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A B S T R A C T

In this study, we developed a composite hydrogel based on Gellan gum containing Boswellia serrata extract (BSE).
BSE was either incorporated directly or loaded into an MgAl-layered double hydroxide (LDH) clay to create a
multifunctional cartilage substitute. This composite was designed to provide anti-inflammatory properties while
enhancing chondrogenesis. Additionally, LDH was exploited to facilitate the loading of hydrophobic BSE com-
ponents and to improve the hydrogel’s mechanical properties. A calcination process was also adopted on LDH to
increase BSE loading. Physicochemical and mechanical characterizations were performed by spectroscopic (XPS
and FTIR), thermogravimetric, rheological, compression test, weight loss and morphological (SEM) in-
vestigations. RPLC-ESI-FTMS was employed to investigate the boswellic acids release in simulated synovial fluid.
The composites were cytocompatible and capable of supporting the mesenchymal stem cells (hMSC) growth in a
3D-conformation. Loading BSE resulted in the modulation of the pro-inflammatory cascade by down-regulating
COX2, PGE2 and IL1β. Chondrogenesis studies demonstrated an enhanced differentiation, leading to the up-
regulation of COL 2 and ACAN. This effect was attributed to the efficacy of BSE in reducing the inflammation
through PGE2 down-regulation and IL10 up-regulation. Proteomics studies confirmed gene expression findings
by revealing an anti-inflammatory protein signature during chondrogenesis of the cells cultivated onto loaded
specimens. Concluding, BSE-loaded composites hold promise as a tool for the in-situ modulation of the inflam-
matory cascade while preserving cartilage healing.

1. Introduction

Cartilage repair remains a significant challenge for the orthopaedic
community, and osteoarthritis has become a global health priority due
to the increasing aging population. Unfortunately, current strategies
often fail short of achieving full tissue regeneration because damaged
cartilage is inherently difficult to self-recover due to its avascular,

aneural, and nonlymphatic properties [1].
Among the recognized factors contributing to cartilage repair issues,

inflammation plays a major role in healing failure. When pro-
inflammatory conditions persist for extended periods, they can lead to
chronic diseases, resulting in general cartilage degeneration due to the
loss of proper biomechanical properties (creep and stress relaxation) and
unwanted infiltration of blood vessels [2]. One common clinical
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approach to managing these pro-inflammatory conditions involved the
intra-articular injection of glucocorticoids (GCs). These GCs offer local
relief, reducing pain, increasing mobility, and generally improving pa-
tients’ quality of life [3]. However, recent clinical revisions have sug-
gested a potential correlation between cartilage degradation and intra-
articular GCs, prompting clinicians to reconsider the effectiveness of
this practice and evaluate alternative solutions [3]. As a result, alter-
native anti-inflammatory agents, including cytokine inhibitors, non-
steroidal anti-inflammatory drugs, and naturally-derived anti-inflam-
matory molecules, have been investigated to address the cartilage pro-
inflammatory conditions [4].

One such natural anti-inflammatory substance is the oleogum resin
of Boswellia serrata, which has been used for centuries in traditional
medicine. Over the past few decades, numerous in vitro investigations
and studies involving human subjects have confirmed the potential of
Boswellia serrata extracts (BSE) for treating various inflammatory dis-
eases [5–7]. BSE is composed mainly of pentacyclic triterpenes known as
boswellic acids (BAs), which possess biological activity and offer phar-
macological actions [8]. The anti-inflammatory properties of BAs in
different biological models can be associated to their molecular struc-
tures, which resemble glucocorticoids and act by suppressing the release
of pro-inflammatory cytokines. Several authors have demonstrated that
oral supplementation with BSE can prevent articular cartilage degra-
dation, resulting in reduced pain in osteoarthritis patients [5,9]. On the
other hand, the limited water solubility of BSE components hinders their
use in regenerative medicine.

In this study, we present, for the first time, the preparation of a gellan
gum-based hydrogel embedding BSE-loaded clay for in situ prevention of
inflammatory disease with a potential application in cartilage tissue
engineering. Gellan gum (GG) was selected for its attractive properties
in cartilage regeneration, including high biocompatibility, low cyto-
toxicity, and a structure cartilage-like due to the presence of glucuronic
acid residues [10]. Our previous studies have demonstrated the
biocompatibility and chondrogenic support of different GG-based
hydrogels reinforced with inorganic clays and active molecules [11–15].

MgAl-layered double hydroxides (LDH) clays were exploited for
loading and in situ delivery of hydrophobic BSE in the gellan network.
LDH has found fascinating applications in tissue engineering and drug
delivery systems due to its layered channels with drug-carrying capacity,
slow-release properties, good biocompatibility and biodegradability
[16,17]. Recently, LDH-based systems have also shown promise in bone
and cartilage repair [18,19].

In this study, pristine and calcined clays (coded as LDH and LDHc,
respectively) were used to create systems with different BSE loading
capacity, release, and biological performances [20]. The scaffold
composition was carefully designed, embedding LDH-BSE or LDHc-BSE
composites within a mixture of two types of gellan gum, one with high
and one with low acyl content. This formulation aimed to create a
biomaterial for cartilage regeneration with suitable anti-inflammatory
and biomechanical performances. An extensive evaluation of the
release profile of BAs from GGHL/LDH-BSE and GGHL/LDHc-BSE sys-
tems, along with a weight loss test, was carried out in a simulated sy-
novial fluid. Moreover, we explored correlations between the hydrogels’
mechanical and biological properties, focusing on the enhancement of
chondrogenesis and reduction of the inflammatory response.

We hypothesized that the loading of BSE-containing composites into
the carbohydrate network provides suitable mechanical and anti-
inflammatory properties, enabling the up-regulation of anti-
inflammatory pathways and related proteins. This may preserve the
differentiation of stem cells into a cartilage-like phenotype, even under
oxidative stress conditions.

2. Materials and methods

2.1. Materials

Hydrotalcite synthetic (magnesium aluminum hydroxycarbonate,
CAS 11097–59-9, molecular weight 603.98 g/mol) – coded as LDH – and
low acyl content gellan gum (Phytagel™, molecular weight 1 × 106 g/
mol) – coded as GGL – have been purchased from Sigma-Aldrich (Merck,
Milan, Italy). High acyl content gellan gum (KELCOGEL® LT100, mo-
lecular weight 1–2 × 106 g/mol) – coded as GGH – was supplied by CP
Kelco (Atlanta, USA). The magnesium chloride salt, exploited as cross-
linker, is of Redi-dri™ grade. Boswellia Serrata powder extract (con-
taining 65 % boswellic acids, CAS 97952–72-2) – coded as BSE – was
purchased from Farmalabor S.p.A. (Apulia, Italy). Hydrogel scaffolds
have been prepared with ultrapure water, obtained through a Milli-Q®
distillation system (Millipore-Merck, Darmstadt, Germany). All solvents
and reagents have been purchased from Sigma Aldrich (Merck, Milan,
Italy), unless otherwise specified.

2.2. Scaffold preparation

The formulation of the scaffolds has been based on a previously
optimized GGH and GGL ratio [15]. Briefly, GGH and GGL have been
dissolved in hot water (60 ◦C) at 1.2 % and 0.8 % w/v (GGH:GGL equal to
3:2), respectively. LDH has been used as received or calcined at 450 ◦C
for 2 h (LDHc). Details on the calcination process of LDH and on prep-
aration of LDH- or LDHc-BSE hybrid composites were reported else-
where [20]. Briefly, the loading of BSE was achieved by equilibrating
LDH with a 0.05 M BSE solution water/ethanol (25/75 v/v), for 24 h at
room temperature. The recovered solid, obtained by filtration, was
washed three times with distilled water and then dried at 60 ◦C until a
constant weight was reached. Loading procedure for LDHc was the same
used for the non-calcined clay, but replacing water with CO2-free
deionized water. The amount of LDH or LDHc added to the GGHL-solu-
tion was based on a previously reported study on the influence of clays
on the mechanical performances of the GG-based scaffolds [13]. BSE
was also directly added to a solution containing GGH and GGL to obtain
the GGHL/BSE hydrogel. Hydrogels have been poured into 24-well plates
(Flat bottom, Corning Inc., NY, USA) and crosslinked with magnesium
ions [12]. For chemical characterizations, when dried samples are
needed, the hydrogels have been frozen for 24 h (− 20 ◦C), then freeze-
dried at − 55 ◦C for 24 h using an ALPHA 1–2 LD Plus freeze-drier
(Martin-Christ, Osterode, Germany). In Table 1, a summary of the
different hydrogels prepared is reported.

2.3. Physico-chemical and morphological characterization of the hydrogel

2.3.1. X-ray photoelectron spectroscopy (XPS)
The prepared hydrogels, once freeze-dried, have been sectioned and

examined by means of XPS (PHI 5000 VersaProbe II, MN, USA). Ana-
lyses have been performed in high power mode with an AlKα X-ray ra-
diation source and an instrument base pressure of 10− 9 mbar. Wide
scans and high-resolution scans have been recorded in fixed analyzer

Table 1
Composition (expressed as weight percent on the total weight of the components
of the scaffold) of the prepared materials.

Scaffold code Weight percent (%)

GGH GGL LDH or LDHc LDH- or LDHc-BSE BSE

GGHL 60.0 40.0 – – –
GGHL/BSE 48.0 32.0 – – 20.0
GGHL/LDH 48.0 32.0 20.0 – –
GGHL/LDHc 48.0 32.0 20.0 – –
GGHL/LDH-BSE 48.0 32.0 – 20.0 –
GGHL/LDHc-BSE 48.0 32.0 – 20.0 –
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transmission (pass energy of 117.4 eV and 29.35 eV, respectively). The
MultiPak software (v.9.9.0.8) has been used for data mining, setting the
reference charge to 284.8 eV (hydrocarbon peak).

2.3.2. Fourier-transform infrared spectroscopy (FT-IR) in attenuated total
reflectance mode (ATR)

Freeze-dried samples were analyzed by means of FT-IR (ATR) ana-
lyses through a Spectrum Two PE instrument supplied by PerkinElmer,
endowed with a universal ATR accessory (UATR, Single Reflection
Diamond/ZnSe). For each of the relevant samples, FT-IR/ATR spectra
were recorded from 400 to 4000 cm− 1 with a 4 cm− 1 resolution.

2.3.3. Thermo-gravimetric analysis (TGA)
The thermal behavior of the dehydrated hydrogels has been assessed

by a PerkinElmer TGA-400 instrument (Perkin Elmer, Milan, Italy),
heating 5–10 mg of the samples in the range 30–600 ◦C. The analyses
have been performed in nitrogen, with a gas flow set at 20 mL/min. Data
have been recorded by means of the TGA Pyris software (version
13.3.1.0014).

2.3.4. Morphological characterization
Scaffolds’ morphology and porosity were visually investigated by

Scanning Electron Microscopy (SEM, JSM-IT500 InTouchScope™ series,
JEOL, Akishima, Japan) at accelerating voltage of 15 kV. The samples
were fixed on aluminum stubs using carbon tape and gold-coated using a
JEOL Sputter Coater machine (Smart coater from Jeol). The Smart-
View™ software (from Jeol) was used to calculate sample porosity,
considering at least 20 random pores obtained from 3 SEM images of the
same specimens. The void area percentage was calculated as the per-
centage ratio of total pore area to the total area as previously reported by
the Authors [13].

2.4. Evaluation of the release of Boswellic acids from GGHL/LDH-BSE
and GGHL/LDHc-BSE systems

Two experiments were carried out for the qualitative and semi-
quantitative evaluation of the release of BAs from GGHL/LDH-BSE and
GGHL/LDHc-BSE systems into a simulating synovial fluid solution
[14,21] containing ethanol at 10 % v/v (SSFE).

For each of the two experiments, triplicates of GGHL/LDH-BSE and
GGHL/LDHc-BSE systems were prepared and the resulting cylinders
showed an average mass of 2.55 ± 0.18 g. Each cylinder was immersed
in 5 mL of SSFE.

The first experiment aimed at the determination of the release profile
of BAs in SSFE. After 21 days, a 2 mL aliquot of the release medium (RM)
was withdrawn and transferred into a 15 mL glass centrifuge tube. 2 mL
of chloroform were added for the liquid-liquid extraction (LLE) of BAs
from the RM. The resulting system was vigorously stirred using a vortex
mixer. A stable phase separation was reached after centrifugation (4500
rpm) for 10 min. 1 mL of the chloroform-rich phase was recovered and
subjected to solvent evaporation under controlled nitrogen flux. The dry
residue was re-dissolved in pure methanol prior to its characterization
by reversed-phase chromatography (RPLC) coupled to electrospray
ionization (ESI) high-resolution mass-spectrometry (HRMS). Further
information about the RPLC-ESI-FTMS instrumentation and operating
conditions are reported in Section S1.2 (see Supplementary material).

The second experiment was focused on the determination of the
transfer kinetics of the 11-keto-β-boswellic acid (β-KBA) from GGHL/
LDH-BSE and GGHL/LDHc-BSE into the SSFE medium. Indeed, β-KBA
was found to be predominantly released in SSFE in respect to the other
BAs enclosed in the LDH-BSE and LDHc-BSE composites (see Section 3.2
for further details). Unlike other BAs, both β-KBA and its acetylated
form, i.e., the 3-acetyl 11-keto-β-boswellic acid (β-AKBA), exhibit a
distinctive absorption peak in the UV region at 250 nm [22]. Hence, a
simpler analytical approach based on reversed-phase liquid chroma-
tography, coupled with UV detection was exploited for monitoring the

release kinetics of β-KBA in SSFE. Details about the RPLC-UV instru-
mentation and operating conditions are described in Section S1.3 (see
Supplementary material). For each of the three cylinders of GGHL/LDH-
BSE and GGHL/LDHc-BSE immersed in SFFE, a 500 μL volume of the RM
was withdrawn after 1, 2, 7, 12 and 21 days. After each withdrawal, the
remaining volume of the RM was readily integrated by the addition of
500 μL of fresh SSFE. The collected RM samples were filtered using 0.45
μm PTFE filters prior to the RPLC-UV analysis. The released amount of
β-KBA was estimated as described in Section S1.4 (see Supplementary
material).

2.5. Mechanical characterization of the hydrogels

The UniVert Test Device UV-200-01 (CellScale, Waterloo, Canada)
was utilized to analyze the prepared hydrogels through compression
tests. The samples (n = 5) had a diameter of approximately 16 mm and a
height of about 20 mm, which were prepared in advance in 24-multiwell
plates. The compression tests were conducted at a crosshead speed of
2.5 mm/min, and the load was applied until the point of fracture was
reached [15]. The compressive modulus was determined by calculating
the slope of the initial linear portion of the stress-strain curve (0–10 %).
Additionally, the strain at break values was calculated.

Rheological tests were conducted using the MCR302e stress-
controlled rheometer (Anton Paar GmbH, Graz, Austria), equipped
with a Taylor-Couette geometry (concentric cylinder geometry). The
inner diameter of the cylinder was 16.662 mm, and the gap between the
cylinders was set to 0.504 mm. Specifically, a frequency sweep test was
performed, covering a range of angular frequencies (ω) from 100 to 0.1
rad/s, while maintaining a strain value of 1 % within the linear visco-
elastic region. To ensure accuracy and consistency, these rheological
tests were carried out in triplicate. Throughout each test, the tempera-
ture was maintained at 21 ◦C using a Peltier system as a control
parameter.

2.6. Biological evaluation

2.6.1. Cells
A well-established cell line of Human mesenchymal stromal cells

(hMSC) immortalized by hTERT lentiviral vector [23] was used for
cytocompatibility and chondrogenic evaluations. Cells were cultured
using low-glucose Dulbecco’s Modified Minimal Essential Medium
(DMEM-LG, form ThermoFisher) supplemented with 15 % fetal bovine
serum (FBS) and 1 % penicillin/streptomycin (PS) and maintained at
37 ◦C and 5 % CO2. Once cells’ confluency reached 85–90 %, cells have
been detached by 0.25 % trypsin/EDTA solution, harvested, and used for
the experiment.

2.6.2. Scaffolds’ cytocompatibility
In order to test composites’ cytocompatibility and cells’ distribution

within pores, cylindrical specimens (5 mm height – 8 mm diameter)
have been used to realize 3D cultures resembling tissue ingrowth as
previously reported by the Authors [12,14,15]. Briefly, 3 × 106 cells/
scaffold have been mixed into collagen hydrogel (PureCol EZ Gel solu-
tion, type I collagen, 5 mg/mL, from Merck) that was used as temporary
substrate and gently dropwise seeded into the composites; then, cells-
colonized scaffolds were firstly incubated 2 h at 37 ◦C to allow com-
plete collagen gelation and subsequently submerged with 2 mL of me-
dium. Specimens’ cytocompatibility was verified by means of the
colorimetric metabolic assay Alamar blue (High sensitivity AlamarBlue,
from Thermo Fisher, 0.015 % in DMEM-LG) where the conversion of the
non-fluorescent molecule resazurin into the fluorescent molecule
resorufin occurs only for metabolically active viable cells; fluorescence
was recorded at 590 nm using a spectrophotometer (Spark, from Tecan)
and results were expressed as relative fluorescent units (RFU). After 72 h
cultivation in 3D conditions, the viability of the cells as well as their
distribution within composites’ pores were visually checked by the

S. Cometa et al.
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fluorescent live/dead assay (Live/Dead ready-to-use kit from Thermo
Fischer) using a confocal microscope (TCS SP8 LIGHTNING, Leica
Microsystems). To quantify the number of viable cells/are, confocal
images were further analyzed by the particle analyzer plug-in of the
ImageJ software (imposed limit = particles >15 mm).

2.6.3. Anti-inflammatory evaluation
In order to assess whether BSE enriched materials can modulate the

inflammatory process by acting as scavenger, a pro-inflammatory
environment was chemically induced via oxidative stress. Accordingly,
H2O2 (300 μM) was introduced into the medium used to cultivate the 3D
models detailed in 2.6.2 with a regime of 6 h/day for 7 days in order to
generate toxic oxygen species (ROS) [14]; afterwards, RNA extraction
was performed using TRIzol reagent (from Invitrogen) while cDNA was
synthesized using the iScript gDNA Clear cDNA Synthesis Kit (from Bio-
Rad Laboratories). Real-time PCR was run with the SsoAdvanced Uni-
versal SYBR Green Supermix (Bio-Rad Laboratories) to detect the
expression of the pro/anti-inflammatory genes Prostaglandin E Synthase
2 (PGE2), Cyclooxygenase 2 (COX2), Interleukin 1 Beta (Il1β) and
Interleukin 6 (Il6). For data analysis, the fold change of each gene
expression was calculated using the 2− ΔΔCt method, considering the
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as housekeeping
gene to normalize the results. Primers and probes are detailed in the
Supplementary Table S3.

2.6.4. Chondrogenesis
The cellularized 3D composites were prepared as described in Sec-

tion 2.6.2 and equilibrated for 24 h in a maintenance medium (DMEM-
LG 15%FBS) to allow complete cells adhesion and spread into the
collagen matrix. Afterward, the maintenance medium was removed and
replaced by the chondrogenic one composed of DMEM High Glucose
(4.5 g/L), 10 % ITS+1 Premix Tissue Culture Supplement, 10− 7 M
dexamethasone, 1 μM ascorbate-2-phosphate, 1 % sodium pyruvate, and
10 ng/mL transforming growth factor-beta 1 (Tgf-β1) [12,14]. Com-
posites were maintained in the chondrogenic medium for 21 days with
medium changed every 3 days; afterwards, RNA was extracted and
cDNA was synthesized to run real-time PCR as previously detailed in
2.6.3. Chondrogenic genes collagen type II (COL 2), aggrecan (ACAN),

and SRY-Box Transcription Factor 9 (SOX 9) expression was evaluated to
demonstrate the ability of the composited to support hMSC differenti-
ation towards the chondrocytes-like genotype. Moreover, to confirm the
ability of the BSE-loaded scaffolds to modulate the expression of pro-
inflammatory genes up-regulated by the stimuli induced by the Tgf-β1
during chondrogenesis, the expression of the pro/anti-inflammatory
genes Prostaglandin E Synthase 2 (PGE2), Interleukin 10 (IL10), and
Tumor necrosis Factor alpha (TNFα) has been evaluated.

For data analysis, the fold change of each gene expression was
calculated using the 2–ΔΔCt method, considering the Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as housekeeping gene to
normalize the results. Primers and probes are detailed in the Supple-
mentary Table S4.

Finally, the presence of cartilage-like collagen type 2 was visually
checked by immunofluorescence after 21 days differentiation; speci-
mens were washed 3 times with PBS, permeabilized with 0.5 % Triton-X
100 (Thermo Fisher) in PBS for 30 min, and incubated in blocking so-
lution (1 % BSA, 22.52 mg/mL glycine in PBST consisting of Phosphate-
Buffered Saline +0.1 % Tween® 20 Detergent) to prevent non-specific
binding of the primary antibody. A solution containing the primary
antibody Anti-collagen II (1:500 in PBS + 1 % BSA, Abcam) was incu-
bated overnight at 4 ◦C on an orbital shaker. After washing with PBS, a
specific secondary antibody (Alexa Fluor 647, 1:500 in PBS + 1 % BSA)
was applied and maintained for 1 h at room temperature with gentle
oscillation. Counterstaining was performed with 4′,6-diamidino-2-phe-
nylindole (DAPI), diluted 1:1000 in PBS + 1 % BSA. Samples were
observed using the THUNDER fluorescent microscope (Leica).

2.6.5. Proteomics analysis
To confirm results from the gene expression at the proteins level,

proteomics was applied. In order to rank the ability of the scaffolds to
properly support chondrogenesis as well as to reduce the pro-
inflammatory cascade, hMSC cultivated in basal medium (named as
Basal) were included in the experiments to set-up the starting condi-
tions; accordingly, cellularized constructs induced towards chondro-
genesis were compared firstly to the Basal group to confirm the
cartilage-like maturation and then match to each other with the aim
to clarify the contribute of the BSE. The total amount of proteins was

Fig. 1. Curve fitting of C1s high-resolution spectra relevant to: a) GGHL, b) GGHL/LDH, c) GGHL/LDHc, d) GGHL/BSE, e) GGHL/LDH-BSE and f) GGHL/LDHc-BSE.
Peaks attribution (BE) and atomic percentages (%) of all the C1s curve-fittings are reported in g). The maximum error on the binding energy values was equal to
+0.2 eV.

S. Cometa et al.
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obtained after sample homogenization in RIPA buffer, and further son-
icated. Proteins were then precipitated with cold acetone and resus-
pended. Proteins were then reduced in 25 μL of 100 mM NH4HCO3 with
2.5 μL of 200 mM DTT (Merck) at 60 ◦C for 45 min and next alkylated
with 10 μL 200 mM iodoacetamide (Merck) for 1 h at RT in dark con-
ditions. Iodoacetamide excess was removed by the addition of 200 mM
DTT. Proteins were digested with trypsin. The digests were dried by
Speed Vacuum and then desalted. Digested peptides were analyzed on
an Ultimate 3000 RSLC nano coupled directly to an Orbitrap Exploris
480 with a High-Field Asymmetric Waveform Ion Mobility Spectrometry
System (FAIMS) (all Thermo Fisher Scientific). The false discovery rate
(FDR) was set to 1 %. Statistical analyses and t-test were performed on
protein abundances using MetaboAnalyst software. The details of the
machine set-up are reported in the Supplementary file S1.5.

2.7. Statistical analyses of data

Biological experiments were carried out using six sample replicates.
Statistical analysis of data was performed using the SPSS software
(v.20.0, IBM). Data were compared by ANOVA, followed by Tukey’s
test. The significance level was set at p < 0.05.

3. Results and discussion

3.1. Physicochemical and morphological characterization of the hydrogels

3.1.1. X-ray photoelectron spectroscopy (XPS)
XPS analysis was carried out to investigate the surface chemical

composition of the carbohydrates/clay/vegetal extract composites. In
particular, the deconvolution of the C1s spectra of GGHL, GGHL/BSE,
GGHL/LDH, GGHL/LDH-BSE, GGHL/LDHc and GGHL/LDHc -BSE was re-
ported in Fig. 1a–f and the relevant attributions and atomic percentages
in Fig. 1g. The GGHL C1s curve fitting has been already reported [15]
but, to allow a correct comparison with the other specimens, has been
inserted in Fig. 1a. The addition of clay, i.e., in GGHL/LDH and GGHL/
LDHc samples (panels b and c), did not caused significant differences: in
particular, the COOR/O-C-O (or C––O) ratio remained equal to about 0.2
as well as the binding energy values, suggesting that no interaction
between clays and organic network occurred (see Fig. 1g). On the other
hand, an increase of this ratio was recorded in all the BSE-containing
samples (panels d, e and f); this feature could be ascribed to the pres-
ence of a high content in boswellic acids, bringing carboxylic acid
groups, in the vegetal extract. Moreover, since BSE contains mainly

Fig. 2. FT-IR/ATR (a, c and e) spectra comparison and TGA (solid lines)/DTGA (dotted lines) traces (b, d and f) of GGHL and GGHL/BSE (a, b), GGHL/LDH and GGHL/
LDH-BSE (c, d) and GGHL/LDHc and GGHL/LDHc-BSE (e, f). In panel (g) were reported water/volatiles content, thermal degradation steps and residue at 600 ◦C of all
the investigated systems.

S. Cometa et al.
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aliphatic and alkene groups, a huge increment of CHx/O-C-O (or C––O)
ratio was observed when BSE was present, even if CHx peak was always
affected by hydrocarbon contamination. Anyway, despite the presence
of contamination, the latter ratio, as well as the COOR/O-C-O (or C––O)
one, evidenced a clear BSE presence on the surface of the BSE-containing
composites, thus allowing us to consider a prompt BSE availability for
the cells, despite of their low solubility and release.

3.1.2. FT-IR/ATR analysis
FT-IR analysis, carried out in ATR mode (see Fig. 2a, c and e) on

gellan gum-based hydrogel composites evidenced main absorption
bands ascribable to low and high acyl gellan gums, as already reported
in a previous work [15]. The presence of LDH and LDHc did not
significantly change the FT-IR spectrum of the relevant composites,
since the main clay’s absorption bands, the broad band of hydroxyl
groups of water and hydroxyl groups located between the layers at about
3419 cm− 1 and the carbonate peak at 1366 cm− 1 present in the LDH,
overlapped with the polymer absorption bands.

On the other hand, the presence of BSE was revealed by the incre-
ment of alkyl C–H stretching at 2924 and 2859 cm− 1. Moreover, the
carboxylic C––O bond ascribable to boswellic acids was evidenced by the
absorption band 1699 cm− 1, less intense than the C––O relevant to GGH
acyl moieties falling at 1724 cm− 1 [15]. Furthermore, the appearance of
C––C bending at 1454 cm− 1 and C=C–C=O stretching at 1241 cm− 1 can
be detected in all the BSE-containing systems [24,25]. On the other
hand, a more significant change in FT-IR spectrum was observed in the
GGHl/LDHc-BSE system where the appearance of asymmetric and sym-
metric stretching of carboxylates, falling at 1549 and 1381 cm− 1, was
detected as already reported [20].

3.1.3. Thermal characterization by TGA
TGA (solid lines) and DTGA (dotted lines) traces relevant to GGHL

and GGHL/BSE, GGHL/LDH and GGHL/LDH-BSE, GGHL/LDHc and GGHL/
LDHc-BSE samples are reported in Fig. 2b, d and f.

In GGHL sample (Fig. 2b, black line), a moisture content of about
15.5 % was recorded. As known, carbohydrates possess high affinity for
water [26,27] and three different kinds of water can be present in
carbohydrate-based hydrogels, i.e., free water (which was released
already at 60 ◦C), hydrogen-bonds linked water (released in the range
80–120 ◦C) and water linked with electrostatic interaction with ionized
groups of polymer (which evolved at temperatures up to 160 ◦C)
[26,27]. Here, we considered overall water/volatiles release process,
evaluating the weight loss up to 200 ◦C. The main decomposition peak
ascribable to the polymer backbones fell at 263 ◦C, accompanied by
lower and partially overlapped decomposition steps, at temperatures
higher than 520 ◦C, with a residue at 600 ◦C of about 5 %. For GGHL/BSE
sample (Fig. 2b, red line), a lower moisture content (about 7 %) was
recorded, probably due to the incorporation of a more hydrophobic
backbone, such as BSE. The main polymers decomposition peak fell at
266 ◦C, accompanied by other two at higher temperatures, slightly
anticipated respect to those of GGHL, with a final residue at 600 ◦C of
about 10 %. As far as GGHL/LDH is concerned (Fig. 2d, black line), a
moisture content of 12 % was detected, and the main decomposition
peak fell at 267 ◦C. The second and third decomposition steps were
significantly anticipated, probably linked to the weight losses relevant to
the clay [20]. The residue at 600 ◦C was about 4 %. In GGHL/LDH-BSE
(Fig. 2d, red line), a similar moisture content (12 %) was detected. The
main decomposition peak was once again at 26 ◦C, while the two
decomposition peaks fell at 454.5 and 484.5 ◦C, and a residue similar to
the GGHL/LDH sample was found. Finally, for GGHL/LDHc and GGHL/
LDHc-BSE (Fig. 2f, black and red lines, respectively), a moisture content
of 15.7 and 20.6 % was respectively detected. Only in this case, the
presence of BSE incremented the moisture content, probably because a
high amount of boswellic acids in their ionized form was present, as
detected by FT-IR analysis. The main decomposition peak fell at
263.5 ◦C, for both GGHL/LDHc and GGHL/LDHc-BSE. In the case of the

calcined clay-containing composites, the second and third decomposi-
tion steps were also anticipated respect to GGHL and GGHL-BSE.
Concluding, for both these samples high residues at 600 ◦C were
recorded, which can be related to the fact that the calcined clay pre-
sented a significantly higher residue than the native one [20]. All the
temperatures and weight loss details were reported in Fig. 2g.

3.1.4. Morphological characterization
Scanning Electron microscopy (SEM) imaging was used to investi-

gate composites’ morphology and to determine the size of the pores;
based on these values, the total porosity and the void area were calcu-
lated. SEM images are reported in Fig. 4, while pores size, porosity and
void area of each composites are summarized in the Table 2.

In general, all the samples showed a porous architecture, with “open-
cell” structures, characterized by a high degree of interconnectivity, thus
being suitable to host cells seeding in a 3D arrangement (Fig. 3).

As calculated from the SEM images (representative images are re-
ported in the Supplementary Fig. S2), the mean pore diameter ranged
from 290 (± 90) μm of the GGHL specimens to the 440 (± 110) μm of the
GGHL/BSE ones. Moreover, the % of void area was measured to range
from 24.5 ± 0.5 for GGHL/LDH-BSE to 48.2 ± 1.0 for GGHL/BSE as
summarized in Table 2 below.

3.2. Characterization of the release profile of Boswellic acids from GGHL/
LDH-BSE and GGHL/LDHc-BSE systems through RPLC-ESI-FTMS

From a chemical point of view, the oloeogum resin that is exudated
from Boswellia trees is a complex mixture of polysaccharides and a large
variety of terpenes and terpenoids [28,29]. Among the latter, boswellic
acids (BAs) have been recognized as the major bioactive compounds in
the resin [30]. Notably, a BAs-enriched Boswellia Serrata extract (BSE)
was exploited to produce LDH-BSE and LDHc-BSE composites that were
enclosed in the gellan gum-based systems. Consistently with data
declared by the producer, BAs represented the 65 % of the BSE dry
weight.

Both LDH-BSE and LDHc-BSE were deeply investigated in our pre-
vious work [20]. Despite the two systems exhibited a comparable con-
tent of the most hydrophilic BA, i.e., 11-keto-β-boswellic acid (β-KBA),
the LDHc-BSE composite showed a higher loading yield for the most
hydrophobic BAs (e.g., α-boswellic acid, β-boswellic acid and the cor-
responding acetylated forms). Hence, the calcination process was
proven to generally enhance the loading of BAs [20]. On the other hand,
conversely to what observed for LDH-BSE composites, the quantitative
methanol-based extraction of the loaded amount of BA from the LDHc-
BSE system required the chemical disruption of the inorganic matrix,
thus indicating a stronger chemical interaction between the BAs and
LDHc [20]. For all these reasons, both LDH-BSE and LDHc-BSE com-
posites were considered of interest for the production gellan gum-based
systems.

The interest in BAs was motivated by their well-known anti-inflam-
matory properties [31–33]. Specifically, 11-keto-β-boswellic acid and
the 3-acetyl 9,11-dehydro-β-boswellic acid (β-AKBA) were recognized as

Table 2
Composites porosity evaluation. Results are reported as mean ± standard de-
viation on 20 values/composite.

Void area % Mean pore area (μm2) Mean pore diameter
(μm)

GGHL 37.9 ± 0.7 64,300 ± 1100 290 ± 90
GGHL/BSE 48.2 ± 1.0 153,200 ± 1400 440 ± 110
GGHL/LDH 24.7 ± 0.4 46,700 ± 900 240 ± 60
GGHL/LDH-

BSE
24.5 ± 0.5 45,900 ± 1100 240 ± 90

GGHL/LDHc 34.9 ± 0.5 59,000 ± 2000 280 ± 180
GGHL/LDHc-

BSE
45.7 ± 0.9 130,000 ± 11,000 400 ± 200
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powerful noncompetitive inhibitor of the 5-lipoxigenase, i.e., the key
enzyme involved in the biosynthesis of leukotrienes [34,35]. The pres-
ence of both β-KBA and β-AKBA in the LDHc-BSE composites has been
previously assessed in our previous work [20], along with 4 more BAs,
namely α-boswellic acid (α-BA), β-boswellic acid (β-BA), 3-acetyl
α-boswellic acid (α-ABA), and 3-acetyl β-boswellic acid (β-ABA). Addi-
tionally, the hyphenation of reversed-phase liquid chromatography
(RPLC) with electrospray ionization (ESI) high-resolution Fourier-
Transform mass spectrometry (FTMS) allowed us to recognize up to 7
isomers for α and-β BA and 4 more isomers for the corresponding acet-
ylated forms (i.e., α-ABA and β-ABA). Notably, the majority of the of the
peaks detected in the total ion current chromatogram (TICC) shown in
Fig. S3 could be attributed to [M − H]− ions of the BAs of interest and
their isomers, thus confirming their predominance in the chemical
composition of BSE. Analogously to what we did in our previous
manuscript [20], we will not consider the first two eluting isomers of
α-BA and β-BA due to their very low abundance in BSE. We will also
adopt an analogous nomenclature based on the elution order on a C18
stationary phase, thus referring to α and β-BA isomers as: BA isomer 3,
BA isomer 4, BA isomer 5, BA isomer 6, and BA isomer 7. Similarly,
α-ABA and β-ABA isomers will be coded as ABA isomer 1, ABA isomer 2,
ABA isomer 3, and ABA isomer 4.

The water solubility of BAs is extremely low [36]. Nevertheless, in
our previous work [20], we observed that β-KBA was preferentially
released in a phosphate-buffered saline (PBS) solution (pH 7.4) in
respect to the other BAs embedded in the LDH-BSE and LDHc-BSE
composites. Hence, we decided to assess whether a similar release pro-
file could be observed after 21 days of immersion of GGHL/LDH-BSE and
GGHL/LDHc-BSE into the ethanol enriched simulating synovial fluid
(SSFE). An analogous computational approach to the one described by
Cometa et al. [20] was adopted for the determination of the release
profile. Specifically, the contribution of each BA to the release profile
was calculated as the percent ratio between the extracted ion current
chromatogram (EIC) peak area of the BA of interest, and the sum of the
EIC peak area calculated for all the BAs enclosed in the LDH-BSE and
LDHc-BSE composites. The extraction of the ion current was performed
using a very narrow m/z window (5 ppm) centered on the theoretical

mass of the [M-H]− ion of the analyte of interest. The calculated values
were compared with those observed for the BAs profile observed in pure
BSE. The latter were calculated after the RPLC-ESI(− )-FTMS analysis of
methanol solutions containing BSE at 0.1, 1 and 5 μg/mL. The computed
relative abundances are shown in Table S2 (see Supplementary material)
and graphically displayed in Fig. 4. In the case of GGHL/LDH-BSE and
GGHL/LDHc-BSE, the values in Table S2 refer to triplicates of the first
release experiment described in Section 2.4. As can be inferred from
Fig. 4, β-KBA was preferentially released in SSFE in respect to the other
BAs and their isomers. This is consistent with the higher polarity of
β-KBA in respect to the other analytes of interest for this study. Indeed,
β-KBA was the first species to be eluted when a C18 stationary phase was
adopted [20].

Concluding, even if the total BAs loading in LDHc-BSE was higher
than in LDH-BSE, the composition of the BAs released from GGHL/LDH-
BSE and GGHL/LDHc-BSE was not significantly different.

3.3. Determination of the release kinetics of 11-keto-β-boswellic acid from
GGHL/LDH-BSE and GGHL/LDHc-BSE systems based on RPLC-UV

As stated in Section 3.2, β-KBA was found to be predominantly
released from both GGHL/LDH-BSE and GGHL/LDHc-BSE cylinders after
21 days of immersion in SSFE. Hence, we decided to further investigate
the release kinetics of β-KBA. To such purpose, a simpler RPLC method
than the one exploited for the determination of the release profile (see
Section S1.2, Supplementary material) was adopted. It was based on an
isocratic elution coupled to UV detection, as described in Section S1.3
(see Supplementary material). Notably, both β-KBA and its acetylated
form (i.e., β-AKBA) exhibit very similar UV–Vis spectra. However, as
reported in our previous work [20], the correct attribution of the signals
pertaining to β-KBA and β-AKBA was achieved through the alignment of
the RPLC-UV trace acquired at 250 nm (see Fig. S4B, Supplementary
material), and the RPLC-ESI(− )-FTMS extracted ion chromatograms
(EIC) related to the [M-H]− ions of β-KBA (m/z 469.3323) and β-AKBA
(m/z 511.3429) (Fig. S4A, Supplementary material). Thereafter, the
elution order and the relative intensities of the RPLC-UV signals
observed for β-KBA and β-AKBA using the multi-step elution gradient

Fig. 3. Composites morphological analysis.
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described in Section S1.2 (see Supplementary material) was exploited
for identifying the corresponding peaks in the RPLC-UV trace (see
Fig. S4C, Supplementary material) recorded with the isocratic elution
method described in Section S1.3 (see Supplementary material).

Fig. 5 displays the graphical outcome for the release kinetics of
β-KBA from GGHL/LDH-BSE and GGHL/LDHc-BSE in SSFE. The technical
details related to the release experiment were discussed in Section 2.4.
Interestingly, similar release kinetics were observed for β-KBA from
GGHL/LDH-BSE and GGHL/LDHc-BSE in SSFE. In both cases, a compa-
rable plateau seems to be between 12 and 21 days of contact with the
release medium. The similar behavior of the two systems is also
consistent with our previous findings [20] about the β-KBA loading of
LDH-BSE and LDHc-BSE systems. Finally, GGHL-BSE system showed a
burst β-KBA release (data not shown), differently from what observed on
systems containing LDH or LDHc as BSE carriers, which conversely
evidenced a controlled BSE release over time.

3.4. Mechanical characterization of the hydrogel

Fig. 6a displays a representative stress-strain curve obtained after
performing static compression test on the sample GGHL/LDHc-BSE. All

the samples showed similar behavior with an initial elastic region (up to
10–15 % of the strain), followed by a densification regime, likely due to
the closer proximity between the polymer chains under complete
compression, resulting in a rapid increase in stress [37]. Mechanical
properties such as the elastic modulus and strain at break can be
calculated from these stress-strain curves. These values have been re-
ported in Fig. 6b. All the hydrogel formulations containing LDH, with or
without BSE, resulted in a three-fold increase in the compressive
Young’s modulus (p < 0.001) compared with the bare GGHL samples,
with values of 110 ± 15 kPa for GGHL/LDHc-BSE and 60 ± 20 kPa for
GGHL/BSE. The observed enhancement in mechanical properties can be
attributed to the clay, which is capable of forming networks within the
polymeric hydrogel formulation. This is consistent with our previous
paper, where the addition of inorganic clays to gellan gum and Manuka
honey-based hydrogels increased the Young’s modulus by at least 40 %
compared to the bare polymeric formulation [13]. The values measured
for the clay-reinforced hydrogels are higher or fall within the range of
compressive properties reported for gel formulations proposed for
cartilage regeneration [38,39]. It is worth noting that no statistical
differences were observed between the samples containing LDH,
whether subjected to calcination or not (p > 0.05), and whether with or

Fig. 4. Bubble plot displaying the comparison between the release profile in SSFE of BAs from GGHL/LDH-BSE and GGHL/LDHc-BSE systems, and the BAs profile in
pure BSE. The bubble area is proportional to the relative abundances shown in Table S2 (see Supplementary material). The latter were calculated from the EIC peak
area values obtained for each analyte, as described in Section 3.2.
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without BSE. Furthermore, all the clay-reinforced hydrogels showed
higher values of strain at break, reaching a maximum value of 40 ± 3 %
in the sample GGHL/LDHc-BSE compared with the unloaded hydrogels
(30 ± 3 % and 29 ± 2 % for GGHL and GGHL/BSE respectively), resulting
in an increased elastic deformability of the hydrogels. Indeed, this
characteristic is particularly important for soft tissue engineering ap-
plications like cartilage, skin, and arterial tissues, where high deform-
ability is required [40,41]. To mimic the properties of natural tissues,
artificial tissues or scaffolds need to possess the ability to retain elastic
recovery, ensuring that they can bounce back to their original shape
after undergoing deformation [42].

Moreover, to assess additional mechanical properties of the poly-
meric networks, we employed a rheometer to apply shear stress to the

hydrogels. Fig. 7 illustrates the characteristic relationship between the
storage modulus (G′) and the loss modulus (G″) as a function of oscil-
lation stress for all the prepared hydrogels. Specifically, the frequency
sweep test was used to establish the correlation between the testing
frequency and the storage and loss moduli of a substance. Additionally,
it provides insight into the viscoelastic characteristics and condition of a
material by comparing the G′ and G″ values across a range of frequencies
[43]. In this work, for all oscillation stress levels, the storage modulus
(G′) surpassed the loss modulus (G″), indicating the gel-like behavior of
the material. This observation suggests that all the prepared hydrogels
exhibit a solid-like nature, with the ability to store and recover energy
[44]. Furthermore, no crossover point between the storage and loss
modulus was detected across the examined frequencies, indicating that
all the hydrogels possessed interconnected fibrous networks. Unlike
what was observed in the static compression tests, all the hydrogels
containing BSE presented higher G′ values, reaching 4050 ± 40 kPa at 1
Hz for the GGHL/LDHc-BSE sample compared to 1018 ± 14 kPa for the
GGHL/LDHc sample. This indicates that the addition of BSE resulted in a
stronger and more cohesive intermolecular network formed through
polysaccharide interactions as suggested by Yu et al. for the develop-
ment of 3D food printing inks [45].

3.5. Biological evaluations

3.5.1. Cytocompatibility
Due to the novelty of the composites presented here, the first step

involved demonstrating their cytocompatibility by verifying the pres-
ence of viable cells seeded in 3D within the pores. This was assessed
through their metabolic activity over a 3-day culture period by verifying
the metabolic activity of viable cells being able to convert into a fluo-
rescent dye the alamar blue reagent. Results are reported in Fig. 8. In
general, all the BSE-loaded LDH composites (GGHL/LDH-BSE, GGHL/
LDHc-BSE) reported the presence of metabolically active cells in a
comparable manner to the unloaded GGHL controls (Fig. 8a, p > 0.05);
conversely, the composites loaded with the free BSE (GGHL/BSE) re-
ported a decreased metabolic activity in comparison to both controls

Fig. 5. Line and scatter plot showing the release kinetics of β-KBA in SSFE from
GGHL/LDH-BSE (blue color) and GGHL/LDHc-BSE (red color). The error bars are
representative for the standard deviation values calculated for triplicates of the
release experiment (see Sections 2.5 and S1.4 for further details).

Fig. 6. On the top, stress-strain curve of the sample GGHL/LDHc-BSE obtained by static compression test. On the bottom, pictures of the hydrogel at the start and at
the end (just before reaching the break) of the compression test (a). Calculated values of the elastic compressive modulus and strain at break (b).
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and LDH-containing systems (Fig. 8a, p < 0.05 indicated by #) at each
time-points. These results can suggest for a toxic effect of the GGHL/BSE
composites but looking at the data displayed in function of time
(Fig. 8b), it can be observed that, for all the tested composites, an in-
crease of the cells’ metabolic activity was noticed over the subsequent
time-points (24–48-72 h). So, all the composites seem to be cells-friendly
and the observed reduction of the metabolic activity reported by the
GGHL/BSE specimens can related with the better control of BSE release
that can be achieved by the LDH systems. In fact, previous literature
reported that BSE can slow down cells’ metabolic activity with an
accentuated effect towards tumorigenic stem-like cells [46]; here, for
biological assays we applied hTERT immortalized stem cells that are
comparable to the ones cited by the above-mentioned literature, sug-
gesting for a high sensibility to the BSE. So, considering the ability of the
LDH systems to better control the release of the BSE over time, the
reduction of metabolic activity can be due to the higher BSE amount
release in a lower time from the GGHL/BSE composites (as reported in
Section 3.3).

To further demonstrate that composites represent suitable scaffolds

hosting cells in a 3D environment, after 72 h cultivation the fluorescent
live/dead assay was applied to visualize seeded cells within the pores by
confocal microscopy. Results are summarized in Fig. 9.

In general, it was possible to observe viable cells (stained in green) at
high density and homogeneously distributed within the entire areas of
the pores where the images were collected (Fig. 9a–f, left column). The
high density of cells successfully colonizing the scaffolds’ pores was
confirmed by the cells/area count performed using the ImageJ software
as reported in the Supplementary Information (Fig. S5).

The 3D view of the cells’ distribution further confirmed that hMSC
were not growing as a monolayer but in a 3D conformation, following
the topography provided by the materials architecture (Fig. 9a–f, right
column). So, all the specimens were considered as cytocompatible and
investigated for their anti-inflammatory and chondrogenic properties.

3.5.2. Anti-inflammatory evaluation
As previously discussed in the Introduction section, cartilage integ-

rity can be highly hindered by inflammation due to oxidative stress; in
vivo studies demonstrated that due to the pro-inflammatory

Fig. 7. Frequency sweep test using angular frequencies (ω) from 100 to 0.1 rad/s and a strain value within the linear viscoelastic region of 1 %.

Fig. 8. Cytocompatibility. (a) The BSE loading did not cause toxic effects when the LDH systems (GGHL/LDH-BSE and GGHL/LDHc-BSE) were applied in comparison
to the unloaded GGHL controls (p > 0.05); conversely, the free-BSE loaded composites (GGHL/BSE) determined a significant reduction of the metabolic activity (p <

0.05, indicated by #). (b) However, results displayed in function of time showed that cells increased their metabolism within all the composites over time
demonstrating a cells-friendly behavior. Bars represent means ± dev.st of 6 replicates.
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Fig. 9. Confocal microscopy. (a–f) After 72 h 3D cultivation within composites’ pores cells were stained by the live/dead fluorescent assay. Images demonstrated that
the majority of cells were viable (left columns, stained in green) as well as they homogeneously occupied the pores following the materials’ topography as reported in
the 3D arrangement (right columns, the different colors represent the cells different levels reconstructed by the Z-stack). Images bar scale = 500 μm.

Fig. 10. BSE anti-inflammatory modulation. (a–d) The BSE-loaded composites (GGHL/BSE, GGHL/LDH-BSE and GGHL/LDHc-BSE) reported a down-regulation of the
tested pro-inflammatory genes, whereas on the opposite specimens lacking BSE displayed an up-regulation confirming the direct role of BSE in modulating gene
expression. (e) Such results can be correlated with the well-known ability of BSE to suppress PGE2 thus impairing all the other related cascades such as COX2 and
Il1β. Statistical analysis performed on quantification cycles (Cq): * = significant vs GGHL p < 0.01.
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environment, cartilage injuries can fast worsen into chronic conditions
leading to osteoarthritis [47]. Accordingly, materials aimed at cartilage
repair should be able to modulate in-situ the expression of pro-
inflammatory genes in order to prevent tissue degradation due to
excessive recruitments of immune cells activated by the pro-
inflammatory signals from the resident cells dealing with the implan-
ted material [48]. BSE represents a well-known natural compound often
administrated to counteract inflammation; so, oxidative stress was
generated via ROS into the 3D models reported in Section 3.5.1 with the
aim to evaluate the impact of the BSE in down-regulating the pro-
inflammatory genes PGE2, COX2 and IL1β. Results are reported in
Fig. 10. In general, the presence of BSE (GGHL/BSE, GGHL/LDH-BSE and
GGHL/LDHc-BSE) was successful in down-regulating (or at least in pre-
venting the up-regulation) of pro-inflammatory genes in comparison to
the unloaded GGHL/LDH and GGHL/LDHc (Fig. 10a–d). Results were
normalized to the GGHL control expression by the 2-ΔΔct method,
therefore fold change = 1 was considered as the threshold defining up-
and down-regulation. Accordingly, the GGHL/BSE and the GGHL/LDH-
BSE composites reported a general down-regulation of the PGE2, COX2
and IL1β genes; similarly, the GGHL/LDHc-BSE composites displayed a
down-regulation of PGE2 and COX2. Only IL6 was expressed in a com-
parable manner to the unloaded controls. On the opposite, the lack of
BSE determined an up-regulation of all the tested genes, being their
expression >1 threshold. These clearly contrary results provided a very
promising preliminary evidence of the BSE direct involvement in the
modulation of the inflammatory cascade by regulating the expression of
pro-inflammatory genes.

These findings can be correlated with the ability of the BSE to
directly inactivate the Prostaglandin E (PGE) as schematized in Fig. 10e.
PGE is strongly related with inflammation and pain as well; its biosyn-
thesis strictly depend by the activity of Cyclooxygenase 2 (COX2) and
Prostaglandin E Synthase 2 (PGE2). In detail, arachidonic acid (AA) is
released from the membrane phospholipids and converted via COX2 in
prostaglandin H2 (PGH2); afterwards, it is further isomerized by PGE2
in PGE. Moreover, Interleukin I-beta (IL1β) can boost such pathway by

up-regulating the expression of PGE2, thus increasing the production of
PGE. In this scenario, Siemoneit et al. demonstrated that BSE could act
as inhibitor of PGE2, thus suppressing all the related pathways leading
to the release of the pro-inflammatory prostaglandin E [49]. Our results
showed that the BSE loaded into the composites determined the down-
regulation of both the mentioned genes COX2 and PGE2 indeed, thus
confirming previous finding and providing a logical explanation to our
findings.

Dealing with the interleukins-regulated pathways, Sharma et al. re-
ported that BAs can partially inhibit in a dose-dependent manner (10
μM) the expression of IL6 [50], a pleiotropic cytokine produced in the
initial stage of inflammation. Here, we did not obtain an indisputable
down-regulation of IL6 and this can be due to the evidence that the
β-KBA dose released from the composites does not reach the effective-
ness target (see Fig. 5). However, we investigated the expression of IL1β
showing a BSE-related down-regulation; considering that it represents a
booster of the PGE2 activation, we can confirm that a further interfer-
ence in the pro-inflammatory cascade can be due to the BSE via IL1β
inhibition.

In conclusion, although a deeper in vivo validation is still necessary to
confirm these results in a more complex systemic environment, by the
reported data it can be speculated that BSE-loaded composites represent
a promising strategy for the in-situ management of inflammation for
cartilage tissue engineering.

3.5.3. Chondrogenesis evaluation
After demonstrating the composites’ cytocompatibility and the effi-

cacy of the loaded BSE to in-situ modulate the inflammatory cascade by
down-regulating the COX2 and PGE2 gene expression, the ability of the
scaffolds to support hMSC chondrogenesis was evaluated. The role of
BSE was considered of particular interest because, at the best of our
knowledge, only a very limited literature provided evidence of its role in
promoting/supporting chondrogenesis. Kim et al. [51] showed that a
combination of vitamin D, Lactobacillus rhamnosus, ginger, curcumin and
Boswellia extract enhanced hMSC osteochondral differentiation;

Fig. 11. Chondrogenesis. (a–c) The BSE-loaded GGHL-BSE and GGHL/LDH-BSE reported a strong up-regulation of all the tested chondrogenic genes in comparison to
the unloaded GGHL and GGHL/LDH, thus suggesting for a pro-differentiation role of the BSE itself. Results are reported as fold change in comparison to the GGHL
control by the 2-ΔΔCT method. Pro/anti-inflammatory pathways modulation during chondrogenesis. (d–f) The BSE-loaded composites were able to modulate the
differentiation route by down-regulating the pro-inflammatory PGE2 (d) and by up-regulating the anti-inflammatory IL10 (e). Conversely, the pro-inflammatory
TNFa was up-regulated by the BSE (f), but it can be also boost chondrogenesis. Results are reported as fold change in comparison to the GGHL control by the
2− ΔΔCT method. Statistical analysis performed on quantification cycles (Cq): * = significant vs GGHL p < 0.01; $ significant vs doped materials p < 0.01.
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interestingly, the Authors suggested that such pro-regenerative boost
was due to the cocktail strong anti-oxidative stress efficacy, thus
showing a very promising confirmation of our findings. Similarly, Bi
et al. [52] reported about the enhanced chondrogenic hMSC differen-
tiation of cells in direct contact with BSE-loaded hydroxyapatite car-
boxymethyl cellulose composites, even if in this work the Authors did
not correlated results with an anti-inflammatory effect due to the BSE
release. In our work, we verified the expression of 3 of the main chon-
drogenic genes: collagen type II (COL2) representing the most abundant
protein of the cartilage matrix, aggrecan (ACAN) that is the most com-
mon proteoglycan in the articular cartilage and SRY-Box Transcription
Factor 9 (SOX9) that is known being a pivotal gene for chondrogenic
differentiation over the osteogenic one. Results demonstrated that the
BSE loading can be effectively related with an up-regulation of such
genes as reported in Fig. 11a–c. Gene expression was normalized to-
wards the unloaded GGHL control; therefore, it can be speculated that
the observed up-regulations are mostly due to the modifications intro-
duced to the composites. Accordingly, the BSE-loaded composites GGHL/
BSE and GGHL/LDH-BSE reported an up-regulation of all the tested genes
in comparison to the same composites without BSE (GGHL and GGHL/
LDH), thus clearly suggesting for a boost effect due to the BSE.

Regarding the GGHL/LDHc-BSE composites, they reported an up-
regulation of the COL2 in comparison to the unloaded composites
(GGHL/LDHc), but a similar expression for ACAN and SOX9, thus being
less effective in promoting hMSC differentiation.

To support the results obtained from real-time PCR, the presence of
cartilage-like collagen type 2 in BSE-doped scaffolds was firstly verified
using immunofluorescence. The results demonstrated robust synthesis
and distribution of type 2 collagen along the scaffold network as shown
in Fig. 12a representing the 3D reconstruction from the confocal mi-
croscope; in particular, GGHL/LDH BSE specimens suggest a higher
expression of collagen as can be appreciated in the movie reported in the
Supplementary file SM1.

However, PCR results suggested for both pro-regenerative and anti-
inflammatory regulated pathways due to the Boswellia activity, there-
fore proteomics studies were exploited to the scaffolds imposed to
chondrogenic differentiation to verify if such genetic studies were
confirmed at the level of expressed proteins. Accordingly, results from
the Principal Component Analysis (PCA) illustrated in Fig. 12b reveals a
highly diverse proteomic profile among the scaffolds, with the datasets
of GGHL/LDH BSE and GGHL/LDHC BSE exhibiting significant overlap.
This difference highlighted by the PCA is further demonstrated by the

Fig. 12. Immunofluorescence (IF) and proteomics studies of chondrogenesis. (a) IF images of type 2 collagen synthesis and distribution in the BSE-doped scaffolds;
(b) PCA analysis illustrating data distribution and homogeneity; (c) protein expression heatmap; (d) comparison of expression levels of cartilage-related proteins
between basal and GGHL, GGHL/LDH BSE, and GGHL/LDHC BSE. FC = fold change. Images scale bar = 130 μm.
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heatmap reported in Fig. 12c. It is reasonable to hypothesize that the
difference observed is strictly correlated with the presence of BSE in the
scaffolds. The dot plot illustrated in Fig. 12c shows the comparison of
expression levels (reported as fold changes) of detected cartilage-related
proteins when Basal is compared to GGHL, GGHL/LDH BSE, or GGHL/
LDHC BSE. The results demonstrate that both BSE-doped scaffolds ex-
press significantly higher levels proteins highly relevant for cartilage
such as Collagen II, Cartilage Oligomeric Matrix Protein (COMP), Per-
lecan, Versican, and Leucine-rich repeat protein 1. Very interesting, the
up-regulation of such cartilage related proteins is less marked when
GGHL specimens are compared to the Basal control; on the opposite, the
up-regulation is more evident by comparing BSE-doped specimens to the
Basal control, thus suggesting for a direct effect of the BSE in improving
the differentiation route.

Based on these findings, to understand how BSE can modulate the
differentiation route, we came back to the loaded composites anti-
inflammatory properties previously shown in Fig. 10. In fact, although
chondrogenesis was not carried out under oxidative stress conditions
like previous tests, it is known that despite TGFβ in necessary for the
chondrogenic medium to promote differentiation and protect from
senescence, it may induce inflammation in combination with in-
terleukins (such as IL6 and IL1) as reported by a large literature [53–55].
So, we hypothesized that the beneficial effect provided by the BSE for
the chondrogenic differentiation could be related to its ability to
modulate such inflammation. Accordingly, the expression of the pro-
inflammatory genes Prostaglandin E Synthase 2 (PGE2) and Tumor
Necrosis Factor alpha (TNFα) were evaluated as well as the regulation of
the anti-inflammatory Interleukin 10 (IL10) was detected, too. Results

Fig. 13. Proteomic analysis for immunomodulation. (a) Volcano plot displaying differentially expressed proteins in the comparison between GGHL and GGHL/LDH
BSE. (b–c) Pro- and anti-inflammatory proteins significantly up- or down-regulated between specimens. *p < 0.05; ** p < 0.01; ***p 0.001.
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are reported in Fig. 11d–f.
Interestingly, when the BSE-loaded composites were considered, the

regulation of PGE2 (Fig. 11d) and IL10 (Fig. 11e) was essentially the
opposite; in fact, the pro-inflammatory PGE2 was down-regulated (fold
change <1), whereas the anti-inflammatory IL10 was up-regulated. So,
we can hypothesize that the BSE loading can effectively modulate the
inflammation by affecting the genetic expression of genes involved both
in the activation (PGE2) and de-activation (IL10) of the cascade. Finally,
the results related to the TNFα expression are less clear and more diffi-
cult to interpret. Indeed, the BSE loading determined an up-regulation of
this pro-inflammatory gene, thus suggesting a contradiction to what was
discussed previously. However, some literature such as Jagielski et al.
[56] demonstrated that hMSC chondrogenic differentiation can be
boosted by alternative pathways such as IL10 and TNFα that was not
reported inducing inflammation.

Afterwards, as previously reported for chondrogenic studies, prote-
omics was exploited to correlate the observed regulation of anti- and
pro-inflammatory genes and the expressed proteins. Accordingly, the
volcano plot (Fig. 13a) includes up- and down-regulated pro- and anti-
inflammatory proteins identified in the comparison between GGHL and
GGHL/LDH BSE and GGHL/LDHC BSE. Results demonstrate that both
BSE-doped scaffolds exhibit an up-regulation of Prostaglandin-E Syn-
thase (PTGES), IL11, Tumor necrosis factor-stimulated gene 6 (TSG6),
and Interleukin-4-induced protein 1 (OXLA), which are known to be up-
regulated in inflammatory conditions [57,58] as reported in Fig. 13b.
Moreover, BSE-doped scaffolds induced an up-regulation of Pentraxin 3
(PTX3), an acute-phase protein expressed in response to pro-
inflammatory stimuli [59], and IL6, a multifunctional protein with
both anti-inflammatory and pro-inflammatory roles as reported in
Fig. 13c. Notably, Kondo et al. [60] previously reported that IL6 over-
expression may actively contribute to the chondrogenic differentiation
of human mesenchymal stem cells, thus providing another interesting
hint to the here observed pro-chondrogenic boost due to BSE loading.

So, taken into account all the presented results, it can be speculated
that the BSE-loaded composites, with a particular reference to the GGHL/
LDH-BSE ones, can be considered as promising materials for cartilage
tissue engineering being able to modulate the inflammatory reaction by
the COX2 and PGE2 pathways. However, some unclear aspects, such as
the correlation BSE-TNFα still remain; therefore, in the future, further
studies will have to be specifically addressed to extend the compre-
hension of the expression of other inflammatory regulatory genes as well
as the studies must be completed by the evaluation of immune cells
reaction towards the materials per se and after the modulation of the
released pro-inflammatory signals by in vivo models.

4. Conclusions

In this paper, GG-based composite hydrogels containing BSE, both in
their free form and conveyed by LDH (as-such or calcined) clays, have
been successfully investigated for their potential in cartilage tissue
regeneration. The composites were characterized in terms of their
structural, thermal, morphological, mechanical and biological proper-
ties. In vitro release studies evidenced a substantially similar controlled
β-KBA release profile from GGHL/LDH-BSE and GGHL/LDHc-BSE into the
SSFE medium. Moreover, both the unmodified and calcined LDH sys-
tems showed comparable enhancement of the mechanical properties
compared with those without clays. Although the BSE presence did not
change the composite’s behavior under compressive tests, rheological
results evidenced that the addition of the extract supplied more cohesive
intermolecular polysaccharide interactions. Evaluation of the hydrogels’
biological features, performed using hMSC cells, showed that the pres-
ence of BSE provided good cytocompatibility when loaded in LDH or
LDHc systems. Anti-inflammatory studies pointed out that BSE was
successful in down-regulating pro-inflammatory genes. Finally, chon-
drogenesis studies demonstrated an enhanced differentiation, especially
in the case of GGHL/LDH-BSE, leading to the up-regulation of COL 2 and

ACAN. Proteomics confirmed the pro-regenerative and anti-
inflammatory signature of the proteins expressed by the cells culti-
vated into the BSE-loaded specimens. These preliminary in vitro in-
vestigations demonstrated that GGHL/LDH-BSE could represent a
promising BSE delivery system exhibiting an interesting combination of
mechanical and biological properties for cartilage repair applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2024.134079.
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