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Adhesive hydrogel-enabled
integrative fixation for cartilage
and osteochondral repair
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Dominique P. Pioletti?*

'Department of Orthopedic Surgery and Traumatology, Lausanne University Hospital, University of
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Bioengineering, School of Engineering, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne,
Switzerland, *Manufacturing Department, LAM Biotechnologies SA, Epalinges, Switzerland, “Regenerative
Therapy Unit, Reconstructive and Hand Surgery Service, Lausanne University Hospital, University of
Lausanne, Epalinges, Switzerland, *Center for Applied Biotechnology and Molecular Medicine, University
of Zurich, Zurich, Switzerland, *Oxford OSCAR Suzhou Center, Oxford University, Suzhou, China

Secure attachment of repair constructs to native cartilage and underlying bone
tissues remains a major unmet need in chondral and osteochondral surgery.
Currently existing injectable or scaffold-based cell carriers, while biologically
compatible, lack the mechanical integrity and interfacial adhesion. In most
cases, a secondary fixation using suturing or fibrin glue remains necessary,
which can be challenging in terms of achieving long-term integration and
reproducible clinical outcomes. Here, we investigated the biomechanical and
adhesive performance of our previously developed photo-curable
phosphoserine-functionalized methacrylated gelatin hydrogel, with the aim of
defining a clinically relevant formulation window for integrative fixation. Polymer
content (PC) was varied to control cohesive and interfacial properties. The
hydrogel exhibited tunable biomechanical performance across formulations,
with no significant batch-to-batch variability. Autoclave sterilization reduced
stiffness and adhesion but preserved overall mechanical integrity, with
sterilization before lyophilization (T1) causing smaller performance losses than
sterilization after precursor preparation (T2). Ex vivo tensile adhesion on human
osteochondral interfaces demonstrated multi-tissue bonding, with the hydrogel
achieving several fold higher adhesion than fibrin glue on cartilage, subchondral
bone, and cancellous bone. Adhesion was highest on cartilage (68.3 + 12.5 kPa),
followed by subchondral (44 + 5.5 kPa) and cancellous bone (31.2 + 8.2 kPa). In
human chondral defects, the hydrogel could be injected and photocured under
both dry and wet conditions, although surface hydration reduced adhesion by
~50%, indicating enhanced performance under dry arthroscopy or open
conditions. Cancellous bone penetration experiments revealed that lower PC
(10 wt%) promotes trabecular infiltration, whereas higher PC (15 wt%) limits
penetration and improves defect confinement. Overall, these results identify
15-20 wt% PC as a clinically relevant formulation window, combining
injectability, manufacturing reproducibility and autoclave compatibility with
robust multi-tissue adhesion. This work supports further development of the
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hydrogel as a potential integrative fixation strategy for minimally invasive cartilage
and osteochondral repair and its future evaluation as a cell-laden delivery matrix

in vivo.
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adhesive hydrogel, biomaterials sterilization, cartilage, osteochondral fixation, photo-

polymerization, polymer content, tissue integration

Introduction

Stable fixation of cartilage repair materials to the native joint
surface is a persistent clinical bottleneck in cartilage and
osteochondral repair (Trengove et al., 2022; Karami et al., 2024a).
Biological strategies and cellular therapies such as the successive
generations of autologous chondrocyte implantation (ACI), are now
standard clinical practice. However, their long-term success is often
compromised by mechanical failure at the interface and inconsistent
integration. Membrane delamination, incomplete conformity to
defect geometry and poor anchorage with the surrounding
cartilage/bone are frequently reported and contribute to variable
clinical outcomes (Davies and Kuiper, 2019). For surgeons, access to
a reproducible and efficient delivery system to secure a cartilage
construct in the defect, enhance durable healing and reduce
postoperative failure rates, is a practical challenge.

Recent developments in injectable therapeutic delivery systems
are encouraging to simplify cellular therapies by eliminating
membranes and enabling minimally invasive delivery (Pardiwala
et al., 2024). However, current clinically injectable systems are
mechanically weak and poorly adhesive. Novocart® Inject, as a
hyaluronan-based injectable carrier (Niemeyer et al, 2025;
Niethammer et al., 2022), allows for direct defect filling, however
clinical MRI follow-up has shown incomplete integration at 1 year
(Niemeyer et al., 2023), in line with its weak interfacial adhesion
performance (Weitkamp et al., 2023). On the other hand, delivery
systems such as the Atelocollagen gel have been used clinically as a
cell carrier in ACI (A-ACI) (Tohyama et al., 2009; Kato et al., 2024),
but the technique consistently requires a periosteal or collagen
membrane covering for fixation due to limited intrinsic adhesion
and mechanical stability. Precultured scaffolds also lack the
conformability and fixation stability. CaReS® delivers autologous
chondrocytes embedded in a type I collagen gel that must be
manually trimmed to fit the defect and glued to the underlying
bone and surrounding cartilage with fibrin glue (Matsushita et al.,
2022), thus the construct lacks sufficient interfacial adhesion. The
failure of such carriers to provide adequate adhesion and mechanical
reinforcement highlights the need for injectable materials that not
only support chondrogenic activity but also establish immediate and
reliable mechanical integration with surrounding tissues during
early healing.

We recently developed a photo-curable adhesive hydrogel-based
cell carrier designed to meet the aforementioned requirements. Our
preliminary studies suggest that the hydrogel forms strong bonds
with biological tissues and exhibits in vitro tunable physicochemical
properties depending on synthesis parameters (Karami et al., 2021;
Karami et al., 2024b). The hydrogel is based on a phosphoserine-
functionalized methacrylated gelatin backbone. Methacrylation
tunable mechanical

enables rapid photo-crosslinking and

properties, and phosphoserine introduces phosphate-containing
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groups that enhance interactions. This combination enables
control over mechanical properties and interfacial interactions
within a single injectable formulation. In our previous proof-of-
concept work, we demonstrated its superior adhesive performance
and its ability to maintain long-term lateral integration in an in vivo
cartilage defect model (Karami et al., 2024b). These early promising
findings were nevertheless obtained using animal tissue models and
limited testing, without direct evaluation on human osteochondral
tissues or applied assessment under manufacturing and clinically
relevant constraints. Moreover, the translational potential of the
material had not yet been established in terms of manufacturing
reproducibility and consistency of biomechanical performance.
Therefore, a more systematic evaluation of the hydrogel’s
biomechanical performance and adhesion behavior on human
joint tissues is essential to determine its potential as a fixation
material prior to biological and in vivo validation. Building on
our previous development of this adhesive hydrogel (Karami
et al., 2021; Karami et al.,, 2024b), the present study aims to:

a. Define the relationship between polymer content and
mechanical/adhesive properties, including batch-to-batch
reproducibility and sterilization effects,

b. Quantify adhesion on human cartilage, subchondral bone,
and cancellous bone under clinically relevant conditions,
including wet arthroscopic-like environments, and

¢. Analyze how polymer content affects the penetration of the
hydrogel in the underlying cancellous bone.

Our objective is to identify a clinically applicable formulation
window for reliable fixation in minimally invasive cartilage and
osteochondral repair, focusing specifically on biomechanical
feasibility and interfacial adhesion on human tissues.

Materials and methods
Hydrogel synthesis

The hydrogel polymer was synthesized in a two-phase
modification procedure with polymeric backbone methacrylation
and phosphoserine functionalization according to our previous
publications (Karami et al, 2021). Briefly, 10 g of the gelatin-
based backbone (Sigma-Aldrich, G2500) were dissolved in
100 mL of DPBS at 60 °C under stirring for 30 min. Methacrylic
anhydride (Sigma-Aldrich, 276685) was added dropwise and
allowed to react for 2 h. The reaction mixture was diluted
fourfold with DPBS, dialyzed against distilled water for 5 days at
50 °C and freeze-dried for 4 days to obtain the methacrylated
17885-08-4)
modification, 0.5 g of the lyophilized polymer was dissolved in

intermediate.  For  phosphoserine  (Flamma,
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25 mL of MES buffer (pH 5). Phosphoserine (25 mM) reaction with
the modified backbone was performed using EDC/NHS (Thermo
Fisher Scientific, 03450 and 24510) activation. The mixture was
stirred, filtered and finally dialyzed against distilled water for 5 days.
The purified polymer was then lyophilized for 4 days before use.
Polymer chemical modification was validated by 'H NMR
spectroscopy performed on a 400 MHz Bruker Avance NEO
instrument. Samples consisting of 18 mg modified polymer were
dissolved in 500 pL D,O and analyzed at 40 °C. Unmodified gelatin
was characterized under the same experimental conditions.
Representative spectra are included in the Supplementary
Material. The lyophilized polymer was subsequently dissolved in
PBS with
photoinitiator (Tocris Bioscience, 6,146) to obtain precursor
solutions at different polymer contents (PC) of 5, 10,15, and

lithium  phenyl-2,4,6-trimethylbenzoylphosphinate

20 wt%. Photo-curing was performed using visible light at a
405 nm wavelength for 30 s to obtain hydrogel samples. Three
independent polymer batches were synthesized to assess the

reproducibility of the process. Mechanical and adhesive
properties of each batch were measured and statistical
comparisons were performed to evaluate the inter-batch
consistency.

In vitro compression testing at different
polymer contents and inter-batch
reproducibility

Mechanical characterization was performed at all polymer
contents using an Instron uniaxial E3000 testing system
(Norwood, MA, United States). Cylindrical hydrogel samples
with 6 mm diameter and 2.2 mm height were prepared in Teflon
molds and subjected to unconfined compression at the rate of

0.1 mm x s

up to 25% strain (mm/mm) and the load-
displacement was recorded. The compressive modulus was
determined by linear interpolation of the stress-strain curve. Each

formulation was tested in triplicate for each batch.

In vitro adhesion testing at different polymer
contents and inter-batch reproducibility

The shear adhesive strength of the hydrogel constructs was
determined using a lap shear setup for all polymer contents (Rana
etal,, 2023). Accordingly, a 100 uL volume of the hydrogel precursor
was photopolymerized between the overlapping regions of two
gelatin-coated glass slides using a Teflon mold with a defined
contact area of 20 x 25 mm to form a hydrogel layer adhering to
both slides. The glass slides were gripped into the mechanical setup
and shear adhesion measurements were conducted at a loading rate
of 1 mm x s until failure using an E3000 Instron equipped with a
50 N load cell. The adhesive strength was calculated by dividing the
maximum recorded load by the bonded area. Each formulation was
tested in triplicate for each batch.

Effect of autoclave sterilization route on
in vitro compressive and adhesive properties

For hydrogel formulations with polymer content of 5, 10 and
15 wt%, the precursor polymer in suspension was sterilized either
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before final lyophilization (T1) or before gelation (T2) by
autoclaving at 121 °C for 10 min (see Supplementary Figure SI).
After sterilizations, both compressive modulus and lap shear
strength were assessed as described above, in triplicate for
independent batches. In addition, the swelling ratio was
measured. Cylindrical hydrogel samples were prepared by
photocuring, and the initial weight of the hydrogel after synthesis
(W) was recorded. The samples were then immersed in PBS at 37 °C
for 24 h to reach equilibrium swelling. After incubation, the samples
were weighed to determine the swollen mass (W). The swelling
ratio was calculated as: Swelling ratio = (W,-Wq)/Wj x100.

Ex vivo adhesion measurement on cartilage,
subchondral bone plate and
cancellous bone

The adhesion measurements under tensile loading were
conducted on osteochondral plugs that were cut in a cylindrical
shape from human allograft knee tibial plateaus (17-year-old female,
32-year-old male, 35-year-old male) in accordance with ethical
regulations (n_donors = 3, n_plugs per donor = 3). The fresh-
frozen allografts were obtained following meniscal transplantation
(JRF Ortho, CO, United States). According to the provider’s
processing protocol, all allografts were aseptically processed. After
debridement and graft shaping, the tissues undergo cleansing and
disinfection in an antibiotic cocktail, followed by post-disinfection
sterility cultures to confirm absence of bacterial or fungal
contamination. They were stored at —80 °C until use. Cylindrical
osteochondral plugs were prepared from each plateau and placed in
dedicated  molds
photopolymerized on the

where the hydrogel precursor was
We used a previously

developed custom-made adhesion setup for implementing the

surface.

test (Karami et al, 2018). After curing, the hydrogel-tissue
samples were gripped and the tensile load was applied with a

0.1 mm x s

rate. The adhesion strength was obtained as the
maximum recorded load divided by the hydrogel-tissue bonded
area. For each plug, adhesion was measured on cartilage,
subchondral bone plate and cancellous bone surfaces at different
polymer contents (PC) of 10 and 20 wt%. The commercial fibrin
glue (Tisseel, Baxter AG, 0748627) was also used as a reference
material and applied in accordance with the manufacturer’s
instructions. Fibrin glue is a clinically approved two-component
sealant composed of fibrinogen and thrombin that are mixed prior
to application. It is commonly used in cartilage repair procedures as
an auxiliary fixation material due to its biocompatibility and ease of
application. However, its mechanical strength is limited and it is
generally considered insufficient.

Ex vivo adhesion performance in human
chondral defects under dry and wet
conditions

To further adhesive
performance of the hydrogel, an ex vivo human tibial plateau

analyze the implementation and
model was used to demonstrate the hydrogel’s ability to anchor
in a chondral defect. Two human tibial plateau allografts (25-year-
old male and 31-year-old male) were used. First, two full thickness
chondral defects were created and filled either a) under dry
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conditions, with 15 wt% hydrogel precursor cured in situ b) with
water first, followed by 15 wt% hydrogel precursor injection through
the fluid to displace it before light activation. Moreover, adhesion
strength was further measured for dry and water-filled defects on
both cartilage and subchondral bone under tensile loading (n_
donors = 2; n_plugs per donor = 3).

Ex vivo cancellous bone penetration in
human osteochondral defects

To assess the influence of polymer content on hydrogel
infiltration into the underlying cancellous bone of osteochondral
defects, three human tibial plateaus allografts (21-year-old male, 33-
year-old male, 38-year-old female) were used. To simulate
osteochondral lesions in the tissue samples, cylindrical defects
with a 10 mm diameter were first drilled to reach the underlying
trabecular surface and the resulting plugs were removed. Two
defects were created per specimen (n_donors = 3; n_defects per
donor = 2). Each plateau was sectioned through the center of the
defects using a precision saw and the two halves were held using a
mechanical gripper. The hydrogel precursors at 10 and 15 wt% were
stained with Patent Blue V dye (E131, Guerbet AG, 2379736) to
enable visualization of infiltration. The precursors were applied to
freshly prepared cancellous bone surfaces and after 1 min,
photocuring was performed. Following curing, the hydrogel was
then cut along the midline with a surgical blade and the two tissue
halves were gently separated. Macroscopic images of the cross-
sections were obtained to assess penetration depth. The viscosity
behavior of the hydrogel precursors were characterized using a
Modular Compact Rheometer 102 (Anton Paar, Peseux)
equipped with a disc diameter of 25 mm. Measurements were
performed under a controlled shear rate ranging from 1 to 600 s
to evaluate viscosity as a function of shear rate.

Statistical analysis

All quantitative data are presented as mean * standard deviation
(SD). Statistical analyses were performed using two-way analysis of
variance (ANOVA) with Tukey post hoc tests. The level of statistical
significance was set at p < 0.05. Triplicate measurements were
performed for each experimental condition. Independent polymer
batches and multiple tissue donors were included to account for
material and biological variability.

Results

In vitro compression and adhesive testing at
different polymer contents and inter-batch
reproducibility

The hydrogel exhibited tunable stiffness with varying polymer
contents. The results indicated a significant effect of polymer
content on the hydrogel stiffness (p < 0.001) ranging from 16.1 +
2.4 kPa to 673.6 + 53.7 kPa. However, there was no significant effect
of polymer batch on the compressive modulus (p = 0.781)
confirming reproducibility of the synthesis process. Lap shear
testing also showed that adhesive strength could be tuned by
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varying polymer content similar to the trends observed in
compressive stiffness. The hydrogel exhibited a significant effect
of polymer content on adhesion strength (p < 0.001), with mean
values increasing from 18.6 + 1.9 kPa at 5 wt% to 63.5 + 7.2 kPa at
15 wt% polymer content. No significant effect of polymer batch was
detected (p = 0.730). Therefore, both bulk mechanical performance
and interfacial adhesion could be precisely controlled by adjusting
hydrogel formulation attributes (Figure 1).

Effect of autoclave sterilization route on
in vitro compressive and adhesive properties
at different polymer contents

We further evaluated the effect of autoclave sterilization on
mechanical and adhesive properties (Supplementary Figure S2).
After sterilization, both the compressive modulus and lap shear
strength remained consistent across batches with no statistically
significant inter-batch differences (p > 0.05) for all hydrogel
formulations. However, sterilization itself had a significant impact
on material properties (p < 0.001). Sterilization performed before
lyophilization (T1) resulted in moderate reductions in mechanical
and adhesive performance, whereas sterilization before gelation (T2)
caused more pronounced losses in properties. For example, at 15 wt
% polymer content, T1 sterilization reduced compressive modulus
by 39.1% and lap shear strength by 33.9%, while T2 sterilization
produced greater declines with decreases of 51.2% in compressive
modulus and 44.6% in adhesive strength. The smaller decrease in
adhesive strength compared with bulk stiffness suggests that the
sterilization process affects the polymer network’s cohesion and
energy dissipation capacity more strongly than its ability to form
interfacial interactions with tissues. Despite these changes, the
hydrogel’s mechanical integrity and adhesive capability are
sterilization and the obtained
scalability of the

largely preserved through

reproducibility ~ supports the hydrogel

manufacturing process.

Ex vivo adhesion measurement on cartilage,
subchondral bone plate and cancellous
bone at different polymer contents

To evaluate the hydrogel capacity for tissue-specific adhesion to
osteochondral interfaces, we measured tensile adhesion strength on
human cartilage, subchondral bone plate and cancellous bone using
a custom-made mechanical setup previously developed and
validated (Karami et al, 2018) (Figure 2). We selected 10 and
20 wt% polymer content, as the 5 wt% formulation, although
included in the initial stiffness and shear adhesion screening,
exhibited insufficient cohesive integrity and was therefore not
20 wt%
formulation was included to probe the upper range of adhesion

considered clinically relevant. Conversely, the
performance. The hydrogel formulations were also compared to
fibrin glue under similar testing conditions. Both polymer content
and tissue type had significant effects on adhesion strength. The
hydrogel consistently outperformed fibrin glue for all tissues and
exhibited approximately 5-fold higher tensile adhesion. For
instance, while fibrin glue exhibited the tensile adhesion of
12.2 + 4.1 kPa on cartilage and 6.5 + 3.1 kPa on cancellous bone,

the 20 wt% hydrogel formulation showed substantially higher

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2026.1797388

Karami et al. 10.3389/fbioce.2026.1797388
90 800 vy
@ Batch 1 @Batch 1
75 @ Batch 2 —_ @Batch 2
= '° 7] mBatch 3 & ®Batch 3
Q < 600 -
£ %01 E
Z
245 4 2 400
2 2
S 30 | 3
2 8 200 -
-‘S aQ
2 15 1 g
(6]
0 - 0 -
10 wt% 15 wt% 5 wt% 10 wt% 15 wt%
FIGURE 1

Tunable and reproducible mechanical and adhesive properties of the hydrogel. Lap shear adhesion strength (left) and compressive modulus (right) at
different polymer contents of 5, 10 and 15 wt% for 3 independent polymer batch syntheses. Letters A-C represent a compact letter display of statistics
wherein differences between groups labeled with the same letter are not statistically significant.
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Multi-tissue adhesion mapping on human osteochondral interfaces. (a) Tensile adhesion strength measured on human cartilage, subchondral bone
plate and cancellous bone and quantitative comparison of hydrogel formulations with fibrin glue (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
(b) Custom-made adhesion setup for tensile adhesion testing and sample preparation from a human tibial plateau.

adhesion of 68.3 + 12.5 kPa and 31.2 + 8.2 kPa on the respective
tissues. Increasing polymer content from 10 wt% to 20 wt%
enhanced interfacial strength for all tissues and the highest
adhesive improvement was observed on cartilage. Adhesion
generally decreased from cartilage to subchondral bone plate to
cancellous bone, showing the influence of substrate stiffness and
surface composition on interfacial bonding.

Ex vivo adhesion performance in human
chondral defects under dry and wet
conditions

Cylindrical full thickness defects (10 mm in diameter) were

created on the cartilage surface, filled with 15 wt% hydrogel
precursor and the material was polymerized in situ to form an

Frontiers in Bioengineering and Biotechnology

adhesive interface with the surrounding cartilage (Figure 3a). This
procedure demonstrated a rapid and straightforward application of
the hydrogel, as well as its fast fixation to the defect site. In a separate
experiment, to approximate arthroscopic conditions where saline
irrigation continuously wets the tissue surface, the defect was first
filled with water and the hydrogel precursor was subsequently
injected through the fluid to displace it before light activation
(Figure 3b). Visual inspection after curing confirmed complete
defect filling and interfacial adaptation to the surrounding tissue,
but adhesion decreased compared with the application in an
empty defect.

To quantitatively investigate the influence of hydration, we also
measured the tensile adhesion strength measured on cartilage and
tissues with mechanical adhesion tests

subchondral bone

(Figure 3c). When tested under wet conditions, adhesion strength
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a 10 wt% 15 wt% b

10

Donor 1

Donor 2

Viscosity (Pa.s)

Donor 3 0.01

B —

e g

FIGURE 4

hydrogel precursors.

= 10 wt%
* 15 wt%

0

Hydrogel precursor penetration into the underlying cancellous bone. (a) Ex vivo osteochondral defects in human tibial plateau model and
macroscopic images of cross-sections after in situ photocuring of 10 and 15 wt% hydrogels stained with a visible dye. (b) The viscosity behavior of the

200 300 400 500

Shear rate (1/s)

100 600

decreased from 56.4 + 6.8 kPa to 31.1 + 5.9 kPa for cartilage and
from 37.5 + 8.5 kPa to 19.6 + 7.9 kPa for subchondral bone. Despite
this reduction, the hydrogel maintained continuous coverage of the
defect and cohesive integrity. However, the approximately 50%
reduction in adhesion shows the significant effect of surface
hydration interfacial bonding and indicates that the
application of the hydrogel enhanced in the absence of active

in

fluid flow during surgery, conditions that can be obtained in
open surgeries and dry arthroscopic procedures. Qualitatively,
only minor inter-donor variability was observed while the
differences driven by tissue type and hydration state were
markedly larger.
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Ex vivo cancellous bone penetration in
human osteochondral defects at different
polymer contents

As an injectable hydrogel system with in situ photocuring, the
penetration of the hydrogel precursor into the underlying bone in
osteochondral defects should be clarified. Therefore, we evaluated
hydrogel penetration into cancellous bone in ex vivo human tibial
plateaus. Osteochondral defects through the
subchondral plate to expose the trabecular bone and hydrogels

were drilled

with polymer contents of 10 wt% and 15 wt% were applied to
assess the influence of viscosity on infiltration. The fluorescently
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labeled precursor allowed direct visualization of gel distribution
within the trabecular network after photocuring. The macroscopic
cross sections provided clear visualization of the hydrogel-bone
interface after photo-polymerization (Figure 4).

Different behaviors were observed between formulations. The
10 wt% hydrogel precursor exhibited noticeable penetration into the
trabecular structure, extending approximately 2 mm below the
defect surface. In contrast, the 15 wt% formulation showed no
detectable or minimal diffusion beyond the surface pores due to
higher viscosity. These observations on precursor flow before
polymerization suggest that a moderate viscous formulation
facilitates partial infiltration with the trabecular framework,
which may promote mechanical interlocking, whereas a more
viscous precursor remains localized and forms adhesion with
surface interactions. It should be noted that the present ex vivo
model represents a dry air-filled cancellous environment, which
likely overestimates penetration compared with physiological
conditions in vivo, where marrow and interstitial fluid would
restrict precursor diffusion. The 15 wt% and higher formulations
therefore offers better defect confinement and a controlled
injection procedure.

Discussion and conclusion

Despite decades of progress chondrocyte

implantation (ACI) and scaffold-based cartilage repair, rapid and

in autologous

stable fixation of repair constructs to native cartilage and
subchondral bone remains one of the weakest steps in the current
procedures. Delamination of membranes, incomplete conformity to
irregular defects, and limited anchorage to the osteochondral interface
continue to compromise long-term outcomes, even in third-
generation ACI techniques. Existing injectable hydrogels, such as
hyaluronan- (e.g., Novocart Inject) or collagen-based (e.g., CaReS,
Atelocollagen gel) systems, are generally optimized for biological
compatibility and support but lack
mechanical and adhesive strength. In this context, there is a clear

chondrogenic sufficient
need for injectable adhesive systems that can establish immediate
mechanical integrity and promote integrative fixation while remaining
compatible with clinical workflows and manufacturing pathways.

In this study, we systematically evaluated an intrinsically
adhesive, photo-curable hydrogel platform previously developed
in our group (Karami et al., 2021; Karami et al., 2024b), with the
specific aim of defining a formulation window compatible with the
biomechanical requirements of cartilage and osteochondral fixation.

A large body of work has explored photo-crosslinkable
hydrogels for cartilage repair, primarily focusing on tuning bulk
mechanics and supporting chondrogenic activity (Dadsetan et al.,
2007; Rice et al., 2008; Girolamo et al., 2015). Systems such as OPF-
based hydrogels can achieve adjustable stiffness and sustain matrix
deposition in vitro. Yet, they have typically not been engineered or
evaluated as dedicated fixation materials at clinically relevant
interfaces (Dadsetan et al, 2007). More recent generations of
cartilage-oriented hydrogel systems, such as catechol-containing
(Zhou et al., 2022; Yan et al., 2022), supramolecular (Li et al.,
2023; Zhang et al, 2025), ECM-inspired (e.g., hyaluronic acid/
gelatin-based) (Lim et al, 2020; Paul et al, 2023; Han et al,
2024; Qiu et al, 2023; Liu et al, 2017; Yang et al, 2023) or
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synthetic (Sharma et al., 2013; Wang et al., 2007) hydrogels have
improved bonding to cartilage, but their fixation strengths or clinical
practicality is limited. Beyond adhesion, physicochemical
limitations, such as high swelling ratios in PEG-based systems
(Karami et al., 2018; Dadsetan et al., 2007; Molina et al., 2025),
may complicate integration into routine surgical procedures. In
many cases, curing protocols rely on long exposure times (Karami
et al., 2018; Rice et al., 2008; Paul et al., 2023), irradiation conditions
(Dadsetan et al., 2007; Karami et al., 2022), or multi-component
formulations (Karami et al., 2018; Paul et al., 2023; Trucco et al,,
2022), representing workflow burden and translational challenges
that are not compatible with intraoperative use. Furthermore, most
data are generated on animal cartilage or idealized substrates, and do
not account for performance loss following clinically required
manufacturing and sterilization steps. Importantly, the few
systems tested directly on human cartilage demonstrate even
lower interfacial strength. For example, Trengove et al. reported
~5-6 kPa

gelatin-transglutaminase hydrogel on human cartilage (Trengove

only adhesion strength for a photocurable
et al,, 2021), reflecting the additional biomechanical challenges
posed by clinically relevant substrates relative to idealized bovine
or porcine models. In contrast, the present hydrogel was designed
from the outset as an adhesive fixation material and is tested here on
human osteochondral tissues under conditions that approximate
clinical use and delivery constraints.

Our results indicate that polymer content can be used to finely
tune both bulk stiffness and interfacial adhesion over an order of
magnitude range, without significant batch-to-batch variability.
Increasing the polymer content from 5 to 15 wt% results in a
substantial increase in compressive modulus and lap-shear
adhesion, while preserving synthesis reproducibility. The increase
in adhesion with higher polymer content can be attributed to the
greater density of polymer chains and functional groups available at
which

intermolecular interactions with tissue components. In addition,

the interface, increases the number of potential
increased crosslink density enhances cohesive strength of the
hydrogel, allowing more efficient stress transfer across the
interface and reducing premature cohesive failure. At low
polymer contents (5-10 wt%), the hydrogels exhibit limited
cohesive integrity and are prone to premature failure and
excessive penetration into cancellous bone when applied in
osteochondral defects. Conversely, at higher contents (>20 wt%),
stiffness and adhesion are considerably enhanced, but viscosity
becomes a limiting factor for injectability and controlled filling.
Ex vivo cancellous penetration experiments highlight this balance: a
10 wt% precursor infiltrates approximately 2 mm into the trabecular
network, whereas a 15 wt% formulation remains confined mainly to
the defect surface. Although these experiments were performed
under dry conditions that likely overestimate in vivo penetration
in the presence of marrow and interstitial fluids, they demonstrate
the importance of tuning viscosity to achieve defect confinement
and predictable delivery. The intermediate formulations (15-20 wt
%) therefore offer an optimal range, providing a compromise
between injectability, cohesive strength, and controlled
interaction with cancellous bone.

The adhesion mapping on human cartilage, subchondral bone
plate, and cancellous bone confirms the multi-tissue bonding

capacity of the hydrogel. The observed gradient (highest adhesion
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on cartilage, followed by subchondral bone plate and cancellous
bone) is important. From a clinical perspective, strong adhesion to
cartilage is critical to ensure lateral integration and prevent
delamination at defect margins. In addition, bonding to the
subchondral plate and the superficial trabecular bone provides
anchorage that can stabilize constructs subjected to compressive
and shear loads during early postoperative mobilization. While there
is no universally accepted threshold for clinically sufficient adhesion,
the several-fold improvement in adhesion relative to fibrin glue
suggests that the hydrogel provides a larger safety margin against
early failure at the tissue-biomaterial interface. Phosphoserine
functionalization introduces phosphate groups that can
contribute to interfacial interactions with extracellular matrix
components. In mineralized tissues such as the subchondral bone
plate, phosphate groups can exhibit affinity for calcium-containing
phases. In addition, the polymeric backbone contains reactive
groups that can promote interfacial contact with tissue amine
groups (Karami et al, 2021). Differences in adhesion observed
between cartilage, subchondral bone plate and cancellous bone
likely
composition, mineral content and surface structure, suggesting

are therefore influenced by variations in tissue
that adhesion in this system arises from a combination of
physicochemical interactions and mechanical stabilization at the
tissue interface.

The ex vivo experiments in human chondral defects further
illustrate how the hydrogel behaves under application conditions
relevant for surgery. Injection of the precursor into full thickness
defects followed by in situ photocuring showed rapid defect filling,
conformity to irregular surfaces and firm fixation. When defects
were prefilled with water to simulate arthroscopic irrigation, the
precursor still displaced the fluid and formed a continuous adhesive
layer after light activation. However, adhesion strengths decreased
by approximately 50% on both cartilage and subchondral bone.
These results indicate that surface hydration and residual fluid at the
interface significantly affect bonding, in line with known challenges
of achieving robust wet adhesion. Surface hydration likely interferes
with direct polymer-tissue interactions by introducing a fluid layer
at the interface and diluting reactive functional groups at the contact
surface. Nevertheless, even under wet conditions, adhesion
remained higher than that of conventional fibrin glue-based
fixation. Practically, this suggests that while the hydrogel can be
applied in a wet environment, its performance is optimized under
conditions where surface hydration is temporarily controlled, such
as dry arthroscopy or mini-open procedures.

An important aspect of this work is the explicit consideration of
manufacturing and sterilization. Autoclave sterilization is widely
used in clinical settings and offers regulatory compliance, yet it can
damage polymer networks and compromise material properties. By
comparing two sterilization routes, before final lyophilization (T1)
and after precursor preparation (T2), we show that sterilization
inevitably reduces stiffness and adhesion but does not abolish the
functional performance of the hydrogel. Notably, the T1 route
results in more moderate decreases in compressive modulus and
adhesion compared with T2, while preserving inter-batch
reproducibility. The observation that stiffness is more affected
than interfacial adhesion suggests that the sterilization process
predominantly alters network cohesion rather than the interfacial
chemistry responsible for tissue bonding. This observation suggests
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that autoclave exposure may partially shorten polymer chains or
modify crosslink density within the bulk network, thereby reducing
cohesive stiffness. However, the functional groups responsible for
interfacial interactions appear to remain largely preserved,
explaining why adhesive strength is comparatively less affected.
These findings support selecting T1 as the preferred protocol and
demonstrate that the adhesive hydrogel is compatible with standard
sterilization procedures, an essential prerequisite for translation to
GMP-compliant manufacturing and clinical use. Comparative
evaluation with other sterilization modalities such as gamma
irradiation, ethylene oxide or aseptic processing remains to be
explored in future work to further assess the material
performance under different clinically used sterilization conditions.

Opverall, this study demonstrates the biomechanical feasibility of
hydrogel systems in cartilage repair as fixation materials capable of
providing immediate mechanical stabilization at the osteochondral
interface. By combining tunable mechanics, multi-tissue adhesion,
controlled cancellous interaction, and compatibility with autoclave
sterilization, the hydrogel offers a promising strategy to advance
existing cell-based therapies. Our future developments will focus on
deeper characterization of the hydrogel’s long-term stability upon
incorporation of human cells, as well as its performance as a cell-
delivery matrix in vivo, to further establish its translational potential.

Limitations and future direction

The present experiments were conducted under static loading in
ex vivo models and should be interpreted as a biomechanical proof-
of-principle for the hydrogel as a fixation material. Although it
represents early postoperative conditions, it does not fully
reproduce the complex mechanical and biological environment of
the joint, particularly the shear forces characteristic of the
patellofemoral joint. Long-term behavior under in vivo joint
conditions and exposure to marrow components or bleeding may
alter the physicochemical behavior of the implanted system. Another
limitation is that the present study focused solely on the hydrogel’s
biomechanical and adhesive performance without incorporating
cells. Therefore, the mid- and long-term behavior of the cell-laden
hydrogel should be further evaluated. While our previous large
animal study demonstrated successful long-term tissue integration
and functional repair (Karami et al., 2024b), further in vivo validation
is planned to confirm the hydrogels performance as a cell carrier
system for enhanced tissue healing and integration.

Data availability statement
The original contributions presented in the study are included in

the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

Ethical approval was not required for the studies involving
humans because the tissues used consisted of residual allograft
material (not implanted in patients), commercially available and

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2026.1797388

Karami et al.

anonymized. No additional sampling was performed for research
purposes, no interaction with patients occurred, and no personally
identifiable data were accessed. As a result, no cantonal ethical
approval was required. The studies were conducted in accordance
with the local legislation and institutional requirements. Written
informed consent to participate in this study was not required from
the participants or the participants’ legal guardians/next of kin in
accordance with the national legislation and the institutional
requirements.

Author contributions

PK: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Project administration, Visualization,
Writing - original draft, Writing - review and editing. RM:
Conceptualization, Formal Analysis, Funding acquisition,
Methodology, Project administration, Resources, Supervision,
Validation, Writing - review and editing. AL: Formal Analysis,
Funding acquisition, Resources, Writing - review and editing. VP:
Investigation, Resources, Writing - review and editing. LA:
Resources, Writing - review and editing. DP: Conceptualization,
Formal Analysis, Funding acquisition, Project administration,

Resources, Supervision, Validation, Writing — review and editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. The authors acknowledge the
support of Innosuisse (Swiss Innovation Agency, Project No.
115.276 IP-LS). Open access funding by Swiss Federal Institute of
Technology in Lausanne (EPFL).

References

Dadsetan, M., Szatkowski, J. P., Yaszemski, M. J., and Lu, L. (2007). Characterization of
photo-cross-linked oligo [poly (ethylene glycol) fumarate] hydrogels for cartilage tissue
engineering. Biomacromolecules 8, 1702-1709. doi:10.1021/bm070052h

Davies, R. L., and Kuiper, N. J. (2019). Regenerative medicine: a review of the evolution
of autologous chondrocyte implantation (ACI) therapy. Bioengineering 6, 22. doi:10.
3390/bioengineering6010022

Girolamo, L. d., Niada, S., Arrigoni, E., Giancamillo, A. D., Domeneghini, C., Dadsetan,
M, et al. (2015). Repair of osteochondral defects in the minipig model by OPF hydrogel
loaded with adipose-derived mesenchymal stem cells. Regen. Medicine 10, 135-151.
doi:10.2217/rme.14.77

Han, Q,, He, J., Bai, L., Huang, Y., Chen, B, Li, Z., et al. (2024). Injectable bioadhesive
photocrosslinkable hydrogels with sustained release of kartogenin to promote
chondrogenic differentiation and partial-thickness cartilage defects repair. Adv.
Healthc. Mater. 13, 2303255. do0i:10.1002/adhm.202303255

Karami, P., Wyss, C. S., Khoushabi, A., Schmocker, A., Broome, M., Moser, C,, et al.
(2018). Composite double-network hydrogels to improve adhesion on biological
surfaces. ACS Applied Materials and Interfaces 10, 38692-38699. doi:10.1021/acsami.
8b10735

Karami, P., Nasrollahzadeh, N., Wyss, C., O’Sullivan, A., Broome, M., Procter, P., et al.
(2021). An intrinsically-adhesive family of injectable and photo-curable hydrogels with
functional physicochemical performance for regenerative medicine. Macromol. Rapid
Communications 42, 2000660. doi:10.1002/marc.202000660

Karami, P., Rana, V. K,, Zhang, Q., Boniface, A., Guo, Y., Moser, C,, et al. (2022). NIR light-
mediated photocuring of adhesive hydrogels for noninvasive tissue repair via upconversion
optogenesis. Biomacromolecules 23, 5007-5017. doi:10.1021/acs.biomac.2c00811

Karami, P., Laurent, A., Philippe, V., Applegate, L. A., Pioletti, D. P., and Martin, R.
(2024a). Cartilage repair: promise of adhesive orthopedic hydrogels. Int. Journal
Molecular Sciences 25, 9984. doi:10.3390/ijms25189984

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2026.1797388

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2026.1797388/
full#supplementary-material

Karami, P., Martin, R., Laurent, A., Nam, H. Y., Philippe, V., Applegate, L. A, et al.
(2024b). An adhesive hydrogel technology for enhanced cartilage repair: a preliminary
proof of concept. Gels 10, 657. doi:10.3390/gels10100657

Kato, Y., Yamada, S., Takazawa, S., Hattori, S., Okada, T., and Ohuchi, H. (2024).
Comparative study on clinical outcomes in autologous chondrocyte implantation using
three-dimensional cultured JACC® with collagen versus periosteum coverings. Sci. Rep.
14, 9834. doi:10.1038/s41598-024-59798-7

Li, Y., Li, L, Li, Y., Feng, L., Wang, B., Wang, M., et al. (2023). Enhancing cartilage
repair with optimized supramolecular hydrogel-based scaffold and pulsed
electromagnetic field. Bioact. Mater. 22, 312-324. doi:10.1016/j.bioactmat.2022.
10.010

Lim, K., Abinzano, F., Bernal, P., Sanchez, A. A., Atienza-Roca, P., Otto, L, et al. (2020).
One-step photoactivation of a dual-functionalized bioink as cell carrier and cartilage-
binding glue for chondral regeneration. Adv. Healthc. Mater. 9, 1901792. doi:10.1002/
adhm.201901792

Liu, X,, Yang, Y., Niu, X,, Lin, Q., Zhao, B, Wang, Y., et al. (2017). An in situ
photocrosslinkable platelet rich plasma-complexed hydrogel glue with growth factor
controlled release ability to promote cartilage defect repair. Acta Biomater. 62, 179-187.
doi:10.1016/j.actbio.2017.05.023

Matsushita, T., Matsumoto, T., Araki, D., Nagai, K., Hoshino, Y., Niikura, T., et al.
(2022). A phase I/Ila clinical trial of third-generation autologous chondrocyte
implantation (IK-01) for focal cartilage injury of the knee. Asia-Pacific Journal
Sports Medicine, Arthroscopy, Rehabilitation Technology 28, 6-12. doi:10.1016/j.
asmart.2022.03.004

Molina, N., Torelli, F., Mohamed-Ahmed, S., Hutchinson, D. J., Gjerde, C., Rashad, A.,
et al. (2025). Injectable dendritic hydrogels curable by high-energy visible light for cell
delivery in bone regeneration. Chem. Mater. 37, 3284-3294. doi:10.1021/acs.chemmater.
5c00063

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2026.1797388/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2026.1797388/full#supplementary-material
https://doi.org/10.1021/bm070052h
https://doi.org/10.3390/bioengineering6010022
https://doi.org/10.3390/bioengineering6010022
https://doi.org/10.2217/rme.14.77
https://doi.org/10.1002/adhm.202303255
https://doi.org/10.1021/acsami.8b10735
https://doi.org/10.1021/acsami.8b10735
https://doi.org/10.1002/marc.202000660
https://doi.org/10.1021/acs.biomac.2c00811
https://doi.org/10.3390/ijms25189984
https://doi.org/10.3390/gels10100657
https://doi.org/10.1038/s41598-024-59798-7
https://doi.org/10.1016/j.bioactmat.2022.10.010
https://doi.org/10.1016/j.bioactmat.2022.10.010
https://doi.org/10.1002/adhm.201901792
https://doi.org/10.1002/adhm.201901792
https://doi.org/10.1016/j.actbio.2017.05.023
https://doi.org/10.1016/j.asmart.2022.03.004
https://doi.org/10.1016/j.asmart.2022.03.004
https://doi.org/10.1021/acs.chemmater.5c00063
https://doi.org/10.1021/acs.chemmater.5c00063
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2026.1797388

Karami et al.

Niemeyer, P., Angele, P., Spiro, R. C,, Kirner, A., and Gaissmaier, C. (2023). Comparison
of hydrogel-based autologous chondrocyte implantation versus microfracture: a
propensity score matched-pair analysis. Orthop. J. Sports Med. 11,
23259671231193325. doi:10.1177/23259671231193325

Niemeyer, P., Hanus, M., Belickas, J., Laszlo, T., Gudas, R., Fiodorovas, M., et al. (2025).
Treatment of large cartilage defects in the knee by hydrogel-based autologous
Chondrocyte implantation: a 5-Year Follow-Up of a prospective, multicenter, single-
arm phase III trial. Cartilage, 19476035251334737. doi:10.1177/19476035251334737

Niethammer, T. R, Uhlemann, F., Zhang, A., Holzgruber, M., Wagner, F., and Miller, P.
E. (2022). Hydrogel-based autologous chondrocyte implantation leads to subjective
improvement levels comparable to scaffold based autologous chondrocyte implantation.
Knee Surg. Sports Traumatol. Arthrosc. 30, 3386-3392. doi:10.1007/s00167-022-06886-8

Pardiwala, D. N., Tapasvi, S., Chaudhary, D., Babhulkar, A., Varghese, J., Rajan, D., et al.
(2024). Outcomes following gel-based autologous chondrocyte implantation for
articular cartilage defects of the knee. Knee 49, 70-78. doi:10.1016/j.knee.2024.05.006

Paul, S., Schrobback, K., Tran, P. A., Meinert, C., Davern, ]. W., Weekes, A., et al. (2023).
GelMA-glycol chitosan hydrogels for cartilage regeneration: the role of uniaxial
mechanical stimulation in enhancing mechanical, adhesive, and biochemical
properties. Apl. Bioengineering 7, 036114. doi:10.1063/5.0160472

Qiu, H,, Deng, J., Wei, R,, Wu, X,, Chen, S, Yang, Y., et al. (2023). A lubricant and

adhesive hydrogel cross-linked from hyaluronic acid and chitosan for articular cartilage
regeneration. Int. J. Biol. Macromol. 243, 125249. doi:10.1016/j.ijbiomac.2023.125249

Rana, V. K., Karami, P., Nasrollahzadeh, N., and Pioletti, D. P. (2023). Nano surface-
heterogeneities of particles modulate the macroscopic properties of hydrogels. Adv.
Mater. Interfaces 10, 2202248. doi:10.1002/admi.202202248

Rice, M. A., Homier, P., Waters, K., and Anseth, K. S. (2008). Effects of directed gel
degradation and collagenase digestion on the integration of neocartilage produced by
chondrocytes encapsulated in hydrogel carriers. J. Tissue Engineering Regenerative
Medicine 2, 418-429. doi:10.1002/term.113

Sharma, B., Fermanian, S., Gibson, M., Unterman, S., Herzka, D. A., Cascio, B., et al.
(2013). Human cartilage repair with a photoreactive adhesive-hydrogel composite. Sci.
Translational Medicine 5, 167ral66. doi:10.1126/scitranslmed.3004838

Tohyama, H., Yasuda, K., Minami, A., Majima, T., Iwasaki, N., Muneta, T., et al. (2009).
Atelocollagen-associated autologous chondrocyte implantation for the repair of

Frontiers in Bioengineering and Biotechnology

10

10.3389/fbioe.2026.1797388

chondral defects of the knee: a prospective multicenter clinical trial in Japan.
J. Orthop. Sci. 14, 579-588. doi:10.1007/s00776-009-1384-1

Trengove, A., Duchi, S., Onofrillo, C., O’Connell, C. D., Di Bella, C., and O’Connor, A. J.
(2021). Microbial transglutaminase improves ex vivo adhesion of gelatin methacryloyl
hydrogels to human cartilage. Front. Medical Technology 3, 773673. doi:10.3389/fmedt.
2021.773673

Trengove, A., Di Bella, C., and O’Connor, A. J. (2022). The challenge of cartilage
integration: understanding a major barrier to chondral repair. Tissue Eng. Part B Rev. 28,
114-128. doi:10.1089/ten. TEB.2020.0244

Trucco, D., Riacci, L., Vannozzi, L., Manferdini, C., Arrico, L., Gabusi, E., et al. (2022).
Primers for the adhesion of Gellan gum-based hydrogels to the cartilage: a comparative
study. Macromol. Biosci. 22, 2200096. doi:10.1002/mabi.202200096

Wang, D.-A,, Varghese, S., Sharma, B., Strehin, I, Fermanian, S., Gorham, J., et al.
(2007). Multifunctional chondroitin sulphate for cartilage tissue-biomaterial
integration. Nat. Materials 6, 385-392. d0i:10.1038/nmat1890

Weitkamp, J.-T., Benz, K., Rolauffs, B., Bayer, A., Weuster, M., Lucius, R., et al. (2023). In
vitro comparison of 2 clinically applied biomaterials for autologous chondrocyte
implantation: injectable hydrogel versus collagen scaffold. Cartilage 14, 220-234.
doi:10.1177/19476035231154507

Yan, L., Zhou, T, Ni, R, Jia, Z, Jiang, Y., Guo, T., et al. (2022). Adhesive gelatin-catechol
complex reinforced poly (acrylic acid) hydrogel with enhanced toughness and cell
affinity for cartilage regeneration. ACS Appl. Bio Mater. 5, 4366-4377. doi:10.1021/
acsabm.2c00533

Yang, Y., Zhao, X., Wang, S., Zhang, Y., Yang, A., Cheng, Y., et al. (2023). Ultra-
durable cell-free bioactive hydrogel with fast shape memory and on-demand drug
release for cartilage regeneration. Nat. Commun. 14, 7771. do0i:10.1038/s41467-
023-43334-8

Zhang, L., Zhu, P, Pan, X., Zhao, B, Li, X,, Liu, K., et al. (2025). Composite
supramolecular hydrogel for osteoarthritis and cartilage repair enables localized
and sustained drug delivery. Mater. and Des. 254, 114066. doi:10.1016/j.matdes.
2025.114066

Zhou, S., Bei, Z., Wei, J., Yan, X., Wen, H., Cao, Y., et al. (2022). Mussel-inspired
injectable chitosan hydrogel modified with catechol for cell adhesion and cartilage defect
repair. J. Mater. Chem. B 10, 1019-1030. doi:10.1039/d1tb02241e

frontiersin.org


https://doi.org/10.1177/23259671231193325
https://doi.org/10.1177/19476035251334737
https://doi.org/10.1007/s00167-022-06886-8
https://doi.org/10.1016/j.knee.2024.05.006
https://doi.org/10.1063/5.0160472
https://doi.org/10.1016/j.ijbiomac.2023.125249
https://doi.org/10.1002/admi.202202248
https://doi.org/10.1002/term.113
https://doi.org/10.1126/scitranslmed.3004838
https://doi.org/10.1007/s00776-009-1384-1
https://doi.org/10.3389/fmedt.2021.773673
https://doi.org/10.3389/fmedt.2021.773673
https://doi.org/10.1089/ten.TEB.2020.0244
https://doi.org/10.1002/mabi.202200096
https://doi.org/10.1038/nmat1890
https://doi.org/10.1177/19476035231154507
https://doi.org/10.1021/acsabm.2c00533
https://doi.org/10.1021/acsabm.2c00533
https://doi.org/10.1038/s41467-023-43334-8
https://doi.org/10.1038/s41467-023-43334-8
https://doi.org/10.1016/j.matdes.2025.114066
https://doi.org/10.1016/j.matdes.2025.114066
https://doi.org/10.1039/d1tb02241e
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2026.1797388

	Adhesive hydrogel-enabled integrative fixation for cartilage and osteochondral repair
	Introduction
	Materials and methods
	Hydrogel synthesis
	In vitro compression testing at different polymer contents and inter-batch reproducibility
	In vitro adhesion testing at different polymer contents and inter-batch reproducibility
	Effect of autoclave sterilization route on in vitro compressive and adhesive properties
	Ex vivo adhesion measurement on cartilage, subchondral bone plate and cancellous bone
	Ex vivo adhesion performance in human chondral defects under dry and wet conditions
	Ex vivo cancellous bone penetration in human osteochondral defects
	Statistical analysis

	Results
	In vitro compression and adhesive testing at different polymer contents and inter-batch reproducibility
	Effect of autoclave sterilization route on in vitro compressive and adhesive properties at different polymer contents
	Ex vivo adhesion measurement on cartilage, subchondral bone plate and cancellous bone at different polymer contents
	Ex vivo adhesion performance in human chondral defects under dry and wet conditions
	Ex vivo cancellous bone penetration in human osteochondral defects at different polymer contents

	Discussion and conclusion
	Limitations and future direction
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


