantation.

Although the biphasic scaffolds fabricated in this study can
theoretically withstand the physiological forces experienced in
a joint, their mechanical properties still fall below those of
native osteochondral tissue. Previous studies have shown that
native articular cartilage has a compressive modulus in
unconfined uniaxial compression testing between 0.34 and
1.202 MPa, compared to 0.12 + 0.01 MPa for the cartila%e
phase of the biphasic scaffold fabricated in this study.””>*
Additionally, native subchondral bone has a compressive
modulus between 297 and 475 MPa, as reported by previous
studies under unconfined uniaxial compression testing.”* This
contrasts with the bone phase of biphasic scaffolds in this
study, which exhibited a compressive modulus of 14.60 + 0.53
MPa. However, scaffolds’ bulk mechanical properties and
survivability postimplantation are not the only factors to
consider for a scaffold’s mechanical properties. It has been
extensively shown that scaffold stiffness can dramatic_allgr
impact the differentiation or capacity of hMSC-BM.”>~!
Scaffold mechanical properties are crucial in influencing cell
behavior and tissue regeneration. The stiffness of scaffolds
significantly affects the differentiation of h(MSC-BM. A number
of studies showed that stiffer substrates direct hMSC-BM
toward osteogenic lineage, while softer substrates promote
adipogenic differentiation, with an intermediate stiffness
favoring chondrogenic differentiation. Optimal stiffness for
osteogenic differentiation ranges from 40-100 kPa, while
chondrogenic differentiation may require a substrate stiffness
of 10—50 kPa.®'~7® The biphasic scaffolds in this study consist
of a 3D-printed lattice infused with silk. Although the bulk
compressive modulus of the bone phase is much higher
(12,560 kPa) then the optimal range for osteogenic differ-
entiation, cells are more likely to experience a stiffness closer to
that of the silk control scaffolds (113 kPa) due to the
prominence of the silk infill material. This still falls slightly
above the optimal range for osteogenic differentiation but
remains effective for bone regeneration. As for chondrogenic
differentiation, the cartilage phase of the biphasic scaffolds has
a stiffness of 152 kPa, witch is higher than the optimal range
for chondrogenic differentiation. However, the impact of
growth factors and signaling molecules seems to influence
hMSC-BM differentiation toward chondrogenic lineage more
than substrate stiffness.”
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Some previous studies have also investigated the utilization
of an infilling material in 3D-printed scaffolds to create a
composite design for tissue engineering. However, the majority
of these studies focus on the utilization of hydrogels rather
than porous scaffolds, and mostly on the scaffold’s cellular
interactions rather than its mechanical or physical proper-
ties.”” ™" Li et al. demonstrated that a hydrogel consisting of a
self-assembled peptide infused within a PCL 3D-printed
scaffold was able to induce an improved healing response
within an osteochondral defect in a rabbit model. Furthermore,
the potential of this technology was highlighted by Wang et al,,
who combined freeze-dried porous scaffolds with hydrogels
and 3D-printed scaffolds also showing success in improving
osteochondral tissue regeneration within an animal model. The
current study provides valuable mechanical and physical
context to the existing literature supporting the potential of
infilling materials to enhance the regenerative capacity of 3D-
printed scaffolds. It highlights and provides mechanical context
to the protective characteristics of the 3D-printed component
in relation to the biologically active infilling material, offering
insights into how combining these elements can create a
versatile scaffold for potential application across various tissues.
In particular, the freeze-dried porous scaffold used in this
study, designed for osteochondral tissue regeneration,
demonstrates promising mechanical and physical properties
for a regeneration of this tissue type. By utilizing materials
beyond hydrogels, such as porous scaffolds, this approach
could help mitigate some limitations associated with hydrogels,
like poor cellular mobility. Although the physical and
mechanical properties of the scaffold suggest its suitability
for osteochondral regeneration, further in vivo studies and in
vitro animal models are needed to confirm its osteogenic and
chondrogenic potential.

5. CONCLUSIONS

In this study, a novel biphasic scaffold was created by
combining a of 3D printed PEGT/PBT lattice with B. mori
silk fibroin. The 3D printed component within the scaffold
provided a solid framework that increased the versatility and
provided a mechanically robust structure that can theoretically
survive the forces seen during joint articulation while
improving the degradation profile. The silk infilling provided
the secondary porous structure to the 3D-printed scaffold for
the bone phase and a superficial layer for the cartilage phase.
Silk within both phases improved the scaffold’s biocompati-
bility and cell adhesion characteristics, increasing the scaffold’s
surface area. This unique biphasic 3D printed silk-infilled
scaffold has the potential to fill a niche within osteochondral
tissue regeneration, especially with the possibility for its use
within personalized medicine, with the 3D printing structure
easily being adapted to different individuals. Although these
results are highly promising for the scaffold's future use in
osteochondral tissue regeneration, further in vivo and in
vitrocharacterization needs to be undertaken to confirm its
capacity to direct and support osteochondral differentiation.

B AUTHOR INFORMATION

Corresponding Authors
T. Braxton — School of Mechanical Engineering, University of
Leeds, Leeds LS2 9]JT, UK,; ® orcid.org/0009-0003-6510-
5962; Email: t.braxton@shefhield.ac.uk
X.B. Yang — Biomaterials and Tissue Engineering Group,
Department of Oral Biology, University of Leeds, WTBB, St.

7616

James’s University Hospital, Leeds LS9 7TF, UK;
Email: x.b.yang@leeds.ac.uk

Authors

K. Lim — CReaTE Group, Department of Orthopaedic
Surgery, University of Otago Christchurch, Christchurch
8140, New Zealand; ® orcid.org/0000-0002-2486-196X

C. Alcala-Orozco — CReaTE Group, Department of
Orthopaedic Surgery, University of Otago Christchurch,
Christchurch 8140, New Zealand

H. Joukhdar — Graduate School of Biomedical Engineering,
UNSW Sydney, Sydney, New South Wales 2052, Australia

J. Rojak-Kovacina — Graduate School of Biomedical
Engineering, UNSW Sydney, Sydney, New South Wales 2052,
Australia; © orcid.org/0000-0001-6121-4676

N. Igbal — Chemical and Process Engineering, University of
Leeds, Leeds LS2 9]T, UK.

T. Woodfield — CReaTE Group, Department of Orthopaedic
Surgery, University of Otago Christchurch, Christchurch
8140, New Zealand; ® orcid.org/0000-0002-5428-7575

D. Wood — Biomaterials and Tissue Engineering Group,
Department of Oral Biology, University of Leeds, WTBB, St.
James’s University Hospital, Leeds LS9 7TF, UK.

C. Brockett — School of Mechanical Engineering, University of
Leeds, Leeds LS2 9]T, UK.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsbiomaterials.4c01865

Funding

This research was supported by the EPSRC Centre for
Doctoral Training in Tissue Engineering and Regenerative

Medicine - Innovation in Medical and Biological Engineering
(EP/L014823/1).

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Madry, H.; Luyten, F. P.; Facchini, A. Biological aspects of early
osteoarthritis. Knee Surg Sports Traumatol Arthrosc 2012, 20 (3),
407—422.

(2) Makris, E. A; Gomoll, A. H; Malizos, K. N,; Huy, J. C;
Athanasiou, K. A. Repair and tissue engineering techniques for
articular cartilage. Nat. Rev. Rheumatol. 2015, 11 (1), 21-34.

(3) Falah, M.; Nierenberg, G.; Soudry, M.; Hayden, M.; Volpin, G.
Treatment of articular cartilage lesions of the knee. Int. Orthop. 2010,
34 (), 621-630.

(4) Sophia Fox, A. J.; Bedi, A,; Rodeo, S. A. The basic science of
articular cartilage: structure, composition, and function. Sports health
2009, 1 (6), 461—468.

(5) Deere, K.; Whitehouse, M. R.; Kunutsor, S. K; Sayers, A.; Price,
A. J.; Mason, J.; Blom, A. W. How long do revised and multiply
revised knee replacements last? A retrospective observational study of
the National Joint Registry. Lancet Rheumatol. 2021, 3 (6), e438—
e446.

(6) Zhang, L.; Yang, G.; Johnson, B. N.; Jia, X. Three-dimensional
(3D) printed scaffold and material selection for bone repair. Acta
Biomater. 2019, 84, 16—33.

(7) Fakirov, S; Gogeva, T. Poly(ether/ester)s based on poly-
(butylene terephthalate) and poly(ethylene glycol), 1. Poly(ether/
ester)s with various polyether: polyester ratios. Makromol. Chem.
1990, 191 (3), 603—614.

(8) Fakirov, S; Gogeva, T. Poly(ether/ester)s based on poly-
(butylene terephthalate) and poly(ethylene glycol), 2. Effect of
polyether segment length. Makromol. Chem. 1990, 191 (3), 615—624.

https://doi.org/10.1021/acsbiomaterials.4c01865
ACS Biomater. Sci. Eng. 2024, 10, 7606—7618


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="T.+Braxton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0003-6510-5962
https://orcid.org/0009-0003-6510-5962
mailto:t.braxton@sheffield.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="X.B.+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:x.b.yang@leeds.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+Lim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2486-196X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+Alcala-Orozco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="H.+Joukhdar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+Rnjak-Kovacina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6121-4676
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="N.+Iqbal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="T.+Woodfield"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5428-7575
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="D.+Wood"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+Brockett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c01865?ref=pdf
https://doi.org/10.1007/s00167-011-1705-8
https://doi.org/10.1007/s00167-011-1705-8
https://doi.org/10.1038/nrrheum.2014.157
https://doi.org/10.1038/nrrheum.2014.157
https://doi.org/10.1007/s00264-010-0959-y
https://doi.org/10.1177/1941738109350438
https://doi.org/10.1177/1941738109350438
https://doi.org/10.1016/S2665-9913(21)00079-5
https://doi.org/10.1016/S2665-9913(21)00079-5
https://doi.org/10.1016/S2665-9913(21)00079-5
https://doi.org/10.1016/j.actbio.2018.11.039
https://doi.org/10.1016/j.actbio.2018.11.039
https://doi.org/10.1002/macp.1990.021910315
https://doi.org/10.1002/macp.1990.021910315
https://doi.org/10.1002/macp.1990.021910315
https://doi.org/10.1002/macp.1990.021910316
https://doi.org/10.1002/macp.1990.021910316
https://doi.org/10.1002/macp.1990.021910316
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.4c01865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

(9) Meijer, G. J; Radder, A; Dalmeijer, R; de Putter, C.; Van
Blitterswijk, C. A. Observations of the bone activity adjacent to
unloaded dental implants coated with Polyactive® or HA. J. Oral
Rehabil. 1995, 22 (3), 167—174.

(10) van Dorp, A. G.; Verhoeven, M. C; Koerten, H. K; van
Blitterswijk, C. A.; Ponec, M. Bilayered biodegradable poly(ethylene
glycol) /poly(butylene terephthalate) copolymer (Polyactive) as
substrate for human fibroblasts and keratinocytes. ]. Biomed. Mater.
Res. 1999, 47 (3), 292—300.

(11) Sakkers, R. J. B.; Dalmeyer, R. A. J; de Wijn, J. R; van
Blitterswijk, C. A. Use of bone-bonding hydrogel copolymers in bone:
An in vitro and in vivo study of expanding PEO-PBT copolymers in
goat femora. J. Biomed. Mater. Res. 2000, 49 (3), 312—318.

(12) Ring, A,; Steinstraesser, L.; Muhr, G.; Steinau, H. U.; Hauser, J.;
Langer, S. Improved neovascularization of PEGT/PBT copolymer
matrices in response to surface modification by biomimetic coating.
Eur. Surg. Res. 2007, 39 (2), 75—81.

(13) Lamme, E. N.; Druecke, D.; Pieper, J.; May, P. S,; Kaim, P,;
Jacobsen, F.; Steinau, H. U,; Steinstraesser, L. Long-term evaluation
of porous PEGT/PBT implants for soft tissue augmentation. J.
Biomater. Appl. 2008, 22 (4), 309—335.

(14) Buenzli, P. R;; Lanaro, M.; Wong, C. S.; McLaughlin, M. P;
Allenby, M. C.; Woodruff, M. A; Simpson, M. J. Cell proliferation
and migration explain pore bridging dynamics in 3D printed scaffolds
of different pore size. Acta Biomater. 2020, 114, 285—295.

(15) Karageorgiou, V.; Kaplan, D. Porosity of 3D biomaterial
scaffolds and osteogenesis. Biomaterials 2005, 26 (27), 5474—5491.

(16) Lutzweiler, G.; Ndreu Halili, A.; Engin Vrana, N. The Overview
of Porous, Bioactive Scaffolds as Instructive Biomaterials for Tissue
Regeneration and Their Clinical Translation. Pharmaceutics 2020, 12
(7), 602.

(17) Li, G; Sun, S. Silk Fibroin-Based Biomaterials for Tissue
Engineering Applications. Mol. 2022, 27 (9), 2757.

(18) Ma, P. X.,; Zhang, R. Microtubular architecture of
biodegradable polymer scaffolds. J. Biomed. Mater. Res. 2001, 56
(4), 469—477.

(19) Rnjak-Kovacina, J.; DesRochers, T. M.; Burke, K. A; Kaplan, D.
L. The effect of sterilization on silk fibroin biomaterial properties.
Macromol. Biosci. 2015, 15 (6), 861—874.

(20) Thurber, A. E; Omenetto, F. G; Kaplan, D. L. In vivo
bioresponses to silk proteins. Biomaterials 2015, 71, 145—157.

(21) Teramoto, H.; Shirakawa, M.; Tamada, Y. Click Decoration of
Bombyx mori Silk Fibroin for Cell Adhesion Control. Molecules 2020,
25 (18), 4106.

(22) Filippi, M;; Born, G.; Chaaban, M.; Scherberich, A. Natural
Polymeric Scaffolds in Bone Regeneration. Front. bioeng. biotechnol.
2020, 8, 474.

(23) Rockwood, D. N.; Preda, R. C.; Yiicel, T.; Wang, X.; Lovett, M.
L.; Kaplan, D. L. Materials fabrication from Bombyx mori silk fibroin.
Nat. Protoc. 2011, 6 (10), 1612—1631.

(24) Ho, S. T.; Hutmacher, D. W. A comparison of micro CT with
other techniques used in the characterization of scaffolds. Biomaterials
2006, 27 (8), 1362—1376.

(25) Lopa, S.; Madry, H. Bioinspired scaffolds for osteochondral
regeneration. Tissue Eng, Part A 2014, 20 (15—16), 2052—2076.

(26) Feng, B.; Jinkang, Z.; Zhen, W,; Jianxi, L.; Jiang, C.; Jian, L;
Guolin, M.; Xin, D. The effect of pore size on tissue ingrowth and
neovascularization in porous bioceramics of controlled architecture in
vivo. Biomed. Mater. 2011, 6 (1), 015007.

(27) Lin, T. H.; Wang, H. C.; Cheng, W. H.; Hsu, H. C.; Yeh, M. L.
Osteochondral Tissue Regeneration Using a Tyramine-Modified
Bilayered PLGA Scaffold Combined with Articular Chondrocytes in
a Porcine Model. Int. J. Mol. Sci. 2019, 20 (2), 326.

(28) Kuboki, Y.; Jin, Q.; Takita, H. Geometry of carriers controlling
phenotypic expression in BMP-induced osteogenesis and chondro-
genesis. J. Bone Jt. Surg, Am. 2001, 83 (83-A Suppl 1Pt 2), S105—
S115.

7617

(29) Kim, K.; Yeatts, A.; Dean, D.; Fisher, J. P. Stereolithographic
bone scaffold design parameters: osteogenic differentiation and signal
expression. Tissue Eng, Part B 2010, 16 (5), 523—539.

(30) Tsuruga, E.; Takita, H.; Itoh, H.; Wakisaka, Y.; Kuboki, Y. Pore
size of porous hydroxyapatite as the cell-substratum controls BMP-
induced osteogenesis. J. Biochem. 1997, 121 (2), 317—324.

(31) Gétz, H; Miiller, M.; Emmel, A.; Holzwarth, U.; Erben, R. G.;
Stangl, R. Effect of surface finish on the osseointegration of laser-
treated titanium alloy implants. Biomaterials 2004, 25 (18), 4057—
4064.

(32) Murphy, C. M.; Haugh, M. G.; O’Brien, F. J. The effect of mean
pore size on cell attachment, proliferation and migration in collagen-
glycosaminoglycan scaffolds for bone tissue engineering. Biomaterials
2010, 31 (3), 461—466.

(33) Sundelacruz, S.; Kaplan, D. L. Stem cell- and scaffold-based
tissue engineering approaches to osteochondral regenerative medi-
cine. Semin. Cell Dev. Biol. 2009, 20 (6), 646—655.

(34) Rnjak-Kovacina, J.; Wray, L. S.; Burke, K. A,; Torregrosa, T;
Golinski, J. M.; Huang, W.; Kaplan, D. L. Lyophilized Silk Sponges: A
Versatile Biomaterial Platform for Soft Tissue Engineering. ACS
Biomater. Sci. Eng. 2015, 1 (4), 260—270.

(35) Cao, Y.; Wang, B. Biodegradation of Silk Biomaterials. Int. J.
Mol. Sci. 2009, 10 (4), 1514—1524.

(36) Everts, V.; Jansen, L. D. C.; de Vries, T. J. Mechanisms of bone
resorption. Bone 2022, 163, 116499.

(37) Brown, J.; Lu, C.-L.; Coburn, J.; Kaplan, D. L. Impact of silk
biomaterial structure on proteolysis. Acta Biomater. 2015, 11, 212—
221.

(38) Wongpinyochit, T.; Johnston, B. F.; Seib, F. P. Degradation
Behavior of Silk Nanoparticles—Enzyme Responsiveness. ACS
Biomater. Sci. Eng. 2018, 4 (3), 942—951.

(39) Wang, Y.; Rudym, D. D.; Walsh, A; Abrahamsen, L.; Kim, H.-
J; Kim, H. S;; Kirker-Head, C.; Kaplan, D. L. In vivo degradation of
three-dimensional silk fibroin scaffolds. Biomaterials 2008, 29 (24—
25), 3415—3428.

(40) Li, F; Chen, Y.-Z; Miao, Z.-N.; Zheng, S.-y.; Jin, J. Human
Placenta-Derived Mesenchymal Stem Cells with Silk Fibroin
Biomaterial in the Repair of Articular Cartilage Defects. Cell.
Reprogram. 2012, 14 (4), 334—341.

(41) Shangkai, C.; Naohide, T.; Koji, Y.; Yasuji, H.; Masaaki, N;
Tomohiro, T.; Yasushi, T. Transplantation of Allogeneic Chondro-
cytes Cultured in Fibroin Sponge and Stirring Chamber to Promote
Cartilage Regeneration. Tissue Eng. 2007, 13 (3), 483—492.

(42) Offeddu, G. S.; Ashworth, J. C.; Cameron, R. E.; Oyen, M. L.
Structural determinants of hydration, mechanics and fluid flow in
freeze-dried collagen scaffolds. Acta Biomater. 2016, 41, 193—203.

(43) Igbal, N.; Braxton, T. M.; Anastasiou, A.; Raif, E. M.; Chung, C.
K. Y,; Kumar, S.; Giannoudis, P. V.; Jha, A. Dicalcium Phosphate
Dihydrate Mineral Loaded Freeze-Dried Scaffolds for Potential
Synthetic Bone Applications. Materials 2022, 15 (18), 624S.

(44) Costa, A; Naranjo, J. D.; Londono, R.; Badylak, S. F. Biologic
Scaffolds. Cold Spring Harbor Perspect. Med. 2017, 7 (9), a025676.

(45) Altman, G. H.; Diaz, F.; Jakuba, C.; Calabro, T.; Horan, R. L.;
Chen, J; Lu, H,; Richmond, J.; Kaplan, D. L. Silk-based biomaterials.
Biomaterials 2003, 24 (3), 401—416.

(46) Zhang, W.; Zhu, C.; Ye, D.; Xu, L.; Zhang, X.; Wu, Q.; Zhang,
X.; Kaplan, D. L,; Jiang, X. Porous silk scaffolds for delivery of growth
factors and stem cells to enhance bone regeneration. PLoS One 2014,
9 (7), No. e102371.

(47) Segal, N. A;; Anderson, D. D.; Iyer, K. S.; Baker, J.; Torner, J.
C.; Lynch, J. A; Felson, D. T.; Lewis, C. E.; Brown, T. D. Baseline
articular contact stress levels predict incident symptomatic knee
osteoarthritis development in the MOST cohort. J. Orthop. Res. 2009,
27 (12), 1562—1568.

(48) Eckstein, F.; Lemberger, B.; Stammberger, T.; Englmeier, K.
H.; Reiser, M. Patellar cartilage deformation in vivo after static versus
dynamic loading. J. Biomech. 2000, 33 (7), 819—825.

(49) Eckstein, F.; Lemberger, B.; Gratzke, C.; Hudelmaier, M,;
Glaser, C.; Englmeier, K. H,; et al. In vivo cartilage deformation after

https://doi.org/10.1021/acsbiomaterials.4c01865
ACS Biomater. Sci. Eng. 2024, 10, 7606—7618


https://doi.org/10.1111/j.1365-2842.1995.tb01560.x
https://doi.org/10.1111/j.1365-2842.1995.tb01560.x
https://doi.org/10.1002/(SICI)1097-4636(19991205)47:3<292::AID-JBM2>3.0.CO;2-B
https://doi.org/10.1002/(SICI)1097-4636(19991205)47:3<292::AID-JBM2>3.0.CO;2-B
https://doi.org/10.1002/(SICI)1097-4636(19991205)47:3<292::AID-JBM2>3.0.CO;2-B
https://doi.org/10.1002/(SICI)1097-4636(20000305)49:3<312::AID-JBM3>3.0.CO;2-E
https://doi.org/10.1002/(SICI)1097-4636(20000305)49:3<312::AID-JBM3>3.0.CO;2-E
https://doi.org/10.1002/(SICI)1097-4636(20000305)49:3<312::AID-JBM3>3.0.CO;2-E
https://doi.org/10.1159/000099146
https://doi.org/10.1159/000099146
https://doi.org/10.1177/0885328207075552
https://doi.org/10.1177/0885328207075552
https://doi.org/10.1016/j.actbio.2020.07.010
https://doi.org/10.1016/j.actbio.2020.07.010
https://doi.org/10.1016/j.actbio.2020.07.010
https://doi.org/10.1016/j.biomaterials.2005.02.002
https://doi.org/10.1016/j.biomaterials.2005.02.002
https://doi.org/10.3390/pharmaceutics12070602
https://doi.org/10.3390/pharmaceutics12070602
https://doi.org/10.3390/pharmaceutics12070602
https://doi.org/10.3390/molecules27092757
https://doi.org/10.3390/molecules27092757
https://doi.org/10.1002/1097-4636(20010915)56:4<469::AID-JBM1118>3.0.CO;2-H
https://doi.org/10.1002/1097-4636(20010915)56:4<469::AID-JBM1118>3.0.CO;2-H
https://doi.org/10.1002/mabi.201500013
https://doi.org/10.1016/j.biomaterials.2015.08.039
https://doi.org/10.1016/j.biomaterials.2015.08.039
https://doi.org/10.3390/molecules25184106
https://doi.org/10.3390/molecules25184106
https://doi.org/10.3389/fbioe.2020.00474
https://doi.org/10.3389/fbioe.2020.00474
https://doi.org/10.1038/nprot.2011.379
https://doi.org/10.1016/j.biomaterials.2005.08.035
https://doi.org/10.1016/j.biomaterials.2005.08.035
https://doi.org/10.1089/ten.tea.2013.0356
https://doi.org/10.1089/ten.tea.2013.0356
https://doi.org/10.1088/1748-6041/6/1/015007
https://doi.org/10.1088/1748-6041/6/1/015007
https://doi.org/10.1088/1748-6041/6/1/015007
https://doi.org/10.3390/ijms20020326
https://doi.org/10.3390/ijms20020326
https://doi.org/10.3390/ijms20020326
https://doi.org/10.2106/00004623-200100002-00005
https://doi.org/10.2106/00004623-200100002-00005
https://doi.org/10.2106/00004623-200100002-00005
https://doi.org/10.1089/ten.teb.2010.0171
https://doi.org/10.1089/ten.teb.2010.0171
https://doi.org/10.1089/ten.teb.2010.0171
https://doi.org/10.1093/oxfordjournals.jbchem.a021589
https://doi.org/10.1093/oxfordjournals.jbchem.a021589
https://doi.org/10.1093/oxfordjournals.jbchem.a021589
https://doi.org/10.1016/j.biomaterials.2003.11.002
https://doi.org/10.1016/j.biomaterials.2003.11.002
https://doi.org/10.1016/j.biomaterials.2009.09.063
https://doi.org/10.1016/j.biomaterials.2009.09.063
https://doi.org/10.1016/j.biomaterials.2009.09.063
https://doi.org/10.1016/j.semcdb.2009.03.017
https://doi.org/10.1016/j.semcdb.2009.03.017
https://doi.org/10.1016/j.semcdb.2009.03.017
https://doi.org/10.1021/ab500149p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ab500149p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms10041514
https://doi.org/10.1016/j.bone.2022.116499
https://doi.org/10.1016/j.bone.2022.116499
https://doi.org/10.1016/j.actbio.2014.09.013
https://doi.org/10.1016/j.actbio.2014.09.013
https://doi.org/10.1021/acsbiomaterials.7b01021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.7b01021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biomaterials.2008.05.002
https://doi.org/10.1016/j.biomaterials.2008.05.002
https://doi.org/10.1089/cell.2012.0002
https://doi.org/10.1089/cell.2012.0002
https://doi.org/10.1089/cell.2012.0002
https://doi.org/10.1089/ten.2006.0181
https://doi.org/10.1089/ten.2006.0181
https://doi.org/10.1089/ten.2006.0181
https://doi.org/10.1016/j.actbio.2016.05.024
https://doi.org/10.1016/j.actbio.2016.05.024
https://doi.org/10.3390/ma15186245
https://doi.org/10.3390/ma15186245
https://doi.org/10.3390/ma15186245
https://doi.org/10.1101/cshperspect.a025676
https://doi.org/10.1101/cshperspect.a025676
https://doi.org/10.1016/S0142-9612(02)00353-8
https://doi.org/10.1371/journal.pone.0102371
https://doi.org/10.1371/journal.pone.0102371
https://doi.org/10.1002/jor.20936
https://doi.org/10.1002/jor.20936
https://doi.org/10.1002/jor.20936
https://doi.org/10.1016/S0021-9290(00)00034-8
https://doi.org/10.1016/S0021-9290(00)00034-8
https://doi.org/10.1136/ard.2004.022400
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.4c01865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

different types of activity and its dependence on physical training
status. Ann. Rheum. Dis. 2005, 64 (2), 291—295.

(50) Vikingsson, L.; Gémez-Tejedor, J. A; Gallego Ferrer, G;
Goémez Ribelles, J. L. An experimental fatigue study of a porous
scaffold for the regeneration of articular cartilage. J. Biomech. 2015, 48
(7), 1310—1317.

(51) Mosher, T. J.; Smith, H. E,; Collins, C.; Liu, Y.; Hancy, J.;
Dardzinski, B. J.; Smith, M. B. Change in Knee Cartilage T2 at MR
Imaging after Running: A Feasibility Study. Radiology 2005, 234 (1),
245-249.

(52) Jurvelin, J. S.; Buschmann, M. D.; Hunziker, E. B. Mechanical
anisotropy of the human knee articular cartilage in compression. Proc.
Inst. Mech. Eng, Part H 2003, 217 (3), 215—219.

(53) Doyle, S. E.; Snow, F.; Duchi, S.; O’Connell, C. D.; Onofrillo,
C.; Di Bella, C.; Pirogova, E. 3D Printed Multiphasic Scaffolds for
Osteochondral Repair: Challenges and Opportunities. Int. ]. Mol. Sci.
2021, 22 (22), 12420.

(54) Ding, M.; Danielsen, C. C.; Hvid, 1. Bone density does not
reflect mechanical properties in early-stage arthrosis. Acta Orthop.
Scand. 2001, 72 (2), 181—18S.

(55) Guilak, F; Butler, D. L,; Goldstein, S. A. Functional tissue
engineering: the role of biomechanics in articular cartilage repair. Clin.
Orthop. Relat. Res. 2001, 391 (Suppl), S295—S305.

(56) Discher, D. E.; Janmey, P.; Wang, Y.-l. Tissue Cells Feel and
Respond to the Stiffness of Their Substrate. Science 2005, 310 (5751),
1139-1143.

(57) Hu, J. C; Athanasiou, K. A. A self-assembling process in
articular cartilage tissue engineering. Tissue Eng. 2006, 12 (4), 969—
979.

(58) Huey, D; Hu, J.; Athanasiou, K. Unlike Bone, Cartilage
Regeneration Remains Elusive. Science 2012, 338 (6109), 917—921.

(59) Vining, K. H.; Mooney, D. J. Mechanical forces direct stem cell
behaviour in development and regeneration. Nat. Rev. Mol. Cell Biol.
2017, 18 (12), 728—742.

(60) Salinas, E. Y,; Hu, J. C; Athanasiou, K. A Guide for Using
Mechanical Stimulation to Enhance Tissue-Engineered Articular
Cartilage Properties. Tissue Eng, Part B 2018, 24 (5), 345—358.

(61) Gavazzo, P.; Viti, F.; Donnelly, H.; Oliva, M. A. G.; Salmeron-
Sanchez, M.; Dalby, M. J.; Vassalli, M. Biophysical phenotyping of
mesenchymal stem cells along the osteogenic differentiation pathway.
Cell Biol. Toxicol. 2021, 37 (6), 915—933.

(62) Kong, H. J.; Polte, T. R; Alsberg, E;; Mooney, D. J. FRET
measurements of cell-traction forces and nano-scale clustering of
adhesion ligands varied by substrate stiffness. Proc. Natl. Acad. Sci.
U.S.A. 2005, 102 (12), 4300—4305.

(63) Engler, A. J.; Sen, S.; Sweeney, H. L.; Discher, D. E. Matrix
Elasticity Directs Stem Cell Lineage Specification. Cell 2006, 126 (4),
677—689.

(64) Rowlands, A. S.; George, P. A.; Cooper-White, J. J. Directing
osteogenic and myogenic differentiation of MSCs: interplay of
stiffness and adhesive ligand presentation. Am. J. Physiol.: Cell Physiol.
2008, 295 (4), C1037—C1044.

(65) Shih, Y.-R. V.; Tseng, K.-F.; Lai, H--Y.; Lin, C.-H.; Lee, O. K.
Matrix stiffness regulation of integrin-mediated mechanotransduction
during osteogenic differentiation of human mesenchymal stem cells. J.
Bone Miner. Res. 2011, 26 (4), 730—738.

(66) Witkowska-Zimny, M.; Walenko, K.; Wrobel, E.; Mrowka, P.;
Mikulska, A.; Przybylski, J. Effect of substrate stiffness on the
osteogenic differentiation of bone marrow stem cells and bone-
derived cells. Cell Biol. Int. 2013, 37 (6), 608—616.

(67) Ahmed, M.; Ramos, T. AdS; Damanik, F.; Quang Le, B,
Wieringa, P.; Bennink, M.; van Blitterswijk, C.; de Boer, J.; Moroni, L.
A combinatorial approach towards the design of nanofibrous scaffolds
for chondrogenesis. Sci. Rep. 2015, 5 (1), 14804.

(68) Yang, Y; Wang, K; Gu, X,; Leong, K. W. Biophysical
Regulation of Cell Behavior—Cross Talk between Substrate Stiffness
and Nanotopography. Engineering 2017, 3 (1), 36—54.

7618

(69) Wang, T.; Yang, F. A comparative study of chondroitin sulfate
and heparan sulfate for directing three-dimensional chondrogenesis of
mesenchymal stem cells. Stem Cell Res. Ther. 2017, 8 (1), 284.

(70) Olivares-Navarrete, R.; Lee, E. M.; Smith, K; Hyzy, S. L.;
Doroudi, M.; Williams, J. K; Gall, K; Boyan, B. D.; Schwartz, Z.
Substrate Stiffness Controls Osteoblastic and Chondrocytic Differ-
entiation of Mesenchymal Stem Cells without Exogenous Stimuli.
PLoS One 2017, 12 (1), No. e0170312.

(71) Datko Williams, L.; Farley, A; Cupelli M; Alapati, S.;
Kennedy, M. S.; Dean, D. Effects of substrate stiffness on dental pulp
stromal cells in culture. J. Biomed. Mater. Res,, Part A 2018, 106 (7),
1789—1797.

(72) Sun, M,; Chi, G.; Xu, J.; Tan, Y.; Xu, J.; Lv, S,; Xu, Z.; Xia, Y.;
Li, L; Li, Y. Extracellular matrix stiffness controls osteogenic
differentiation of mesenchymal stem cells mediated by integrin asS.
Stem Cell Res. Ther. 2018, 9 (1), 52.

(73) Yang, Y.; Feng, Y,; Qu, R;; Li, Q.; Rong, D.; Fan, T.; Yang, Y,;
Sun, B,; Bi, Z,; Khan, A. U, et al. Synthesis of aligned porous
polyethylene glycol/silk fibroin/hydroxyapatite scaffolds for osteoin-
duction in bone tissue engineering. Stem Cell Res. Ther. 2020, 11 (1),
522.

(74) Zhan, X. Effect of matrix stiffness and adhesion ligand density
on chondrogenic differentiation of mesenchymal stem cells. ]. Biomed.
Mater. Res.,, Part A 2020, 108 (3), 675—683.

(75) Zhou, Y.; Qiu, J.; Wan, L.; Li, J. The effect of matrix stiffness on
the chondrogenic differentiation of mesenchymal stem cells. J. Mol.
Histol. 2022, 53 (5), 805—816.

(76) Volz, M.; Wyse-Sookoo, K. R.; Travascio, F.; Huang, C.-Y,;
Best, T. M. Mechanobiological Approaches for Stimulating Chondro-
genesis of Stem Cells. Stem Cells Dev. 2022, 31 (15—16), 460—487.

(77) Chen, H.; Gonnella, G.; Huang, J.; Di-Silvio, L. Fabrication of
3D Bioprinted Bi-Phasic Scaffold for Bone—Cartilage Interface
Regeneration. Biomimetics 2023, 8 (1), 87.

(78) Li, L,; Li, J.; Guo, J.; Zhang, H.; Zhang, X,; Yin, C.; Wang, L;
Zhu, Y.; Yao, Q. 3D Molecularly Functionalized Cell-Free Biomimetic
Scaffolds for Osteochondral Regeneration. Adv. Funct. Mater. 2019,
29 (6), 1807356.

(79) Wang, Y.; Ling, C.; Chen, J.; Liu, H.;; Mo, Q.; Zhang, W.; Yao,
Q. 3D-printed composite scaffold with gradient structure and
programmed biomolecule delivery to guide stem cell behavior for
osteochondral regeneration. Biomater. Adv. 2022, 140, 213067.

(80) Nowicki, M. A; Castro, N. J.; Plesniak, M. W.; Zhang, L. G. 3D
printing of novel osteochondral scaffolds with graded microstructure.
Nanotechnology 2016, 27, 414001.

https://doi.org/10.1021/acsbiomaterials.4c01865
ACS Biomater. Sci. Eng. 2024, 10, 7606—7618


https://doi.org/10.1136/ard.2004.022400
https://doi.org/10.1136/ard.2004.022400
https://doi.org/10.1016/j.jbiomech.2015.02.013
https://doi.org/10.1016/j.jbiomech.2015.02.013
https://doi.org/10.1148/radiol.2341040041
https://doi.org/10.1148/radiol.2341040041
https://doi.org/10.1243/095441103765212712
https://doi.org/10.1243/095441103765212712
https://doi.org/10.3390/ijms222212420
https://doi.org/10.3390/ijms222212420
https://doi.org/10.1080/000164701317323444
https://doi.org/10.1080/000164701317323444
https://doi.org/10.1097/00003086-200110001-00027
https://doi.org/10.1097/00003086-200110001-00027
https://doi.org/10.1126/science.1116995
https://doi.org/10.1126/science.1116995
https://doi.org/10.1089/ten.2006.12.969
https://doi.org/10.1089/ten.2006.12.969
https://doi.org/10.1126/science.1222454
https://doi.org/10.1126/science.1222454
https://doi.org/10.1038/nrm.2017.108
https://doi.org/10.1038/nrm.2017.108
https://doi.org/10.1089/ten.teb.2018.0006
https://doi.org/10.1089/ten.teb.2018.0006
https://doi.org/10.1089/ten.teb.2018.0006
https://doi.org/10.1007/s10565-020-09569-7
https://doi.org/10.1007/s10565-020-09569-7
https://doi.org/10.1073/pnas.0405873102
https://doi.org/10.1073/pnas.0405873102
https://doi.org/10.1073/pnas.0405873102
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1152/ajpcell.67.2008
https://doi.org/10.1152/ajpcell.67.2008
https://doi.org/10.1152/ajpcell.67.2008
https://doi.org/10.1002/jbmr.278
https://doi.org/10.1002/jbmr.278
https://doi.org/10.1002/cbin.10078
https://doi.org/10.1002/cbin.10078
https://doi.org/10.1002/cbin.10078
https://doi.org/10.1038/srep14804
https://doi.org/10.1038/srep14804
https://doi.org/10.1016/J.ENG.2017.01.014
https://doi.org/10.1016/J.ENG.2017.01.014
https://doi.org/10.1016/J.ENG.2017.01.014
https://doi.org/10.1186/s13287-017-0728-6
https://doi.org/10.1186/s13287-017-0728-6
https://doi.org/10.1186/s13287-017-0728-6
https://doi.org/10.1371/journal.pone.0170312
https://doi.org/10.1371/journal.pone.0170312
https://doi.org/10.1002/jbm.a.36382
https://doi.org/10.1002/jbm.a.36382
https://doi.org/10.1186/s13287-018-0798-0
https://doi.org/10.1186/s13287-018-0798-0
https://doi.org/10.1186/s13287-020-02024-8
https://doi.org/10.1186/s13287-020-02024-8
https://doi.org/10.1186/s13287-020-02024-8
https://doi.org/10.1002/jbm.a.36847
https://doi.org/10.1002/jbm.a.36847
https://doi.org/10.1007/s10735-022-10094-6
https://doi.org/10.1007/s10735-022-10094-6
https://doi.org/10.1089/scd.2022.0049
https://doi.org/10.1089/scd.2022.0049
https://doi.org/10.3390/biomimetics8010087
https://doi.org/10.3390/biomimetics8010087
https://doi.org/10.3390/biomimetics8010087
https://doi.org/10.1002/adfm.201807356
https://doi.org/10.1002/adfm.201807356
https://doi.org/10.1016/j.bioadv.2022.213067
https://doi.org/10.1016/j.bioadv.2022.213067
https://doi.org/10.1016/j.bioadv.2022.213067
https://doi.org/10.1088/0957-4484/27/41/414001
https://doi.org/10.1088/0957-4484/27/41/414001
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.4c01865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

