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PUBLIC SUMMARY
= Anisotropic bicellular living hydrogels (ABLHs) were bioprinted at room temperature with high cell viability.

= ABLHs promoted osteochondral regeneration by fulfilling osteogenesis and chondrogenesis.

= Cartilage-bone-vessel crosstalk was confirmed to lead to the reconstruction of the osteochondral interface.
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Reconstruction of osteochondral (OC) defects represents an immense
challenge due to the need for synchronous regeneration of special strat-
ified tissues. The revolutionary innovation of bioprinting provides a
robust method for precise fabrication of tissue-engineered OCs with hier-
archical structure; however, their spatial living cues for simultaneous
fulfilment of osteogenesis and chondrogenesis to reconstruct the carti-
lage-bone interface of OC are underappreciated. Here, inspired by natural
OC bilayer features, anisotropic bicellular living hydrogels (ABLHs) simul-
taneously embedding articular cartilage progenitor cells (ACPCs) and
bone mesenchymal stem cells (BMSCs) in stratified layers were precisely
fabricated via two-channel extrusion bioprinting. The optimum formula-
tion of the 7% GelMA/3% AlgMA hydrogel bioink was demonstrated,
with excellent printability at room temperature and maintained high cell
viability. Moreover, the chondrogenic ability of ACPCs and the osteogenic
ability of BMSCs were demonstrated in vitro, confirming the inherent dif-
ferential spatial regulation of ABLHs. In addition, ABLHs exhibited satis-
factory synchronous regeneration of cartilage and subchondral bone
in vivo. Compared with homogeneous hydrogels, the neo-cartilage and
neo-bone in ABLHs were augmented by 23.5% and 20.8%, respectively,
and more important, a more harmonious cartilage—bone interface was
achieved by ABLHs due to their well-tuned cartilage-bone-vessel cross-
talk. We anticipate that such a strategy of tissue-mimetic ABLH by
means of bioprinting is capable of spatiotemporal cell-driven regenera-
tion, offering insights into the fabrication of anisotropic living materials
for the reconstruction of complex organ defects.

INTRODUCTION

Osteochondral (OC) defects are becoming a serious global health problem as
increases in the aging population and rates of athletic injury occur, imposing sub-
stantial social and economic burdens.' Owing to their intrinsically poor regener-
ative capacity, current therapeutic interventions are far from satisfactory.” Tis-
sue-engineered implants provide mechanical support for the defect region and
serve as bioactive factor carriers to recruit in situ cells or reshape the local
adverse microenvironment, suggesting a potential alternative approach for OC
regeneration.>® Recently, the introduction of exogenous pluripotent stem cells
with the potential to broadly differentiate into inanimate biomaterials further
improved the repair capacity for tissue damage®; however, limited cell survival
and chaotic cell distribution in traditional implants remain grand challenges.
Moreover, unlike uniform tissues (eg, individual cartilage, bone), the specific strat-
ified structure of the OC unit comprises superficial chondroid extracellular matrix
(C-ECM) and deep osteoid ECM (0O-ECM); thus, the reconstruction of OC must
take both phases into consideration. Accordingly, a scheme capable of receiving
“living cues” with abundant embedded cells and the capacity for “spatial regula-
tion” with simultaneous tissue-specific allocation seems to be a revitalized
approach for OC repair.

Three-dimensional (3D) bioprinting technology that can directly customize cell-
laden constructs via the use of a mixture of cells and biomaterials as bioinks pro-
vides new possibilities for OC tissue engineering.” Bioprinted stratified electro-
written fiber-reinforced hydrogel with a trilayered structure mimics native OC

and thus is a candidate for use in the regeneration of OC defects. In our previous
study, we designed a 3D-bioprinted multilayer scaffold laden with bone marrow—
derived mesenchymal stem cells (BMSCs) for repairing OC defects; however, the
lack of exogenous cells in the bottom bone layer impeded the reshaping of the
integrated OC interface.” In addition, the bioprinting-assisted development of bio-
materials for OC repair still faces two critical issues. One technical challenge is
the maintenance of cell viability during the complex fabrication process of OC-
inspired stratified structures.'® One of the most traditional bioinks, methacryloy!
gelatin (GelMA), has improved accessibility to bioprinting due to its excellent
printing capabilities and quick light crosslinking. However, it displays obvious lim-
itations in an operating environment that is unsuitable for cell survival."' Consid-
ering the prolonged cultivation period of bioink, an inhospitable microenviron-
ment not only impedes cellular viability but also compromises the potential for
cellular differentiation and restructuring of the ECM. The other puzzle seems
to be the spatial variations in chondrocytes and osteoblasts in a hierarchical
OC unit, which requires precise tissue-specific cell supplementation. Of note,
osteogenic and chondrogenic lineage commitment are mechanistically distinct
processes. To achieve the directed differentiation of stem cells, in most existing
measures, the incorporation of growth factors (transforming growth factor- g1
[TGF-B1] or bone morphogenetic protein 2 [BMP2])'? or small-molecule com-
pounds (melatonin or kartogenin)'® into the stratified layers of OC implants
was adopted. Nevertheless, exploiting the process of bioprinting, the precise
load of the inherent spatial distribution of different cells to directly generate an
anisotropic living construct has been less emphasized for OC regeneration.

To address these challenges, inspired by the natural bilayer structure of the OC
unit consisting of upper C-ECM plus chondrocytes and lower O-ECM plus
BMSCs, anisotropic bicellular living hydrogels (ABLHs) were innovatively fabri-
cated via a two-channel extrusion-based bioprinting technique in this study. Com-
posite hydrogels made from GelMA and methacryloyl alginate (AlgMA) were
investigated as customized bioinks for the biofabrication of ABLHs at room tem-
perature and subsequently provided a suitable nest site for cell survival and
growth. Cartilage-derived articular cartilage progenitor cells (ACPCs) and bone-
derived BMSCs were allocated to the stratified layers of ABLHs to ensure the
respective cartilage- or bone-oriented lineage commitment. Furthermore, the
in vivo synchronous regenerative ability of ABLHs for cartilage and subchondral
bone was evaluated by implantation in a rabbit model of OC defects. In addition,
with the aid of temporal transcriptome analysis, the mechanisms of ABLH-
induced proregenerative effects were comprehensively revealed, in which the
crosstalk between osteogenesis, chondrogenesis, and angiogenesis was orches-
trated in the regeneration of anisotropic OC units.

RESULTS AND DISCUSSION
Fabrication of ABLHs via a customized bioink of photocurable
GelMA/AlgMA

Based on the exceptional biocompatibility of GelMA and easy operability of
AlgMA, the composite hydrogels of GelMA and AlgMA were investigated as
customized bioinks for the fabrication of ABLHSs. As a bioink for extrusion-based
bioprinting, an ideal shear-thinning behavior is crucial to the high fidelity of
the printed structure. When GelMA and AlgMA were mixed, compounded
bioinks maintained effective shear-thinning behaviors (Figure 1A) and tempera-
ture-relevant moduli (Figure 1B). Methacryloyl groups convey efficacious
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Figure 1. Preparation and printability of 7G3A compounded bioinks (A—G) Rheological measurements provided evidence for the shear thinning (A), temperature-programmable
viscosity (B), and photocrosslinking process (C) of the GeIMA and AlgMA compounded bioinks. Extrusion behavior (D) of bioinks at room temperature (~22°C) with proper pressure
and cell viability (E) inside after crosslinking. Cell density 2 x 107/mL. Scale bar, 100 um. 7G3A was chosen as the best bioink radio (F) and the cell-laden structure established by it (G).
In the bilayer structure, the upper layer encapsulated ACPCs, which is red in the fluorescence image, and the green represents BMSCs in the lower layer. Scale bar, 500 um.

photocrosslinking points, revealing a quick crosslinking process (approximately
5 s) to each single or compounded bioink (Figure 1C). These rheological results
provided profitable advantages for compounded bioinks, enabling them to be
directly printed at room temperature with cell-friendly extrusion pressure (<
70 kPa) (Figure 1D) and maintaining constructs in a stable structure after photo-
crosslinking.'* Moreover, cells encapsulated in different crosslinked bioinks dis-
played different cell viabilities. With an increase in AlgMA content, the cell death
rate increased. The group 7G3A bioink possessed 85.7% living cells, which is
extremely close to that of the group 10G bioink (87.6%) (Figures 1E and STA).
Taking printability and cell viability into consideration, 7G3A was the best ratio
to be explored for further investigation (Figure 1F). In addition, after photocros-
slinking, 7G3A hydrogels demonstrated a water swelling ratio of 916.10% =
4.97% (Figure S1B) and a degradation period of more than 5 weeks (Figure S1C).
Compression tests showed that the 7G3A hydrogels had stronger mechanical
properties than GelMA alone (Figures STD—S1F) and were adaptable for OC
regeneration. Based on 7G3A bioinks, several structures with cells inside were
successfully fabricated, such as a high-fidelity and integrated ABLHs (12 mm
width and 8 mm height) with ACPCs above (3 mm height) and BMSCs below

(5 mm height) (Figures 1F and 1G). Letters (Figure S2A) and cylinders (Fig-
ure S2B) were constructed as well. The cells inside were homogeneously distrib-
uted (Figure S2C) and had interactions with the matrix, indicating that 7G3A did
not limit cell adhesion and growth (Figure S2D).

Heterogeneous lineage differentiation of ABLHs in vitro

To enable dichotomous chondrogenic and osteogenic differentiation elicited
from the natural stratified cellular composition in the OC unit, chondroprogenitor
ACPCs and osteoprogenitor BMSCs isolated from rabbit cartilage and bone
marrow, respectively, were characterized and compared in monolayer culture
in vitro. The cultured ACPCs or BMSCs highly expressed CD29 and CD90 markers
but were negative for CD34 and CD45, confirming the stemness of these two cell
types (Figure S3). The trilineage differentiation further revealed that BMSCs
possessed superior adipogenic and osteogenic differentiation abilities,
whereas ACPCs showed greater chondrogenic properties (Figure S4). The cell
morphology was comparable between the two cell types; however, the clono-
genic and proliferative capacities were stronger in BMSCs than in ACPCs
(Figures 2A—2C). Here, bone-initiated BMSCs and cartilage-initiated ACPCs
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Figure 2. The 7G3A composite bioprinted hydrogels supported the survival and proliferation of embedded cells (A and B) The morphology and crystal violet staining of ACPCs and
BMSCs. (C) Quantitative analysis of the cell proliferation rate and clone number between ACPCs and BMSCs in in vitro 2D culture (n = 4). (D) Schematic illustration of 3D bioprinted
constructs laden with ACPCs or BMSCs. (E and F) Cell viability was determined by dead/live staining, and cell spreading was assessed by cytoskeleton staining (white dashed lines
indicate the cell boundary). (G—1) Quantification of cell viability (G), DNA content (H), and cell proliferation assays (I) (n = 4). (J) ACPCs encapsulated in 7G3A formed a cartilage layer,
BMSCs encapsulated in 7G3A formed a bone layer, and the blank layer indicated that no cells were contained. (K) Different layers of the compounded scaffold were cultured in
cartilage or bone-differentiated culture medium for 2 weeks The 3D figures were captured by confocal microscopy, and cells were labeled with DAPI dye. Data are shown as the
mean =+ SD. Statistical significance was determined by unpaired Student's t-test.

were chosen as catalysts for optimal adaptation in constructing an OC-mimic  printing (Figures 2D and 2E). Owing to the advantages of printability at physiolog-
unit that facilitates the regeneration of both bone and cartilage matrices. ical temperature, bioprinted hydrogels encouraged the survival, proliferation,
Subsequently, ACPC- or BMSC-laden hydrogels were prepared using 3D bio- and spreading of internal cells in an environmentally suitable niche
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Figure 3. Distinct lineage commitment toward chondrogenesis or osteogenesis in ACPC- or BMSC-laden bioprinted constructs (A) Chondrogenic gene expression levels were
measured by quantitative real-time PCR (n = 4). (B) C-ECM was visualized by Safranin O staining. (C and D) Immunohistochemical staining for the C-ECM markers COLII and ACAN. (E)
Heatmaps of DEGs associated with chondrogenic differentiation. (F) GSEA of key events involved in chondrogenic differentiation. (G) Osteogenic gene expression levels were
measured by quantitative real-time PCR (n = 4). (H) O-ECM was visualized by alizarin red staining. (I and J) Immunohistochemical staining for the O-ECM markers COLI and OCN. (K)
Heatmaps of DEGs associated with osteogenic differentiation. (L) GSEA of key events involved in osteogenic differentiation. Data are shown as the mean + SD. Statistical significance

was determined by ANOVA.

(Figures 2E—2G). Consistent with 2D culture, the 3D-cultured BMSCs were more
proliferative than the ACPCs in hydrogels (Figures 2H and 21). Cell behaviors were
preliminarily observed in an in vitro bilayer model with one acellular layer and the
other encapsulating cells (Figure 2J). ACPCs and BMSCs spread out within 7 or
14 days, respectively, under the influence of their specialized lineage differentia-
tions (Figure 2K). In the initial stages, the designed interface exhibited stability
and clarity, whereas the ambiguous interface was maintained after 1 week of cul-
ture in vitro along with cell proliferation, migration, and differentiation.

To further evaluate the directional differentiation potential of the two cell types
at early or late stages, ACPC- or BMSC-laden hydrogels were exposed to chondro-
genic or osteogenic culture media for 7 or 14 days of induction, respectively.
Expression levels of cartilage-specific genes (Col2aT, Acan, and Sox9) progres-
sively increased during in vitro differentiation (Figure 3A). Safranin O staining ex-
hibited a gradual improvement in C-ECM in ACPC-laden hydrogels (Figures 3B
and Sb). Further immunohistological (IHC) assays confirmed that expression

of collagen type Il (COLII) and aggrecan (ACAN), the main components of
C-ECM, was significantly increased in the 3D-culture platform (Figures 3C, 3D,
and S6). According to the pseudotime-based differentially expressed gene
(DEG) heatmap, positive-regulated genes of chondrogenesis, expression levels
of parathyroid hormone-like hormone (Pthih),”® odd-skipped related transcription
factor 1 (0sr7),’® and sulfatase (Sulf)7/2'" were increased, but expression levels
of negative-regulated genes noggin (Nog),’® cellular communication network fac-
tor 4 (Ccn4),’” and chondroadherin-like (Chadl),”° were suppressed (Figure 3E).
The in-depth pathway analysis indicated that activated mitochondrial ATP
synthesis and oxidative phosphorylation were implicated in ACPC differentiation
toward the chondrocyte lineage (Figures 3F, S6, and S7). Indeed, mitochondria-
mediated energy metabolism, redox balance, and cellular respiration are of para-
mount importance to the stem cell differentiation program.”’ Our recent study
elucidated that the impairment of mitochondrial respiratory chain complex func-
tions aggravates the progression of osteoarthritis.?? Based on the plant-derived
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Figure 4. ABLHs promoted cartilage regeneration in vivo (A and E) Representative images of gross view, glycosaminoglycan reflected by Safranin O (S.0.), toluidine blue (T.B.), H&E,
and cartilage collagen deposition determined by collagen type Il IHC staining 6 or 12 weeks postsurgery (black dashed lines indicate the OC interface). (B, C, D, and F) Quantitative
analysis International Cartilage Repair Society (ICRS) (n = 5) and Modified O'Driscoll Scale (MODS) assessment (n = 4). (G and H) Quantification of the COLII-positive area in the

cartilage phase (n = 4). Data are shown as the mean + SD. Statistical significance was determined by ANOVA.

natural photosynthetic system, intracellular anabolism can be reprogrammed for
the treatment of musculoskeletal diseases.”® However, the expression levels of
bone-specific markers (Col7a7, Alpp, and Bglap) were upregulated in BMSC-laden
hydrogels (Figure 3G), coupled with the gradually enhanced O-ECM by alizarin red
staining of the mineralized nodules (Figure 3H). The preservation of COLI and os-
teocalcin (OCN) expression was greatly evident, indicating the optimal conditions
provided by bioprinted hydrogels (Figures 31, 3J, and S8). A pseudotime heatmap
supported the dramatically increased expression levels of osteogenic positive—
regulated genes GLI family zinc finger 3 (Gli3)?* discoidin domain receptor
tyrosine kinase 2 (Ddr2),”® and Bmp2/4/7%° coinciding with negatively regulated
genes midkine (Mdk)?” histone deacetylase 7 (Hdac7)?® and Gremlin 1
(Grem1)* expression inhibition (Figure 3K). Interestingly, beyond the osteogene-
sis-related BMP response and ossification pathways, circadian rhythm signaling
was identified in BMSC differentiation into the osteoblast lineage (Figures 3L, S8,
and S9). Targeting circadian clock—associated hormones such as melatonin has
recently emerged as a popular area of research for the maintenance of bone
health.*® The rational allocation of cells in hydrogels exerts an immediate or
short-term restorative effect; furthermore, it rebuilds a cellECM microenviron-
ment for surrounding cell recruitment and tissue-specific ECM reconstruction

in the longterm regenerative process.”' Taken together, ABLHs achieved
ACPC or BMSC commitment toward chondrocytes or osteoblasts in in vitro 3D
culture, respectively.

ABLHs boosted cartilage phase repair in vivo

To explore the potential therapeutic benefits of ABLHs in cartilage or bone
regeneration, a full-thickness OC defect model was established in the femoral
trochlear groove of rabbits. Samples were collected at 6 or 12 weeks postinjury
to evaluate the early and late regenerative capacity of ABLHs. The serum
biochemical tests exhibited no anomalies resulting from treatment with hydro-
gels (Figure S10). Meanwhile, the examination of major organ histopathology re-
vealed no toxic alterations within each group (Figure S11). According to the gross
and histomorphometric images at 6 weeks postsurgery, the cartilage phase
repair occurred only in the surface consisting mainly of fibrous connective tissue
but with scarce collagen- or glycosaminoglycan-rich C-ECM in the defect group.
Similarly, cell-free hydrogels showed vulnerable cartilage connections and void
bone structures, attributed to the finite supply of endogenous chondrocytes
following the degradation of implanted hydrogels (Figures 4A and 4B). In compar-
ison, three cell-laden hydrogels exhibited a relatively intact OC unit benefiting
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Figure 5. ABLHSs accelerated subchondral bone formation and remodeling in vivo (A and E) Representative images of bone architecture visualized by 3D reconstructions of the bone
surface, calcified cartilage, subchondral bone plate, and bone collagen determined by Masson's trichrome staining (M.T.) or COLI accumulation presented by IHC staining 6 or
12 weeks postsurgery (black dashed lines indicate the OC interface). (B—F) Quantitative analysis of bone volume per tissue volume (BV/TV) (n = 4) and bone maturity assessment
(n = 4). (G and H) Quantification of the COLI-positive area in the bone phase (n = 4). Data are shown as the mean = SD. Statistical significance was determined by ANOVA.

from exogenous stem cell-secreted ECM components. Owing to their robust
differentiation potential, BMSC-laden hydrogels formed a cartilaginous matrix-
abundant region; more precisely, the newly generated C-ECM was mainly distrib-
uted in the subchondral bone. However, comparatively, superior C-ECM deposi-
tion at the cartilage layer was demonstrated in the ACPC-laden hydrogels,
implying the unignorable importance of spatial regulation in cartilage regenera-
tion, which has universality among different species such as deer®” or axolotl*
in nature. More important, ABLHs contributed to the biosynthesis of the most
abundant C-ECM located in cartilage and the upper part of the subchondral
bone, although the neomatrix was characterized by an irregular arrangement
(Figures 4C and 4D). Furthermore, 12 weeks after surgery, except for the incom-
plete OC unit in the defect group, the morphology reconstruction was finished in
the four hydrogel-treated groups. Of these, the degradation products of hydrogels
(e.q., gelatin, alginate) act as supplements to C-ECM in cell-free hydrogels and
thus help promote cartilage repair.>* Both BMSC- and ACPC-laden hydrogels re-
produced a new OC unit; however, a more complete subchondral bone architec-
ture was shown in the BMSC hydrogels than in the ACPC hydrogels (Figure 4E).
Surprisingly, relying on mechanical support by reconstructed stable subchondral
bone structure, ABLHs achieved a 23.5% (Figure 4F) higher cartilage regeneration

efficacy than ACPC hydrogels (Figures 4G and 4H). Most of the studies on OC
integrated repair used prochondrogenic cytokines as accelerators for cartilage
regeneration®®; however, the precise mechanisms by which the TGF- signaling
pathway determines cartilage fate remain elusive. Cao et al. reported that over-
activated TGF-B1 in subchondral bone seems to initiate pathological changes
in cartilage degeneration.*® Furthermore, the rapid drug release phenomenon
in vivo restrains long-term treatment capabilities despite emerging diverse
drug delivery systems.*’ Therefore, this study uniquely presents ‘living hydrogels”
based on a pure-bicellular system, cleverly circumventing underlying cytokine-
related side effects and high costs. In the initial stage, the implanted living hydro-
gels remain viable and responsive to surrounding biochemical cues. They
undergo a phase of robust proliferation and exhibit remarkable resistance to
the immune response. Subsequently, endogenous stem/progenitor cells migrate
concomitantly with biomaterial degradation. The regeneration of the OC unit is
ultimately achieved through concerted efforts to differentiate chondrocytes or
osteoblasts from delivered ACPCs/BMSCs and recruited autologous cells. Using
cartilage-derived ACPCs as a convener, articular cartilage reconstruction is driven
by exogenous stem cells at an early stage but relayed by amplified cells, initiated
endogenous cells, and a suitable environment for tissue development.
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Figure 6. ABLHs coordinated cartilage-bone-vessel crosstalk to reconstruct the OC unit (A and D) Heatmaps of angiogenesis-related DEGs in chondrogenic or osteogenic dif-
ferentiation. (B and E) GSEA of angiogenesis-related events involved in chondrogenic or osteogenic differentiation. (C and F) GO-based heatmaps of differentially expressed
vascularization-associated functions in chondrogenic or osteogenic differentiation. (G) Representative images of ACAN, OCN, and CD31/endomucin double immunofluorescence
staining 6 or 12 weeks postsurgery (white dashed lines indicate the OC interface). (H) Quantification of the CD31/endomucin double-positive area in the cartilage and bone phase
(n = 4). (1) Schematic illustration of the dichotomous role of angiogenesis in articular cartilage and subchondral bone repair. Data are given as the mean + SD. Statistical significance

was determined by ANOVA.

Collectively, these findings indicate that ABLHs promote the repair and renewal of
cartilage.

ABLHs promote bone phase remodeling in vivo

The potential therapeutic effects of ABLHs on bone reconstruction were also
examined in detail through microcomputed tomography analysis and histologi-
cal observations. At 6 weeks postimplantation, cell-free hydrogels were of mild
but limited utility for bone mass improvement compared with the defect group,
indicating that mechanical support alone is not sufficient to drive new bone for-
mation (Figures 5A and 5B). The early structural remodeling in the subchondral
bone of the three cell-laden hydrogels was productive, as manifested by abun-
dant blue-stained newly formed bone. However, ACPC hydrogels tended to
form a fibrous tissue-like connection at the surface, leaving cystic cavities in
the deep layers, which tracks with their inherent commitment toward cartilage

(Figures 5C and 5D). Despite advanced bone formation and O-ECM maturation,
the fragile and even fractured cartilage layer in BMSC hydrogels severely compro-
mises the regenerative microenvironment,*® thus impeding chondrocyte survival
and C-ECM secretion. ABLHs not only induced bone remodeling in the lower bone
layer but also maintained the integrity of the upper cartilage layer, providing suit-
able cartilage and bone developmental niches. Benefiting from excellent self-re-
pairing capability, at a late stage (12 weeks) after grafting, the reestablishment of
the bone defect area was achieved in all of the groups. BMSC-laden hydrogels
facilitated trabecular bone regeneration and mature bone formation, based
on the large area of red-stained mature bone and brown-stained bone-specific
expression of COLI (Figure 5E). By comparison, substantial immature and
fibrous-like tissues were observed in ACPC-laden hydrogels, demonstrating
that cartilage-derived progenitor cells were of limited capacity for high-quality
bone architecture. Remarkably, the bicellular hydrogels implemented biomimetic
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bone regeneration with a highly natural microstructure, materialized by 20.8%
(Figure 5F) higher bone structural maturity than BMSC-laden hydrogels
(Figures 5G and 5H). In contrast to the limited self-regenerative capacity of carti-
lage, in the OC unit rebuilding process, bone tissue has a substantial capacity for
repair and regeneration. Two mechanisms are known for forming bones, referred
to as intramembranous or endochondral ossification.>® Of these, the latter route
is mainly involved in OC remodeling. Combining in vivo chondrogenic and osteo-
genic staining, the spatially specific BMSCs in the bicellular hydrogels were sub-
jected to two-stage ossification, indicating the active transition from early carti-
lage to late bone. Analogously, BMSCs plus microsphere hydrogel-constructed
osteo-callus organoids are ready for extremely rapid bone recovery after injury.*°
The individual ACPC hydrogels, however, only produced cartilage-like tissues but
failed to provide a potent stimulus for bone tissue. Indeed, the repair of cartilage
without bone support at the bottom appears as a castle in the air that leads to the
failure of OC repair, and thus continued structural strengthening of bone phase
materials has been modified in recent studies.*' In addition, the influences of
ACPCs in the bicellular system on bone remodeling should not be disregarded.
As an insulation barrier, the generation of C-ECM can circumvent excessive
bone formation to recreate an OC interface.*” Together, ABLHs accelerate
bone generation and maturation.

ABLHs coordinate cartilage-bone-vessel crosstalk for OC unit
reconstruction

To further explore the underlying mechanism of powerful renewable ABLH-
mediated actions on OC unit reconstruction, the involvement of angiogenesis
in C-ECM or O-ECM morphogenesis was intensively studied in vitro and in vivo.
For in vitro chondrogenic commitment of ACPC-laden hydrogels, the angiogen-
esis process gradually diminished over the 2 weeks, reflected in the downregu-
lated expression of angiogenic genes (eg, ras homolog family member B1
[Rhob)*® epidermal growth factor [Fgfl** endomucin [Emcn],*® and vascular
endothelial growth factor A [Vegfa]'® (Figure 6A). Meanwhile, repressed vessel
development was confirmed using gene set enrichment analysis (GSEA) tools
(Figure 6B). The heatmap based on Gene Ontology (GO) further showed that
early C-ECM morphogenesis was concomitant with new vessel formation,
which decreased appreciably following terminal differentiation and maturation
(Figure 6C). In contrast, for the osteogenic differentiation of BMSC-laden hydro-
gels, the expression levels of angiogenin (Ang),”” Emcn, Vegfa, and Egf were
gradually upregulated (Figure 6D). GSEA corroborated the progressive forma-
tion of blood vessels throughout the differentiation process (Figure 6E). A dif-
ferential GO term heatmap indicated that angiogenesis, remodeling, and expan-
sion of new blood vessels were indispensable for O-ECM remodeling
(Figure 6F). In vivo immunofluorescence staining revealed that C-ECM-
specific ACAN and O-ECM-specific OCN were distributed spatially in the carti-
lage or bone layer. Consistent with the above histological staining, BMSC hydro-
gels tended to promote ossification, whereas those containing ACPCs favored
chondrification (Figure 6G). More important, as the specific subtype of the
capillary that is associated with osteogenesis, the temporal and spatial expres-
sion of type H vessels (CD31™ Emcn™) was evaluated in detail. Type H vessels
mainly reside in the subchondral bone region but are rarely detected in articular
cartilage™®; however, the progression of osteoarthritis is accompanied by the
increased abundance of type H vessels in subchondral bone and even cartilage
invasion.”® On-target inhibition of type H vessel formation and the relevant
TGF-B activity®™® or platelet-derived growth factor subunit-BB signaling®'
benefited cartilage metabolic equilibrium and attenuated osteoarthritis, empha-
sizing the importance of blood supply deficiency in the cartilage layer.> The
adverse effects mediated by hypervascularization have been determined
recently; nevertheless, finely manipulating stratified vascularization in cartilage
or bone layers for OC repair is reported in the present study for the first time. In
BMSCs and osteoblast-mediated osteogenic microenvironments, the supply of
type H vessels was abundant and even migrated to the upper cartilage layer.
Relying on the C-ECM secreted by ACPCs and chondrocytes in bicellular hydro-
gels, type H vessels were constrained in the bone layer without penetrating and
perturbing cartilage homeostasis, which is of great importance to the acquisi-
tion of a more harmonious cartilage—bone interface than that seen with homo-
geneous hydrogels (Figures 6H and S12). In summary, by modulating angio-
genesis in distinct phases, ABLHs reconfigured osteoblast-chondrocyte
interactions to achieve hierarchical OC unit reconstruction (Figure 6l).

It is important to acknowledge certain limitations that the present study has
encountered. First, although our in vivo data revealed significant effects of
ABLHSs on OC regeneration, the precise cell fate regarding proliferation, migration,
and differentiation during the repair process remains unvisualized. Due to the
identical hydrogels present in both the upper and lower layers, it may prove chal-
lenging to establish an absolute distinction between ACPCs and BMSCs in
practical terms, particularly following a period of growth and differentiation
(Figures 2J and 2K). In fact, the regeneration of the OC unit bears a resemblance
to the reproduction of cartilage and bone morphogenesis, wherein effective
cellular communication but not isolation is essential for constructing a natural
interface between these two tissues.>> Second, the occurrence of OC defects
is frequently accompanied by a synovial inflammatory response, such as aber-
rant macrophage polarization, which will be thoroughly investigated in our forth-
coming research. Third, to more accurately emulate the clinical environment,
further advancements should be made in refining the nonhuman primate model.

CONCLUSION

Inspired by the natural hierarchical structure of the OC unit, ABLHs embedded
with precursor cells were skillfully built in this study. The 7G3A composite bioink
allowed for the direct room temperature printing procedure, maintaining the ca-
pacity for cell growth and differentiation. The ability of ACPCs to differentiate
into chondrocytes and BMSCs to differentiate into osteoblasts were well pre-
served in in vitro 3D culture systems. More important, in situ implantation of
ABLHs achieved tissue-specific reconstruction of the upper C-ECM and lower
O-ECM layers in an in vivo OC defect model. Mechanistically, spatiotemporal
regulation of cartilage-bone-vessel crosstalk contributed to ABLH-induced bio-
mimetically OC unit remodeling. Overall, this study proposes a bioadaptive strat-
egy using living cell-based bilayered hydrogels, providing a fundamentally new
approach for the efficient repair of OC defects.

MATERIALS AND METHODS
See supplemental information for details.
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