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ARTICLE INFO ABSTRACT

Keywords: Gene therapy combined with advanced biomaterial-based delivery systems represents a powerful strategy to
Gf’“e'amvated scaffold enhance chondrogenic differentiation of mesenchymal stem cells (MSCs), enabling the development of next-
Niosome generation regenerative therapies for cartilage repair. In this context, gene-activated biomaterials provide a
Minicircle DNA . . . s . . . .

SOX9 versatile tool for spatially and temporally regulating cell fate within three-dimensional (3D) microenvironments.
Chondrogenesis Here, we combine collagen type I/type II-hyaluronic acid (CI/CII-HyA) scaffold with a novel non-viral gene

MSGs delivery platform based on niosomes (DP20CQ) to deliver the master chondrogenic transcription factor SOX9
using either parental (PP) or minicircle (MC) plasmids, thereby promoting chondrogenesis in MSCs. After 28 days
under chondrogenic conditions, DP20CQ-based scaffolds promoted a more favourable chondrogenic-to-
hypertrophic profile than gene-free or Lipofectamine (LPF)-based scaffolds while preserving metabolic activ-
ity. Sustained SOX9 overexpression was evidenced in both PP and MC niosome-based systems at the gene and
protein levels. Similarly, both systems showed an upregulation of key chondrogenic markers, including aggrecan
(ACAN) and collagen type II (COLII), together with the concomitant downregulation of fibrocartilage (collagen
type I, COLI) and hypertrophic (collagen type X, COLX) markers, with DP20CQ/MC exhibiting the highest
expression ratios. Taken together, these findings demonstrate that DP20CQ-activated biomaterials enable effi-
cient and sustained genetic regulation in MSCs within a 3D microenvironment, promoting the formation of
hyaline-like cartilage while suppressing hypertrophic differentiation. This strategy constitutes a versatile gene-
activated biomaterial platform with promising potential for cartilage regeneration.

1. Introduction

Articular cartilage injuries represent a persistent challenge in
regenerative medicine due to the intrinsic avascular and aneural nature
of the tissue, which severely limits its capacity for repair. While various
surgical and biological alternatives exist, a major hurdle remains the
inability to restore a stable hyaline cartilage matrix, frequently resulting
in fibrocartilage formation that lacks the mechanical properties and
biochemical profile necessary to support long-term joint function [1,2].
Consequently, the development of tissue-engineered strategies capable
of recreating a physiologically relevant microenvironment and directing
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cellular fate toward a stable chondrogenic phenotype remains a critical
research priority [3].

Mesenchymal stem cells (MSCs) have emerged as a promising cell
population for cartilage tissue engineering due to their multipotency,
accessibility, and capacity for chondrogenic differentiation under
appropriate stimulation [1,4]. However, conventional chondrogenic
induction methods, such as soluble growth factor delivery, often result
in transient, non-localised responses and limited penetration within 3D
matrices, leading to phenotypic instability owing to their short half-life
[5,6]. These limitations compromise the ability of MSCs to sustain a
stable chondrogenic phenotype, frequently resulting in incomplete
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extracellular matrix (ECM) maturation or hypertrophic differentiation.

Gene therapy offers a powerful alternative to traditional growth
factor delivery, enabling the localised, sustained, and effective admin-
istration of pro-chondrogenic inputs [7]. Within this framework, several
molecular regulators of MSC chondrogenesis have been investigated,
including members of the transforming growth factor-p (TGF-f) super-
family, bone morphogenetic proteins (BMPs), and SOX transcription
factors. However, many of these approaches remain limited by transient
signalling or the induction of hypertrophic differentiation [8]. In this
context, SRY-box transcription factor 9 (SOX9) has emerged as a central
therapeutic target, acting as a master regulator of chondrogenesis,
maintaining the hyaline cartilage phenotype through the upregulation
of essential ECM genes, such as aggrecan (ACAN) and collagen type II
(COLII), while repressing hypertrophic pathways [9-11]. The contin-
uous expression of this lineage-defining factor is crucial for achieving
stable cartilage repair [12].

Conventional vehicles for gene transfer to MSCs include viral and
non-viral vectors. Despite their lower efficiency compared to viral vec-
tors, non-viral systems, particularly cationic lipid-based nanocarriers,
are increasingly preferred for clinical translation due to their superior
safety profile, lower immunogenicity, and tunable physicochemical
properties [11,13,14]. Liposomes are lipid nanocarriers that rely on
electrostatic interactions between positively charged headgroups and
the anionic phosphate backbone of nucleic acids, forming protective
complexes that facilitate cellular uptake [15,16]. However, conven-
tional liposome formulations are often associated with limited stability
and dose-dependent cytotoxicity.

To overcome these limitations, niosomes have emerged as alterna-
tive vesicular systems in which phospholipids are replaced by non-ionic
surfactants, conferring enhanced physicochemical stability, reduced
toxicity, and lower production costs while preserving efficient nucleic
acid complexation and delivery capabilities [17]. Among these, nio-
somes based on DOTMA as cationic lipid, polysorbate 20 or 80 as
non-ionic surfactants, and chloroquine and cholesterol as helper lipid
(DP20CQ and DP80CH, respectively) have demonstrated proper physi-
cochemical characteristics and efficient transfection performance in
human MSCs [18]. Particularly, DP20CQ niosomes have demonstrated
their effectiveness in promoting chondrogenesis through the trans-
fection of human MSC aggregate cultures [19].

Beyond the delivery vector, the architecture of the plasmid DNA
critically influences transfection efficiency and expression longevity.
Parental plasmids (PP), while widely used, contain bacterial backbone
elements that increase plasmid size, reduce transfection efficiency, and
may trigger epigenetic silencing or immune responses [20]. In contrast,
minicircle plasmids (MC) eliminate the bacterial sequences, thereby
offering a smaller genetic payload that enhances transfection efficiency,
promotes more sustained transgene expression, and reduces inflamma-
tory activation [21-23]. These characteristics are particularly relevant
for SOX9, where continuous expression is necessary to drive and
maintain stable MSC chondrogenesis.

However, the therapeutic potential of gene delivery approaches is
often limited when vectors are administered in the absence of a sup-
portive biomaterial environment, owing to poor spatial control and
transient transgene expression. Gene-activated scaffolds constitute a
versatile platform by integrating biomaterial structure with localised,
nonviral gene delivery, enabling spatially controlled and temporally
sustained regulation of MSC fate [3,8]. Importantly, these systems also
function as instructive templates that support host cell infiltration,
proliferation, and differentiation, enhancing endogenous -cartilage
repair processes.

This approach, integrating an engineered scaffold for therapeutic
gene delivery and MSCs, has demonstrated positive outcomes in treating
focal articular cartilage defects in vitro and in vivo [24,25].

In this context, scaffolds fabricated from a blend of collagen type-I
(CI) and type-II (CII) with hyaluronic acid (HyA; CI/CII-HyA), in
which HyA is physically entrapped within the collagen fibrillar network,
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provide a biomimetic microenvironment that supports chondrogenic
differentiation, extracellular matrix deposition, and cell-matrix in-
teractions resembling native cartilage tissue [26-28].

Mechanistically, collagen forms a structural framework that supports
cellular adhesion and mechanical stability, whereas HyA contributes to
hydration, viscoelasticity, and signalling interactions that favour chon-
drogenic maturation. In addition, CII actively promotes MSC chondro-
genic maturation through interactions with specific protein domains,
primarily mediated by integrin a2p1 engagement and downstream
SMAD1 signalling [29].

In this study, we developed gene-activated CI/CII-HyA scaffolds
incorporating an MSC population and DP20CQ niosomes complexed
with either PP (DP20CQ/PP) or MC (DP20CQ/MC) encoding SOX9.
Importantly, we compared for the first time the performance of PP and
MC constructs delivered through a non-viral system within a collagen-
based scaffold environment.

We evaluated how plasmid architecture and delivery vectors influ-
ence transfection efficiency in MSC two-dimensional (2D) monolayer
culture, and downstream chondrogenic outcomes within a biomimetic
3D microenvironment. In addition, niosome-based gene-activated scaf-
folds were directly compared with LPF-based scaffolds, in which LPF
was also complexed with both plasmid architectures, to assess the
impact of vector selection on matrix deposition and hypertrophic
progression.

Our findings demonstrate that, irrespective of the plasmid type used,
SOX9 delivery via DP20CQ niosomes improves the chondrogenic profile
of MSCs within CI/CII-HyA scaffolds and reduces hypertrophy, sup-
porting the potential of refined non-viral gene-activated systems in
guiding MSCs toward a more hyaline-like and phenotypically stable
cartilage matrix. By combining a direct comparison of plasmid topol-
ogies with an MSC-optimised non-viral vector within a previously
characterised 3D collagen-based matrix, this study provides compara-
tive evidence to inform the rational design of gene-activated matrices for
cartilage regeneration.

2. Materials and methods
2.1. Materials

Polysorbate 20 (P20, MW 1105 g/mol), polysorbate 80 (P80, MW
1064 g/mol), chloroquine (CQ, MW 515.5 g/mol), and papain (Carica
papaya Latex) were obtained from Alfa Aesar (USA). 1,2-di-O-
octadecenyl—3-trimethylammonium propane (D, DOTMA, MW 670.6 g/
mol) was purchased from Angene (China). Dulbecco’s Modified Eagle’s
Medium (DMEM), Phosphate-Buffered Saline (PBS), Fetal Bovine Serum
(FBS), Penicillin/Streptomycin (P/S), GlutaMAX™, MEM Non-essential
amino acids (MEM NEAA), OptiMEM™ reduced serum medium, Insulin-
Transferrin-Selenium-A (ITS), dichloromethane, Insulin-Transferrin-
Selenium-A (ITS) and cholesterol 95% (CH, MW 386.7 g/mol) were
sourced from Gibco -Thermo Fisher Scientific (USA). Sall and Xbal re-
striction enzymes, LB Agar, Halt™ protease, and phosphatase inhibitor
cocktail (100X), AlamarBlue™ and BCA™ Protein Assay Kit were ob-
tained from Thermo Fisher Scientific (USA). Lipofectamine™ Stem Re-
agent (LPF), Luria Broth (LB), SYBR™ Gold (10000 X), 5X annexin-
binding buffer, Quant-iT PicoGreen dsDNA, and HiPure Plasmid Max-
iprep Kit were purchased from Invitrogen - Thermo Fisher Scientific
(USA). The Human SOX9 (Transcription factor SOX—9) ELISA Kit was
acquired from FineTest (China). Recombinant TGF-$3 was obtained
from Peprotech (USA).

The bovine Achilles tendon type I collagen was purchased from
Collagen Matrix (USA), the porcine knee cartilage type II collagen from
Symatese (France), and hyaluronic acid sodium salt derived from
Streptococcus equi (1500-18000 kDa) from Contipro (Czech Republic).
QIAzol Lysis Reagent was obtained from Qiagen (UK).

MN511A-SOX9 construct, kanamycin, growth media, and induction
media were acquired from System Biosciences (USA). Annexin V APC
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(1:10), Propidium Iodide staining solution (50 ug/mL; 1:100).

1,9-Dimethyl-Methylene Blue Dye (DMMB), sodium L-ascorbate,
dexamethasone, acetic acid, L-proline, and sodium pyruvate were pur-
chased from Sigma-Aldrich (USA). Chondroitin Sulfate C Sodium Salt
was obtained from Toronto Research Chemical (Canada).

The First Strand cDNA Synthesis Kit for RT-PCR was obtained from
Roche (Switzerland), RNeasy Protect Mini Kit from Qiagen (Germany),
and PowerUp™ SYBR™ Green Master Mix from Applied Biosystems
(USA).

The Laemmli sample buffer (#1610737), 2-mercaptoethanol
(#1610710), Mini-PROTEAN TGX electrophoresis gels 4-20%
(#4561094), Trans-Blot Turbo Mini 0.2 um PVDF Transfer Packs
(#1704156), 10x Tris/Glycine/SDS Buffer (#1610732), Clarity™
Western ECL Substrate (#1705060) were obtained from BioRad (UK).

The anti-SOX9 (ab182579) primary antibody and the goat anti-
rabbit IgG H&L (HRP; ab6721) were purchased from Abcam (UK).
GAPDH (sc—32233), anti-type I collagen (COLI; sc—293182), and mouse
IgG Fc binding protein (m-IgG Fc BP; sc—525409) were obtained from
Santa Cruz Biotechnology (USA). The anti-type II collagen (II-II6B3,
COLII) antibody was purchased from DSHB (USA), and the anti-type X
collagen (COLX) from Sigma Aldrich (USA). The biotinylated goat anti-
mouse (IgG, H+L), the avidin-biotin complex (ABC)- horseradish
peroxidase (HRP) kit, and Diaminobenzidine (DAB) Substrate Kit re-
agents were acquired from Vector Laboratories (USA).

2.2. Parental and minicircle DNA plasmid isolation and purification

The MN511A-SOX9 plasmid was generated by inserting the human
SOX9 coding sequence into the MN511A—1 backbone (pMC.CMV-MCS-
EF1a-GFP-SV40polyA), yielding the parental GFP/SOX9 plasmid (PP;
8587 bp). This parental construction served as the template for pro-
ducing the corresponding minicircle GFP/SOX9 (MC; 4574 bp) [19].

Minicircle production was performed by transforming the E. coli
ZYCY10P3S2T minicircle producer strain with the PP. Briefly, a single
bacterial colony was inoculated into 2 mL of LB medium supplemented
with 50 pg/mL kanamycin and cultured at 30 °C for 4-6 h under
agitation (250 rpm). Subsequently, 1 mL of this starter culture was
transferred into 200 mL of 1 x growth medium in a 1 L Erlenmeyer flask
and incubated overnight at 37 °C with shaking at 250 rpm [30,31]. Once
the exponential phase was reached (ODesoo = 4-8, pH ~ 7), 200-400 mL
of 1 x induction medium was added, and the culture was further incu-
bated for 4 h at 32 °C, followed by 1 h at 37 °C to induce the site-specific
recombination process [19,30-32].

MC purification was performed using the HiPure Plasmid Maxiprep
Kit according to the manufacturer’s protocol, with appropriate modifi-
cations for minicircle recovery. Integrity and size were verified by re-
striction digestion (Sall and Xbal) and agarose gel electrophoresis [19].

In parallel, PP was propagated in E. coli STLB2 and purified using the
same procedure.

2.3. Niosome production and nioplexes formation

Niosome formulations (DP20CQ and DP80OCH) were formed by the
thin-film hydration method using DOTMA as cationic lipid (2.5 mg;
mole ratio = 1), polysorbate 20 (P20; 9.2 mg; mole ratio = 2) or poly-
sorbate 80 (P80; 9.8 mg; mole ratio = 2) as non-ionic surfactants and
chloroquine (CQ; 3.8 mg; mole ratio = 2) or cholesterol (CH; 2.9 mg;
mole ratio = 2) as helper lipids, respectively [18,33]. In brief, all com-
ponents were dissolved in dichloromethane and thoroughly mixed.
Then, the organic solvent was evaporated under argon flow to form a
dried film on the bottom of the glass flask, followed by the addition of
2.5 mL of OptiMEM™ (aqueous medium) to resuspend the film. The
solution was sonicated for 40 s at 50 W using the UP200S Sonifier
(Hielscher Ultrasound Technology, Germany).

Nioplexes were formed by mixing a fixed amount of PP or MC
plasmids (300 ng per well for 2D monolayer experiments and 2 pg per
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scaffold for 3D scaffold experiments) and niosome solution to obtain 5/1
and 10/1 DOTMA/DNA mass ratios (w/w), corresponding to 2 and 5
nitrogenous (N) to phosphorous (P) ratios. Complexes were allowed to
form for 30 min at room temperature before being added to cell
monolayers or scaffolds and characterised as reported elsewhere [19].

2.4. Mesenchymal stem cells isolation and culture

Rat mesenchymal stem cells (MSCs, n = 2) were isolated from the
bone marrow of early postnatal and juvenile Wistar rats, in accordance
with Spanish law (32/2007), and with the previous approval of the
Animal Ethical Committee of Galicia (accession number: 15/2127).
Cells were cultured and expanded to passage 15 (early postnatal MSCs)
or 7 (juvenile-derived MSCs) in high-glucose DMEM supplemented with
10% FBS, 100 U/mL P/S, 1% Glutamax, and 1% MEM NEAA. Cultures
were maintained at 37 °C in a humidified atmosphere containing 5%
CO: until further experimentation.

2.5. Transfection experiments in 2D monolayer cultures

For 2D transfection studies, early postnatal and juvenile-derived
MSCs were seeded in 48- (GFP expression) or 24-well plates (SOX9
expression) at a density of 4 x 10* cells/cm? and allowed to attach for
24 h at 37 °C. Then, cells were treated with nioplexes formed by com-
plexing each niosome formulation, DP20CQ and DP80CH, with either
PP or MC plasmid (0.32 ug/cm? of plasmid per well) at DOTMA/DNA
ratios of 5/1 and 10/1.

Cells cultured in growth medium without nioplexes or cells trans-
fected with the commercial reagent, LPF (1 pL/well; 0.32 pg/cm? of
plasmid per well), were used as negative and positive controls, respec-
tively. After incubation for 24 h at 37 °C and 5% COj, cells were
collected for analysis.

2.6. Evaluation of transfection efficiency and cell viability

GFP expression and cell viability were evaluated 24 h post-
transfection using flow cytometry. Cells were washed with PBS, de-
tached using trypsin, washed with several centrifugation steps, and
resuspended in 5X annexin-binding buffer (diluted 1:5) containing
Annexin V APC (1:1000), and Propidium Iodide staining solution
(50 pg/mL; 1:100). Data acquisition and analysis were performed using
CytExpert software using a CytoFLEX flow cytometer.

2.7. Determination of SOX9 expression in 2D transfection assays

SOX9 levels were assessed 24 h after transfection using ELISA. In
brief, after washing the cells 3 times with PBS, lysates were prepared by
adding a lysis buffer (50 mM Tris, 0.9% NacCl, 0.1% SDS, pH 7.3; 125 uL/
well), supplemented with Halt™ protease and phosphatase inhibitor
cocktail (1:100). Cells were then scraped to ensure complete recovery,
and lysates were processed according to the manufacturer’s protocol.

The concentration of SOX9 (ng/mL) in each sample was determined
by measuring absorbance at 450 nm with a Synergy HTX plate reader
(Biotek, USA) using a SOX9 standard calibration curve.

2.8. Biofabrication of highly porous biomimetic scaffolds

The collagen type I (CI) - collagen type II (CII) and hyaluronic acid
(HyA) scaffolds (CI/CII-HyA) were fabricated using a freeze-drying
method previously reported [26]. Collagen slurry was first prepared
by blending bovine Achilles tendon type I collagen and porcine knee
cartilage type II collagen (0.25%, w/v; 1:1 ratio) in 0.5 M acetic acid.
Then, hyaluronic acid sodium salt (0.05% w/v; 1500-18000 kDa,
Streptococcus equi) was dissolved in 0.5 M acetic acid and added drop-
wise to the collagen mixture [34]. This process results in a physically
blended scaffold in which hyaluronic acid is entrapped within the
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collagen matrix. The resulting CI/CII-HyA slurry was degassed, aliquots
(0.3 mlL) into stainless-steel molds (9.5 mm diameter and 4 mm height),
freeze-dried for 48 h at -20 °C, and dehydrothermally crosslinked under
vacuum (0.05 bar, 105 °C, 24 h; VacuCell oven, MMM, Germany) [34].

The structural and mechanical properties of these highly porous CI/
CII-HyA scaffolds have been previously reported, supporting their
suitability for cartilage tissue engineering [27,28,35].

2.9. Transfection studies in 3D gene-activated scaffolds

DP20CQ nioplexes with either PP or MC were prepared as described
in Niosome production and nioplexes formation (Fig. 1). Nioplexes (15 pl;
1 ug DNA) were then loaded onto the scaffolds using a soak-loading
approach, by adding them onto the upper surface of sterile CI/CII-HyA
scaffolds and allowing them to adsorb for 15 min. Scaffolds were
inverted, and the procedure was repeated on the opposite side, resulting
in a total loading of 2 pg plasmid per gene-activated scaffold. As a
positive control, gene-activated scaffold using LPF was prepared
following the same procedure, with an equivalent amount of DNA.

Early postnatal MSC suspensions (25 pL of cell suspension; 2.5 x 10°
cells) were seeded onto the top surface of each scaffold and incubated for
30 min to allow cell attachment. Scaffolds were then inverted, and the
procedure was repeated on the opposite side, yielding 5 x 10° cells per
scaffold. Cell-seeded CI/CII-HyA scaffolds without either DNA or the
transfectant (gene-free scaffolds; C-) were prepared under identical
conditions and served as negative controls. Constructions were cultured
in growth medium (2 mL) for 24 h at 37 °C.

After 24 h of incubation, gene-activated scaffolds were transferred to
a new 24-well plate with chondrogenic differentiation medium serum-
free high-glucose DMEM supplemented with 50 ug/mL ascorbic acid,
20 ug/mL proline, 100 nM dexamethasone, 1 x ITS, 0.11 mg/mL so-
dium pyruvate, and 20 ng/mL TGF-p3. Scaffolds were cultured at 37 °C
under static conditions for 7 or 28 days, with medium changes twice
weekly, before being analysed in the different experiments.

To determine attachment efficiency, trypsin was added to the orig-
inal well plate prior to scaffolds transfer to recover non-adherent cells.
Cell suspensions were collected, centrifuged, and resuspended in growth
medium. Cell number was determined using a haemocytometer, and
attachment efficiency (%) was calculated as the ratio between the
number of counted cells and the number of initially seeded cells x 100.

DNA plasmid
\ MmC
MC-based DP20CQ
\ rspased DP20CQ niosomes
( nioplexes nloplexes
Y
PP )
~— 7 D) S DP20CQ-activated
scaffold
20
CI/CII - HyA ; %

4 %%%}3

AN
[
- l l ]
I T 1
Day 0 Day 7 Day 28

Fig. 1. Schematic representation of gene-activated scaffolds production.
Niosomes based on polysorbate 20 and chloroquine (DP20CQ) complexed with
parental (PP) or minicircle plasmid (MC) were put into contact with collagen
type 1/collagen type II, and hyaluronic acid (CI/CII-HyA) scaffolds before the
incorporation of rat mesenchymal stem cells (MSCs) and incubation for 7 and
28 days.

MSCs

Colloids and Surfaces B: Biointerfaces 267 (2026) 115909
2.10. DNA release profile

DP20CQ nioplexes or LPF lipoplexes with either PP or MC plasmids
were loaded onto CI/CII-HyA scaffolds using the same procedure
described before (Transfection studies in 3D gene-activated scaffolds).
Gene-free and gene-loaded scaffolds were placed in the upper
compartment of permeable supports (Transwell Permeable Supports,
Life Technologies, Darmstadt, Germany; pore size 0.4 um) located in 24-
well plates containing PBS (500 pL in the lower compartment). Then,
PBS (100 pL) was added to the upper compartment, and plates were
incubated at 37 °C under static conditions for 28 days.

At predetermined time intervals (0.25, 1, 3, 5, 7, 14, 21, and 28
days), aliquots from the lower compartment were collected, immedi-
ately frozen at —20 °C, and replaced with an equal volume of fresh PBS.

The amount of DNA released from CI/CII-HyA scaffolds in the
collected aliquots was quantified by SYBR™ Gold nucleic acid stain,
previously decomplexed of nioplexes with 7% SDS [10]. Fluorescence
was measured in black 96-well plates using a Synergy HTX Plate Reader
at excitation and emission wavelengths of 485nm and 528 nm,
respectively.

2.11. Scanning electron microscopy (SEM)

Gene-activated scaffolds were prepared using the same procedure
described above (Transfection studies in 3D gene-activated scaffolds).
Constructions were then fixed in 2% glutaraldehyde for 3 h at room
temperature before being dehydrated through a graded ethanol series
and dried using a critical point dryer.

Empty CI/CII-HyA scaffolds (C-) or gene-free CI/CII-HyA scaffolds
containing only cells (C-) were processed in parallel.

The dried samples were sputter-coated with gold and examined using
a JEOL JSM—6400 scanning electron microscope (JEOL USA Inc., Pea-
body, MA, USA) [10].

2.12. Analysis of gene expression regulating chondrogenesis

After 7 and 28 days of culture, gene-activated CI/CII-HyA scaffolds
were lysed with QIAzol reagent, and total RNA was extracted using the
RNeasy Protect Mini Kit according to the manufacturer’s instructions.
Reverse transcription was carried out using 250 ng of RNA with the First
Strand cDNA Synthesis Kit for RT-PCR (AMV) to generate cDNA. Sub-
sequently, 10 ng of cDNA was amplified by real-time PCR (qRT-PCR)
using the PowerUp™ SYBR™ Green Master Mix on a QuantStudio 3
System (Applied Biosystems, USA).

The PCR conditions were set as follows: an initial denaturation from
50°C to 95 °C at 1.6 °C/s for 2 min, followed by 40 cycles of denaturation
at 95 °C for 15 s, annealing and extension at 60 °C for 1 min each. A final
melting curve analysis was conducted from 95 °C to 65 °C at 1.6 °C/s and
then to 95°C at 0.5 °C/s. Primers sequences are listed in Table 1, and all
reactions were performed with a final primer concentration of 400 nM.
Gene expression levels were normalised to GAPDH expression, and
relative quantification was calculated using the 2724 method [19,36].

2.13. Analysis of pro-chondrogenic SOX9 protein expression

Western blot analysis was performed on days 7 and 28 to assess SOX9
relative protein expression (both endogenous and transgene forms) in
gene-activated CI/CII-HyA scaffolds [25]. Total protein was extracted,
and aliquots (15 pg for day 7 and 10 ug for day 28) were denatured in
Laemmli sample buffer containing 2-mercaptoethanol and separated by
SDS-PAGE using Mini-PROTEAN TGX gels at 100 V for 1 h. Proteins
were transferred onto 0.2 um PVDF membranes using the Trans-Blot
Turbo Transfer System.

Membranes were blocked with 5% (w/v) BSA in tris-buffered saline
(TBS) with 0.1% Tween—20 (TBST) and incubated overnight at 4 °C
with a primary rabbit anti-SOX9 (1:1000). After three washes with



J. Lopez-Seijas et al.

Table 1
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List of genes and primer sequences analysed by qRT-PCR. Primers were designed and used to analyse the expression levels of target genes.

Target gene

Forward sequence (5°—3’)

Reverse sequence (5'—3’)

Aggrecan (ACAN) CCCAAACAGCAGAAACAGCC CACTCATCAATGTCTGCAGCG
Type I collagen (COLI) GGCCAAGAAGACATCCCTGA CAGGTTTCCACGTCTCACCA
Type II collagen (COLII) ATTGCCTACCTGGACGAAGC TCAACAATGGGAAGGCGTGA
Type X collagen (COLX) ATTGCCTACCTGGACGAAGC TCAACAATGGGAAGGCGTGA
SRY (sex determining region Y)-box 9 (SOX9) CCCCAACAGATCGCCTACAG TCGTACTGTGAGCGGGTGAT
Green Fluorescent Protein (GFP) GGCTACTACAGCTTCGTGGT GGTGTTGCTGTGCAGCTCCT
Glyceraldehyde 3-phosphate CCAGAGGGTGGCCTTGAAAT GTGAAGCTCCCAATGTCCCA

dehydrogenase (GAPDH)

TBST, membranes were incubated for 1 h at room temperature with
HRP-conjugated goat anti-rabbit IgG (1:2000). Following additional
washes, membranes were treated with enhanced chemiluminescence
(ECL) substrate and imaged on a ChemiDoc MP Imaging System (Bio-
Rad, UK). Membranes were stripped (0.2 M glycine, 0.1% SDS, 1%
Tween—20, pH=2.2), re-blocked, and re-probed with anti-GAPDH
(1:1000), followed by HRP-conjugated secondary antibody (1:2000).

Relative protein expression levels were quantified by densitometric
analysis of band intensities using ImageJ software, normalised to the
corresponding GAPDH signal for each sample.

2.14. Metabolic activity assay

AlamarBlue™ assay was performed as a non-destructive indicator of
cellular metabolic activity at days 0, 3, 7, 14, 21, and 28 of culture [26,
37]. Briefly, a 10% (v/v) AlamarBlue™ solution in culture medium was
applied to each gene-activated CI/CII-HyA scaffold and incubated for
1 h at 37 °C. To assess metabolic activity, fluorescence was measured at
excitation and emission wavelengths of 560 nm and 590 nm, respec-
tively, using an Agilent Cary Eclipse Fluorescence Spectrophotometer
(Agilent, USA). Metabolic activity per scaffold was calculated and nor-
malised to cell-seeded CI/CII-HyA scaffolds at day 0.

2.15. Biochemical quantification of proteoglycans and DNA

Proteoglycans and DNA contents were quantified at 28 days
following scaffold digestion. Gene-activated CI/CII-HyA constructs were
washed with PBS and digested overnight at 65 °C in 0.01% papain so-
lution. The proteoglycan content was determined using the dimethyl-
methylene blue (DMMB) assay, with chondroitin sulphate C as the
standard [10,19]. Briefly, 250 uL of DMMB dye and 5 pL of D-cysteine
hydrochloride monohydrate solution were added to 35 pL of each
digested sample (or standard) in a 96-well plate. Absorbance at 525 nm
was recorded using a Synergy HTX Plate Reader, and the proteoglycan
concentration was calculated using a standard calibration curve [19].

DNA content was quantified using the Quant-iT™ PicoGreen®
dsDNA assay according to the manufacturer’s protocol. Fluorescence
was measured at 485 nm excitation and 538 nm emission using a Syn-
ergy HTX Plate Reader [38].

2.16. Histological and immunohistochemical evaluation of extracellular
matrix (ECM) deposition

After 28 days of culture, gene-activated CI/CII-HyA scaffolds were
rinsed with PBS, fixed with 4% paraformaldehyde for 1 h at room
temperature, dehydrated, and embedded in paraffin, following estab-
lished protocols [25]. Paraffin sections (7 pm) were stained with 2%
Alcian Blue (pH 2.5) to assess glycosaminoglycan-rich extracellular
matrix deposition.

For immunohistochemistry, endogenous peroxidase activity was
blocked, and sections were incubated with primary antibodies against
collagen type I (1:100), collagen type II (1:10), and collagen type X
(1:200). After washing, sections were incubated with a biotinylated
secondary antibody and detected using the ABC-HRP detection system

with DAB as the chromogen [11,19,36].

Sections were imaged using a Lionheart FX digital microscope
(BioTek, USA). Histomorphometric analysis was performed using
ImageJ. For each experimental group and replicate, three standardised
regions of interest were quantified at 20 x magnification. Staining in-
tensity was expressed as pixel intensity.

2.17. Statistical analysis

2D experiments were performed using MSCs from two independent
rat donors (early postnatal and juvenile). Each experiment was repeated
at least twice, with three technical replicates per condition. Gene-
activated scaffolds assays were conducted using MSCs from a single
early postnatal donor, with a minimum of two independent biological
replicates and six technical replicates per condition.

Statistical analyses were performed using Prism GraphPad (Graph-
Pad Software, USA). Data normality was assessed using the Shapir-
o-Wilk test and homogeneity of variances using Levene’s test.
Depending on data distribution and experimental design, one- or two-
way ANOVA followed by Tukey’s post-hoc test was applied for para-
metric data, whereas the Kruskal-Wallis test was used for non-
parametric datasets. Statistical significance was defined as p < 0.05.

3. Results
3.1. Minicircle production

A 4.6 kb minicircle plasmid was generated from the parental 8.6 kb
plasmid through arabinose-induced expression of the ®C31 integrase
system (Fig. 2). Upon recombination, the eukaryotic expression cassette
was excised from the parental backbone, while the I-Scel endonuclease
selectively degraded the remaining 4.0 kb bacterial sequence. Successful
minicircle production and backbone removal were confirmed by agarose
gel electrophoresis (data not shown).

3.2. Invitro 2D transfection of MSCs with niosome formulations

To identify the most efficient niosome formulation and DOTMA/
DNA ratio for transfecting primary MSCs derived from early postnatal
and juvenile rats (MSCs), DP20CQ and DP80OCH niosomes were com-
plexed with either PP or MC plasmids and applied to 2D MSC cultures.
Transfection efficiency was assessed by GFP expression levels using flow
cytometry.

A consistent trend in GFP expression was observed across both cell
sources (Fig. 3A and B). DP20CQ nioplexes always achieved signifi-
cantly higher GFP expression than DP80CH nioplexes, irrespective of the
DOTMA/DNA ratio tested. These differences between both formulations
were especially pronounced in the 10/1 DOTMA/DNA ratio, where
DP20CQ demonstrated an evident superiority (up to 8.97- and 5.81-fold
increase in early postnatal and juvenile, respectively; p < 0.001).
Notably, DP20CQ complexed with PP or MC outperformed the positive
control, LPF (up to 1.89- and 2.90-fold increase in early postnatal and
juvenile, respectively; p < 0.05). In contrast, no significant differences
in GFP levels were observed between PP and MC plasmids regardless of
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Fig. 3. Optimization and validation of DP20CQ and DP80CH niosomes in early postnatal and juvenile rMSC monolayers. GFP expression (%; bars; left y-axis)
and cell viability (%; symbols; right y-axis) determined by flow cytometry after transfection of (A) early postnatal and (B) juvenile rMSC monolayers with niosomes
based on polysorbate 20 and chloroquine (DP20CQ; blue) or polysorbate 80 and cholesterol (DP80CH; brown) complexed with parental plasmid (PP; light blue or
light brown, respectively) or minicircle plasmid (MC; dark blue or dark brown, respectively). Data are shown as mean =+ SD. * depicts p < 0.05, when comparing each
formulation combined with a given plasmid type at different DOTMA/DNA ratios to LPF control group, n = 3. (C) Greyscale heatmap representing GFP expression
levels (%) across two rMSC sources, where black denotes the highest and white the lowest transfection efficiency achieved.

the formulation used (p > 0.172).

Of note, cell viability was preserved across all conditions (> 91%),
indicating that the niosome formulations maintained cytocompatibility
in MSCs under 2D culture conditions. Conversely, a slight reduction in
viability was observed in juvenile MSCs treated with LPF-based

complexes, with values decreasing to approximately 85%.

To integrate the results obtained and enable direct comparison of
transfection performance between the two niosome formulations in both
MSC sources, a greyscale heatmap was generated (Fig. 3C). The squares
corresponding to DP20CQ formulations displayed markedly darker
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intensities compared to those of DP80CH, further confirming the supe-
rior efficiency of DP20CQ. Additionally, when comparing both DOTMA/
DNA ratios within the same formulation, the 10/1 showed the highest
intensities. No clear differences in intensity were observed between the
two plasmids, suggesting similar performance under the tested
conditions.

The concentration of SOX9 protein (ng/mL) were quantified by
ELISA to confirm transgene expression following transfection
(Figure S1). All formulations resulted in detectable SOX9 protein levels
in MSCs from both sources compared with their respective untransfected
controls. In early postnatal MSCs, both niosome- and LPF-based scaffolds
achieved statistically significant increases (p < 0.043). In contrast, in
juvenile MSCs, only LPF/MC-based scaffolds led to substantial differ-
ences (p < 0.046).

Based on these results, the DP20CQ formulation at a DOTMA/DNA
ratio of 10/1 was selected for subsequent experiments in CI/CII-HyA
scaffolds (Fig. 4A).

3.3. MSC attachment and metabolic activity in CI/CII-HyA gene-
activated scaffolds

SEM imaging (Fig. 4B) was performed on empty scaffolds (C-),
scaffolds seeded with MSCs without either the DNA or the transfectant
(gene-free scaffolds; C-), and gene-activated scaffolds containing MSCs
and either DP20CQ nioplexes or LPF lipoplexes.

Across all conditions, CI/CII-HyA scaffolds revealed an inter-
connected macroporous structure, with cells displaying a well-spread
morphology and integration within the scaffold architecture. More-
over, successful incorporation of both DP20CQ and LPF complexes
within the CI/CII-HyA scaffolds was clearly evidenced, regardless of the
plasmid used.
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Cell seeding efficiency was assessed after 24 h to evaluate the
adherence capacity of MSCs to the different gene-activated scaffolds. As
shown in Fig. 4C, comparable attachment yields were observed among
the control group and all transfected conditions (p > 0.05).

Likewise, the metabolic activity of MSCs on CI/CII-HyA scaffolds was
measured at different time points after seeding as a non-invasive indi-
cator of cellular health (Fig. 4D). The delivery of DP20CQ and LPF
complexed with PP or MC from the scaffolds did not compromise the
metabolic activity of cells, which remained above control values
throughout the culture period. Notably, PP- and MC-DP20CQ complexes
were associated with a marked increase in metabolic activity on day 3
(up to 1.8-fold increase), after which values converged and remained
similar across all groups for the 28 days.

Cumulative DNA release from CI/CII-HyA gene-loaded scaffolds was
monitored for 28 days to characterise the release kinetics of DP20CQ-
and LPF-based complexes (Fig. 4E). All gene-activated scaffolds
exhibited an initial burst phase within the first days of incubation, fol-
lowed by a slower release and subsequent plateau from day 14 onwards.
DP20CQ-based scaffolds showed higher cumulative DNA release than
their LPF counterparts, with DP20CQ/PP complexes consistently
releasing more DNA than DP20CQ/MC. In contrast, LPF/PP scaffolds
displayed a more moderate release profile than LPF/MC (p < 0.05).

3.4. MSCs chondrogenesis in CI/CII-HyA-gene activated scaffolds

Gene-free and gene-activated scaffolds were cultured for 7 or 28 days
in chondrogenic medium before analysis. Samples collected at both time
points were examined by qPCR and western blot, whereas histological,
immunohistochemical, histomorphometric, and biochemical analyses
were performed on samples cultured for 28 days.

qPCR was performed to compare the expression of total SOX9
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Fig. 4. SEM, cellular attachment, and metabolic activity of MSCs in CI/CII-HyA-gene activated scaffolds. (A) Illustrative macroscopic image of a CI/CII-HyA
scaffold. (B) Representative SEM images (magnification: 500 x and 5000 x) of empty CI/CII-HyA scaffolds (C-), CI/CII-HyA scaffolds containing only early postnatal
MSCs (C-), and CI/CII-HyA seeded scaffolds after transfection with niosomes based on polysorbate 20 and chloroquine (DP20CQ) or Lipofectamine (LPF) complexed
with either parental (PP) or minicircle (MC) plasmids. (C) Quantification (bars) of cell attachment efficiency 24 h post-seeding. (D) Cellular metabolic activity per
scaffold (symbols and lines) was determined and normalized to the control group (white symbols, black line) at day 0 after 0, 3, 14, 21, and 28 days in culture. (E)
Cumulative DNA release (symbols and lines) of DP20CQ and LPF complexed with either PP and MC loaded in CI/CII-HyA scaffolds after 0.25, 3, 5, 7, 14, 21, and 28
days.* depicts p < 0.05, when comparing DP20CQ formulation combined with a given plasmid type with the corresponding LPF control group at the same time point.
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(transgene and endogenous), GFP transgene, chondrogenic markers
(ACAN, COLIl), and hypertrophic markers (COLI, COLX) in gene-
activated scaffolds with nioplexes or lipoplexes, and gene-free scaf-
folds (Fig. 5 and Fig. 6).

After 7 days in culture, DP20CQ- and LPF-based scaffolds exhibited
increased SOX9 and GFP mRNA expression relative to gene-free scaf-
folds (Fig. 5A, upper graphics). Notably, PP complexes displayed sig-
nificant differences compared to the gene-free control (p < 0.05) in both
transgenes, while MC, only when complexed with DP20CQ, achieved a
marked upregulation of SOX9 expression (p < 0.05). At 28 days, both
DP20CQ and LPF formulations complexed with either PP or MC were
effective in enhancing SOX9 and GFP expression compared to the con-
trol (Fig. 5A, lower graphics), although statistical significance was
observed only for DP20CQ complexed with PP (p < 0.05).

These findings were supported by western blot analysis, which
confirmed the presence of SOX9 protein in gene-activated scaffolds after
7 (Fig. 5B, upper panel) and 28 days (Fig. 5B, lower panel). Densito-
metric analysis of bands at 28 days revealed modest increases in SOX9
protein levels, with DP20CQ complexed with PP and MC showing
~1.10- and 1.24-fold increase compared to gene-free control, respec-
tively, compared to ~ 1.05- and 1.01-fold increase for LPF-based
systems.

An analysis of downstream chondrogenic targets directly regulated
by SOX9 at 7 days (Fig. 6A, left panels) revealed a slight upregulation of
ACAN and COLII on DP20CQ-based scaffolds, without reaching statis-
tical significance relative to the gene-free control (p > 0.062). In
contrast, LPF-based scaffolds displayed a significant increase in these
same markers compared to controls (p < 0.011).

After 28 days in culture (Fig. 6A, right panels), the ability of gene-
activated scaffolds to promote MSC chondrogenic differentiation
became more evident, showing an upregulation of ACAN and COLII in
MSCs cultured on both types of gene-activated scaffolds relative to the
gene-free control, although only LPF complexed with MC led to a sig-
nificant enhancement (p < 0.04).
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In parallel, fibrocartilage and hypertrophic marker expression
revealed a clear dependence on the delivery system (Fig. 6B). LPF-based
scaffolds significantly upregulated COLI expression at both 7 and 28
days (p < 0.007), particularly in MC-loaded scaffolds, whereas DP20CQ-
based scaffolds did not induce COLI expression at any time point. A
similar trend was observed for COLX, with LPF scaffolds significantly
increasing its expression, especially under LPF/PP conditions
(p < 0.05). In contrast, DP20CQ scaffolds reduced COLX expression
relative to controls, although this reduction did not reach statistical
significance (p > 0.06).

To further evaluate the balance between chondrogenic and hyper-
trophic responses, expression ratios associated with cartilage-like matrix
synthesis and hypertrophic progression (ACAN/COLI, ACAN/COLX,
COLII/COLI, COLII/COLX) were calculated (Fig. 6C).

At day 7, ACAN/COLI and COLII/COLI ratios (Fig. 6C, left panels)
indicated an early shift toward a chondrogenic gene expression profile in
MSCs cultured on gene-activated scaffolds. Notably, ACAN/COLX and
COLII/COLX ratios (Fig. 6C, right panels) were significantly higher in
DP20CQ-activated scaffolds compared to LPF-based systems and to
gene-free controls (p < 0.03), suggesting enhanced chondrogenesis with
reduced hypertrophic progression.

At 28 days, DP20CQ-based scaffolds maintained the highest ACAN/
COLI and COLII/COLI ratios across all comparisons. However, statistical
significance was only reached for the ACAN/COLI when DP20CQ/MC
scaffolds (p < 0.016), while similar trends were observed for ACAN/
COLX and COLII/COLX.

Proteoglycan deposition was quantified after 28 days to evaluate
extracellular matrix formation (Fig. 7A). Both DP20CQ- and LPF-based
scaffolds reached significantly higher proteoglycan content compared
to gene-free scaffolds (p < 0.019), although no significant differences
were observed between delivery systems or plasmid types.

An estimation of the DNA content per scaffold (Fig. 7A) revealed a
significant increase across all transfected groups (666.24 + 85.00 ng/
scaffold) relative to the gene-free scaffolds (478.44 + 14.83 ng/scaffold;
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Fig. 6. qPCR analyses of chondrogenesis in CI/CII-HyA gene-activated scaffolds. RT-qPCR analysis of gene-activated scaffolds cultured 7 (left panels) and 28
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Data were normalised to gene-free scaffold on its corresponding day of culture. * depicts p < 0.05 when compared to the negative control (C), n = 3.

p < 0.001), indicating that cell viability was not affected under gene-
activated conditions.

To better elucidate how treatment conditions affected cellular
extracellular matrix (ECM) - proteoglycan deposition, proteoglycan
levels were normalised to DNA content and expressed as fold change
compared to the gene-free control (Fig. 7B). Proteoglycan/DNA ratio
was increased in gene-activated scaffolds relative to the gene-free

control (up to 1.16-fold change). PP-based scaffolds showed slightly
higher values than MC counterparts, with DP20CQ/PP exhibiting the
highest increase (1.23-fold), although these differences were not sta-
tistically significant.

Lastly, histological and immunohistochemical analyses after 28 days
confirmed enhanced cartilage-like matrix formation in gene-activated
scaffolds (Fig. 8). Alcian Blue staining intensity was significantly
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increased in all transfected groups compared to controls (p < 0.015),
although no significant differences were obtained between delivery
systems (Fig. 8A and C).

Similarly, COLII immunostaining revealed significantly higher mean
pixel intensity values in DP20CQ- and LPF-based scaffolds compared to
gene-free controls (p < 0.001) (Fig. 8A and C). Moreover, within the
same niosome-based formulation, PP-based scaffolds demonstrated
marked immunoreactivity compared to MC-based scaffolds (p < 0.04).

In contrast, fibrocartilage and hypertrophy markers (Fig. 8B and D)
were reduced in DP20CQ-based scaffolds. COLI immunoreactivity was
significantly lower in DP20CQ scaffolds compared to both gene-free and
LPF scaffolds (p < 0.001). Likewise, COLX staining was lowest in
DP20CQ scaffolds (p < 0.001) and highest in LPF scaffolds (p < 0.008),
further supporting a more stable chondrogenic phenotype in niosome-
based systems.

4. Discussion

A major challenge in cartilage tissue engineering is the development
of instructive biomaterials capable of promoting robust de novo matrix
formation while preventing hypertrophic differentiation [3,27,39]. To
address this, we integrated a collagen type I/II-hyaluronic acid
(CI/CII-HyA) scaffold, with proven capacity to support effective chon-
drogenesis, with a non-viral gene delivery platform based on niosomes
(DP20CQ) complexed with either parental (PP) or minicircle (MC) SOX9
plasmids to guide MSC-mediated chondrogenesis in a 3D environment.
To the best of our knowledge, this is the first study to investigate the
performance of niosomes to deliver different plasmid architectures,
parental and minicircle plasmids, within a 3D biomimetic scaffold for
cartilage repair.

Within the landscape of developing novel non-viral gene delivery
systems, our group conducted an exhaustive screening of a niosome li-
brary to identify the most effective candidates for human MSC trans-
fection. From this systematic evaluation, we successfully identified two
DOTMA-based formulations, specifically those incorporating either
polysorbate 20 or 80 as non-ionic surfactants alongside chloroquine or
cholesterol as helper lipids (DP20CQ and DP80CH, respectively), as the
most effective nanocarriers [18,19].

Given that transfection efficiency is significantly influenced by both
the cell source and the specific plasmid architecture, in the present
study, we first evaluated both formulations complexed with either
parental (PP) or minicircle (MC) plasmids.

These initial assessments were conducted in MSC monolayers
derived from early postnatal and juvenile donors to account for potential

10

age-related biological variations.

DP20CQ formulation at a DOTMA/DNA ratio of 10/1 achieved the
highest transfection efficiency, independent of donor age or plasmid
architecture. This result aligns with our previous findings in human
primary MSCs [19], where DP20CQ outperformed DP80CH despite
comparable efficiencies in immortalised MSCs [18]. Consistent with
earlier reports, P20 exhibits a higher hydrophilic-lipophilic balance
(HLB), enhanced colloidal stability, and more efficient intracellular
trafficking compared to P80 [40,41]. Such differences, together with the
known endosomal-escape effects of chloroquine, may collectively
contribute to the superior performance of DP20CQ across primary MSC
populations in which endosomal escape is generally lower than in
immortalised cells [42,43].

Together, results from MSC monolayer cultures, along with our
previous observations demonstrating efficient SOX9 delivery by
DP20CQ in aggregate cultures, identify DP20CQ formulation as the most
reliable candidate for subsequent 3D studies [10,18,19].

Recent reports have shown that minicircles encoding chondrogenic
factors (SOX9, BMP2, TGFf3) can effectively drive chondrogenesis in a
range of MSC-like cell types, including induced pluripotent stem cell-
derived MSCs, as well as canine and equine MSCs [44,45]. While these
findings underscore the versatility of minicircle-based gene delivery
across species and cell sources, they remain largely confined to con-
ventional 2D monolayers or 3D aggregate-based systems. In line with
this, our previous studies demonstrated that SOX9 MC plasmids pro-
moted comparable chondrogenic outcomes to those observed with PP in
hMSC aggregate cultures [19].

Despite these promising results, the potential of MC vectors to pro-
mote in situ transfection within 3D biomimetic matrices remains largely
unexplored. Unlike dense cell aggregates, biomimetic 3D scaffolds pre-
sent a unique set of properties, including the physiological microenvi-
ronment, spatial constraints, and diffusion limitations, that may
critically dictate the kinetics and overall efficiency of gene delivery.
Beyond influencing gene transfer efficiency, these distinctive scaffold
features position biomimetic 3D matrices as supportive microenviron-
ments that facilitate cell infiltration, matrix remodelling, and localised
gene delivery, thereby enabling gene-driven chondrogenic differentia-
tion and contributing to cartilage reparative processes.

In order to be utilised effectively for gene delivery, to enable efficient
in situ transfection, the scaffold must provide a 3D microenvironment
that supports cell attachment and long-term viability while allowing
efficient vector diffusion and cellular internalisation. SEM analysis
revealed that the CI/CII-HyA scaffolds possessed a highly porous,
interconnected architecture typical of collagen-based matrices produced
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analyses of gene-activated scaffolds after 28 days in chondrogenic medium (negative control, C; white) and transfected with niosomes based on polysorbate 20 and
chloroquine (DP20CQ; blue) or Lipofectamine (LPF; grey) and complexed with either parental plasmid (PP; light blue or light grey, respectively) or minicircle (MC;
dark blue or dark grey, respectively). (A) Alcian Blue and immunodetection of type-II collagen (COLII), (B) immunodetection of type-I collagen (COLI) and type-X
collagen (COLX) (magnification 10x; scale bar: 200 um). (C and D) Histomorphometric quantification (bars) corresponds to the images shown. Data are shown as

mean + SD. * depicts p < 0.05, when compared to the negative control (C), n = 3.

via lyophilisation [27]. Crucially, the incorporation of DP20CQ nio-
plexes did not alter this microarchitecture, preserving the inter-
connectivity essential for nutrient diffusion and waste removal. This
observation aligns with previous studies demonstrating that non-viral
vector loading via soak-loading or direct incorporation preserves the
structural integrity of collagen-based scaffolds [25].
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Retention of effective biocompatibility is a major concern when
transitioning from 2D transfection to 3D gene-activated scaffolds.
DP20CQ-activated scaffolds supported cell attachment efficiencies
comparable to gene-free controls, indicating that the niosome coating
did not mask the cell-binding motifs inherent to the scaffold.

Furthermore, metabolic activity assays demonstrated sustained
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cellular viability and proliferation over the 28-day culture period. From
0.25-7 days, DP20CQ-activated scaffolds exhibited significantly higher
metabolic activity than LPF-activated scaffolds (p < 0.05), indicating a
reduced cytotoxic effect compared to liposomal formulations [10,46].
Beyond day 7, metabolic levels became comparable between the two
groups, with no significant differences observed, indicating that the
early differences were primarily driven by the initial toxicity profile of
these nanocarriers.

The CI/CII-HyA scaffolds used in this study have previously been
shown to guide an effective human MSC chondrogenesis with reduced
hypertrophy and calcified cartilage-like formation after 28 days of cul-
ture [26]. In this framework, examining SOX9 expression and its
downstream chondrogenic and hypertrophic markers at early (day 7)
and late (day 28) time points provides a meaningful readout of the
combined influence of the scaffold, delivery vector, and plasmid archi-
tecture, and enables the assessment of whether the delivery of the gene
therapeutics can further enhance the regenerative capacity of the
scaffold.

qRT-PCR analysis demonstrated that DP20CQ-based scaffolds
enabled remarkably efficient transfection in a 3D microenvironment,
achieving superior SOX9 expression levels at days 7 and 28 compared to
gene-free scaffolds and LPF-activated scaffolds. These transcriptional
trends align with the behaviour of DP20CQ-activated scaffolds, which is
characterised by a pronounced initial burst followed by sustained
plasmid release [10,47], in contrast to the more modest burst observed
in LPF-loaded scaffolds. This release profile may be associated with the
higher and more sustained overexpression of the chondrogenic factor
observed in niosome-based scaffolds. Moreover, this pattern is particu-
larly relevant for chondrogenesis, as an early and robust SOX9 expres-
sion is required to initiate lineage commitment, while prolonged
expression supports extracellular matrix deposition and phenotypic
stabilisation. Western blot analysis supported this observation, showing
that bands corresponding to DP20CQ-activated scaffolds had higher
intensity than those of LPF-activated scaffolds.

When comparing both plasmid architectures, DP20CQ-activated
scaffolds exhibited a faster release of PP than MC DNA. This difference
is likely related to differences in nioplexe stability associated with
plasmid size and topology. In our previous work [19], DP20CQ nio-
plexes formed with MC displayed a smaller hydrodynamic diameter than
those with PP at a DOTMA/DNA ratio of 10/1, indicating the formation
of more compact complexes. Moreover, DNase I protection assays
revealed that MC nioplexes remained partially retained in the loading
wells even after SDS treatment, suggesting a higher resistance to com-
plex dissociation [19]. Together, these findings support that the super-
coiled structure of MC promotes the formation of more stable nioplexes,
resulting in a slower release profile compared with PP.

In situ SOX9 overexpression via DP20CQ-activated scaffolds induced
a robust chondrogenic response, evidenced by the marked upregulation
of its downstream targets ACAN and COLII, and by enhanced proteo-
glycan deposition at day 28. Alongside, DP20CQ-activated scaffolds led
to a marked reduction of fibrocartilage (COLI) and hypertrophy (COLX)
markers, at both gene and protein levels. As a result, chondrogenic-to-
hypertrophic ratios provided an integrated assessment of marker regu-
lation, confirming that niosome-activated scaffolds, particularly those
incorporating MC plasmids, promoted a more stable hyaline-like carti-
lage phenotype than LPF-based systems. These differences likely reflect
distinct vector architectures and delivery kinetics, with DP20CQ-based
niosomes appearing more compatible with the diffusion-limited and
matrix-rich environment of 3D scaffolds [10,11].

These observations are consistent with previous studies in hMSC
aggregate cultures and niosome-activated cryogels [10,11,19], where
sustained SOX9 expression was directly associated with enhanced hya-
line cartilage formation and suppression of hypertrophic progression.
Importantly, the present system achieves similar trends in chondrogenic
differentiation, characterised by the upregulation of cartilage-specific
markers and suppression of hypertrophic markers, using the delivery
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of a single SOX9 plasmid, whereas earlier strategies required either the
simultaneous delivery of the SOX Trio (SOX5/6/9) [9] or the use of
poly-e-caprolactone mechanically reinforced CI/CII-HyA scaffolds [25].

From a translational perspective, these findings support that
DP20CQ-activated CI/CII-HyA scaffolds may enable localised SOX9
delivery to bone marrow-derived MSCs infiltrating the scaffold, pro-
moting site-specific chondrogenic differentiation. Beyond its utility in
SOX9-mediated cartilage repair, the versatility of the DP20CQ non-viral
vector highlights its potential for delivering alternative minicircle-
encoded therapeutic genes in combination with diverse biomaterial
platforms, broadening its applicability in tissue engineering strategies.
In this context, the integration of localised gene delivery within an
instructive scaffold framework represents an effective means of further
enhancing the intrinsic regenerative capacity of biomaterial-based
repair approaches.

Although in vivo validation is still required to confirm long-term
functional cartilage repair and integration, the present results provide
a robust in vitro proof-of-concept supporting the further development of
this non-viral gene-activated scaffold platform.

5. Conclusion

Taken together, the present study demonstrates that DP20CQ-
activated CI/CII-HyA scaffolds constitute an effective non-viral plat-
form for localised gene delivery and MSC-mediated chondrogenesis
within a biomimetic 3D environment. DP20CQ-based systems promoted
sustained SOX9 expression and enhanced chondrogenic differentiation,
characterised by increased hyaline-like cartilage-associated markers
expression and reduced fibrocartilaginous and hypertrophic progression
compared to LPF-based formulations. Notably, minicircle-based systems
displayed improved chondrogenic-to-hypertrophic ratios, supporting
the relevance of plasmid architecture in diffusion-limited 3D environ-
ments. Overall, the combination of a biomimetic collagen-based scaffold
with a stable niosome-mediated delivery platform highlights the po-
tential of this strategy for the development of next-generation gene-
activated scaffolds for cartilage repair. Although in vivo validation re-
mains necessary, the present findings provide a robust in vitro proof-of-
concept supporting further translational development.
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