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ARTICLE INFO ABSTRACT

Keywords: Addressing osteochondral defects, the objective of current study was to synthesize bilayered hydrogel, where the carti-
Bilayered hydrogels lage layer was formed by alginate (Alg)-polyacrylamide (PAAm) with and without the addition of TGF-33 and bone layer
Osteochondral defect by laponite XLS/Alg-PAAm and characterize by in vitro and in vivo experiments. Exceeding the mechanical strength of
Foreign body response

Alg-PAAm (32.95 = 1.23 kPa) and XLS based (317.5 + 21.72 kPa) hydrogels, XLS/Alg-PAAm hydrogel (469.7 =
6.1 kPa) activated macrophages towards M2 phenotype and stimulated the expression of anti-inflammatory factors.
The addition of TGF-B3 accelerated transition of macrophage polarization, especially between day 4 and 7. The expres-
sion levels of M1-related genes such as CD80, iNOS and TNF-a decreased gradually after day 4, reaching lowest values at
day 13, whereas the expression levels of M2-related genes, CD206, Argl and STATG6 significantly increased promoting
M2 macrophage polarization, which might be associated with accelerated bone repair. Moreover, bilayer structure ex-
hibited a better cell viability as well as repairment thorough the XLS contents. In vivo histological examinations verified
the significant surface regularity and hyaline like tissue formation employment, along with synchronized degradation
profile of the hydrogel with tissue healing at the end of 12 weeks. A mechanically durable, biocompatible and

M1/M2 macrophage
Transcriptomic analysis

immunocompatible hydrogel was formulated to be utilized in bone-cartilage engineering applications.

1. Introduction

Osteochondral tissue regeneration is a complex phenomenon due to the
distinct composition of osteogenic and chondrogenic regions. The increasing
rate of osteochondral defects due to trauma and injuries in aging population
causes severe pain and economic burden to patients [1]. Although there are
surgical treatments (i.e., microfracture) along with cell therapies and grafting
technologies, these procedures have not yet been fully recapitulating the
structure and function of damaged regions. Furthermore, the surgical and
cell therapies may end up with the undesired fibrocartilage formations [2]
and potential immune reactions following the grafting procedures through
autografts or allografts remain as a challenge in treatments. Therefore, it
is essential to develop advanced biomaterials to serve as successful
osteochondral tissue constructs harmonizing with the patients' body with
respect to both cartilage and subchondral bone. Recently, biomaterials are
becoming momentous in such biomedical applications despite their possible
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failures to reach beyond the limits of the laboratory due to the foreign body
responses (FBR). Implantation induces an immune response characterized by
the recruitment of proinflammatory macrophages to the tissue-biomaterial
interface [3]. Therefore, FBR and related interactions between macrophages
and host immune responses are essential for the selection of biomaterials.
The rapid prototyping technologies, recently, enable the development of
patient-specific hydrogel-based biomaterials, which resemble osteochondral
tissues with respect to biological (i.e., biocompatibility, biodegradation) and
mechanical (i.e., elastic and compression moduli) aspects, significant for such
load bearing tissue applications [4,5]. Researchers have focused on better
mimicking the interface of cartilage-bone tissues via multi-layered hydrogel
structures representing the native structure. For instance, a bilayer hydrogel
construct was developed for osteochondral regeneration where alginate
(Alg) based upper hydrogel (chondral layer) was grafted onto acrylamide
(AAm) based lower hydrogel (bone layer) by the two-step cross-linking [6].
Similarly, multiphasic osteochondral tissue constructs were fabricated via
additive manufacturing technique by using nanocrystalline hydroxyapatite
(nHA) particles for subchondral bone layers and chondrogenic growth
factors for the cartilage layer [7]. The results indicated that nHA particles
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improved the mechanical properties of multiphasic constructs. Similar
mechanical improvements of hydrogels have been reported with the laponite
nanoclay [8] which has been shown to promote osteogenic differentiation of
human mesenchymal stem cells in two-dimensional culture [9]. Notably,
having an electrostatic interaction with polyacrylamide (PAAm) polymer
causing self-healing of the gel [10], laponite nanoclay not only serves as an
enhancer for mechanical strength of biocompatible polymers but also acts
as a crosslinker for several hydrogel systems including PAAm [11].

The aim of the present study was to optimize the synthesis of a
bilayered laponite XLS/Alg-PAAm composite hydrogel, investigate
the immunocompatibility using a comprehensive in vitro 3D model
and further test the efficacy in a preclinically relevant animal model
of osteochondral defect in rats. We hypothesized that if the cartilage
layer is formed with Alg-PAAm and bone layer with laponite XLS/
Alg-PAAm, then the formulated hydrogel will be mechanically durable,
biocompatible and immunocompatible. The method was optimized
to achieve grafted chondrogenic and osteogenic layers of bilayer
composite XLS/Alg-PAAm structure. The immune response was deter-
mined including release of proinflammatory and anti-inflammatory
macrophages, cytokines, gene expression levels and cell proliferation
towards the hydrogels. Furthermore, rat model was used to evaluate
the repair of osteochondral defects in vivo.

2. Materials and methods
2.1. Synthesis of XLS/Alg-PAAm hydrogels

A three-step crosslinking procedure was applied for the synthesis of bi-
layer composite hydrogels. To prepare XLS based osteogenic layer (at bot-
tom), a medium molecular weight alginate from brown algae (Sigma
A2033, p > 2000 cP, Mv = 900-1000 kDa, 1,4-linked B-D-mannuronic
acid (M) and 1,4 a-L-guluronic acid (G) residues ratio (M/G block ratio) is
1.6) (A2033, Sigma-Aldrich) and acrylamide (AAm; A8887, Sigma-Aldrich)
were dissolved at the ratio of 1:6 (w/w) in deionized (DI) water, and the
total polymer concentrations were varied as 10%, 20% and 30% (w/w) in
the solution. For the gelation process, laponite XLS (5% (w/w), BYK Additives
Inc.), N,N,N’,N’-tetramethyl ethylenediamine (TEMED; T7024, Sigma-
Aldrich), and ammonium persulfate (0.2 M, AP; A9164, Sigma-Aldrich)
were used as crosslinker, accelerator and photo-initiator, respectively.

The chondrogenic layer (at top) was prepared with and without addi-
tion of TGF-B3 by using similar method described for osteogenic layer.
Briefly, Alg-PAAm hydrogels with the total polymer concentrations of
10%, 20% and 30% (w/w) were prepared in DI water where the Alg and
AAm ratio was kept as 1:6 (w/w). Different from the bottom layer formula-
tion, N,N-methylenebis(acrylamide) (0.1 M, MBAA; M7279, Sigma-
Aldrich) was used as crosslinker for covalently crosslinking of PAAm. For
the TGF-33 incorporated Alg-PAAm hydrogel production (Alg-PAAmygg-
p3), TGF-B3 (15 ng per 0.55 g of hydrogel) was added into Alg-PAAm pre-
solution simultaneously with the crosslinking agents.

To achieve the desired bilayered composite structures, the
chondrogenic and osteogenic layer ratio was fixed as 1:4 in depth, the
pre-solution of XLS-based hydrogel was poured into the bottom of cylindri-
cal glass mold (2 mm in diameter and depth) and cured at +4 °C for 24 h to
form the osteogenic layer. Following, the pre-solutions of chondrogenic
layer (Alg-PAAm and Alg-PAAmrgr.p3) were prepared and poured into
the partially filled glass mold to achieve chondrogenic layer at top and in-
cubated at 50 °C for 3 h. In order to complete crosslinking via multivalent
cations, resulted XLS/Alg-PAAm and TGF-33 loaded XLS/Alg-PAAmrgr.p3
hydrogel structures were immersed into calcium chloride (0.3 M) (CaCly;
102,382, Merck) for 1 h.

2.2. Characterization
The compressive stress-strain measurements of hydrogels were per-

formed by using 50 N load cell Instron Model 3342 testing apparatus
with 1 mm/min strain. The compression moduli were calculated due to
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the linear regions of stress-strain curves. For the analysis, hydrogels
(20 mm in diameter and 4 mm in depth) were prepared, and all experi-
ments were performed in triplicate.

The chemical cross-linking of the samples was characterized by a Fou-
rier transform-infrared (FTIR) spectrometer (PerkinElmer Spectrum 100)
between the wavelengths of 400-4000 cm ~!. Scanning Electron Micro-
scope (SEM) was used to characterize morphology of hydrogel samples.
The samples were mounted on a metal stub and coated with gold-palladium
under vacuum at Leica EM ACE600 sputter-coater, and then the SEM im-
ages were taken by FEG SEM (Thermo Scientific, Apreo S, Netherlands).

The swelling behavior of hydrogels was examined in PBS (1 X ) solution
at 37 °C. The initial weights (Wy,,) were obtained following the drying pro-
cess of hydrogels (n = 3). They were re-immersed into PBS for 24 h and
then reweighed after the excess water was removed from the swollen
hydrogels (Wyye). The equilibrium swelling ratio was calculated with the
Eq. (1) [12]:

Swelling ratio (%) = (Wyet — Wint)/Wine x 100 (1)

For the invitro degradation test, the hydrogel samples were incubated in
PBS (10 mL, pH 7.4) under 37 °C and constant agitation (75 rpm), and they
were rinsed in DI water at pre-determined intervals. Following, samples
were lyophilized, and dry weights were measured. The degradation was
expressed by using Eq. (2) where the W, and Wy are the weights before
and after the incubation, respectively.

Degradation (%) = (Wo — W,4)/Wq x 100 2)

2.3. Invitro biocompatibility

A differentiated chondrogenic cell line from mouse teratocarcinoma
cells (ATDC5), and human fetal osteoblastic cells (HFOB 1.19) were ob-
tained from American Cell Culture Collection (ATCC, Mannassas, VA,
USA). Cells were maintained in Dulbecco's Modified Eagle Medium
(DMEM) and Ham's F12 medium at a ratio of 1:1 (DMEM F12) containing
10% (v/v) Fetal Bovine Serum (FBS), 1% (v/v) L-glutamine (200 mM),
0.1% (v/v) gentamicin (10 mg/mL) and 1% (v/v) penicillin/streptomycin
(10.000 U-10 mg/mL) in 75-cm? cell culture flasks to grow to confluency
(=90%) at humidified incubator (5% CO,, 37 °C), received fresh medium
every 2 days and subcultured every 5-7 days. All cell culture reagents
were supplied by Sigma-Aldrich.

According to ISO 10993-12: Sample preparation and reference materials
standards [13], the 10% (w/w), 20% (w/w) and 30% (w/w) Alg-PAAm,
XLS based and XLS/Alg-PAAm hydrogels were produced in equal sizes
(4 mm in diameter and depth) using suitable molds. After DI water-PBS
(1 x) washing and following UV sterilization, hydrogels were transferred
into sterile falcons at the recommended ratio of surface area/extraction vol-
ume (3 cm?/mL) and incubated at 37 °C for 72 h with the addition of
growth media (DMEM F12 containing 0.1% gentamicin and 1% sodium bi-
carbonate).

In accordance with ISO 10993-5: Tests for in vitro cytotoxicity standards
[14], 10%, 20% and 30% (w/w) Alg-PAAm, XLS based and XLS/Alg-
PAAm hydrogel extracts were tested on ATDC5 and HFOB cells using 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide (MTT) assay.
Cells were seeded in 96-well plates (1 X 10* cells/well) and incubated
overnight at 37 °C and 5% CO,. Thereafter, the medium was removed
and certain ratios (1/1,1/2,1/4,1/8, 1/16 in growth medium) of hydrogel
extracts (100 pL) were added to each well as test groups. Untreated cells in
growth medium and the cells kept in dimethyl sulfoxide (DMSO, Sigma-
Aldrich) were considered as the positive and negative controls, respec-
tively. After 72 h of incubation, cell supernatant was removed, 10% MTT
solution (diluted in growth medium from 5 mg/mL stock solution,
M5655, Sigma-Aldrich) was added to each well (100 pL) and incubated
for 3 h at 37 °C. Then, MTT was removed and DMSO was added to each
well at 100 pL, subsequently the absorbance was measured by a microplate
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reader at 570 nm (BioTek, Korea). Cell viability (%) was calculated with
GraphPad Prism 7.0 program [15].

2.4. Immune response induced by bilayered XLS/Alg-PAAm hydrogels

Invitro 3D gelatin methacryloyl (GelMA)-methacrylated hyaluronic acid
(-MeHA) model for the assessment of immune response induced by hydrogels
was validated via following steps. First, XLS/Alg-PAAm and XLS/Alg-
PAAmrgr.ps hydrogels were transferred to 48-well cell culture plates.
GelMA-MeHA prepolymer solution was prepared in the dark at 70 °C
by dissolving GelMA (5% (w/v)) and MeHA (0.1% (w/v)) in DMEM F12
medium containing photoinitiator 2-Hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (0.5% (w/v), Irgacure 2959). Following, the
trypsinized cultures of ATDC5, mouse connective tissue fibroblast cells
(L929, ATCC, Manassas, VA, USA), mouse macrophage cells (Raw 264.7,
ATCC, Manassas, VA, USA) and HFOB cells were resuspended in 37 °C
GelMA-MeHA prepolymer solution (3.25 x 10° cell/mL) and the cell-
prepolymer mixture was transferred per well to completely cover the hydro-
gel previously placed and photocrosslinked using UV light (Omnicure S2000,
Lumen Dynamics, Canada) at 800 mW/cm? for 30 s with 8 cm distance to
form in vitro 3D GelMA-MeHA model. 3D model was incubated at 37 °C
and 5% CO, for 13 days and cell culture medium (LPS-free or with
1 pg/mL LPS) has been changed every two days. At predetermined time
points (days 1, 4, 7, 10 and 13), in vitro 3D GelMA-MeHA models were
used to assess the viability, location and immune response of the cells.

2.4.1. Assessment of cell viability and cytotoxicity

The effect of XLS/Alg-PAAm hydrogels on cell viability was assessed at
predetermined time points using Cell Counting Kit 8 (CCK-8) (ab228554,
Abcam) quantitatively and LIVE/DEAD™ viability/cytotoxicity assay kit
(L3224, Molecular Probes, Invitrogen) qualitatively. Briefly, the medium
on the 3D GelMA-MeHA model was removed, followed by addition of
CCK-8 solution (10:1 ratio of growth medium: CCK-8 reagent) to each well
and incubation for 3 h at 37 °C. Then, the absorbance was measured using
a microplate reader (BioTek, Korea) at 450 nm. For Live&Dead assay, 3D
GelMA-MeHA model was washed with PBS (1 X ) and stained with calcein
acetoxymethyl ester (2 uM) and ethidium homodimer-1 (4 uM) for 90 min
at 37 °C and observed by fluorescence microscopy (Zeiss, Axio Vert.Al).

2.4.2. Tracking of cell proliferation and location

To evaluate the cell proliferation, resuspended 1.929, Raw 264.7, HFOB
and ATDCS cells were stained prior to mixing with prepolymer solution
with Red CellTracker™ CMTPX (15 pM, C34552 Thermo Fisher Scientific),
Green CellTracker™ CMFDA (25 pM, C7025, Thermo Fisher Scientific),
Hoechst 33258 (15 pM, B2883, Sigma-Aldrich) for 45 min and Acrydine
Orange (25 pM, A6014 Sigma-Aldrich) for 25 min at 37 °C and 5% CO,.
The labeled cells were imaged by fluorescence microscopy (Zeiss, Axio
Vert.Al) at predetermined time points.

2.4.3. Analyses of cytokines

For proinflammatory and anti-inflammatory cytokine analyses, the su-
pernatants were collected at predetermined time points. The IL-6 and IL-
10 concentrations in the supernatants were quantified as triplicates using
Mouse IL-6 and IL-10 ELISA Kits (Legend Max™, Biolegend) according to
the manufacturer's instructions.

2.4.4. Assessment of macrophage polarization

For the assessment of M1 and M2 macrophage phenotypes, immunocy-
tochemical (ICC) and qRT-PCR analyses were performed at predetermined
time points. Cells were harvested individually from the 3D model using col-
lagenase solution (100 U/mL, 17018-029 Gibco) prepared in PBS (1x) 1 h
at 37 °C. For ICC analyses, collected cells were seeded in a 48-well plate and
incubated overnight. Following, cells ells were fixed by paraformaldehyde
(4% (w/v)) for 30 min at 4 °C and permeabilized with Triton X-100 (0.1%
(v/v)) for 15 min at room temperature (RT). For blocking, cells were incu-
bated in bovine serum albumin (1% (w/v), BSA, GoldBio A-420-100)
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solution in PBS (1 x) at RT for 1 h and incubated overnight at 4 °C with
Armenian hamster monoclonal to CD80 (1:80 dilution, abl106162,
Abcam) and Mouse monoclonal to mannose receptor CD206 (1:100 dilu-
tion, ab8918, Abcam) primary antibodies (M1 and M2 markers, respec-
tively) in Tris-Buffered Saline solution containing Triton X-100 (0.025%
v/v) and BSA (3% w/v). On the following day, the cells were washed with
PBS (1 x) and incubated with Alexa Fluor 488-Goat Anti-Armenian ham-
ster (1:200 dilution, ab173003, Abcam) and Alexa Fluor 594-Goat Anti-
Mouse (1:200 dilution, ab150116, Abcam) secondary antibodies (for
CD80 and CD206, respectively) for 1 h at RT. Subsequently, DAPI staining
(1.5 pg/pL, D9542, Sigma-Aldrich) was performed for 15 min and cells
were photographed using microscope (Zeiss, Axio Vert.A1). NIH ImageJ
software was used to quantify CD80 and CD206 and the M1/M2 expression
ratio was calculated. For gqRT-PCR analyses, total RNA was isolated from
collected cells cultured in 3D model at predetermined time points, by
using RNeasy Plus Mini Kit (Qiagen, Germany) and then cDNA was synthe-
sized from equal amounts of RNA for each group with RT2 First Strand Kit
(Qiagen, Germany) for each group. Gene expression profiles of CD8O0,
CD68, iNOS, TNF-alpha (as M1 polarization), CD206, Argl, STAT6 (as
M2 polarization) genes (Table S1) were determined by qRT-PCR method
using RT? SYBR Green qPCR Mastermix via LightCycler 480 Instrument II
(Roche, Germany). The gene expression levels of each gene was normalized
using HPRT1, GAPDH and ACTB housekeeping genes and fold regulation
data was calculated using the 2-AACt method. Data were shown by dividing
the normalized gene expression in each day sample (Day 4, 7, 10, 13) by the
normalized gene expression in day 1 sample for all hydrogel groups.

2.5. In vivo osteochondral defect model

2.5.1. Animals

All animal procedures were approved by the Committee of Marmara
University Animal Care and Use (approval number 69.2019.mar). Eigh-
teen healthy male Sprague Dawley rats at 12-weeks-old (and weighing
300-350 g) were used for the study. They were housed in a light and
temperature-controlled room. Food and water were given ad libitum.
To evaluate in vivo effectiveness of designed XLS/Alg-PAAm hydrogels,
animals were randomly divided into three groups and filled with XLS/
Alg-PAAmrgr.ps (n = 6), XLS/Alg-PAAm hydrogel (n = 6) or left
untreated as control.

2.5.2. Surgical procedure for the generation of osteochondral defect model

The rats were anesthetized with ketamine (50 mg/kg, Ketalar 2%;
Pfizer) and xylazine (10 mg/kg, Alfazyne 2%, Alfasan) administered by in-
traperitoneal injection. A parapatellar skin incision was made on the medial
side of knee joints to expose the articular surface. Following the incision sy-
novial capsule, the patella was dislocated to expose trochlear groove. Sub-
sequently, a cylindrical osteochondral defect (1.5 mm in diameter and
3.0 mm in depth) was generated in the center of trochlea using a dental
drill with the knee flexed [16]. All debris was removed and irrigated with
saline. Then, the created defect was filled with XLS/Alg-PAAm1gr.g3,
XLS/Alg-PAAm hydrogel, or left untreated as control. After relocation of
the patella, the joint capsule and subcutaneous tissue were carefully closed.
At 12 weeks, all rats were sacrificed, and knees were harvested.

2.5.3. Histological examinations

For light microscopic investigations, samples from rats were excised and
fixed in 10% neutral buffered formalin. Demineralization of the tissues was
performed with EDTA (Sigma-Aldrich) at RT. Samples were then washed in
PBS (1 x) and dehydrated in ascending series of ethanol, cleared with
xylene and embedded in paraffin. Tissue sections (5 pm) were cut on a
rotary microtome (Leica RM2155, Germany), mounted on a microscope
glass and stained with hematoxylin and eosin (H&E), Safranin O/Fast
Green, Masson's trichrome, Toluidine blue (TB) and PAS stains for morpho-
logical evaluation of the cartilage and bone tissue repair. Sections were
examined by a histologist being blinded to experimental groups based on
a modified scoring system for osteochondral tissue repair thorough
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cartilage and subchondral bone assessment [17,18]. The cartilage repair in
osteochondral defects of rats were scored regarding to morphology of new
surface tissue and new cartilage tissue, thickness of new cartilage, joint sur-
face regularity, chondrocyte distribution, cellularity and Safranin O stain-
ing. On the slides stained by Masson's trichrome, the new bone formation
was scored semi quantitatively as 0: No bone formation, 1: Little amount
of bone formation, 2: Moderate amount of bone formation, 3: Large amount
of bone formation, 4: Near normal appearance. Finally, sections were
photographed under an Olympus DP72 CCD camera attached BX51
photomicroscope (Olympus, Tokyo, Japan).

2.6. Statistical analysis

Statistical analyses were carried out by One-way variance analysis (one-
direction ANOVA, Tukey's Multiple Comparison Test) via Prism 8.3 (GraphPad,
San Diego, CA, USA) with +95% confidence interval and p values<0.05
were considered statistically significant.

3. Results and discussion

3.1. Synthesis of XLS/Alg-PAAm hydrogels, characterization and in vitro bio-
compatibility

Having proven biocompatibility as implantable cartilage material with
and without growth factor loaded nanoparticles [19], Alg-PAAm hydrogels

A B
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were used to generate a more complex and graded osteochondral tissue
structure with the addition of laponite XLS nanoclay. A series of compres-
sion tests were performed to investigate the mechanical properties of bi-
layer XLS/Alg-PAAm hydrogel in response to the ratio of its parents. As
the ideal replacement of osteochondral layer must provide the certain me-
chanical strength supporting the new tissue formation [20], the initial at-
tempt was to optimize total polymer (Alg + PAAm) concentrations (10%,
20% and 30% (w/w)) for both chondrogenic and osteogenic layers due to
the mechanical and biocompatible properties. As for the compression re-
sults, hydrogels consisting of 20% (w/w) and 30% (w/w) total polymer re-
vealed similar modulus values (p > 0.05; 51.77 * 3.99 kPa and 57.15 =+
1.22 kPa, respectively) which were 1.6- and 1.7- times higher than that of
10% (w/w) total polymer, respectively (Fig. 1A). Although the higher
total polymer concentrations showed higher mechanical strength, the
highest cell viability of both ATDC5 (>90%) (Fig. 1B) and HFOB (>80%)
(Fig. S1) were observed with 10% (w/w) total polymer extracts, and it
was considered as an opportunity to expedite healing and maintain chon-
drocytes survived within the neighbor tissues as the cartilage exhibits
poor self-healing capacity due to the lack of vascularization [21]. Besides,
the degradation profile of 10% (w/w) total polymer due to the slight cleav-
age of polymer chains was appropriate as the initial healing of cartilage de-
fects occurs in 1-3 months [22]. Hence, Alg-PAAm hydrogel including 10%
(w/w) total polymer was selected for chondrogenic layer replacement.

As for the load-bearing osteogenic layer formulation, the mechanical
strength and revascularization synchronizing with new bone ingrowth were

s ’
= k3
) >
5 = I
_g g 80+ " ] 1 M
o 5 w ==
E — 60 o E E
g @ o H H
I L % H B
§ g 2 H H
5 = &5 2 H E
&) g o4 1 [ £ B4 F L HH H H
) I8 ee f¥IXg g 81X
S N ) »
Alg-PAAm % Alg- % Alg-PA % Alg-PAA
Total Polymer Concentration (%) B B diuApeaio B EReRgean
XLS particles o
s ‘r ™ T =g Pa™
3 X
PRt " T ~; 100
2 300 2 F
- 8 = 801
T :
o - R s
2 20 i : > 601
] 2 : ]
¢ e e : o 404
A $ 100 : o
\ 5 OB : 2 201
/ 8 : <
0 i ; 0
N P X
XLS based

Total Polymer Concentration (%)

XLS based

Fig. 1. Schematics depicting the hydrogel structures, and characterizations of individual hydrogels. (A) Average compression test results of Alg-PAAm hydrogels with 10%,
20% and 30% total polymer concentration (n = 3). (B) The cell viability of ATDC5 cells in the hydrogel extracts at 72 h. (Schematics of hydrogels were created with
BioRender.com) (C) Compression moduli of %5 (w/w) XLS included Alg-PAAm hydrogel formulations (n = 3). (D) Displayed cell viability levels of HFOB cells within the
different extract concentrations of XLS based hydrogels (%5 (w/w) XLS included Alg-PAAm hydrogels with 30% total polymer concentration) at 72 h. pc: positive
control, nc: negative control. ns: p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001; One-Way ANOVA, Tukey's Multiple Comparison Test.
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essential. Therefore, 5% (w/w) XLS concentrations holding a great promise
for treating bone defects were added to Alg-PAAm hydrogel formulations.
Laponite (i.e., XLS), as a smectite mineral family member, is one of the
most commonly used biocompatible clay minerals in various biomedical ap-
plications to promote cell proliferation, differentiation and adhesion [9]. Ac-
celerating the gelation process through hydrogen bonds with Alg matrices
[23], XLS nanoplatelets were able to endow Alg-PAAm hydrogels with supe-
rior mechanical properties. As such, with the addition of 5% (w/w) XLS to
Alg-PAAm hydrogels containing 10%, 20% and 30% (w/w) total polymers,
4.4, 4.7- and 5.6-times higher compression modulus values were obtained,
respectively (Fig. 1C), and Alg-PAAm hydrogels with 5% (w/w) XLS and
30% (w/w) total polymer were selected for the osteogenic layer. Compared
with our previous data on the mechanical strength of polymer-based nano-
particle added Alg-PAAm hydrogel (59.79 + 1.58 kPa) [19], the superior ef-
fect of XLS addition was proven with 10% (w/w) Alg-PAAm hydrogels
(145.49 *+ 6.54 kPa). Moreover, cell viability for HFOB cells were observed
to be promoted by the addition of 5% (w/w) XLS into Alg-PAAm structure
with 30% (w/w) total polymer (Fig. 1D) without any growth factor supple-
mentation. Similar to our study, laponite/Alg nanocomposite extracts were
shown to demonstrate better cell proliferation for osteoblast-like cells com-
pared to Alg extract and growth medium alone, due to the release of silica,
upregulating the expression of genes involved in osteoblast proliferation
and differentiation [24]. Considering, the in vitro/in vivo studies where
laponite-added hydrogels were used as tissue scaffolds, the anionic charges
on the surface of laponite particles and their activities at the molecular and
genetic level were shown to induce cell attachment, proliferation, differenti-
ation and new formation in the surrounding tissues [25]. Following the indi-
vidual hydrogels, the mechanical behavior of bilayer structure was assessed
through the stress-strain curves obtained during the compression analysis
(Fig. 2A). XLS/Alg-PAAm hydrogels resulted in an average compressive
modulus of 469.7 + 6.1 kPa, which was exceeded the sum of the modulus
of its parents, Alg-PAAm (32.95 * 1.23 kPa) and XLS based (317.5 +
21.72 kPa) hydrogels. The affinity and penetration between two layers
were confirmed as the interface remained stable during compression [26].
The formation of bilayer structure and characteristic functional groups
of XLS/Alg-PAAm hydrogels were also identified with FTIR measurements
(Fig. 2B). One of the common characteristic band between 3200 and 3500
cm ™! was found to be associated with O — H stretching peak [27]
supporting the interpenetrating network formation of Alg-PAAm hydrogels
[28]. The other dominant band around 1600 cm ™! was correspond to the
stretching carbonyl groups (-C=0) of PAAm where the band around
1020 cm ™! were due to the SiO stretching of XLS clay [29]. Furthermore,
compared to FTIR spectrum of Alg-PAAm, increased intensity of Si-O-Si
stretching was observed in both XLS based and XLS/Alg-PAAm hydrogels,
attributing to the interactions between Alg-PAAm polymer network and
XLS clay through Si-OH groups [12]. Notably, activity of XLS nanoplatelets
as physical crosslinker was strongly confirmed with these results. Consis-
tent with the FTIR results, SEM images showed the two penetrated layers
of XLS/Alg-PAAm hydrogels (Fig. 2C) as well as the interface formation be-
tween layers. Although Alg-PAAm hydrogels exhibited very smooth and
compact nature, XLS based hydrogels showed porous surface where the
pore diameter varied from 139.6 nm to 837.5nm, confirming the distribu-
tion of XLS within the hydrogel structure. The swelling behaviors of indi-
vidual hydrogels as well as their degradations were measured to estimate
the synchronization between hydrogels deformations and tissue healing.
Consistency between swelling (Fig. 2D) and degradation (Fig. 2E) rates re-
vealed that the physical degradation was strongly related to the presence of
XLS. As such, comparing the Alg-PAAm and XLS based hydrogels, it was ob-
vious that the XLS based hydrogel lost its structural integrity faster than
Alg-PAAm hydrogels and swelled about 2 times higher than Alg-PAAm at
the end of first week. Similar pattern was observed with the degradation
tests. The weight loss of Alg-PAAm hydrogels within the first week was
7.19% whereas, 24.35% and 35.36% for both XLS based and XLS/Alg-
PAAm hydrogels, respectively. Although the rate of weight loss decreased
to 10-15% in both hydrogel and became stable at the following weeks,
their degradation rates were still higher than that of Alg-PAAm of which
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total degradation was 45.85% even at the 12th weeks. In addition, the
cell viability results of ATDC5 and HFOB cells in the extract of XLS/Alg-
PAAm hydrogels have shown the biocompatibility for both chondrogenic
and osteoblastic cells, with cell viabilities above 70% (Fig. 2F). Therefore,
it is concluded that the bilayered composite hydrogel can be safely utilized
for bone-cartilage interface in tissue engineering applications.

3.2. Immune response induced by XLS/Alg-PAAm hydrogels

Reducing the function of biomaterial and causing subsequent life-
threatening reactions within the body, immune response may lead to im-
plant failure. Hence, to increase the reliability and function of implantable
biomaterials, it is imperative to understand the long-term immune response
[30]. A straight-chain anionic, hydrophilic and colloidal polyuronic acid
structural polysaccharide capable of gelation was used in the preparation
of bilayer composite hydrogels as the main component, in our study. Alg
hydrogels, formed through physical crosslinking, provided highly tunable
properties. Thanks to its versatile and biological properties such as biocom-
patibility, non-immunogenicity (low-immunological response), hydrophi-
licity, pH-sensitivity, bioadhesion, chelating ability, water solubility, and
high absorption capacity, Alg is widely used in biomedical applications as
in protein/drug delivery systems, tissue regeneration, and wound healing
[15,31]. Herein, the immune response against XLS/Alg-PAAm hydrogels
was determined prior to in vivo examination through a 3D in vitro bioengi-
neered model (Fig. 3A) mimicking the complexity of in vivo inflammatory
state. During the development of rheumatoid arthritis and osteoarthritis,
which are associated with osteochondral defects, macrophages mainly po-
larize towards M1 phenotype and release proinflammatory cytokines.
High release of cytokines such as IL-6, TNF-a and IL-18 causes a sustained
inflammatory response in tissues and promotes bone and cartilage damage
[32]. As LPS is an important pro-inflammatory inducer [33], the current
study used LPS, which provides a sustained inflammatory environment,
to continuously induce inflammation and establish a cell-based inflamma-
tion model. Within the joint, LPS stimulates pro-inflammatory macro-
phages through TLR4, resulting in the activation of a cascade of signaling
events that lead to the production of inflammatory mediators [34].

The potential cytotoxicity of XLS/Alg-PAAm hydrogel was examined by
CCK-8 and Live&Dead cell viability assays on L929, Raw264.7, HFOB and
ATDCS5 cells cultured in the 3D bioengineered model (Fig. 3B, C). According
to CCK-8 assay results, cell viabilities were quantitatively increased day by
day, mostly between day 4 and 7 (p < 0.0001). The Live&Dead assay results
also showed that the cells adapted to LPS-free microenvironment in terms of
promoted cell viability, proliferation and morphology. The cell distribution
was observed to be homogeneous and the number of dead cells was lower
than that of living cells even at the end of day 13. In contrast to LPS-free mi-
croenvironment, cell proliferation and morphology was found less supported
in the presence of LPS. In addition, reduced adherence and poorly defined
outlines of the cells were observed. The endotoxic nature of LPS thought to
induce the oxidative stress in cultured cells during the prolonged cultivation
and concomitantly higher number of dead cells in the LPS+ compared to
LPS- microenvironment [35,36]. These results showed that XL.S/Alg-PAAm
hydrogel had no cytotoxic effect for cells and did not affect cell viability.

Proliferation of L929, Raw264.7, HFOB and ATDCS5 cells towards XLS/
Alg-PAAm hydrogel was qualitatively examined by cell tracker fluores-
cence staining (Fig. 3D). The presence of LPS stimulated the proinflamma-
tory state leading to increased proliferation of macrophages, as expected
and adversely affected the proliferation of chondrocyte and osteoblast
cells [37]. Migration of macrophages towards XLS/Alg-PAAm hydrogel
by increasing their phagocytic abilities, enabled the removal of cell debris
and minimized the foreign body response [38] towards XLS/Alg-PAAm hy-
drogel. Promoted macrophage proliferation in the presence of LPS proved
the formation of desired proinflammatory environment. Moreover, in-
creased number of 1.929 fibroblasts and the level of IL-10 along with the de-
creased IL-6 levels were observed during 13-day period in the LPS-
microenvironment. These results were associated with the secretion of
anti-inflammatory cytokines such as IL-10 during the healing process by
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Fig. 2. Characterization of XLS/Alg-PAAm bilayer hydrogel structure. (A) Representative stress-strain curves and (B) FTIR spectra of Alg-PAAm, XLS based and XLS/Alg-PAAm
hydrogels. (C) SEM micrographs of XLS/Alg-PAAm hydrogels composed of XLS based (left) and Alg-PAAm (right) hydrogels. (D) Swelling ratio and (E) Degradation rate of
hydrogels. (F) The cell viability results of ATDC5 and HFOB cells in the XLS/Alg-PAAm hydrogel extracts at 72 h. pc: positive control, nc: negative control.

the macrophages, thereby promoting the proliferation of fibroblasts, colla-
gen synthesis, and thus tissue healing [39]. The concentrations of IL-6 and
IL-10 cytokines released from XLS/Alg-PAAm hydrogels within the gener-
ated 3D model were determined via ELISA analysis. In this study, the role
of biomaterial-mediated modulation of macrophage polarization in the re-
pair of cartilage-bone tissues with relatively poor regenerative capacities
was sought to be discussed. The immune response is vital for efficient tissue
repair and halting disease progression by controlling the proinflammatory
environment associated with cartilage-bone damage [40]. Results revealed
that in the LPS-free 3D model, macrophages stimulated the inflammatory
response through the secreted IL-6 proinflammatory cytokines from day 1

(8.3 pg/mL) to day 4 (16.4 pg/mL) and initiated the cascade required to
enter the recovery phase [41]. As the inflammatory phase begins immedi-
ately after the wound formation and generally lasts for 3-5 days [42], it
was important to nominate the time points indicating the switch from de-
structive to constructive inflammatory state [43]. Hence, in accordance
with the literature, the decreased concentration of IL-6 (5.8 pg/mL on
day 13) (p < 0.0001) along with increasing IL-10 concentration from day
4 to day 13 (73.0 to 107.2 pg/mL) (p < 0.0001) (Fig. 4A, B) implicated
the initiation of healing process as of day 4 [44]. Anti-inflammatory IL-10
suppresses proinflammatory cytokine production by activated M1 macro-
phages, limits cartilage damage and inhibits bone resorption, which is an
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Fig. 3. Assessment of cell viability and proliferation. (A) Schematics depicting XLS/Alg-PAAm hydrogel-based 3D bioengineered model. (B) CCK-8 cell viability assay of L929,
Raw264.7, HFOB and ATDCS cells in the 3D model and quantification of the absorbances for 13 days. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; One-Way ANOVA,
Tukey's Multiple Comparison Test. (C) Cell viability after Live&Dead analysis of 3D model containing XLS/Alg-PAAm hydrogels where green fluorescent highlights live and
red highlights dead cells, respectively. (D) CellTracker fluorescent staining to track the positions of cells in the 3D model against XLS/Alg-PAAm hydrogels. L929 red,
Raw264.7 green, HFOB orange and ATDCS5 blue. (Scale bar: 10 x and 20 x, Zeiss Axio Vert.Al).

important factor for osteoclast differentiation [45]. Xie et al. showed that
inhibition of IL-6 inflammatory cytokines via IL-10 is a potent method to re-
duce inflammation and inhibit osteoclastogenesis [46]. Depending on the
healing process, an increase in the level of predominant anti-
inflammatory cytokine IL-10 is observed during the follow-up period [47]
and various biomaterials were proven to increase IL-10 levels inducing os-
teogenesis by macrophage polarization to M2 macrophages [48]. In vivo
studies to date show that regulating the behavior of macrophages through
attenuation of the inflammatory environment in the joints and immuno-
modulation of biomaterials prevents joint destruction and promotes
osteochondral defect regeneration [49].

As for LPS induced model, the inflammatory response was mediated by
activated M1 macrophages [50] and an increase (p < 0.0001) in IL-6 con-
centration was observed during 13 days period, whereas IL-10 concentra-
tion decreased (p < 0.0001) as a result of excessive inflammatory

response at the implant side. Addition of TGF-f33 as a trigger for the polar-
ization of inflammatory M1 macrophages into reparative M2 macrophages
[43] resulted with the maximum (p < 0.0001) IL-6 levels (159 pg/mL)
reached during the first 24 h. Subsequently, IL-6 level decreased (p <
0.0001) to 70.6 pg/mL while IL-10 levels (32.4, 109.1, 150, 128.9, 152.2
pg/mlL) increased (p < 0.0001) during the following 13 days. It was re-
ported in our previous study [19], where in vitro TGF-B3 release from Alg-
PAAmrgr.gs was observed with an initial burst release and reached 23%
of total TGF-[33 on day 3. The protein adsorption tendency and hydrophobic
interactions of hydrogel have been postulated to affect the release rate of
TGF-33 and resulted in a prolonged release of TGF-33. Herein, the subse-
quent decrease of IL-6 and simultaneous increase of IL-10 levels during
the following 13 days could be attributed to the prolonged release of
TGF-B3 from XLS-PAAm-AIg rgr.g3, with a cumulative release rate of ap-
proximately 45% up to day 13. Compared with the XLS/Alg-PAAm results
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Fig. 4. Cytokine concentrations in the supernatant of the 3D model containing the XLS/Alg-PAAm hydrogel during 13 days. (A) Effects of healthy/inflammatory conditions
and loading TGF-33 into gel on IL-6 cytokine concentration against XLS/Alg-PAAm. (B) Effects of healthy/inflammatory conditions and loading TGF-f33 into gel on IL-10
cytokine concentration against XLS/Alg-PAAm. ****p < 0.0001; One-Way/Two-way ANOVA Tukey's Multiple Comparison Test performed to determine statistically

significant differences in cytokine production (n = 3 independent experiments). Error bars represent standard deviation.

under both healthy (LPS-) and inflammatory (LPS +) conditions, the in-
creases in cytokine concentrations were higher for XLS/Alg-PAAmgp.p3
(approximately 19 and 32-fold higher on day 1; 12 and 3.5-fold higher on
day 13, respectively). Transforming growth factor 3 (TGF-f3), one of the
main immune and inflammatory factors responsible for cell proliferation,
differentiation, angiogenesis, and regulation of immune responses, is
known to be required for the induction and maintenance of chondrocyte
and osteoblast phenotypes [51]. For that reason, various studies on
the sustained release of TGF-f via microspheres and hydrogels have sought
to increase particular chondrocyte proliferation and cartilage matrix
deposition [52]. TGF-f is a highly pleiotropic cytokine that exists in three
isoforms (TGF-B1, TGF-(2, and TGF-33), synthesized by almost all cells
and can signal to almost all cells and act in wide-range [53]. Besides
its high anti-inflammatory effect, TGF-B3 is involved in regulating the
interleukin network, IL-1 and IL-6 in particular [54]. From this point on,
the duration and concentration of treatment are decisive for its pro-
inflammatory or anti-inflammatory effects.

Sharkey et al. reported that TGF-B3 stimulated IL-6 production in a
dose-dependent manner, with 50 ng/mL TGF-B3 causing a 13-fold increase

after 24 h compared to the untreated control as well as other TGF-f3 iso-
forms [55]. High IL-6 proinflammatory response level in the first days of
the early scar-free healing process induced by TGF-33 should not be consid-
ered as a negative aspect since it may be associated with chondrocyte cell
proliferation and differentiation in 3D culture as well as the immune re-
sponse against the hydrogel [56]. The sequential activation of the M1 and
M2 phenotypes of macrophages affects not only the initiation and regres-
sion of inflammation, but also the quality of tissue regeneration and remod-
eling [57]. Notably, macrophage polarization towards a more stable M1/
M2 macrophage ratio or predominantly M2 phenotype [48] indicates the
suitability of biomaterial following the implantation. According to macro-
phage profile around the XLS/Alg-PAAm hydrogels, M1 macrophages,
playing a role in host defense with its destructive phagocytosis ability and
secretion of pro-inflammatory cytokines in the early stages of wound
healing [58], was observed predominantly (except the first day, p > 0.05)
due to chronic inflammation at LPS + microenvironment throughout 13
days (p < 0.0001). On the other hand, dominant profile of M1 macrophages
was observed only on day 1 (M1/M2 ratio was 1.82) at LPS-free microenvi-
ronment (Fig. 5A, B).

Fig. 5. Macrophage polarization during 13 days against hydrogels in 3D model of establishing healthy/inflammatory conditions and loading TGF-B3 into the gel.
(A) Fluorescence microscopy images of ATDC5, HFOB, 1929, Raw264.7 stained for DAPI (blue), M1 surface marker CD80 (green), M2 surface marker CD206 (red).
(B) M1/M2 ratio induced by hydrogels during 13 days. ns; p > 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001; Two-way ANOVA Tukey's Multiple Comparison Test
performed to determine statistically significant differences in cytokine production (n = 3 independent experiments). Error bars represent standard deviation. (C) The dot
plot graph of qRT-PCR results of M1/M2 gene expressions (CD80, CD68, iNOS, TNF-alpha, CD206, Argl, STAT6) of cells cultured in the 3D model containing XLS/Alg-
PAAm hydrogels. Fold regulation data was shown by dividing the normalized gene expression in each day sample (Day 4, 7, 10, 13) by the normalized gene expression in
day 1 sample for all hydrogel groups.
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M2 profile became dominant as of day 4 and M1, whereas M2 profiles
shifted to a slightly M2 weighted balance on day 13 (p < 0.0001) with an
M1/M2 ratio of 0.86, attributing to the successful occurrence of damaged
tissue repair and constitutive tissue regeneration [59]. Although the
biocompatibility and immune response of Alg have been a concern,
physicochemical properties such as degree of purity, chemical composi-
tion, residues and modifications dictate the degree of biocompatibility
and immunogenicity [60]. While M-blocks have been identified as the
main initiator of FBR in some studies [61], there was little or no reported
immune response to other Alg derivatives, particularly with high purity
Alg [62], which is in agreement with our study. Furthermore, it has
been reported that high M-block content in Alg provides immunostimulant
activity that activates macrophages and monocytes for secretion of cyto-
kines and cytotoxic factors. Also M2 macrophages leading to the secretion
of the anti-inflammatory cytokines ensure to attenuate the production of
nitric oxide, reactive oxygen species, prostaglandin E2, and cyclooxygen-
ase COX-2, thus indicating the antioxidant effect of Alg [60]. As for the
XLS/Alg-PAAmrcr.p3 hydrogels, higher M2 presences on day 4 (p <
0.05) and 7 (p < 0.01) compared to XLS/Alg-PAAm and a slightly more
stable M1/M2 ratio (0.88, p > 0.05) were observed at the end of day 13.
Overall, when the inflammatory microenvironment was induced with
LPS, higher M1 polarization with the M1/M2 ratio of 2.85 (p < 0.0001)
against XLS/Alg-PAAm hydrogel was observed in comparison to the
healthy LPS-free microenvironment. Indeed M1 macrophages were
shown to induce osteogenesis via the cyclooxygenase-2 (COX-2)-prosta-
glandin E2 (PGE2) pathway during early stages of healing. These results
suggest that early initiation of the repair program by M1 macrophages,
followed by the transition from M1 to M2 phenotype at the appropriate
time point, is key to enhancing bone regeneration [63]. Moreover, several
gene expression levels were determined by quantitative qRT-PCR assay to
confirm the results of M1 and M2 macrophage polarizations. Gene expres-
sions in all groups were depicted in the dot plot graph based on fold reg-
ulation data was provided as well (Fig. 5C, Table S2). The 3D model
supported macrophage viabilities as CD68 gene expression indicates the
presence of macrophages [64]. The presence of LPS stimulated the gene
expressions of CD80, iNOS and TNF-a constantly day by day, upregulating
86.82, 23.1, 11.96 and 739.29-fold at day 13, implying that M1-type
macrophages [65] could release destructive factors resulting in cartilage
damage. However, the upregulations were comparatively lower in XLS/
Alg-PAAm (1.18, 3.05, 4.34 and 34.99-fold) and XLS/Alg-PAAmrgr.p3
(5.35, 10.14, 3.63 and 13.93-fold) groups on day 13. On the other hand,
CD206 and Argl gene expressions increased from 1.75 to 36.97-fold and
5.68 to 11.79-fold in the corresponding TGF-f33 loaded group on day 13,
suggesting that XLS/Alg-PAAmycr.ps further promoted M2 macrophage
polarization, which might be associated with accelerated bone repair
[66]. Moreover, the gene expression of STAT6, which is an important tran-
scription factor for M2 polarization [67], increased by 2.08 and 3.37-fold
at day 13, in the presence of XLS/Alg-PAAm and XLS/Alg-PAAmrgr.p3
hydrogels, whereas down-regulated in LPS+ group from day 7 to 13.
Overall, the expression levels of M1-related genes were significantly
lower in LPS- groups, while the expression levels of M2-related genes
were higher than that of LPS+ group. The in vitro results indicated that
XLS/Alg-PAAm hydrogel activated macrophages towards M2 phenotype
and stimulated macrophages to express anti-inflammatory factors. More-
over, TGF-3 doping seems to enhance the immune response especially
between day 4-7 and accelerated the transition of macrophage polariza-
tion to the reparative M2 phase compared to XLS/Alg-PAAm suggesting
the promoted healing ability.
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3.3. Invivo osteochondral defect model

In vivo rat model was used to evaluate the repair of osteochondral de-
fects. All animals revealed normal movement after surgery. Based on mac-
roscopic observations, implants exhibited good integration with host tissue
and defects were firmly filled with newly formed tissue in XLS/Alg-PAAm
and XLS/Alg-PAAmrgr.p3 after 12 weeks. However, the defects in non-
treated control group were not fully filled with neotissue with formation
of a gap due to adjacent tissue collapse. Additionally, no necrosis, exudation
or inflammatory reactions were observed in the joint capsule following im-
plantation at 12 weeks. Histological evaluations of newly formed tissue
were confirmed by H&E, Safranin-O/Fast Green, Masson's trichrome, TB
(Fig. 6) and PAS staining (Fig. S2) at 12 weeks after surgery. The defects
in XLS/Alg-PAAm and XLS/Alg-PAAmgr.p; demonstrated no inflamma-
tion, no collapse of adjacent tissue and completely integrated with the
host tissues. XLS/Alg-PAAm and XLS/Alg-PAAmygr.p3 simultaneously en-
hanced the repair of articular cartilage and subchondral bone in layer fash-
ion, compared to the untreated control. The obtained results were
attributed to the osteogenic effect of laponite XLS as well as favorable
chondrogenic and osteogenic potencies of TGF-f33. It is well known that
the degradation products of laponite XLS enhance bone regeneration by
activating Wnt signaling and accelerating collagen type I synthesis [9].
Similarly, XLS/Alg-PAAm group resulted in remarkably enhanced
osteochondral regeneration in the absence of any osteoinductive factor
compared to non-treated control group. Light microscopic investigations
of the articular tissues revealed irregular articular surface with newly
formed non-cartilaginous fibrous tissue in the control group (Fig. 6A,D,G,
J and Fig. S2A,D,G,J).

XLS/Alg-PAAm group demonstrated disorganized articular surface and
the chondral defect was mainly composed of fibrous tissue (Fig. 6B,E,H,K),
which can also be seen in magnified photomicrographs of osteochondral
tissue sections (Fig. S2B,E,H,K). Few fibrocartilages and hyaline cartilage
tissues were observed in some animals. XLS/Alg-PAAmgg.p3 group showed
newly formed articular tissue surface, with a fibrocartilage and hyaline car-
tilage tissue observed in some areas (Fig. 6C,F,LL and Fig. S2C,F,LL). In-
deed, Alg based hydrogels have been reported to induce macrophage
activation and stimulate expression of pro-inflammatory cytokines to accel-
erate chronic wound healing [68]. The scoring results validated the mor-
phology of new surface (Fig. 6M), cartilage tissues (Fig. 6N) along with
the thickness of new cartilage (Fig. 60) and both distribution (Fig. 6P)
and cellularity (Fig. 6R) of chondrocytes. In Masson's trichome staining,
blue areas indicates immature nascent bone, while red areas indicates the
mature nascent bone [69]. For bone scoring, the white parts in XLS/Alg-
PAAm and XLS/Alg-PAAmrgr.ps were observed to decrease in comparison
to control in the magnified photomicrographs (Fig. S3). Moreover, blue
parts became red mature bone in XLS/Alg-PAAm and XLS/Alg-PAAmrcr
p3- Additionally, semiquantitative scoring revealed increased new bone for-
mation in both XLS/Alg-PAAm and XLS/Alg-PAAmrgr.ps (p < 0.01) group
compared to control group (Fig. 6S). Herein, histological bone scores for
non-treated control, XLS/Alg-PAAm and XLS/Alg-PAAmrgrps; were
0.375, 1.313, and 1.813, respectively. Accordingly, the total histological
scores for control, XLS/Alg-PAAm and XLS/Alg-PAAmgr.p3 were deter-
mined as 2.625, 7.623, and 9.723 for osteochondral repair. Given the me-
chanical performance, the stiff bilayer hydrogel described here can find
clinical usage for the treatment of osteochondral defects. The major compo-
nents of XLS/Alg-PAAm are approved for use by the FDA. Furthermore, al-
ginate and polyacrylamide have been used for other clinical applications
such as wound dressings (for instance, Algisite M) and fillers for the

Fig. 6. Representative photomicrographs of tissue sections in the experimental groups stained with (A,B,C) H&E, (D,E,F) Safranin O/Fast Green, (G,H,I) Masson's trichrome
and (J,K,L) TB stains. (A,D,G,J) Control group demonstrates limited tissue repair mostly composed of fibrous tissue in the chondral region. (B,E,H,K) XLS/Alg-PAAm and (C/F,
LL) XLS/Alg-PAAmgr.g3 groups show mainly fibrous tissue with few fibrocartilage and hyaline cartilage tissue groups in the joint surface (Arrows indicate defect sites). Scale
Bars: 200 pm. The histological lesion scores representing the morphology of (M) new surfaces and (N) cartilage tissues along with the (O) tissue thickness, (P) chondrocyte
distribution, (R) cellularity as well as (S) new bone formation. ns > 0.05,*p < 0.05, **p < 0.01; One-Way ANOVA, Tukey's Multiple Comparison Test. Data are presented as the

mean *+ standard error.
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treatment of urinary incontinence [70], highlighting the translational as-
pect of the fabricated bilayer hydrogel.

4. Conclusions

In the present study, both XLS/Alg-PAAm and XLS/Alg-PAAmgr.p3
bilayered hydrogels and their potential to improve the repairment of
osteochondral defects were assessed. Having an enhanced mechanical
strength, bilayered structures showed appropriate biodegradability with
the in vivo tissue repairment. As for the foreign body response, although
both hydrogels promoted macrophages to polarize towards M2 phenotype,
the generated 3D in vitro model mimicking the inflammatory state revealed
the accelerated transition of macrophage polarization with the addition of
TGF-33, especially between day 4 and 7. Gene expression results also
showed that M1-type differentiation was inhibited, whereas M2-type differ-
entiation was promoted. Overall, this study highlights the mechanical and
biological functionality of the generated bilayered hydrogel structure
through in vitro and in vivo examinations.
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