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ARTICLE INFO ABSTRACT

Keywords: Cartilage, particularly hyaline cartilage, is essential for structural and functional integrity in otorhinolaryngo-
Bilayered scaffolds logical region (nose, ears, larynx, and trachea) but exhibits limited regenerative capacity due to its avascular
Biomaterials nature. Current clinical strategies, including microfracture, autologous chondrocyte implantation, and cartilage
;Zizienf;i?neermg grafting remain limited by poor integration, donor site morbidity, and fibrocartilage formation rather than hy-
Albumin aline cartilage. In parallel, most clinically investigated scaffolds rely on xenogeneic collagen, raising concerns
Medical applications regarding batch-to-batch variability, immunogenicity, regulatory burden, and sourcing. Together, these limita-
Otorhinolaryngology tions highlight the need for more clinically translatable autologous, biomimetic, and scalable biomaterials. Here,

we report a proof-of-concept albumin-based bilayered scaffold for cartilage tissue engineering, using a salt-
assisted compaction process without the use of chemical crosslinkers, based on albumin self-assembly. This
scaffold combines a porous layer to support cell infiltration and cartilage-like formation, and a smooth layer to
support later the regeneration of cutaneous (auricular) or respiratory (tracheal or nasal) epithelium in situ. In this
study, human nasal chondrocytes seeded in the scaffold showed proliferation, maintained viability and were
associated with the production of cartilage-like extracellular matrix rich in type II collagen and aggrecan.
Following subcutaneous implantation in nude mice, the scaffold showed progressive degradation, tissue inte-
gration, and features consistent with hyaline-like cartilage formation. Overall, this work suggests that albumin-
based bilayered scaffolds may represent a promising approach for cartilage repair and may be advantageous for
applications in nasal, auricular, and craniofacial reconstruction. Further studies in orthotopic models will be
required to evaluate their functional performance and clinical relevance.

1. Introduction

Cartilage is a compact, avascular, and aneural connective tissue
embedded in a dense extracellular matrix (ECM) containing sparsely
distributed chondrocytes. The ECM is rich in collagen type II, pro-
teoglycans, and sulfated glycosaminoglycans (sGAGs), which provide
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cartilage with the required mechanical properties for proper in vivo
function. Cartilage is a flexible tissue that resists compressive forces,
maintains structural integrity, and provides support in specific bone
areas. However, cartilage has a limited capacity for self-regeneration
following damage, making its regeneration a significant challenge [1].
Several strategies have been used to regenerate it, including
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microfracture [2], autologous chondrocyte transplantation [3,4], carti-
lage autografts, and allografts [5]. However, these strategies present
several notable limitations and drawbacks that can hinder their
long-term clinical application: insufficient host integration, donor site
morbidity, infection, graft rejection, and, above all, undesirable fibro-
cartilage regeneration. To date, no engineered substitute has fully
replicated the intricate composition and functional properties of carti-
lage [6]. New approaches suggest that cartilage tissue engineering (TE)
techniques, which combine cells and scaffolds, can overcome these
limitations. The core principle of cartilage TE is to create a cell-scaffold
construct and implant it into the damaged area to restore tissues and/or
organs [7]. Cartilage TE aims to generate new cartilage with the correct
structure and properties to ensure integration within the patient's tis-
sues. Scaffolds for cartilage regeneration should: i) provide an appro-
priate environment to support cell proliferation, ii) promote cell
differentiation and neocartilage formation through the synthesis of a
chondral matrix rich in type II collagen and aggrecan, iii) provide
adequate mechanical properties, such as tensile strength, compressive
modulus, and elasticity, iv) possess adequate porosity to allow for
nutrient and waste exchanges, and v) be biocompatible and
biodegradable.

In general, cartilage TE requires a three-dimensional (3D) matrix to
promote effective cartilage regeneration [8]. Bidimensional (2D) culture
expansion of chondrocytes induces dedifferentiation and a loss of the
specific protein synthesis required for cartilage matrix formation [9,10].
Chondrocytes progressively lose their hyaline cartilage phenotype,
characterized by the expression of type II collagen and aggrecan, and
acquire a fibroblast-like phenotype marked by type I collagen [11,12].
In contrast, a 3D scaffold helps to prevent the dedifferentiation of
chondrocytes into fibroblast-like cells. It provides a microenvironment
that supports appropriate cell-matrix interactions and promotes the
maintenance of the chondrogenic phenotype. To create 3D scaffolds,
suitable materials include both natural and synthetic polymers [9,13],
as well as their combinations [7]. However, non-biomimetic synthetic
materials have unfavorable properties for cartilage regeneration.
Indeed, most of them exhibit low biocompatibility and bioactivity,
induce aseptic inflammation, and fail to promote ECM regeneration
[14]. Conversely, natural materials, particularly proteins, have gained
significant attention in TE due to their excellent biocompatibility and
biodegradability, low immunogenicity, and broad availability at a low
cost [15]. To date, a wide range of natural biopolymers has been
considered, including proteins such as albumin [15-17], collagen [18,
19], silk fibroin [20-22], and fibrin [23,24], as well as polysaccharides
such as starch [25], cellulose [26-28], chitin/chitosan [29-31], and
hyaluronic acid [32-34]. Collagen is widely considered as the gold
standard for cartilage TE [35]. Significant progress has been made by
Martin’s group, which has addressed many of these challenges using the
CHONDRO-GIDE® porcine collagen membrane technology [36,37]. In
their first-in-human observational trial, Mumme et al. (2016) demon-
strated the potential of this bilayered membrane, composed of type I and
type III porcine collagen, for cartilage regeneration [38].

The design consists of a porous layer that supports cell infiltration
and a compact layer that provides mechanical stability and acts as a
barrier to prevent cell leakage. However, most commercially available
collagen-based scaffolds intended for clinical applications are typically
derived from bovine or other non-human sources, raising concerns
about their consistency and positioning them as still improvable xeno-
geneic solutions. For this reason, and due to its excellent potential for
TE, extensive studies have been conducted on albumin [39]. Albumin is
the most abundant protein in plasma, where it plays a crucial metabolic
role by regulating oncotic pressure and binding to and transporting
various molecules, including hormones, enzymes, drugs, and toxins.
Albumin is sustainable, cost-effective, and can be sourced allogeneically,
or even autologously [40-42]. This makes the development of person-
alized albumin-based scaffolds for TE highly appealing. Moreover,
therapeutic human  albumin is already available in
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pharmaceutical-grade formulations, such as Albunorm, which is
commonly used for infusion. To date, research on albumin has primarily
focused on developing therapeutic molecules or drug vectors. However,
its use as a scaffold for TE has not yet been well established [18]. There
have been reports of its successful use as a biomaterial in the form of
coatings, hydrogels [15], or scaffolds [43], but few studies have focused
on its use as a matrix support for cartilage regeneration [44]. Moreover,
the strategies used involved chemical protein modifications, as well as
the use of cross-linkers and solvents, which raise potential biosafety
concerns.

We recently developed albumin-based materials using salt-assisted
compaction, based on evaporation at 37 °C in the presence of salt
[45]. This approach avoids extreme temperatures or pH levels, which
often lead to irreversible protein denaturation, nor cross-linking agents.
It enables simple and versatile fabrication of materials with tunable
properties for TE. In the present study, we aimed to develop a bilayered
albumin-based scaffold composed of a porous layer seeded with
patient-derived chondrocytes and a smooth layer. This bilayered design
was conceived to reflect the structural organization of otorhinolaryn-
gological tissues, combining a porous layer supporting cartilage-like
formation with a dense smooth layer that may provide a supportive
interface for epithelial coverage. We notably demonstrated that both
epithelial or fibroblast cultures could be cultured on a smooth layer in
vitro [45]. Here, bovine serum albumin (BSA) was used here as a model
protein to demonstrate the feasibility of the salt-assisted fabrication
approach. After characterization and biocompatibility assessment,
patient-derived chondrocytes were seeded to evaluate their capacity to
support cartilage-like formation in vitro and in vivo using a mouse model.
While these results provide a proof-of-concept, further work will be
required to validate this strategy using human-derived albumin under
xeno-free and clinically relevant conditions. Our approach may
contribute to ongoing efforts in cartilage tissue engineering and trans-
lational research.

2. Results and discussion

2.1. Albumin-based scaffolds are tunable porous scaffolds for tissue
engineering

In this study, we developed a bilayered albumin-based scaffold using
a salt-assisted compaction process, which is an efficient and cost-
effective formulation method [45]. In this process, calcium chloride
(CaCly) is added to a bovine serum albumin (BSA) solution to generate
materials that are water-insoluble, easily hydratable, and easy to handle.
We previously demonstrated that various salts (e.g., CaCly, NaBr, KCl,
MgCly) can be used to adjust scaffold properties, including manage-
ability, water uptake, and mechanical properties [44]. Although the
biomaterial fabrication process is designed to eliminate all salts, CaCl,
was selected as a precautionary measure, as the next most suitable
alternative involved the use of bromide during processing. The process
does not require chemical or physical cross-linking agents or procedures
and can be applied to other natural protein sources. Albumin-based
materials can be molded into various forms, such as membranes, cu-
boids, cylinders, or tubes, and exhibit different structure types,
including dense, smooth, or porous. To date, the mechanism underlying
the formation of the albumin materials has not been fully elucidated;
however, our hypotheses and results suggest that it is based on a process
of salt-assisted protein compaction. Salt ions screen the charge patches
present on the surface of albumin, thereby reducing electrostatic
repulsion between protein molecules. This decrease in repulsive forces
promotes protein—protein interactions and molecular proximity, leading
to the compaction of the protein network. Structural analyses indicate
that the secondary structures of albumin are preserved, suggesting that
the process does not rely on protein denaturation but rather on a reor-
ganization of intermolecular interactions. In addition, the appearance of
inter-protein f-sheets suggests the formation of new structural
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interactions contributing to the cohesion and stabilization of the
resulting network. Overall, salt-assisted compaction likely results from a
balance between ion-induced electrostatic screening and the establish-
ment of stabilizing protein-protein interactions, enabling the transition
from soluble albumin to a compact, stable, and water-insoluble protein
material.

We produced cylindrical albumin-based scaffolds consisting of two
joined layers: a smooth layer and a porous layer (Fig. 1A). On the one
hand, the smooth layer was intentionally included in the bilayered
design because it plays several essential functional roles during the
preparation and use of the scaffold. First, it maintains the geometry and
structural integrity of the construct during in vivo maturation. Chon-
drocytes exert strong contractile forces that can cause fully porous al-
bumin foams to collapse into small spherical aggregates, so here the
smooth layer prevents this shrinkage and preserves the predefined cy-
lindrical shape. Second, the smooth layer acts as a non-porous barrier
that prevents cell loss during seeding by confining chondrocytes within
the porous compartment, thereby ensuring efficient and homogeneous
colonization of the scaffold. Third, it provides a rigid and stable surface
that greatly facilitates handling and implantation, while protecting the
more fragile porous layer during surgical manipulation. Together, these
features make the smooth layer a temporary but critical structural
component of the bilayered scaffold, even though it is designed to
biodegrade after implantation. On the other hand, the porous layer
represents the functional compartment of the scaffold, specifically
designed to support chondrocyte proliferation and cartilage matrix
deposition. Its architecture provides a large surface area and efficient
pathways for nutrient and oxygen diffusion, which are essential for
maintaining cell viability within the bulk of the construct. The spherical
and open pore network facilitates uniform cell infiltration and promotes
homogeneous ECM formation throughout the scaffold.

Briefly, a CaCly/BSA mixture was prepared in a sodium acetate
buffer. Part of it was poured into a mold to form the smooth layer. The
remaining portion was emulsified to create a foam and poured directly
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onto the smooth layer to form the porous layer. The resulting bilayered
preparation was then placed in an oven at 37 °C until complete water
evaporation. The porous layer had a sponge-like structure (Fig. 1B and
1C). Scanning electron microscopy (SEM) and microcomputed tomog-
raphy (pCT, Fig. 1C) images revealed the spherical geometry and
interconnectivity of the pores, with visible holes (Fig. 1B and 1C). The
resulting interconnected pores form a crucial accessibility network
within the scaffold, facilitating deeper cell seeding and proliferation
within the biomaterial and providing a large available surface area [46,
47]. The formation of pores and interconnected pores is a direct
consequence of the emulsification process, through the trapping of gas
air bubbles. All pores had a similar spherical geometry but varied in size,
with a distribution ranging from 40 to 760 pm and a mean diameter of
307 + 13 pm (median diameter of 280 pm) (Fig. 1D). These values were
obtained from pCT imaging and subsequent quantitative analysis using
the CTAn software. The effect of pore size on cartilage regeneration has
been studied, but the search for the optimal pore size remains incon-
clusive, as studies present contradictory findings. Although there is no
consensus on the optimal pore size for cartilage TE, the 50 to 500 pm
range is considered acceptable [48]. However, the impact of pore size on
biological processes, such as proliferation, colonization, neocartilage
formation, and differentiation, is multifactorial because it can also be
influenced by the type of scaffold material used, its architecture, or the
cell type.

Another key parameter to consider when designing 3D scaffolds is
porosity [49]: the higher the porosity, the better the delivery of nutrients
and oxygen, and consequently, the cell growth. Although previous
studies have demonstrated that a porosity of 50% is sufficient for cell
attachment, migration, and proliferation on scaffolds, a higher porosity,
closer to 90%, is considered more favorable for cartilage repair [18,50,
51]. The porosity of the complete albumin bilayered scaffold was first
assessed using liquid displacement in absolute ethanol, a method
ensuring no scaffold shrinkage or swelling. The bilayered scaffold
exhibited a mean porosity of 61.8 + 3.1% (data not shown). The
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Fig. 1. Macroscopic and microscopic views of the bilayered albumin-based scaffold. (A) Representative macroscopic images of the scaffold in both dehydrated and
hydrated states. (B) Cross-sectional scanning electron microscopy (SEM) image illustrating the bilayered architecture, composed of a dense (smooth) upper layer and
a porous lower layer. A higher magnification SEM image of the porous region highlights the internal pore morphology. Individual pores are delineated with yellow
dashed circles and interconnected pore structures are indicated with orange dashed circles. Representative macroscopic and SEM images were selected from at least
three independent experiments. (C) Longitudinal and transverse cross-sectional views with three-dimensional reconstructions obtained from micro-computed to-
mography (uCT) imaging. The longitudinal section shows the metallic syringe needle used for sample positioning during pCT acquisition, passing through the upper
third of the sample. Representative pCT images were selected from five independent experiments. (D) pCT-derived pore size distribution and (E) porosity quanti-

fication of the porous layer. (n = 5).
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calculation was then refined for each layer using pCT, revealing a
porosity of 78.1 & 4.4% for the porous layer (Fig. 1E), while the smooth
layer exhibited no detectable porosity.

Efficient water absorption is also crucial for cartilage tissue-
engineered scaffolds because it reflects the effectiveness of body fluid
absorption and nutrient transport. We evaluated this property in our
bilayered scaffolds through water immersion and monitoring for up to
48 h. The gross appearance of a dry (t = Oh) and fully hydrated scaffold
(t = 48h or 2.880 min) are shown in Fig. 1A. In the dry state, the
bilayered scaffold presented a characteristic translucent and slightly
brownish smooth layer. After water immersion, a change in appearance
was observed, characterized by a swelling of the two layers and a
whitish opacification of the smooth layer (Fig. 1A, right). The measured
water uptake at equilibrium was 257 + 17% (Fig. S1, dots) and occurred
in two stages. During the first stage (first 10 min of immersion), rapid
water absorption was observed in the porous layer. During the second
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stage, water absorption took place over several hours in the smooth
layer (Figure S1A). The best mathematical fit of our observations was
achieved using a two-exponential model (Figure S1A; water uptake
~250%), suggesting two concomitant yet kinetically distinct water up-
take processes. The first was attributed to pore filling and foam hydra-
tion of the porous layer (Figure S1A “porous layer” and S1.B “porous
layer kinetic” t; ~ 12 min; water uptake ~89%). The second was
attributed to the hydration of the smooth layer (Figure S1A “smooth
layer” and S1.B “smooth layer kinetic” to ~ 314 min; water uptake
~161%). The bilayered scaffold reached equilibrium regarding water
absorption within 24 h of immersion, as no significant additional in-
crease was detectable at 48 h. Although the water absorbed by the
scaffold could be released by mechanical force (e.g., pressure applied
with fingers), re-immersion in water restored its original shape and size,
thereby exhibiting a shape-memory property (data not shown). This
feature could be important for industrial processes and clinical uses that

Ci

Fig. 2. Viability, adhesion, and proliferation of BALB/c-3T3 cells on the bilayered albumin-based scaffold. (A) Normalized metabolic activity of BALB/c-3T3
cells after 24 h in contact with extracts from the scaffold. Metabolic activity was quantified using an MTT assay (3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetra-
zolium bromide). The absorbance obtained was normalized with a positive control (Ctrl+). In the positive control group, the cells were cultured for only 24 h in a cell
culture medium. In the negative control (Ctrl-) group, the cells were cultured for only 24 h in a cell culture medium containing 20% dimethyl sulfoxide (n= 3). (B)
Cell seeding efficiency of BALB/c-3T3 cells after 4 h of adhesion time on the scaffold. The fluorescence was quantified by an Alamar Blue assay. The obtained
fluorescence was normalized with a positive control (Ctrl+). In the positive control group, the cells adhered to plastic cell culture plates for 4 h (n = 3). (C1 to C3)
Cross-sectional scanning electron microscopy images of the porous layer of the base scaffold seeded with BALB/c 3T3 cells after 14 days of culture. DMEM: Dulbecco's

Modified Eagle Medium.
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might require drying prior to sterilization.

2.2. Invitro cell viability, cell spreading, and proliferation occur
throughout the albumin-based scaffold

We then investigated the potential of a bilayered albumin-based
scaffold for TE applications. To assess its biocompatibility in vitro, we
first determined whether the scaffold generated cytotoxic degradation
products over time. The scaffold was incubated in a cell culture medium
for 3 days. Then, the medium (referred to as “scaffold extract™) was
applied to fibroblastic cells (BALB/c-3T3) for 24 h. Cellular metabolic
activity was evaluated using the 3- [4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide (MTT) assay. No significant difference
was observed compared to control conditions (Fig. 2A), suggesting that
the scaffold does not release cytotoxic degradation compounds over a 3-
day in vitro period, in accordance with the ISO 10993-5 guidelines.

As albumin is known to exhibit limited cell adhesion properties [17],
we evaluated cell adhesion and proliferation on the scaffold. Fibro-
blastic cell (BALB/c-3T3) adhesion was evaluated by measuring cell
seeding efficiency after 4 h of incubation and compared to a control. The
seeding efficiency after 4 h was relatively low (29.3 + 3.9%)(Fig. 2B)
[52], and cells maintained a spherical morphology without spreading, as
observed by SEM in Fig. 2Cq.3. To improve initial cell attachment, an
a-poly-L-lysine (a-PLL) coating was applied. This coating increases the
density of positively charged groups at the scaffold surface, thereby
promoting electrostatic interactions with negatively charged cell mem-
branes [53]. Although albumin contains multiple lysine residues that are
positively charged at neutral pH, most of these groups are not freely
accessible for cell interaction [54]. Moreover, native albumin exhibits
an overall negative net charge at physiological pH due to its high content
of acidic amino acids. Consequently, the density and spatial distribution
of available positive charges on the albumin surface are insufficient to
promote strong electrostatic interactions with negatively charged cell
membranes. To overcome this limitation, an exogenous a-PLL coating
was applied to the albumin scaffold, forming a layer enriched in exposed
amine groups. This treatment markedly increases the surface density of
positive charges and provides a favorable interface for cell adhesion and
spreading through electrostatic attraction.

The scaffold was incubated in an a-PLL solution (500 pg mL~?,
50 mM Tris, and 150 mM NaCl) for 1 h and rinsed prior to use. Cell
viability, with and without a-PLL coating, was assessed using calcein/
ethidium bromide staining over 14 days (Fig. 3). Both absolute or

A B

Non-coated {without a-PLL)
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normalized signals were used as an approximation of the cell’s live/dead
status of the cells, as full 3D segmentation was not feasible due to the
formation of compact cell clusters within the scaffold. The use of MTT
for direct scaffold analysis was avoided due to known interactions be-
tween albumin and tetrazolium salts, which can lead to false-positive
results [55]. BALB/c-3T3 cells were directly cultured on top of the
scaffolds for 14 days and imaged across multiple representative regions
(1,400x1,400 pm) at a depth of 300 pm (Fig. 3B and S2A-B). Cells were
distributed as numerous small and evenly dispersed patches, resulting in
an overall homogeneous coverage across the scaffold. This is consistent
with the previously demonstrated low cell affinity for albumin (Fig. 3A,
day 1 and S2.A, day 5). The a-PLL coating slightly increased both calcein
and ethidium bromide signals, maintaining an equivalent live/dead
normalized ratio during the first week (Figure S2C). This can be
attributed to the more spread-out form of the cells in the coating, visible
as early as day 1 (Fig. 3A, S2.A). Cell clusters were visible, particularly in
the non-coated condition (Figures S2A, day 7 and 3.B, day 14). Recon-
structed 3D images revealed that fibroblastic cells could colonize across
at least the first 300 ym of the porous scaffold within a week,
(Figure S2B, face and 90° left turn rotation on day 7). This demonstrates
that the porous layer of the albumin-based scaffold supports cell infil-
tration, which is in line with the presence of a dense network of inter-
connected pores. Dead cells were observed at all times (Fig. 3B and S2A).
The ethidium bromide signal from the non-coated scaffold on day 1 was
used as the reference value for normalization and indicated comparable
live/dead ratios between coated and non-coated scaffolds during the
first week (Figure S2C). Thus, the scaffolds exhibited high long-term
viability under both conditions. We confirmed the previously observed
non-cytotoxicity of the non-coated scaffold and demonstrated that
adding an a-PLL surface coating does not compromise its biocompati-
bility. Although no significant differences in the absolute or relative
calcein signals were observed during the first week, the effectiveness of
the a-PLL coating on fibroblast proliferation was evident by day 14, with
a 5.3-fold increase in raw integrated density (Fig. 3A). Consistently,
normalized live/dead signal ratios were around 3.1 in the non-coated
condition, increasing to 16.9 in the o-PLL-coated condition
(Figure S2C). Based on these observations, we concluded that an a-PLL
coating enhances both cell adhesion, as evidenced by a more spread-out
fibroblast phenotype, and cell proliferation when compared with the
uncoated scaffold. Therefore, the bilayered albumin-based scaffold was
coated with a-PLL for the rest of the study.

Coated (a-PLL at 500ug.mL")

non coated a-PLL coated

4x107—

Day 1

3%107

2x107—

Absolute Calcein Signal
Raw Integrated Densities (a.u.)
X
<
|

Day 14

I
J1J5 J7 )14 JiJs J7 J14

(0=5) (n=5) (n=7) (n=0) (n=6} (n=5} (n=§ [n=8)

Days

200 pm

Fig. 3. Cell viability assessment within the porous layer of bilayered albumin-based scaffolds using LIVE/DEAD staining. (A) Quantitative analysis of cell
viability based on the raw integrated density of the calcein signal (green channel), representing metabolically active (live) BALB/c-3T3 cells. Data are presented as
box plots, showing values from five to nine randomly selected regions per condition, across time points from day 1 (J1) to day 14 (J14), for scaffolds with and without
a-poly-L-lysine (a-PLL) surface coating. (B) Representative confocal Z-stack projection images of the porous scaffold layer on days 1 and 14. Viable cells are stained
with calcein (green), while non-viable cells are labeled with ethidium bromide (red). Ethidium-positive spots are highlighted with yellow circles for visualization
purposes. (n represents the number of quantified fields obtained from two independent experiments for each condition)
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2.3. Human nasal chondrocytes show proliferation and undergo
chondrogenic redifferentiation In vitro on bilayered albumin-based
scaffolds

We aimed to develop a strategy to support cartilage regeneration,
with a focus on cartilage hyaline-like formation. To this end, we seeded
human nasal chondrocytes (HNCs) on the porous scaffold layer. Then,
we cultured the HNCs in an enriched “proliferation” medium for 1 week
to promote cell growth. The medium was enriched with fibroblast
growth factor (FGF)-2 and transforming growth factor (TGF)-p1, as
previously described [38]. FGF-2 not only enhances chondrocyte pro-
liferation but also modulates actin stress fibers, thereby facilitating the
redifferentiation of dedifferentiated chondrocytes toward a hyaline
phenotype [56]. Meanwhile, TGF-f1 plays a crucial role in driving
chondrocyte differentiation and ECM synthesis, including type II
collagen and proteoglycans, while regulating hypertrophic maturation
to maintain stable cartilage tissue [57]. Finally, the combined use of
FGF-2 and TGF-$ should promote rapid chondrocyte expansion while
preserving their differentiation potential and cartilage-specific matrix
production [58].

Cell viability was estimated as described above, using calcein (green)
to label living cells and ethidium bromide (red) to identify dead cells.
These results are presented in Fig. 4. On day 1, the porous scaffold layer
presented high cell viability but a scattered HNC distribution (Fig. 4A;,
day 1). By day 7, we observed a higher number of viable cells displaying
a more spread morphology (Fig. 4A;, day 7) throughout the entire
300 pm evaluated (Fig. 4A), suggesting sustained cell viability. These
results indicate that the scaffold supports HNC viability on both days 1
and 7, which may be related to the enriched medium conditions.
Although dead cells are present at both time points, this was consistent
with previous observations in fibroblasts and did not prevent
colonization.

In addition, SEM images reveal the microscopic morphology and
distribution of cells within the scaffold. On day 1, we observed low cell
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200 um 200 pm
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colonization — consistent with the limited seeding efficiency (Fig. 2B).
HNCs were spherical and clustered (Fig. 4B, day 1 + zoom) and were
unevenly distributed but distributed but observed across the entire
thickness of the porous layer (Fig. S3). This observation suggests rapid
cell infiltration into the entire porous network post-seeding due to
capillary forces and sedimentation. However, as no direct tracking of
cell trajectories was performed, active cell migration within the scaffold
cannot be excluded, particularly during early tissue organization pro-
cesses. By day 7, we observed an increase in cell number (Fig. 4B, day 7),
with HNCs more evenly distributed, adherent and spread-out on the
scaffold’s porous layer (Fig. 4B, day 7 - zoom). Overall, these observa-
tions indicate that the scaffold is compatible with cell survival and
colonization. This may be beneficial for initiating in vitro chondrogenic
redifferentiation, as cell density is considered an important parameter
for cartilage formation. High cell density (the higher, the better) and
viability are essential to improve the efficiency of chondrogenesis and
cartilage production [59,60].

Next, we investigated the albumin-based scaffold’s ability to pro-
mote in vitro chondrogenic redifferentiation and cartilage regeneration.
As described above, an initial 1-week proliferation step was performed
to promote HNC proliferation and ensure good scaffold colonization
prior to in vitro chondrogenic redifferentiation. After this 1-week pro-
liferation step, the HNCs were cultured in an enriched “differentiation”
medium for 4 weeks. The redifferentiation medium contained ascorbic
acid, dexamethasone, and TGF-p3 to enhance chondrogenic differenti-
ation. Ascorbic acid and dexamethasone stimulate the synthesis of
cartilaginous matrix, while TGF-p3 added to the medium inhibits
chondrocyte terminal differentiation and hypertrophy [61,62]. In the
following part, the scaffolds will be named “GX.Y", with “X" representing
in vitro culture time and “Y" representing in vivo culture time. Macro-
scopic observations of the porous layer of G2.0 and G4.0 samples appear
smoother, more opaque, and pearly-white (Fig. 5A), features commonly
associated with cartilage-like tissue. The pores were progressively filled
with HNCs that produced new ECM (Fig. 4C). Hematoxylin/Eosin (HE)

Fig. 4. Viability, adhesion, and proliferation of human nasal chondrocytes (HNCs) on the bilayered albumin-based scaffold. (A;) Z-stack confocal images of
the scaffold after LIVE/DEAD staining, showing cell viability of HNCs. (A2) 3D images on day 7, viewed from the lateral side. Living cells are stained in green and
dead cells are highlighted in red. (B) Cross-sectional scanning electron microscopy (SEM) images of the scaffold’s porous layer on days 1 and 7, with magnification.
HNCs are represented by yellow dashed circles. C. Cross-sectional SEM images at week 4. a-PLL: a-poly-L-lysine.
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Fig. 5. In vitro evaluation of the porous layer of the bilayered albumin-
based scaffolds after 2 (G2.0) and 4 weeks (G4.0) of chondrogenic redif-
ferentiation. (A) Macroscopic images of in vitro cartilage-like tissues formed on
the porous scaffold layer after 2 and 4 weeks of in vitro chondrogenic redif-
ferentiation. (B) Quantification of sulfated glycosaminoglycans (sGAGs) in the
tissue-engineered construct at 1, 2, 3, and 4 weeks of in vitro chondrogenic
redifferentiation and performed by using the 1,9-dimethylmethylene blue assay
(n= 3). **p < 0.01, t-test. (C; and D;) Hematoxylin/eosin (H&E), Alcian Blue
(AB), and Safranin-O (SO) stainings were used to evaluate sGAG deposits. (Cz
and D,) Immunohistochemical stainings for aggrecan, collagen type II, and
collagen type 1. Positive staining appears brown (diaminobenzidine tetrahy-
drochloride). Each histological image includes an inset showing a zoomed-out
overview of the sample (about 7 x for G2.0 and 5.5 x for G4.0).

histological analysis showed homogeneous cell colonization at both
G2.0 and G4.0 (Fig. 5C; and 5D1). HNCs displayed a predominantly
round morphology, although some cells with a more immature pheno-
type were still observed at G2.0. These immature chondrocytes dis-
played a more elongated or polygonal shape, smaller and less defined
lacunae, and a more homogeneous pericellular matrix [63]. Alcian blue
(AB) and Safranin-O (SO) stainings were used to assess the SGAG content
of the tissue-engineered construct. They confirmed the presence of
sGAGs, with more intense and homogeneous staining at G4.0, suggesting
increased ECM deposition over time (Fig. 5C; and 5D;). This was further
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supported by quantitative sGAG measurements, which increased from
25.1 + 2.1 to 61.1 + 6.4 pg SGAG.mL ! between 1 week and 4 weeks in
in vitro chondrogenic redifferentiation (Fig. 5B). Immunohistochemical
analysis showed stronger expression of cartilage-associated markers
(collagen type II and aggrecan) at G4.0 compared to G2.0 (Fig. 5C, and
5D,), consistent with progressive matrix maturation. In contrast,
collagen type I expression remained low and mainly localized int the
peripheral zone (PZ), with no significant signal in the core zone (CZ),
suggesting limited fibrocartilage-like features under these conditions
(Fig. 5Cy and 5Dy).

2.4. Albumin-based scaffolds support cell viability and are biocompatible
with host tissue

We conducted investigations in nude mice by subcutaneously
implanting the tissue-engineered constructs to assess biocompatibility,
functionality, cartilage development and scaffold degradation. As
described above, HNCs were seeded on the porous layer of the bilayered
albumin-based scaffolds, proliferated during 1 week, and were then
cultured for 2 (G2.Y) or 4 weeks (G4.Y) in vitro. The tissue-engineered
constructs were implanted subcutaneously in the dorsum of athymic
nude mice (n = 5), with up to two scaffolds per mouse. They were
harvested 4 (G2.4 and G4.4) or 8 weeks (G2.8 and G4.8) after implan-
tation. Additional mice (n = 5) received scaffolds without cells to serve
as control mice (G0.4 and GO.8). The study protocol is presented in
Fig. 6A.

Qualitative histological observations suggested a progressive
degradation of the albumin scaffold over time. In acellular scaffolds, the
porous layer was no longer detectable after 4 weeks in vivo (G0.4), while
the smooth layer remained present. By 8 weeks (G0.8), the smooth layer
appeared progressively eroded, and by 12 weeks (G0.12), no residual
material was observed, suggesting near-complete scaffold degradation
within approximately 2 to 3 months (Fig. S4). Differences in degradation
behavior between the two layers may be related to variations in albumin
density. A similar trend was observed in cellularized scaffolds. The
smooth layer remained visible at early time points (G2.4), became
progressively eroded at 8 weeks (G2.8, G4.8), and was no longer
detectable at 12 weeks (G2.12). In parallel, the porous layer appeared
progressively populated by HNCs as early as 4 weeks and appeared
progressively replaced by newly formed tissue, which exhibited features
consistent with cartilage-like ECM over time. Long-term observations at
6 months (G2.24) showed features consistent with hyaline-like cartilage
in the apparent absence of residual scaffold. These observations suggest
that scaffold degradation occurs concomitantly with the development of
cartilage-like tissue, with no marked differences observed between
acellular and cell-seeded scaffolds at the evaluated time points. This
degradation process is essential for chondrocytes to rebuild healthy and
functional cartilage. In cartilage TE, scaffold degradation is generally
expected to be coordinated with extracellular matrix deposition. While
degradation over 3-6 months is often recommended [64], the shorter
window observed here (2-3 months) may reflect the ectopic subcu-
taneous implantation model, which does not replicate the full mechan-
ical and biological environment of a cartilage defect.

Gross tissue examination suggested the presence of blood vessels on
the surface on the scaffold surface and indicated integration within the
subcutaneous tissue (Fig. 6B and 6E). In all conditions, we observed the
formation of a thin fibrous capsule containing fibroblasts and macro-
phages around the outer part of the scaffold (Fig. S5 — Gomori & CD68).
The recruitment and proliferation of host fibroblasts led to the encap-
sulation of the biomaterial within a fibrous matrix, the thickness of
which has been associated with the intensity of the inflammatory
response and to the physicochemical properties of the implanted ma-
terial [65,66]. According to the literature, the presence of a thin and
well-organized capsule is generally considered indicative of a controlled
host response, reflecting a typical wound-healing integration process
[67]. In this context, our observations are consistent with a moderate



C. Bertsch et al. Materials Today Bio 38 (2026) 103193

A
F @ IS Fig

Subcutaneous

Cell Isolation Cell Seeding Implantation

1 week T
Scaffold

1 week

0 Day 1 week 3 weeks 5 weeks 7 - 9 weeks 11 - 13 weeks

Hematoxylin & Eosin

D

Collagen Il

H Adult Human Septal Cartilage

Fig. 6. In vivo evaluation of the porous layer of the albumin-based scaffold after 2 or 4 weeks of in vitro chondrogenic redifferentiation and 8 weeks of
subcutaneous implantation in nude mice (G2.8, n = 7 mice and G4.8, n = 7 mice). (A) Schematic overview of the experimental design. Created with BioRender.
com and finalized in Adobe Illustrator. (B and E) Macroscopic images of the cartilage-like tissue that formed on the porous scaffold layer after 8 weeks of im-
plantation. (C and F) Histological analysis of explants using hematoxylin/eosin (H&E), Alcian Blue (AB), and Safranin-O (SO) stainings to evaluate tissue morphology
and glycosaminoglycan content. (D and G) Immunohistochemical stainings for the cartilage-specific aggrecan, collagen type II, and collagen type I markers. Positive
immunoreactivity is visualized by brown diaminobenzidine tetrahydrochloride chromogen. Each histological image includes an inset showing a zoomed-out
overview of the sample (about 15.5 x for both G2.8 and G4.8). (H) Histological and immunohistochemical stainings (H&E, AB, SO, and aggrecan) of adult
human septal cartilage serving as a positive reference control.
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host response and initial tissue compatibility. This moderate response
was expected and plays a role in the healing process.

Immunohistochemical staining revealed a relatively low presence of
CD68" macrophages around the implant, with a decrease in density
between weeks 4 and 8, suggesting a reduction in inflammatory activity
over time (Fig. S5). Additionally, a network of newly formed blood
vessels was observed on the scaffold’s surface. However, CD31 staining
showed limited vascularization within the implanted construct, with
only sparse vascular structures present inside the scaffold (Fig. S5 —
CD31). This observation is consistent with the intrinsically low vascu-
larity of cartilage tissue and may indicate that the neoformed tissue
retains cartilage-like characteristics. The limited vascularization may
also contribute to maintaining a cartilage phenotype, as excessive
vascularization is often associated with undesired tissue remodeling
such as ossification - which is a common challenge in cartilage regen-
eration efforts [68]. We acknowledge that the use of a nude mouse
model limits the assessment of the full immune response. It limits the
interpretation of immune compatibility and prevents a comprehensive
evaluation of immunological responses. Therefore, the present results
should be interpreted as a preliminary assessment of host response, and
further studies in immunocompetent models will be required to fully
address biocompatibility and translational potential.

2.5. Albumin-based scaffolds enhance cartilage regeneration In vivo from
HNCs

The aim of the subcutaneous implantation study was also to inves-
tigate the cartilage-forming capacity and phenotype maintenance of
HNCs within the scaffold. Immune-deficient mice have been used for
various applications in cartilage research [69]. After 8 weeks of im-
plantation, the tissue-engineered construct (TEC) macroscopically
resembled cartilage-like tissue (Fig. 6B and 6F). For G2.8 and G4.8
conditions, histological analyses revealed the presence of lacuna-like
structures in HE staining, together with cartilage-associated extracel-
lular matrix deposition, as indicated by AB and SO staining (Fig. 6C and
6F), and expression of collagen II and aggrecan (Fig. 6D and 6G). These
features were qualitatively comparable to those observed in human
septal cartilage samples (Fig. 6H), suggesting a certain level of tissue
maturation. In contrast, samples implanted for 4 weeks (Figure S6 - G2.4
and G4.4) showed lower levels of matrix deposition and marker
expression, consistent with a less advanced maturation state (Fig. S6).
These results suggest that in vivo implantation contributes significantly
to cartilage maturation, rather than being solely dependent on the
duration of in vitro culture.

To further assess tissue quality, the Bern Histological Score (0-9
scale) was used [70-72] (Fig. S7-E). Total scores ranged from O (fibrous,
noncartilaginous tissue) to 9 (good hyaline cartilage tissue). The Bern
score enables finer discrimination of subtle tissue quality variations
compared with other systems (e.g., O’Driscoll [73]), as it covers a
broader scoring range (3-9 vs. 0-3) [70]. G2.8 samples reached
7.17 + 0.92, while G4.8 samples reached 6.43 + 0.81, with no signifi-
cant difference between groups (Fig. S7-A). Although progressive
maturation was observed, long-term evaluation remains necessary to
assess tissue stability and potential phenotypic changes. These results
suggest that extending in vitro redifferentiation from 2 to 4 weeks did not
result in a measurable improvement in final tissue quality after im-
plantation. Instead, cartilage maturation appears to be more strongly
influenced by implantation time in vivo, supporting the concept that the
body functions as an optimal bioreactor supporting the concept that the
in vivo environment may act as a favorable bioreactor. Previous studies
report optimal culture periods of 1-3 weeks, and prolonged in vitro
maturation has been suggested to potentially affect in vivo outcomes
despite improved in vitro results [74]. This finding is particularly rele-
vant for TE applications, as it means that culture phases can be short-
ened without compromising the quality of the cartilage obtained. In
oncology, where time is a critical factor, this represents a major
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advantage regarding the acceleration of tissue reconstruction.

Although progressive maturation was observed, long-term evalua-
tion remains necessary to assess tissue stability and potential phenotypic
changes. Indeed, long-term excessive vascularization could promote
hypertrophy and calcification [75]. To further explore long-term out-
comes, additional constructs were implanted for 6 months (G2.24).
Histological analysis showed a homogeneous cartilage-like tissue
without signs of vascular invasion or necrosis, suggesting maintenance
of tissue integrity over time. The Bern score reached 8.75 + 0.19, sug-
gesting a high level of maturation closely resembling native hyaline
cartilage, approaching the maximum Bern Score (Fig. S7). However,
these observations remain primarily descriptive and do not allow a
comprehensive assessment of long-term phenotypic stability. As such,
theses findings be interpreted as indicative of cartilage-like tissue rather
than a confirmed hyaline cartilage phenotype, and a fibrocartilaginous
component cannot be excluded.

In addition, no orthotopic defect model was evaluated in this study.
The subcutaneous implantation model was intentionally used as a first in
vivo step to assess biocompatibility, stability, and cartilage-like tissue
formation in a controlled environment [74,76]. This model is particu-
larly relevant for non-load-bearing applications such as nasal or auric-
ular cartilage reconstruction [77,78]. Future studies will be required to
evaluate the performance of the scaffold in clinically relevant defect
models and under mechanical loading conditions. In this context, a
two-step strategy—ectopic pre-maturation followed by orthotopic
transplantation—is increasingly recognized as an effective approach to
ensure tissue maturation and functional integration before load-bearing
implantation [79]. Therefore, our study represents a necessary and
relevant preliminary step before advancing to defect-specific and
long-term in vivo evaluations.

In conclusion, our tissue-engineered constructs were organized into
two distinct showing features comparable to native cartilage architec-
ture (Fig. S8) [80]: (i) cells in the PZ and (ii) cells on the CZ. Each zone
exhibited specific differences in cell morphology, organization, and ECM
deposition.

(i) In the PZ of our tissue-engineered construct, cells were small,
elongated, and arranged parallel to the surface. This organization
is reminiscent of perichondrium-like structures, which are char-
acterized by fibroblast-like cells and collagen type I-rich ECM.
Immunohistochemical analysis confirmed collagen type I
expression in this region, supporting this interpretation. In native
cartilage, the perichondrium consists of an outer fibrous layer
(previously described) and an inner chondrogenic layer con-
taining progenitor cells capable of differentiating into chon-
drocytes (except in fibrous cartilage) [81,82]. The perichondrium
plays an important role in cartilage nutrition and vascular supply,
although it is often absent in tissue-engineered constructs [83].
Few previous studies have addressed the formation of
perichondrium-like regions in neocartilage constructs. Some au-
thors obtained similar results to ours and succeeded in devel-
oping  scaffold-free  cartilaginous constructs with a
perichondrium-like region [52].

(ii) In the CZ of our tissue-engineered, cells exhibited a markedly
different morphology, as this region was densely populated with
cells presenting a single, central, larger, and oval-shaped nucleus.
Cells were distributed within an abundant basophilic extracel-
lular matrix and appeared separated from each other, consistent
with a cartilage-like organization. Cells were observed within
lacunae-like structures, although these features may be influ-
enced by fixation-related artifacts [84-86]. Overall, this region
showed characteristics compatible with chondrocyte-like
morphology and matrix deposition. They were surrounded by
an increasingly basophilic, homogeneous, and amorphous mate-
rial (appearing more purple) gradually separating them. Notably,
the cells were embedded in an abundant basophilic matrix and
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located individually in lacunae matrix cavities. Lacunae were the
result of shrinkage artifacts during the fixation. The cell mem-
brane was actually in direct contact with the peripheral
membrane.

3. Conclusion

In this study, we developed and evaluated a new bilayered albumin-
based scaffold for cartilage tissue engineering in otorhinolaryngology,
using salt-assisted compaction process. This scaffold combined a smooth
layer, previously shown to support epithelial culture in vitro [45], and
facilitating practical handling, and a porous layer provided an inter-
connected 3D environment for chondrocyte infiltration, colonization,
viability, and matrix deposition. The scaffold supported cell viability,
with no cytotoxic effects. In vitro, HNCs cultured exhibited features of
hyaline cartilage-like matrix production, including type II collagen and
aggrecan. In vivo, subcutaneous implantation showed a moderate in-
flammatory response, and progressive tissue maturation over time. The
TEC exhibited two distinct zones: the PZ and the CZ, an organization
reminiscent of native cartilage structure. Overall, these results support
the feasibility of this bilayered scaffold as a platform for cartilage TE.
However, these findings should be interpreted as indicative of
cartilage-like tissue rather than a confirmed hyaline cartilage pheno-
type, and a fibrocartilaginous component cannot be excluded.

While these results support the feasibility of the proposed approach,
several limitations should be considered. Due to the thickness of the
regenerated tissue, mechanical testing could not be reliably performed.
In addition, the use of BSA as a model protein and a nude mouse model
may restrict the assessment of immune responses and long-term
biocompatibility. Importantly, for clinical translation, the scaffold is
intended to combine patient-derived HNCs with GMP-grade human al-
bumin. These findings should therefore be considered as a proof-of-
concept, and further studies in clinically relevant conditions are
required. In conclusion, we have developed a bilayered albumin-based
scaffold as a proof-of-concept platform for cartilage tissue engineering.
While further validation is required, this approach provides a basis for
future developments in otorhinolaryngological applications, including
nasal, auricular, and tracheal reconstruction.
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4. Materials and methods
4.1. Fabrication of bilayered albumin-based scaffolds

A solution with BSA (PM-T1726, Biosera, France) at a concentration
of 200 mg mL ! and calcium chloride (CaCly, 2 H20) (223506, Sigma-
Aldrich, France) at a concentration of 2 mol L1 ([CaCly/BSA] molar
ratio = 700) was prepared separately in a sodium acetate buffer
(pH = 6.00, 20 mmol L~1).Then, equal volumes of the two solutions
were mixed by adding the CaCl; solution dropwise to the BSA solution
while stirring to prevent salt precipitation. The formulation of the
bilayered albumin-based scaffold was as follows (Fig. 7).

1) Formulation of the smooth layer: the CaCly/BSA mixture was poured
into a mold at a precise grammage of 113 mg cm™2;

2) Formulation of the porous layer: immediately after step 1, the same
CaCly/BSA mixture was emulsified. The foam formed was placed
directly onto the mixture from step 1. The assembly was placed in an

oven at 37 °C until complete water evaporation (4-5 days).

Washing (with distilled water) was necessary to remove all the salt,
leaving a water-insoluble albumin-based scaffold. After washing, scaf-
folds were punched into their final cylindrical, bilayered form using a
5 mm biopsy punch. They were then sterilized under sterile conditions
using MilliQ water and 70% ethanol and stored in sterile Milli-Q water at
4°C.

4.2. Physico-chemical characterization of bilayered albumin-based
scaffolds

4.2.1. Morphological characterization

Cross-sectional morphology, pore size, and interconnectivity of the
bilayered albumin-based scaffold were observed using a scanning elec-
tron microscope (QuantaTM 250 FEG, FEI, USA). Pore size was deter-
mined by using ImageJ to measure pore diameter on three samples,
based on SEM images of a cross-section. A Kruskal-Wallis test (non-
parametric one-way ANOVA) indicated no statistically significant dif-
ference (p = 0.403) among these three samples. Therefore, measure-
ments (n = 311) were pooled to determine the mean pore size and

Step 1: Mixing Step 2: Casting Step 3: Emulsion Step 4: Casting
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Fig. 7. Seven-step fabrication protocol of bilayered albumin-based membranes. Created with BioRender.com. BSA: bovine serum albumin.

10


http://BioRender.com

C. Bertsch et al.
standard deviation (SD).

4.2.2. Water absorption

The scaffolds (n = 4) were cut into discs (4 mm in diameter and 4-
6 mm thick). Briefly, the samples were dried at 37 °C to a constant dry
mass (Mary). The dry samples were then placed in a 24-well plate and
immersed in the same amount of distilled water (2 mL). The samples
were removed at different immersion times (t = 10, 30, 60, 360 min, 24,
and 48 h) and blotted on paper to remove excess water. For each im-
mersion time, samples were weighed and the hydrated mass was
recorded. The water uptake was defined by:

M()-M(0)

M(0) x 100

w(t)(t) = (€3]

where M(t) represents the hydrated sample mass at time t and M(0)
represents the dry mass. The means and SDs of four independent ex-
periments are represented as solid dots and error bars in Fig. S1. In these
experiments, the average maximum water absorption was 257 + 17%,
representing almost 2.6 + 0.2 times the dry mass of the scaffolds.

The experimental uptake kinetics suggested an exponential rise to a
maximum. However, as we observed that the two parts of the scaffold
did not swell at the same rate, we modeled the measurements using a
four-parameter expression involving two exponentials:

wioy=a|1-ew(;)] +5]1-eo(;)]

where a represents the contribution of the porous layer to the total ab-
sorption W, t; represents the characteristic absorption time, b represents
the contribution of the smooth layer to the total absorption W, and t;
corresponds to the characteristic absorption time.

(2)

4.2.3. uCT-derived porosity and pore size distribution

Contrast-enhanced microcomputed tomography (CEpCT) is an
advanced non-invasive imaging technique that provides high-resolution
3D images, analysis, and visualization of biological samples, such as
cartilaginous tissue. This technique involves using X-rays, that travel
through the sample and are subsequently detected to generate a 2D
digital projection. Using contrast-enhancing agents is common to
address the issue of low X-ray attenuation in soft tissues, due to their
intrinsic low density [87]. In this study, phosphotungstic acid (PTA) was
used to enhance the contrast of the pCT images. PTA can penetrate
constructs and bind to proteins, resulting in contrast enhancement be-
tween the empty pores and the surrounding protein structure, thus
facilitating visualization and analysis [88-90]. Using PTA as a
contrast-enhancing agent offers two key advantages over other com-
pounds. Firstly, it is non-toxic, and secondly, it is compatible with H&E
staining. This property enables histological analysis following uCT scans
without removing the PTA staining [91,92]. However, PTA staining can
also result in tissue shrinkage and affect the sample's mechanical prop-
erties. PTA functions in both 100% aqueous solutions and ethanol.
However, the additional dehydration caused by ethanol use should be
avoided to minimize tissue shrinkage [93].

All samples were prepared using a 6 mm punch, followed by PTA
staining to enhance their X-ray attenuation. Firstly, a fresh solution of
5% w/v PTA in ultrapure water was prepared before each staining. The
PTA solution was stored at ambient temperature and used within 7 days.
Prior to scanning, each sample was immersed in 50 mL of PTA solution
and left without agitation for 24 h. The sample was then subjected toa 1-
min washing procedure involving deionized water. Subsequently, the
sample was stored in a 1.5-mL cryotube containing deionized water. To
prevent sample movement during pCT scanning, samples were secured
in the cryotubes by inserting a metallic syringe needle through the
porous sample segment (see Fig. 1C top left, white dense element).

pCT imaging was conducted using a Skyscan 1172 pCT system
(Skyscan N.V., Aartselaar, Belgium, SkyScan1172 Micro-CT control
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software). Cryotubes were stabilized with Blu-Tack putty (Bostik, Smart
Adhesives) on the sample holder within the Skyscan 1172. The 9.9x6-pm
resolution and pixel size were carefully selected to achieve a balance
between the desired detail level and the overall image dimensions. A
0.5-mm Al filter was applied to remove noise from low-energy photons
and enhance image quality. We selected the appropriate voltage and
current settings with the objective of maximizing contrast while mini-
mizing the presence of noise artifacts in the resulting projection images.
The voltage and current of the X-ray source were set to 59 kV and
167 pA, respectively. During scanning, random vertical movement and
averaging options were enabled to minimize artifacts and improve the
signal-to-noise ratio. New flat-field values for an empty image acquisi-
tion frame were acquired and used for flat-field correction. These steps
ensured high-quality 180° pCT imaging for subsequent analysis and
interpretation.

The NRecon image reconstruction program (Skyscan N.V., Aartse-
laar, Belgium, Version 1.6.5.7) facilitated the reconstruction of the pCT
scans and cross-section images were generated from the tomographic
projection scans. Settings for scan reconstruction were carefully
selected: a smoothing factor of 3 to reduce noise, an attenuation of 0-
0.08, a ring artifact reduction of 5 to compensate for varying X-ray
attenuation due to different material densities, a beam hardening
correction of 0%, a smoothing filter of 3, and misalignment compensa-
tion to account for any misalignments in the acquired projections. The
desired reconstruction area was specified to ensure that the recon-
struction encompassed the upper and lower slices of interest. The file
format for the reconstructed image was set to 8-bit BMP. For morpho-
logical analysis and visualization, the reconstructed files were trans-
ferred to the CTAn software (Skyscan N.V., Aartselaar, Belgium,
V1.11.10.0+). To calculate foam porosity, we selected a region of in-
terest for each sample, ensuring that it was entirely within the foam's
structure. Using a grey value threshold was instrumental in binarizing
the positive and negative regions, thereby segmenting the pores and
allowing the subsequent calculation of the overall porosity.

To calculate the pore size distribution, the following procedure was
carried out in CTAn [Bruker, Bruker microCT Method Note: Porosity
analysis, 2014]. The threshold was inverted so that the pores were
represented as a solid structure, which was then analyzed. The
“trabecular thickness” tool within CTAn software was then used to
determine the pores’ “local thickness distribution” [94].

4.3. Biological characterization of bilayered albumin-based scaffolds

4.3.1. Cell cytotoxicity

According to the ISO 10993-5 standard, a metabolic activity higher
than 70% indicates that a material is not cytotoxic. The scaffolds were
cut into discs (4 mm in diameter and 4-6 mm thick), sterilized by suc-
cessive washes with sterile Milli-Q water and 70% (v/v) ethanol, and
then stored in sterile Milli-Q water at 4 °C until use. The scaffolds were
dried at room temperature and weighed on the day of use. They were
then transferred to a 24-well plate, immersed in culture medium, and
incubated for 72 h at 37 °C, with 5% CO,, and 95% relative humidity.
According to the ISO10993-12 standard, the samples were immersed in
a specific volume at a rate of 1 mL of culture medium per 0.1 g of dry
sample to assess the cytotoxicity of the extracts. The term “extract” re-
fers to the culture medium in which the samples were incubated. If the
samples can absorb water, the culture medium volume should be
increased by the volume that the sample can absorb. After incubation,
the “extract” was brought into contact with fibroblasts (BALB/c-3T3),
cultured in a 96-well plate at a density of 6000 cells/well for 24 h at
37 °C. Positive and negative controls were prepared using complete
culture medium and culture medium containing an additional 20%
dimethyl sulfoxide (DMSO) (v/v). The culture medium was then
removed from each well and replaced with 100 pL of MTT solution (1:10
dilution) for 2 h at 37 °C. The formazan crystals produced were solu-
bilized in 100 pL. DMSO for 15 min at room temperature with stirring.
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Absorbance was measured at 570 nm using a plate reader (VLBLOOGD2,
Varioskan, Thermo Fisher Scientific, France). The quantity of formazan
produced, and thus the absorbance measured, is directly proportional to
the cell’s metabolic activity and, therefore, to the number of living cells.

4.3.2. Cell viability

The discs were prepared as described above and then coated by
immersion in an a-PLL solution (500 pg/mL in 50 mM Tris, 150 mM
NaCl) for 1 h. They were subsequently rinsed twice with the same buffer
solution and used directly without further processing. On the day of use,
the scaffolds were transferred to a 24-well plate with a hydrophobic poly
(hema) coating to prevent cell adhesion to the wells’ bottom. The scaf-
folds were blotted on paper to remove excess water. Cell viability and
distribution on scaffolds were assessed using the viability/cytotoxicity
kit (L3224, Invitrogen, Thermo Fisher Scientific, France) according to
the manufacturer’s protocol. The scaffolds were seeded with fibroblasts
(BALB/c 3T3) at a density of 10,000 cells/scaffold. Then, the scaffolds
were placed in an incubator at 37 °C for 45 min to let the cells adhere.
After that, the growth medium (Dulbecco's modified Eagle's medium
(DMEM) high glucose + 10% fetal bovine serum (v/v) + 1% (v/v)) was
loaded in each well and renewed every 2 days. The medium was
removed for analysis on days 1, 7, and 14. Cell-seeded scaffolds were
incubated with 4 mM calcein AM (staining living cells in green) and
2 mM ethidium homodimer (staining dead cells in red) in 6 mL of
phosphate buffered saline (PBS) for 20-25 min at room temperature.
After that, the scaffolds were placed in the sagittal plane, and Z-stack
images with an average depth of 200-300 pm were acquired using a
confocal microscope (LSM 510, Zeiss, Germany). A total of 20 Z-stack
images, taken at 5.5 pm intervals, were obtained from each scaffold.
Two Z-stack acquisitions were taken for each of the duplicated scaffolds.
LIVE/DEAD viability analysis was conducted using full-stack projections
(five to nine regions per experimental condition), generated via the Zeiss
ZEN imaging software. Fluorescence images were separated into green
(calcein) and red (ethidium bromide) channels and homogeneously
thresholded to minimize background signal arising from the slight
autofluorescence of the albumin-based scaffold. Thresholding was
applied by excluding the lowest 20% of signal intensity in the green
channel and the lowest 30% in the red channel. Image quantification
was then performed using ImageJ (version 1.54p). Raw integrated
density values were extracted for each channel and used as either ab-
solute values or values normalized relative to day 1 measurements.

4.4. In vitro evaluation of cartilage regeneration

4.4.1. Isolation of human nasal chondrocytes

HNCs were isolated from nasal septum biopsies obtained from pa-
tients undergoing rhinoplasty. Briefly, the cartilage biopsies were
minced and the chondrocytes were isolated using 0.15% (w/v) type 1L
collagenase (10 mL g’1 of tissue) for 22 h and resuspended in DMEM
containing 5% (v/v) human platelet lysate, 2 U mL! heparin,
4.5 mg mL~! D-Glucose, 0.1 mM nonessential amino acids, 1 mM so-
dium pyruvate, 10 mM HEPES buffer, 100 U mL~! penicillin,
100 pg mL~! streptomycin, and 0.29 mg mL~! L-glutamine (complete
medium). The isolated chondrocytes were counted using trypan blue,
plated in tissue culture flasks at a density of 10* cells.cm™2 and cultured
in complete medium, with the addition of 1 ng mL™! of TGF-p1,
5ng mL~! of FGF-2 in a humidified incubator at 37 °C, with 5% CO5 and
95% relative humidity.

4.4.2. Cell seeding and culture of human nasal chondrocytes on bilayered
albumin-based scaffolds

The scaffolds were cut into discs (4 mm in diameter and 4-6 mm
thick), sterilized by successive washes using sterile water and 70% (v/v)
ethanol, and stored at 4 °C. Then, the scaffolds were transferred to a 24-
well plate with a hydrophobic poly(HEMA) coating to prevent cell
adhesion. HNCs (passage 2 or 3) were directly seeded onto the porous
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scaffold layer following thawing for culture and redifferentiation. For in
vitro experiments, cells from four independent donors were used across
the different assays. This approach was adopted to avoid donor-
dependent effects and to ensure that the observed outcomes were
reproducible across multiple biological sources. Donor selection was
also dependent on cell availability from established stocks. The HNCs
were left for 1 week in contact with a proliferation medium: DMEM
(10938025, Gibco) with 4.5 mg mL™! glucose content supplemented
with 10% (v/v) fetal bovine serum, 1% (v/v) penicillin-streptomycin-
glutamine (10378016, Gibco), 10 mM HEPES (156630080, Gibco),
1 mM sodium pyruvate (11360039, Gibco), and growth factors such
TGF-p1 (240-B-010/CF, Biotechne, USA) at 1 ng mL~! of and FGF-2
(233-FB-010/CF, Biotechne) at 5 ng mL™'. They were then left during
2 or 4 weeks in contact with a differentiation medium: DMEM
(10938025, Gibco) with 4.5 mg mL ™! glucose content supplemented
with 1% (v/v) ITS+1 (12521, Sigma-Aldrich), 1% (v/v) penicillin-
streptomycin-glutamine (10378016, Gibco), 10 mM HEPES
(156630080, Gibco), 1 mM (11360039, Gibco), and growth factors such
ascorbic acid (A8960, Sigma-Aldrich) at 100 pM, dexamethasone
(D4902, Sigma-Aldrich) at 100 nM, and TGF-p3 (100-36E, Peprotech,
France) at 10 ng mL ™",

HNCs were harvested and suspended in a culture medium to obtain a
concentration of 500,000 cells per 15 pL droplet. HNCs were then seeded
at a density of 500,000 cells/scaffold onto the porous scaffold surface.
The scaffolds were placed in an incubator for 2 h at 37 °C, with 5% CO,
and 95% relative humidity. Meanwhile, the sample absorbed the droplet
containing the cells. After incubation, 1.5 mL of proliferation medium
was added to each well and renewed twice weekly. At least two scaffolds
seeded with HNCs were cultured for each analysis time point. After each
time point, the scaffolds were removed from the incubator and sent for
experimentation.

4.4.3. Gross appearance

At the end of the culture period, digital microscope photographs of
the various samples were taken before they were fixed for histological
and immunohistochemical evaluations.

4.4.4. Histological and immunohistochemistry

The scaffolds were fixed in 4% (v/v) paraformaldehyde for 24 h at
room temperature for histological evaluations. They were then dehy-
drated in ethanol baths with increasing concentrations (water, 70%
ethanol, 95% ethanol, and 100% ethanol) before being immersed in
toluene and embedded in paraffin (39602004, Leica Biosystems,
France). Samples were cross-sectioned to a thickness of 5 pm using a
microtome (RM2125 RTS, Leica). These sections were recovered and
spread on SuperFrost Plus slides (Fisher Scientific, 10149870). The
corresponding sections were stained with H&E to assess tissue structure,
AB (0.1% (w/v), pH = 1), and SO (0.1 % (w/v)) to locate the sGAG
deposits, and Gomori’s trichrome (0.3% (w/v)) to detect collagen type I
and identify fibrotic areas.

For immunohistochemical evaluations, the protocol was similar to
that described above. Collagen I was revealed using a mouse monoclonal
anti-human type I collagen antibody (dilution 1:200 in PBS, sc-293182,
Santa Cruz Biotechnology, USA), collagen II using a mouse monoclonal
anti-human type II collagen antibody (dilution 1:100 in PBS, sc-52658,
Santa Cruz Biotechnology), and aggrecan using a mouse monoclonal
anti-human aggrecan antibody (dilution 1:200 in PBS, sc-33695, Santa
Cruz Biotechnology, United States). A horseradish peroxidase (HRP)-
conjugated anti-mouse antibody was then applied as a secondary anti-
body. The ABC complex (avidin/biotin complex, PK-7200, Vestastain
Laboratories) was added and left for 30 min. Diaminobenzidine tetra-
hydrochloride (DAB) (SK-4105, Vector Laboratories) was used as the
chromogen for color development, followed by counterstaining with
H&E. The stained samples were finally observed under an optical mi-
croscope (Olympus BX60).

Ki-67 was detected using a rabbit anti-human Ki-67 monoclonal
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antibody (1:100 in PBS, RM-9106-SO, Epredia, Thermo Fisher Scienti-
fic). An HRP-conjugated anti-rabbit antibody (1:200 in PBS, Santa Cruz
Biotechnology) was then applied as a secondary antibody. The ABC
complex was added and left for 1 h. DAB was used as the chromogen for
color development. Finally, the stained samples were observed under an
optical microscope (Olympus BX60).

4.4.5. Sulfated glycosaminoglycan assay

Following the manufacturer's protocol, the sGAG content was
determined using the Blyscan™ dye-binding assay (Biocolor Ltd., Car-
rickfergus, UK). sGAGs were extracted from the samples using a papain
reagent diluted in 0.2 M sodium phosphate buffer (Na;HPO4- NaHPOy,
pH = 6.4). Each scaffold was incubated with 1 mL of papain extraction
solution (0.1 mg mL_l), then placed in a water bath at 65 °C for 18 h.
After centrifugation at 10,000 g for 10 min, 50 pL of the supernatant was
added to 1 mL of the Blyscan dye reagent and then shaken for 30 min at
room temperature. An additional centrifugation (13,000 g, 15 min) was
necessary to sediment the bluish precipitate formed. The supernatant
was discarded, and 500 pL of dissociation reagent was added. After
complete dissolution and centrifugation (13,000 g, 10 min), 200 pL of
each sample were transferred to a clear-bottomed 96-well plate in
duplicate. Absorbance was measured with a plate reader at 656 nm. The
SGAG content (expressed in pg.mL 1) was calculated using a standard
curve established with each plate reading.

4.5. In vivo evaluation of cartilage regeneration

The cartilage formation capacity of the bilayered albumin-based
scaffold in vivo was assessed using a subcutaneous implantation assay
in nude mice (APAFIS #46421). HNCs were seeded on the porous layer
of the bilayered albumin-based scaffolds and cultivated for 2 (G2.X) or 4
weeks (G4.X) in vitro. For in vivo experiments, cells from four additional
independent donors were used across the different assays. This approach
was adopted to avoid donor-dependent effects and to ensure that the
observed outcomes were reproducible across multiple biological sour-
ces. Donor selection was also dependent on cell availability from
established stocks. The scaffolds were implanted subcutaneously in the
dorsum of athymic nude mice, with up to two scaffolds per mouse (9-
week-old females). Different conditions were investigated during the
study: G0.4 (n =), G0.8 (n =), G2.4 (n = 12), G2.8 (n = 7), G4.4
(n=12), G4.8 (n = 7), and G2.24 (n = 7). The mice were anesthetized
with isoflurane and a subcutaneous buprenorphine injection. Two in-
cisions were made in the skin lateral to the dorsal midline at the level of
the hip joint after analgesia with lidocaine (2 mg mL 1) and bupivacaine
(2 mg mL™1). The constructs were placed subcutaneously, and the skin
was sutured with absorbable thread. Buprenorphine (0.1 mg kg™!) was
administered via subcutaneous injection after surgery. After 4 or 8
weeks, the animals were euthanized under gaseous anesthesia with
isoflurane and injection of a lethal Euthasol dose (140 mg kg™ !). The
explants were then collected and fixed for 2 h in 4% paraformaldehyde
before being embedded in paraffin and subjected to histological and
immunohistological analyses as previously described.

4.6. Semi-quantification analysis

Histological quality was assessed using the modified Bern score (0-9
scale), which evaluates cartilage matrix intensity and uniformity (SO),
extracellular matrix organization, and cell morphology (Table in
Figure S7E). To obtain a representative and spatially unbiased evalua-
tion of each sample, each histological section was subdivided into square
regions of interest (ROIs) measuring 250 pm x 250 pm. Each ROI was
independently scored according to the Bern criteria, yielding a local
score ranging from O to 9.

For each sample, the Bern score was calculated as the mean of all
ROIs within the section, providing a global histological assessment of
the entire construct. Scoring was performed independently and in a
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blinded manner by two trained evaluators, and the final Bern score
corresponded to the average of both assessments. For each condition
(GX.Y), the reported Bern score represents the mean value obtained from
three to four independent samples (denoted as “N” in Fig. S7). Statistical
analyses were performed using two-way ANOVA followed by Tukey’s
multiple-comparisons test.

4.7. Statistical analysis

All experiments were conducted in triplicate unless otherwise spec-
ified. Data analysis was performed using GraphPad Prism (GraphPad
Software, USA). The results are presented as mean + SD or standard
error of the mean, as indicated in the figure legends. Statistical com-
parisons were performed either using t-test or one-way analysis of
variance (ANOVA), followed by the appropriate post hoc test when
applicable. Statistical significance was defined as follows: *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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