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Anna Puiggali-Jou, Riccardo Rizzo, Angela Bonato, Philipp Fisch, Simone Ponta,

Daniel M. Weber, and Marcy Zenobi-Wong*

1. Introduction

Tissue engineering approaches that recapitulate cartilage biomechanical

properties are emerging as promising methods to restore the function of
injured or degenerated tissue. However, despite significant progress in this
research area, the generation of engineered cartilage constructs akin to native
counterparts still represents an unmet challenge. In particular, the inability to
accurately reproduce cartilage zonal architecture with different collagen fibril
orientations is a significant limitation. The arrangement of the extracellular
matrix (ECM) plays a fundamental role in determining the mechanical and
biological functions of the tissue. In this study, it is shown that a novel
light-based approach, Filamented Light (FLight) biofabrication, can be used to
generate highly porous, 3D cell-instructive anisotropic constructs that lead to
directional collagen deposition. Using a photoclick-based photoresin
optimized for cartilage tissue engineering, a significantly improved
maturation of the cartilaginous tissues with zonal architecture and remarkable

native-like mechanical properties is demonstrated.
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Traumatic injuries, joint diseases, aging,
and obesity are some of the conditions
which are increasing the need for cartilage
repair solutions. Since cartilage lacks self-
repair capabilities, tissue engineering tech-
nologies present a great opportunity to ful-
fil this need.['] Cartilage is an avascular,
aneural, and alymphatic tissue composed of
chondrocytes embedded in a dense extra-
cellular matrix (ECM) that mainly consists
of collagen type II and proteoglycans.[®! Al-
though it seems to be a simple tissue, faith-
fully resembling articular cartilage with tis-
sue engineering strategies remains an un-
met challenge. Despite major advances in
cell sourcing, culture conditions, and sup-
porting biomaterials, a native-like 3D car-
tilaginous tissue with anisotropic architec-
ture has yet to be obtained.[>3*

Articular cartilage has a distinctive zonal organization, with su-
perficial, middle, and deep zones varying in structure and func-
tion (Figure 1A)."=] The superficial zone of the joint consists of
flat chondrocytes embedded in a thin layer of ECM, mainly com-
posed of collagen fibrils running parallel to the articular surface,
thus conferring protection to deeper layers from shear-stress.
The middle zone comprises sparsely distributed rounded chon-
drocytes in a proteoglycan-rich ECM and random collagen fib-
ril distribution. The deep zone is characterized by a columnar
arrangement of chondrocytes and thick collagen fibrils running
perpendicular to the articular surface. Due to its composition
and structural organization, the deep zone is crucial in provid-
ing the distinctive high compressive resistance of the tissue.l']
The middle zone does not possess this distinctive fibril ori-
entation and can be more easily obtained with homogeneous
hydrogels and current tissue engineering methods, including
bulk hydrogels,''12] granular hydrogels,['*!*l fiber mats,!*>-18]
and foams,!'>1°-22 but superficial and deep zones require tech-
nologies that can direct aligned ECM deposition on a cellular
scale.

The generation of anisotropic, physical guiding constructs
has been demonstrated with 3D printed scaffolds,?>24]
electrospinning,[’®! or with the use of directionally frozen
scaffolds.'?02] However, these approaches are limited to
cell seeding after printing. Cell-laden biofabrication methods,
such as extrusion printing in the presence of shear-aligning
fibers,2%7] sizing,[?8] or ultrasound-assisted cell patterning!?”]
have recently emerged, to replace the more limited approaches.

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 1. FLight biofabrication of anistropic hydrogels. A) Illustration of the zonal architecture of articular cartilage showing diverse collagen fibril ori-
entation (orange). B) Illustration of FLight working principle. Light projections generated via a digital micromirror device (DMD) are directed toward
a quartz cuvette containing the photosensitive bioresin. Due to a phenomenon known as optical modulation instability (OMI), projected laser light
has an intrinsic intensity noise speckle pattern that, together with the optical non-linearity of the photoresin, induces a self-focusing effect. This effect
eventually results in the formation of microfilaments (blue) and microchannels (light blue, uncrosslinked regions). C-i) Chemical structure of photoresin
components highlighting (gray and blue) the reactive groups of the thiol-norbornene step-growth chemistry. i) Photorheology measurement of optimal
photoresin 0.75% HA-NB/0.84% PEG2SH/0.05% LAP. Light exposure (405 nm) was turned on after 5 min triggering the photoclick crosslinking. iii) Com-
parison of compressive instantaneous and equilibrium moduli of bulk and FLight hydrogels obtained with the same light dose (~208 m| cm~2) showing
no significant difference. D) Microarchitecture characterization of Flight-generated hydrogel. i) Fluorescently labelled dextran (FITC-Dex, 0.5 MDa) readily
(15 min) infiltrated the pores (microchannels) between the microfilaments generated with FLight process. On the other hand, the bulk gels crosslinked
with flood LED illumination appeared homogeneous, thus not permitting rapid infiltration of the FITC-Dex solution. Scale bars: 100 pm. ii) Top, profile
view and 3D reconstruction of microchannels infiltrated with FITC-Dex (green) and microfilaments (black) for FLight hydrogels (Scale bars: 100 um). iii)
Analysis of microchannels (=14 + 5 um) and microfilaments (~8 + 2 um) size.

Notably, most of the current bioprinting methods rely on bulk
hydrogels that consist of a dense polymeric network featur-
ing nanoporous mesh size, thus physically constraining the
encapsulated cells and limiting matrix deposition. In the con-
text of cartilage engineering, this often leads to relatively low
compressive moduli (a few hundred kPa) compared to native
tissue.[””] In contrast to homogeneous hydrogels, the presence
of a macroporous network, in addition to improving nutrient
diffusion and cell migration potential, can facilitate the depo-
sition of cartilaginous ECM, thus leading to better mechanical
properties of the maturing engineered tissue.[**) Importantly, as
highlighted by Arora et al., a key role is played by pore shape
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and distribution, with vertically aligned pores giving higher
resistance to compression.3!

Liu et al. recently introduced a method called Filamented Light
(FLight) biofabrication, which can rapidly (in seconds) produce
macroporous anisotropic tissues (Figure 1B).32) Due to a phe-
nomenon known as optical modulation instability (OMI) and
the non-linear nature of photosensitive bioresins, FLight gen-
erates hydrogels composed of aligned microfilaments and mi-
crochannels with diameters ranging from 2 to 30 um.[*?l Such
microarchitecture showed excellent cell instructive capabilities in
controlling cell and ECM alignment with various cell types. In
this work, we leverage FLight’s unique potential for generating

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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anisotropic cartilage constructs that resemble native deep zone
ECM composition and architecture and cartilage-like mechanical
properties. Additional advances coming from the use of FLight
in cartilage engineering include: I) excellent tissue maturation
using a relatively low, and more physiological cell concentration
compared to current standards (5 vs 2030 million cells mL™1);
II) high-throughput capabilities of the projection-based method
(multiple samples in 3.3 s) while guaranteeing excellent cell via-
bility; III) possibility to exploit the flexibility of light projections
to form multilayer constructs with distinct architectures; and IV)
potential use for clinical setting via in situ procedures.

2. Results and Discussion

2.1. Design and Characterization of Optimized FLight Photoresin
for Cartilage Regeneration

FLight biofabrication is a light-based technique and there-
fore requires the use of photoactivated materials. In recent
years, step-growth photocrosslinking mechanisms (i.e., thiol-
ene) have become the gold standard, replacing chain-growth
mechanisms (i.e., methacryloyl or acrylate-based) for biofabrica-
tion methods.*3! Among the various advantages, step-growth re-
actions are faster, thus requiring less light exposure and lower
generation of harmful radicals. They result in more homoge-
neous networks, are not sensitive to oxygen, and do not form
non-biodegradable, hydrophobic kinetic chains. In this work, we
chose to use the highly efficient thiol-norbornene photoclick step-
growth reaction to crosslink biomaterials optimized for cartilage
applications. In the past decades, several synthetic and natu-
rally derived polymers have been studied for their ability to gen-
erate hydrogels for cartilage tissue engineering. Among these,
HA has arguably shown the most promising results.[11:12:3438]
HA is a native polysaccharide present in human articular car-
tilage that offers chondrocyte binding sites (via CD44 adhesion
receptor) and biodegradability/matrix remodeling potential (via
hyaluronidase).l*”’

As shown in a previous work,['!) a hydrogel’s initial stiffness
plays a major role in determining proper tissue maturation. In
particular, an initial storage modulus of <1 kPa was found to
be optimal for cartilage maturation, resulting in a significant in-
crease in stiffness over the culture period and eventually reach-
ing the range of native cartilage (reported to span from 0.1 to
6.2 MPa).l*"#}] In the previous study by Broguiere et al.,[!!] en-
zymatic transglutaminase-crosslinkable high molecular weight
HA (HA-TG) was used. In this work we tried to build on the
promising results obtained with HA-TG hydrogels by synthe-
sizing an analogous photosensitive suitable for FLight biofab-
rication and by matching initial mechanical properties. High
molecular weight HA (1.5 MDa) was modified with norbornene
groups!*! to obtain hyaluronic acid-norbornene (HA-NB) with
a similar degree of substitution to HA-TG (HA-NB DS:18% vs
HA-TG DS: 13%). As a counterpart for the bifunctional TG pep-
tides, bioinert bifunctional thiolated PEG (PEG2SH) was used
(Figure 1C). Various formulations consisting of a 1:1 NB to SH
molar ratio and different polymer concentrations were tested by
photorheology (data not shown) to fall in the desired range of
stiffness (storage modulus <1 kPa). An optimal photoresin was
found at 0.75% HANB/ 0.84% PEG2SH, with a plateau storage
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modulus of 612 + 11 Pa (Figure 1C-ii). For all the experiments
reported in this study, a final concentration of 0.05% of lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as photoinitia-
tor (PI) was added to the photoresin. LAP was chosen as it is
the current standard PI for light-mediated bioprinting, due to its
superior water solubility, biocompatibility and absorption in the
360—405 nm range when compared to other Pls such as Irgacure
2959.133] Dose tests were first performed as previously described
to identify the critical gelation threshold (minimum light dose
to crosslink the photoresin),[“>#?l and thus the optimal printing
time which was found to be only 3.3 s. Ellman’s test (see Experi-
mental Section) was used to infer the crosslinking efficiency un-
der the optimal light dose (%208 m] cm~2) based on residual free
thiols in the crosslinked hydrogels, and found to be ~96%. Highly
efficiently crosslinked hydrogels, both for bulk and FLight condi-
tions, showed a comparable ~250% swelling after equilibrating
in PBS for 24 h (Figure S1, Supporting Information).

The mechanical properties of cylindrical samples (2 mm
height, 4 mm diameter) obtained with FLight and as bulk with
LED flood illumination (using the same light dose) were com-
pared by means of an unconfined compression test showing no
significant differences in instantaneous or equilibrium modulus
(Figure 1C-iii).

To investigate the microarchitecture of the samples, they were
submerged for 15 min in a solution of fluorescently labelled dex-
tran (FITC-Dex, 0.5 MDa), and the presence of microchannels
was analyzed by confocal imaging (Figure 1D). As expected, infil-
tration of FITC-Dex was detected for FLight constructs only, thus
revealing the presence of microchannels (x14 + 5 ym) that have
the potential to enhance nutrient diffusion and guide the deposi-
tion of cell-secreted ECM. For the bulk samples, as LEDs are non-
coherent light sources that do not show an optical modulation
instability (OMI) effect, no microfeatures via self-focusing phe-
nomena could be detected. Only scarce and homogeneous FITC-
Dex infiltration was observed, indicating that its penetration was
limited to common diffusion processes through the nanoporous
polymeric network.

2.2. Cartilage Tissue Maturation

To study the potential of FLight microarchitected constructs in
supporting the development of aligned, matured articular carti-
lage, we embedded human infant polydactyly chondrocytes in
the optimized HA-NB/PEG2SH photoresin. Polydactyly chon-
drocytes have shown proliferation at a steady rate; they pro-
duce a cartilage-like matrix and have been extensively investi-
gated as a non-immunogenic, off-the-shelf cell source for po-
tential clinical applications.[*’!] Due to cell-induced light scat-
tering, FLight was found to be limited in maximum cellular
concentration. Above a certain threshold, found to be 5 million
cells mL™! for the photoresin used in this work, light scatter-
ing hinders the formation of microfilaments and microchannels.
As shown later, the FLight constructs eventually outperformed
most of the current alternatives, despite our having used a low
but physiological cell concentration compared to other cartilage
biofabrication techniques (hyperphysiologic densities commonly
in the range of ~20-50 million cells mL™1).26?%! In addition,
given the exceptionally high printing speed and the flexibility

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. A-i) Panel of live/dead (top view) and second harmonic generation (SHG) imaging for bulk and FLight samples over the course of 2 months
of culture. Scale bars: 100 pum. ii) Close-ups of profile view after two weeks of culture (dashed gray circles), highlighting the significant difference in
cell (magenta) morphology, distribution, and collagen deposition between the two samples (pericellular for bulk, aligned in the anisotropic FLight
construct). Scale bars: 100 um. iii) Quantification of viable cells over the culturing period. B) Gene expression analysis for chondrogenesis-related genes:
Sox9, metalloproteases (ADAMTSS5), aggrecan (ACAN), runt-related transcription factor Il (Runx2), and ratio of collagen type Il versus collagen type |

(Col2/1).

imparted by the light-projection design, it was possible to print
10 hydrogels (2 mm height, 4 mm diameter, within the human
articular cartilage thickness range) at once (3.3 s total). Modifying
the projection lens setup and using a photoresin container with
a larger area would permit further improvement of the through-
put of this method. Therefore, leveraging the high performance
of thiol-norbornene chemistry, FLight represents, to our knowl-
edge, the fastest bioprinting method to generate anisotropic
constructs with excellent cell viability (as later shown). Upon
printing, the uncrosslinked photoresin was first removed with
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buffer washing, and bioprinted samples were then placed into
chondrogenic media. As controls, the HA-NB/PEG2SH bioresin
was cast into cylindrical gels of the same dimensions and
crosslinked via LED flood illumination to obtain homogeneous
bulk gels.

Live/dead assay was performed directly post-printing (day 0)
and after 2, 4, and 8 weeks of culture (Figure 2A). FLight re-
sulted in excellent cell viability post-printing (~95%) and during
the culture period (>85% over 2 months). Viability was found to
be generally lower for bulk gels upon crosslinking (~85%) and

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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notably reduced after two weeks of culture (x51%). Although
during the 2 months’ culture the viability in bulk gels steadily
recovered to ~70%, the significant difference compared to the
FLight samples can be attributed to the macroporous architec-
ture of the bulk gels, known to be beneficial for nutrient and oxy-
gen exchange as well as cell spreading and migration. Calcein
staining in fact showed that in the microarchitected FLight gels,
cells appeared to be more spread and elongated (see also F-actin
staining, Figure S2, Supporting Information), while more round
and aggregated in the homogeneous bulk gels (Figure 2A-i,ii).
Cell proliferation was studied with ki-67 staining (Figure S2, Sup-
porting Information) and showed an increase for both conditions
over the course of the first two weeks of culture. Chondrocytes
showed a significantly higher proliferation in FLight samples af-
ter 14 days compared to the bulk hydrogels, attributable to better
cells conditions (higher viability, porosity for nutrient, and oxy-
gen exchange). Importantly, as viability was shown to recover in
bulk gels to values comparable to FLight gels, also the cell pro-
liferation seemed to follow a similar trend as later shown by the
close total DNA content at the final time point for the two condi-
tions (Figure 3B).

The differences in cell behavior and hydrogel, microarchitec-
ture resulted in a significant difference in de novo ECM (neocar-
tilage) deposition. Second harmonic generation (SHG) imaging
was performed to monitor the deposition of collagen (Figure 2A-
i). As expected, after two weeks of culture, the homogeneous bulk
gels did not show aligned collagen deposition, but a rather limited
pericellular deposition. In contrast, FLight samples revealed a re-
markable anisotropic collagen deposition, with microfilaments
acting as physical cell guidance cues and microchannels offering
a preferential space for matrix deposition (Figure 2A-ii).

We further investigated the impact of hydrogel architecture
(FLight vs bulk) on chondrogenesis by looking at the gene expres-
sion level with qPCR over the course of the first two weeks of cul-
ture (Figure 2B). The analysis showed for both samples a general
increase over time of Sox9, a key chondrogenesis transcription
factor which induces the expression of cartilage-related genes
such as collagen II. The metallopeptidase ADAMTSS5, which can
serve as an indicator of ongoing matrix remodeling, was found
to be significantly upregulated in FLight samples after two weeks
of culture suggesting that the macroporous, aligned microarchi-
tecture of these construct induces a higher matrix remodeling.
Aggrecan was also found to follow an upregulation trend over
the analyzed culturing period, with a significantly higher expres-
sion in the bulk gels after 14 days. However, as later shown in
Figure 3, the deposition of aggrecan after two months of culture
was found to be significantly higher for FLight samples. Runx2,
transcription factor associated with chondrocyte hypertrophy and
osteoblast differentiation, was shown to be transiently upreg-
ulated after one week and found to decrease after two weeks.
This trend has been previously observed with hydrogel embedded
chondrocytes and associated with the normal process of chondro-
cytes maturation. The later decrease in Runx2 expression sug-
gests a maintenance of a stable cartilage phenotype as also infer-
able based on absence of hypertrophic chondrocytes, and excel-
lent articular cartilage-like maturation (especially in FLight sam-
ples) as later shown in Figure 3. Finally, the ratio of collagen type
II, main structural component of articular cartilage, and collagen
type I, mostly found in fibrocartilage, was found to significantly
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increase over time for FLight samples indicating good chondro-
genic induction. Overall, qPCR suggested that the infant chon-
drocytes embedded in the optimized photoclick photoresin pro-
posed in this work undergo chondrogenesis induction in the first
two weeks of culture.

To evaluate how this induction then translated into neocar-
tilage deposition, and to further investigate the effect of bulk
and FLight microarchitecture histological and immunohistologi-
cal staining were performed after one and two months of culture
(Figure 3A). In line with qPCR findings, collagen I content was
found to be significantly less pronounced (as desired) in FLight
samples compared to bulk. On the other hand, after two months
of culture, collagen II and glycosaminoglycans (GAGs) staining
were found to be significantly more intense in FLight gels, closely
resembling human articular cartilage control. As first observed
with SHG (Figure 2A), collagen deposition was confirmed to
be hindered by the homogeneous polymeric network and thus
mostly deposited pericellularly in the bulk gels. For FLight bio-
printed constructs, however, collagen (mostly type II) was de-
posited in an aligned, columnar fashion, thus resembling articu-
lar cartilage deep-zone in its microarchitecture and composition.
With 100% being the staining intensity of the human infant ar-
ticular cartilage control, FLight samples reached ~55%, ~65%,
and ~85% of aggrecan, collagen II, and GAGs after 56 days of
culture, respectively, while collagen I was found to be at lower
concentration than the native tissue (x50%) (Figure 3A-ii).

The amount of GAGs—one of the main articular cartilage
components and a key player in tissue mechanics—and cell
proliferation were assessed after 0, 28, and 56 days of culture
(Figure 3B). Over these periods, no significant differences were
observed in DNA when normalized to the construct weight
between bulk or FLight. However, weight-normalized GAGs
showed significant differences at 28 and 56 days, being ~/3 times
higher for FLight than bulk hydrogels. When GAGs were nor-
malized by DNA content, the ratio trended upward for both
groups over time. The ratio increased more than 100-fold from
day 0 to day 56 in FLight constructs, while a tenfold increase
was observed in bulk constructs. In particular, considering that
the GAGs/DNA ratio in the weight-bearing regions of human ar-
ticular cartilage is ~100 pg ug™,1°?! the FLight-engineered carti-
lage essentially matched the native tissue after 56 days of culture
(=102 + 1 pg pg™).

From an ECM composition standpoint, the histological anal-
ysis showed an excellent neocartilage formation for FLight con-
structs. However, it is known that the biomechanical properties
of native articular cartilage are also closely coupled to the dis-
tinct zonal organization of the collagen fibers (Figure 1A). As
mentioned above, from a first qualitative observation of SHG
signals and collagen II immunostainings, it appears clear that
a highly aligned (deep zone-like) collagen deposition took place
in the anisotropic FLight hydrogels, as initially hypothesized.
To corroborate these observations, polarized-light microscopy
(PLM) on picrosirius red-stained slides was used to provide com-
plementary information about the collagen fibers orientation,
type and spatial distribution (Figure 4A). Bulk and FLight sam-
ples showed an increased picrosirius red staining intensity over
culturing time, indicating a continuous neocartilage deposition
by the embedded cells. Under PLM, birefringence gave infor-
mation of collagen fiber thickness (red birefringence indicates
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Figure 3. Characterization of neocartilage deposition. A-i) Histological and immunohistological staining of top and profile sections of FLight and bulk
constructs over 28 and 56 days of culture for collagen I, collagen I, GAGs (SafraninO), and aggrecan. Controls of empty gels (without cells), bone
(no aggrecan), and of human infant articular cartilage (bottom). Scale bar full sample: 1 mm. Scale bar close-up: 100 um. ii) Comparison of staining
intensities normalized to human infant articular cartilage (100%). B) Quantification of DNA and GAGs content in FLight and bulk samples after 1, 28,
and 56 days of culture.
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Figure 4. Evaluation of collagen fibrils alignment and mechanical properties characterization. A-i) Collagen staining by picrosirius red (Scale bar: 1 mm)
allowed for the visualization of the spatial organization of the collagen network formed within the engineered constructs after 28 and 56 days in bulk and
FLight conditions. The color map of the respective PLM images (mid row) obtained from the picrosirius red-stained slices is displayed in the bottom
row showing clear collagen fibers and fibril alignment in the FLight condition (Scale bar: 1 mm, close ups: 50 um). ii) Quantification of the collagen
fibril coherency, with the value 1 indicating 100% alignment over the same angle/axis and 0 random distribution. iii) Fibrils’ orientation displayed as
distribution over angle (with 0° being perpendicular to construct top-bottom surfaces), showing strong directionality for the deposited collagen in FLight
hydrogels and random orientation in the bulk gels. B-i) Mechanical properties of the engineered cartilage constructs assessed at different time points

(0, 14, 28, and 56 days) by instantaneous compression modulus and ii) by equilibrium compression modulus after 56 days of culture.

thick fibers, mostly for collagen I, while green indicates thinner
fibers/fibrils typical of collagen I1).53-5%) In Flight gels PLM imag-
ing showed the presence of sparse fibers (red-orange) after 28
days and a dense network of fibrils (green) after 56 days. Consid-
ering also the immunohistological finding reported in Figure 3,
this compact network of aligned fibrils is mainly formed by
collagen II.

On the other hand, PLM did not reveal a significant presence
of collagen fibers/fibrils in the bulk gels. Only thick fibers sur-
rounding the bulk gel were observed, probably deposited by cells
growing on the surface of the construct. Moreover, while bulk
samples did not show a distinct collagen orientation, a clear align-
ment was found in the anisotropic FLight constructs as particu-
larly appreciable after the application of an orientation color map
(Figure 4A-i). The color map was then used to quantify colla-
gen fibril coherency and orientation (Figure 4A-ii), confirming a
significant difference between the engineered constructs. FLight
showed a significantly higher fibril coherency, with most fibrils

Adv. Healthcare Mater. 2023, 2302179 2302179 (7 0‘F14)

aligned along the microfilament-microchannel axis (perpendicu-
lar to the hydrogel top and bottom surfaces).

Finally, matrix composition and architecture are key elements
of articular cartilage that are also directly linked to the tissue’s
biomechanical properties. To determine how closely the engi-
neered cartilage’s mechanical properties approximated that of na-
tive cartilage, samples were tested under unconfined compres-
sion. As predicted by the cartilage-like ECM deposition found
in histological staining, the instantaneous compressive modulus
increased over the course of the culturing period (Figure 4B-i).
Starting from relatively soft (~5-7 kPa) gels at day 0, the instanta-
neous compression modulus eventually reached native cartilage-
like values for FLight hydrogels (=1 MPa) after 56 days. As far as
we know, very few studies have achieved biomechanical proper-
ties rivaling native cartilage, and these often relied on high initial
cell concentration or the presence of supporting structures.[**’]

As expected from the less pronounced neocartilage deposition
and absence of anisotropic ECM architecture, bulk gels reached

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. Evaluation of multiprojection FLight approach to direct collagen fibrils orientation in different directions. A) Schematic illustrating the proce-
dures to obtain i) vertical+random and ii) vertical+horizontal bilayer constructs (see also Experimental Section). B) Collagen staining by pircrosirius red
(left) and color map (right) of birefringence images taken by polarized microscopy Scale bars: 100 um. On the right side quantification of the collagen
fibrils coherency, with the value 1 indicating 100% alignment over the same angle/axis and 0 random distribution. Collagen fibrils orientation for the
different zones in the two construct is also displayed as distribution over angle (0° being perpendicular to construct top-bottom surfaces and —90° and

90° being parallel to top-bottom surface).

amuch lower stiffness value at day 56 (~270 kPa). Notably, a sim-
ilar stiffness was already achieved by the FLight hydrogels after
only 28 days. In addition to the instantaneous modulus, we eval-
uated the equilibrium modulus. Interestingly, the equilibrium
modulus of FLight samples was found to be half (~75 kPa) of the
cartilage control (2150 kPa). This discrepancy is possibly related
to an insufficient crosslinking of the collagen network. Studies
have shown that the equilibrium modulus can be drastically in-
creased through the addition of copper and/or lysl oxidase.[>°]
In summary, these findings suggest that the anisotropic
macroporous architecture granted by FLight biofabrication sig-
nificantly improves articular cartilage tissue maturation remark-
ably approaching native composition, structure and biophysical
properties. Importantly, although FLight showed overall promis-
ing results, it is important to note that this tissue engineering
approach differs from native cartilage morphogenesis. In vivo ar-
ticular cartilage formation arises from a complex sequence of in-
tracellular and extracellular signals with spatiotemporal patterns
that start from mesenchymal stem cells and lead to differenti-
ated chondrocytes responsible for the ECM deposition.!®] The re-
organization of chondrocytes in a columnar fashion in the deep-
zone then leads to the aligned collagen II deposition in forms of
fibrils of tens to hundreds of nm in diameter. With our approach,
embedded chondrocytes are facilitated in taking an aligned ar-
rangement and depositing such fibrils in the aligned microchan-

Adv. Healthcare Mater. 2023, 2302179 2302179 (8 of 14)

nels rather than randomly in the surrounding homogeneous ma-
trix (bulk condition). However, as observed in Figure 4, this leads
to an accumulation of thin collagen II fibrils mostly in the macro-
porous compartments which differs from the native pattern. Fu-
ture research will need to unveil if this outcome is sufficient to
match native cartilage performances in vivo or need further ad-
justments of printing technology, photoresin, cell choice, or cul-
ture conditions to even better resemble the native tissue.

2.3. Multiprojection FLight

The use of light projections ensures high printing flexibility as
they guarantee spatiotemporal control over photocrosslinking
and can be sent to the photoresin from different direction by sim-
ply using mirrors to deviate the light beam path. Therefore, we
explored the possibility of using multiple consecutive projections
using FLight mode to bioprint more structurally complex, mul-
tilayered hydrogels resembling the distinctive zones of articular
cartilage. As proof-of-concept, multiprojection FLight (Figure 5A,
see procedure details in Experimental Section) was used to gen-
erate bilayered hydrogels composed of a vertical zone (as seen in
previous sections) and a second, random (Figure 5A-i, mesh of or-
thogonally oriented microchannels/microfilaments) or horizon-
tal zone (Figure 5A-ii) mimicking middle and superficial zone,

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 6. In situ FLight biofabrication of anisotropic hydrogels in cartilage defects. A) Illustration of cartilage defect preparation on osteochondral plugs,
filled with hydrogel precursors and crosslinked with a top-down projection, obtaining in situ anisotropic articular cartilage. Corresponding images of
the defects filled with gel and cultured over 56 days. B) Cell viability after 56 days of culture. C-i) Histological and immunohistological staining of profile
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respectively. In the vertical+random condition, the constructs
showed a clear distinction between the two zones in terms of col-
lagen fibrils deposition after 56 days in culture, with vertically
aligned fibrils on the vertical zone (top) and mainly pericellular
deposition on the random zone (bottom) (picrosirius red stain-
ing, Figure 5B-i). Further analysis by polarized microscopy con-
firmed the significant differences between the two parts in terms
of coherency and orientation. The multiprojection approach to
obtain a vertical+horizontal bilayer construct showed instead a
clear presence of highly coherent fibrils arranged vertically in the
top layer (mimicking deep-zone) and horizontally in the bottom
one (mimicking superficial zone) (Figure 5B-ii). These proof-of-
concept results show another promising potential for FLight in
cartilage tissue engineering and open to further research toward
the generation even more complex multilayered systems and the
implementation of automated, precise multiprojection systems
to more closely resemble the native tissue in its structural com-

plexity.
2.4. In Situ FLight

Finally, given these promising results, we explored in situ FLight
as proof of principle for possible future clinical translation. As
described above, FLight is a simple and extremely fast biofabri-
cation technology based on light projection. In this first study,
we adopted a cartilage-defect model based on bovine osteochon-
dral plugs. The model consisted of a cartilage defect made with
a 4 mm biopsy punch on the osteochondral plugs to mimic an
articular cartilage lesion (Figure 6A). The optimized bioresin de-
veloped in this study (0.75% HA-NB/0.84% PEG2SH and 5 mil-
lion cells mL~! infant polydactyly chondrocytes) was then pipet-
ted into the defect/damage site and FLight projection performed
as previously described. Notably, as the photoresin acts as a lig-
uid filler, in situ FLight can potentially be used to target any car-
tilage defect shape. The constructs (bulk and FLight) were main-
tained in culture for 56 days and then evaluated for their chondro-
genesis. An optimal cell viability (>80%) was reported for both
types of hydrogels after two months in culture (Figure 6B). His-
tological and immunobhistological analysis confirmed the previ-
ous results, showing a significant difference between bulk and
FLight (Figure 6C-i). A remarkable deposition of collagen II was
reported for the in situ FLight samples, reaching the staining
intensity found in human articular cartilage (100% value in the
bar graph, Figure 6C-ii). On the other hand, as expected bulk hy-
drogel showed a mainly pericellular deposition of collagen I and
II, and a lower (although not statistically significant) presence
of GAGs. Interestingly, both bulk and FLight constructs showed
a 3—4 times higher collagen I staining when compared to na-
tive tissue. This difference compared to the “hydrogel-only” study
could be attributed to the use of the osteochondral plug set-up, as
the presence of the bone cells underneath the printed constructs
as well as damaged cartilage around them increases the biolog-
ical complexity of the system (i.e., release of cytokines, growth

www.advhealthmat.de

factors) and could thus influence the chondrogenesis. However,
there was no sign of tissue hypertrophy, as evidenced by the lack
of mineralization shown in the alizarin red staining. Finally, PLM
was exploited to assess the collagen orientation within the neo-
cartilage, showing the presence of coherent and vertically aligned
collagen fibers only for in situ FLight constructs (Figure 6D—
1,i1,iii), mimicking the articular cartilage deep-zone. In conclu-
sion, the macroporous architecture granted by FLight led to an
anisotropic in situ maturation of articular cartilage with remark-
able collagen II deposition, the main structural component of ar-
ticular cartilage, at a level matching that found in native tissue.

3. Conclusion

We leveraged the unique capabilities of the novel FLight biofab-
rication technology and a high performance bioresin to gener-
ate articular cartilage constructs with composition, structure and
mechanical properties similar to the native tissue. We foresee
that these results will stimulate future work directed toward the
possibility of fully reconstructing articular cartilage, featuring all
different zones through applying projections in a multi-step pro-
cedure as preliminarily presented here, or by converging FLight
with other bioprinting technologies. In addition, given the rel-
atively simple set-up of FLight, this technology could be easily
adopted by the tissue engineering community to explore further
applications. Also, as previously demonstrated,[*2#%] it is possi-
ble to tailor microfilament/channel size for a specific application
by tuning optics (i.e., coherent length of the light beam) or mate-
rial parameters (i.e., use of refractive index matching compounds
such as iodixanol). The optical tuning of the photoresin refractive
index can also be explored to reduce cell-induced scattering,!61:62]
thus possibly increasing the initial cell concentration. Finally, we
believe that the in situ FLight procedure could represent a valu-
able approach to repairing articular cartilage defects and dam-
ages. In particular, future studies will need to explore the possi-
bility of using optical fibers for minimally invasive procedures.
Among other things, strategies for overcoming the potential is-
sue of the initial softness in load-bearing sites as well as the ef-
fect of the surrounding tissue on tissue maturation will need to
be further investigated.

4. Experimental Section

All chemicals were purchased from Merck and cell culture reagents
from Gibco unless indicated otherwise.

Synthesis of Hyaluronic Acid-Norbornene (HA-NB):  Synthesis and char-
acterization was performed as previously described by Rizzo et al.[*41 2.5 g
(6.25 mmol, 1 eq.) of high molecular weight HA (1.5 MDa, HTL Biotech-
nology) was left to dissolve overnight, under stirring, in 1L of 150 mm MES
buffer pH 4.5. 5.45 g of adipic acid dihydrazide (ADH, 31.25 mmol, 5 eq.)
was then added to the solution. Once completely dissolved, 300 mg of 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 1.56 mmol, 0.25 eq.)
was solubilized in 2 mL of 150 mm MES buffer pH 4.5 and added drop-
wise to the reaction mixture. After 4 h the pH was found to be 4.72 and the

sections of bulk- and FLight-filled defects after 56 days of culture, and bovine osteochondral plug control for collagen I, collagen I, GAGs (SafraninO),
calcification (alizarin red), and total collagens (picrosirius red). Scale bar full sample: T mm. Scale bar close-up: 100 um. ii) Comparison of staining
intensities normalized to human infant articular cartilage (100%). D-i) Color map of the respective PLM image obtained from the picrosirius red staining
(Scale bar: 100 pum). ii) Coherency (with the value 1 indicating 100% alignment over the same angle/axis and 0 random distribution), and iii) orientation
of collagen fibrils (with 0° being perpendicular to construct top-bottom surfaces).
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reaction was quenched by addition of NaOH 1 ™ to reach pH 7. After the
addition of 2 g of NaCl, the solution was dialyzed against mQ H20O for 5
days with frequent water changes and then freeze-dried. After lyophiliza-
tion, 2.5 g of HA-ADH was left to dissolve overnight, under stirring, in 1L
of PBS pH 7.4. Then, 2 g of carbic anhydride (12.5 mmol, 2 eq.) was dis-
solved in 10 mL of DMF and added dropwise to the solution. The reaction
was left to proceed for 8 h with pH adjustments every 30 min using NaOH
2 M to maintain pH 7.4. After addition of 2 g of NaCl the solution was dia-
lyzed against mQ H20O for 3 days using a tangential flow filtration system
(AKTA Flux, Cytiva) and then freeze-dried. HA-NB degree of substitution
(DS) was found to be 18% with TH-NMR (Bruker Ultrashield 400 MHz,
1024 scans) integrating for norbornene double bond peak (6.3 ppm). For
NMR analysis, the high viscosity polymer was solubilized at 5 mg mL™" in
1 mL of 2 mm NaCl D20 solution in the presence of a known amount of in-
ternal standard 3- (trimethylsilyl)-1-propanesulfonic acid (DSS). High ionic
strength was found to be a powerful tool for improving the quality of the
spectra. As reported by Ret et al., for long-chain, high viscosity polymers
in particular, the control of their conformation in solution can determine
better proton mobility.[%]

Cell Isolation and Expansion: Human infant chondrocytes were iso-
lated as previously described®"l from the epiphyseal cartilage in joints
removed during corrective surgery for polydactyly. A general consent or
an informed consent was obtained from the legal guardians of polydactyly
patients, and experiments were approved by the Ethical Committee of Can-
ton Ziirich (Kantonale Ethikkommission, Kanton Zirich, license PB_2017-
00510). Isolated cells were plated at a concentration of 10 000 cells cm™2
and expanded in DMEM, 10% v/v FBS, 10 ng mL~" FGF-2 and 10 ug mL~"
gentamicin until passage 3. At passage 3, cells were trypsinized, com-
bined with DMEM, 10% v/v FBS, and 10 ug mL~' gentamicin and col-
lected by centrifugation (5 min, 400 rcf). Finally, the cell pellet was care-
fully mixed with the different hydrogel precursors at a concentration of
5 million cells mL~".

FLight Biofabrication: HA-NB was left to dissolve overnight under stir-
ring in 150 mm NaCl 50 mwm Tris buffer pH 7.4 at 1.2%. The polymer
solution was then mixed with the addition of PEG2SH (5 kDa, JenKem
Technology, 5% in 150 mm NaCl 50 mwm Tris buffer pH 7.4) and LAP solu-
tion (2.5% in 150 mm NaCl, 50 mwm Tris buffer, pH 7.4), to obtain the final
HA-NB/PEG2SH (0.75% HA-NB, 0.84% PEG2SH, 0.05% LAP) photoresin
formulation. The photoresin was then filter-sterilized (0.2 um filter) and
mixed with infant polydactyly chondrocytes (passage 3) to a final concen-
tration of 5 million cells mL™". The resulting bioresin was pipetted (0.6 mL)
into quartz cuvettes (2 mm depth, 1 cm wide, 3 cm height, CV10Q7FA,
Thorlabs). FLight projections were executed in an open format volumetric
printer (Readily3D) equipped with a collimated non-gaussian light beam
from a Class 11IB laser (405 nm, 300 mW cm~2) which was shaped into
the desired projection cross-section using a digital micromirror device
(DMD). The light path was customized with swappable mirrors enabling
light projection from the side (standard mode) or top of the photoresin
containing quartz cuvette. Projected images (10 X 4 mm discs) were de-
signed in Adobe Illustrator 2022 and projected for 3.3 s. After printing, un-
crosslinked resin was washed out using Tris buffer and samples were gen-
tly retrieved from the cuvettes using a spatula, then directly transferred to
a 24-well plate with chondrogenic media (DMEM, 10 ug mL~" gentamycin,
1% ITS+, 50 pg mL~! L-ascorbate-2-phosphate, 40 ug mL~' L-proline, and
10 ng mL~" TGF-$3). The bulk samples, on the other hand, were casted
in PDMS rings (4 mm diameter, 2 mm height) and crosslinked in a UV-
box equipped with 405 nm LED strips (light intensity ~6.8 mW cm~2) for
30s, thus matching FLight procedure light dose (~208 m| cm~2). All sam.-
ples were cultured in chondrogenic media in 24 well plates under gentle
shaking with media change every 3 days.

Multiprojection FLight: Optimized bioresin (0.75% HA-NB / 0.84%
PEG2SH / 0.05% LAP and 5 million cells mL~" infant polydactyly chon-
drocytes) was prepared as previously described. For vertical-random bi-
layer (see Figure 5A-i), the photoresin was first crosslinked in a quartz
cuvette (2 mm depth, 1T cm wide, 3 cm height, CV10Q7FA, Thorlabs) us-
ing a standard side projection (4 mm disc, 3.3 s). The cuvette was then
rotated by 90° and a second side projection was directed toward approxi-
mately half of the printed construct (2 mm wide, 4 mm height projection
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for 3.3 s), thus forming a layer with a mesh of orthogonal microfilaments
(random layer). For the vertical-horizontal printing (see Figure 5A-ii), after
the first projection the construct was transferred to a second, larger cu-
vette (4 mm depth) and fresh bioresin was added on top. The second side
projection (1 mm height rectangle, 3.3 s) was performed so to have a min-
imum overlap with the “vertical” construct and secure cohesion between
the two layers.

In Situ FLight: Osteochondral grafts were obtained from a calf knee,
and cartilage defects were made with a 4 mm biopsy punch. The op-
timized bioresin (0.75% HA-NB/0.84% PEG2SH/0.05% LAP and 5 mil-
lion cells mL~" infant polydactyly chondrocytes) was prepared as previ-
ously described and used to fill the cartilage defect. Using the customized
printer a top-down projection was directed onto the osteochondral plug
to crosslink the bioresin via FLight method. Bulk hydrogels were obtained
via crosslinking in UV-box as previously described.

Microchannels/Microfilaments  Infiltration Test and Characterization:
Cell-free samples were fabricated as previously described using the bulk
or FLight method. Samples were submerged in a solution of 1% FITC-
Dextran (0.5 MDa) in PBS for 15 min prior to imaging on Leica TCS
SP8 (Leica) confocal microscope. For FLight samples a z-stack of 100 pm
(0.57 z-step) was taken to obtain a 3D reconstruction (Imaris) (Figure 1D-
ii). Side and top sections were used to calculate the area distribution of
channels and filaments using Fiji built-in functions and manually measure
the size of the microfeatures, respectively.

Uniaxial Compression Tests: Uniaxial unconfined compression tests
were performed on a TAXTplus Texture Analyzer (Stable Micro Systems)
equipped with a 500 g load cell. Samples were placed between the com-
pression plates and pre-loaded (0.5 g at day 0, 2 g at day 14, 5 g at day
28, and 10 g at day 56) to ensure full contact with the plates. Samples
were allowed to relax for 2 min and then compressed to 15% strain at
0.01 mm s~'. Compressive modulus was calculated by linear fitting the
stress-strain curve from 0.5% to 3% strain.

Instantaneous and equilibrium moduli were obtained from unconfined
stress-relaxation compression tests. Samples were pre-loaded (0.05 N for
empty gels and 0.25 N for day 56) to ensure full contact with the plates and
then allowed to relax for 10 min. Afterward, 4 incremental intervals of 5%
strain at a strain rate of 5% s~' were applied. After the first and second in-
terval, samples were held for 1800 s and after the third and fourth interval
for 2700 s. Instantaneous modulus was calculated by fitting the loading
curve between 15% and 20% strain and the equilibrium modulus calcu-
lated by linear fitting the stress—strain values at the end of each relaxation
interval similar to those previously reported by Stok et al.[64]

Ellman’s Test: HA-NB/PEG2SH photoresin was prepared as described
above, casted into 4 mm-diameter PDMS molds and UV-crosslinked
(405 nm, ~208 m) cm~2 light dose). The hydrogels were then submerged
into a solution containing 100 uL of Ellman’s reagent working solution
(10 mm 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) in 50 mm sodium ac-
etate buffers mixt 2:7 with PBS pH 7.4 (Gibco). The solution absorbance
was quantified at 412 nm. The amount of soluble PEG2SH present in the
gel precursor solution was added to 100 uL of Ellman’s working solution,
as control, and the absorbance read at 412 nm. Then, the absorbance after
photocrosslinking was divided by the initial total absorbance (normalized
to 1) to know the percentage of free thiols after photocrosslinking (~4%).

Swelling Ratio: HA-NB/PEG2SH photoresin was prepared as de-
scribed above, casted into 4 mm-diameter PDMS molds, and UV-
crosslinked (405 nm, ~208 m) cm~2 light dose). The hydrogels were then
transferred to 1.5 mL Eppendorf tubes containing 1 mL PBS 1X. After 1
and 24 h, the supernatants were removed, and the samples weighted. The
swelling ratio was determined as the ratio of hydrogel mass at 24 h divided
by its initial mass at 1 h.

Live/Dead and Second Harmonic Generation (SHG) Imaging: Samples
were biofabricated as previously described and incubated in FluoroBrite
DMEM supplemented with 1:2000 CalceinAM (Invitrogen) and 1:500 Pro-
pidium lodide (PI, Fluka) for 40 min. Imaging was then performed on a
Leica SP8 microscope (Leica) equipped with a 25X objective. SHG imag-
ing was collected at 450 nm with 900 nm two-photon excitation (Mai
Tai laser, Spectra-Physics). Z-stacks were acquired from the sample sur-
face at 2 um steps and 100 um into the sample. Gels were then cut with a
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scalpel blade to image their profiles. The pictures reported in the work re-
sulted from maximum intensity z-projection. Cell viability was assessed by
counting viable (CalceinAM) and dead (PI) cells with the Image) Analyze
particle function.

Gene Expression Analysis: Gene expression levels were assessed
through real-time PCR (qPCR) analysis. Samples were first washed with
Tris buffer and then snap-frozen in liquid N2. Frozen samples were me-
chanically disrupted with a pestle and then extraction of RNA was per-
formed with NucleoZol (MachereyNagel) according to the manufacturer’s
instructions. Retrotranscription to cDNA was performed with GoScript Re-
verse Transcriptase (Promega) and cDNA was subsequently diluted 1:5
with RNAse-free water for qPCR analysis. The analyzed genes were Col2A1
(Fw: GGA ATT CGG TGT GGA CAT AGG, Rv: ACT TGG GTC CTT TGG
GTT TG), ColTAT (Fw: CAG CCG CTT CAC CTA CAG C, Rv: TTT TGTATT
CAATCA CTG TCT TGC C), Runx2 (Fw: CGC ATT TCA GGT GCT TCA GA,
Rv: GCATTC GTG GGT TGG AGA A), Sox9 (Fw: TCT GGA GAC TTC TGA
ACG AGA GC, Rv: TGT AAT CCG GGT GGT CCT TC), ADAMTSS (Fw: CGA
TGG CAC TGA ATG TAG GGC; Rv: CTC CGC ACT TGT CAT ACT GC), ACAN
(Fw: GAA TGG GAA CCA GCC TAT ACC, Rv: TCT GTACTT TCC TCT GTT
GCTG), and normalized to GAPDH expression (Fw: AGT CAG CCG CAT
CTT CTT TT, Rv: CCA ATA CGA CCA AAT CCG TTG). Quantitative real-time
PCR (gPCR) was performed with GoTaq qPCR Master Mix (Promega) on
a QuantStudio 3 device (Applied Biosystems).

Histology and Immunohistochemistry: Samples were washed in Tris
buffer, fixed in 4% paraformaldehyde for 4 h and dehydrated in graded
ethanol solutions. After fixation, bone-containing samples were decalci-
fied in a weak acid solution (Evans and Krajian method) for three days with
three changes per day and then dehydrated.[%°] After dehydration, samples
were paraffin-embedded and 5 um sections (from top and profile) cuton a
microtome. Before staining, samples were deparaffinized and rehydrated.
Imaging was performed on an automated slide scanner (Panoramic 250,
3D Histech).

For Safranin O staining, samples were first stained in Weigert's Iron
Hematoxylin solution for 5 min, followed by washing in deionized water
and in 1% acid-alcohol for 2 s. Sections were washed again in deionized
water, stained in 0.02% Fast Green solution for 1 min and rinsed with 1%
acetic acid for 30 s. Finally, sections were stained in 1% Safranin O for
30 min, dehydrated with xylene and mounted.

For alizarin red, samples were stained with 2% alizarin red S in dis-
tilled water (pH adjusted to 4.1-4.3 with 10% ammonium hydroxide).
Slides were then blotted, rinsed with 95% ethanol, dehydrated to xylene
and mounted.

For picrosirius red staining, samples were first stained in Weigert's Iron
Hematoxylin solution for 5 min, followed by washing in deionized water.
Slides were then incubated for 1h in 0.1% of Direct Red 80 in a saturated
solution of picric acid. Finally, slides were washed in acidified water, dehy-
drated to xylene and mounted.

For immunohistochemistry (collagen | and collagen I stainings), anti-
gen retrieval was performed with hyaluronidase (1200 U mL™") at 37 °C
for 30 min. Sections were then blocked with 5% bovine serum albumin
(BSA) in PBS for 1 h and then incubated overnight with the primary anti-
body, mouse anti collagen 1 (1:1000, Ab6308, abcam), mouse anti colla-
gen 2 (1:20, Hybridoma Product II-116B3, DSHB) or mouse anti aggrecan
(1:100, 12/21/1-C-6 DSHB) in 1% BSA in PBS at 4 °C. Sections were then
incubated with the secondary antibody, goat anti-rabbit IgG-HRP (1:1000,
ab6789, abcam), in 1% BSA in PBS for 1 h and developed with the DAB
substrate kit (ab64238, abcam) according to manufacturer’s protocol for
5 min. Sections were stained with Weigert's iron hematoxylin (Thermo
Fisher Scientific) for 3 min, destained in 1% acid-alcohol, blued in 0.1%
Na2CO3, and finally dehydrated with xylene and mounted.

Slides were then imaged using 3DHistech slide scanner, while sections
stained with picrosirius red were imaged using a Zeiss (Axiolmager.Z2)
polarized light microscopy. Analysis on the fiber orientation and coherency
was carried out using the Orientation] plugin in Image| software.[6°]

Immunofluorescence:  After 0, 7 or 14 days in culture the samples were
washed 3% in PBS and fixed in 4% paraformaldehyde for 1 h at room tem-
perature, followed by washing 3x in PBS. The samples were then per-
meabilized using a solution of 1% Triton-X100 in PBS for 10 min, fol-
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lowed by 1 h incubation with 1% BSA. Constructs were then incubated
with primary antihuman Ki-67 antibody (350502, Biolegen), diluted 1:100
in PBS 1% BSA overnight. After washing 3x in PBS, the constructs were
incubated with 1:100 fluorescent secondary antibody (goat antimouse
Alexa488, Invitrogen), 1:1000 Hoechst 33342 (Invitrogen) and Phalloidin-
TRITC (0.13 ug mL™', P1951, Sigma) in PBS with 1% BSA. Imaging was
performed on a Leica SP8 confocal microscope (Leica) equipped with a
25x water immersion objective.

Sample Preparation for Biochemical Analysis: The scaffolds were
washed with dH, O, frozen at —80 °C and lyophilized overnight. Each sam-
ple was weighed before adding 500 uL of a 0.27 mg mL™" solution of
papain from Papaya Latex in a buffer containing 10 mm L-cysteine HCI,
100 mm sodium phosphate, and 10 mm EDTA in milliQ water, pH 6.3.
The digestion was done at 60 °C overnight with shaking (1000 rpm).

DNA Quantification (Picogreen): The amount of DNA was quantified
using a Quant-iT PicoGreen dsDNA assay kit (Invitrogen) per manufac-
turer’s protocol. Briefly, the samples were pre-diluted 1:20 in TE buffer.
50 uL of this dilution was transferred into a 96-well plate and 50 pL of
Picogreen solution was added. The fluorescence was measured with a
micro-plate reader (excitation 480 nm, emission 520 nm). The DNA con-
tent was calculated as ng DNA per mg gel.

Glycosaminoglycans (GAGs) Quantification Assay: The GAGs amount
was quantified using the Blyscan Glycosaminoglycan Assay on the di-
gested samples. 50 pL of the samples were mixed with 0.5 mL of Blyscan
dye reagent and incubated at room temperature for 30 min in a shaker. The
samples were spun down at 12000 rpm for 10 min. The supernatant was
discarded, and 0.25 mL of dissociation reagent added. Finally, the samples
were vortexed, centrifuged at 12000 rpm for 5 min to remove the foam,
and 100 pL were added to a 96-well plate. The absorbance was measured
at 656 nm.

Osteochondral Explants:  Osteochondral explants were harvested from
bovine stifle joints of 3- to 5-month-old calves, obtained from a local abat-
toir (Angst AG, Zurich, CH). Osteochondral plugs were drilled, cleaned,
and collected for culture.

Statistical Analyses: ~ All statistical analyses were performed in Graph-
Pad Prism version 9. A one-way ANOVA with Tukey’s multi compari-
son test was used to analyze the data displayed in Figures 4B-ii, two-
way ANOVA with multi comparisons for data displayed in Figures 2A-
iii,B, 3A-ii,B, 4B-i, Figure S2 (Supporting Information), and unpaired t-
test with Welch's correction was used to analyze the data displayed in
Figures 1B-iii,D-iii, 5B, 6A—C-ii,D-ii, and Figure S1 (Supporting Informa-
tion). A level of p < 0.05 was considered significant. Results were reported
as mean + standard deviation, the sample size for all experiments was
n=3.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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