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Background: Guided tissue regeneration (GTR) plays a critical role in periodontal therapy, but conventiona
membranes often exhibit limited bioactivity and may induce inflammatory responses, thereby impairing effective
bone regeneration. This study aims to develop and evaluate a resorbable collagen—chitosan membrane enriched with
Eu, O3, Ag; O, and SrO, based on the hypothesis that the incorporation of these bioactive components enhances
osteogenic potential, antioxidant activity, and cytocompatibility.
Methods: A novel collagen—chitosan membrane containing Eu, Oz , Ag, O, and SrO was synthesized and
characterized. The antioxidant activity was measured using the DPPH assay. Cytocompatibility was assessed via MTT|
assays and fluorescence microscopy using human periodontal ligament stem cells (PDLSCs) and osteoblasts.
Osteogenic differentiation was assessed by quantifying BMP-2 and ALP gene expression using real-time PCR at dayg
1,7, 14, and 21. Comparative evaluation was conducted against PerioCol GTR and strontium/silver-doped collagen-
chitosan membranes. Statistical significance was set at p < 0.05.

Results: The Eu, Os; /Ag, O/SrO-enriched membrane exhibited significantly enhanced antioxidant activity
comparable to that ofascorbic acid. MTT assays indicated high cell viability, while fluorescence microscopy
demonstrated increased cell proliferation on days 3 and 5. Gene expression analysis revealed significantly elevated
BMP-2 and ALP mRNA levels (p < 0.05) in the europium-doped group, with peak expression observed at day 14
suggesting enhanced osteogenic differentiation.

Conclusion: Propofol and sevoflurane showed superior efficacy but require specialized monitoring. Nitrous oxide
and midazolam remain safe first-line options despite moderate success rates. The choice of sedation technique should
consider patient factors, procedure complexity, and available expertise. Further research is needed to optimize
sedation protocols and minimize adverse events.
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The healthy periodontium is a complex unit consisting
of several structural components-such as the gingiva,
periodontal ligament, cementum, and alveolar bone-
each playing a vital role. The coordinated interaction
among these tissues and their cellular and molecular
constituents is essential for maintaining oral health.
However, pathological conditions, such as
periodontitis, disrupt this structure, leading to tooth
loss and alveolar bone resorption M. Effective
management of periodontal defects requires both
conventional and regenerative therapeutic strategies.
Among these, GTR has emerged as a pivotal approach
due to its ability to selectively promote the growth of
periodontal-supporting  tissues while excluding
undesirable cellular invasion,?

Originally introduced by Hurley in the 1950s for spinal
bone regeneration ©!, the GTR concept was later
adapted in the 1980s for periodontal applications.!®
The technique involves the placement of a barrier
membrane that prevents rapid epithelial and
connective tissue cell migration into the periodontal
defect, thereby allowing slower-growing cells, such as
those from the periodontal ligament, cementum, and
alveolar bone, to repopulate the site."!

An ideal GTR membrane must be biocompatible,
space maintaining, cell occlusive, integrative with host
tissue, and clinically manageable. Membranes have
traditionally been categorized into non-resorbable and
bioresorbable types. First-generation non-resorbable
membranes, though effective, required secondary
surgical removal. In contrast, second-generation
bioresorbable membranes eliminated this drawback
through the use of natural or synthetic biodegradable
polymers.'Despite these advancements, many current
GTR membranes suffer from limitations such as
suboptimal  biocompatibility, poor mechanical
properties, limited antimicrobial efficacy, and lack of
active biological stimulation, which collectively
compromise GTR’s regenerative potential and clinical
success.™

To address these challenges, composite membranes,
which are membranes combined with natural polymers
such as collagen and chitosan, have been explored.
Collagen, a major extracellular matrix protein,
promotes cellular adhesion, migration, and
differentiation . [12-13] Chitosan,  which is
derived from chitin, offers biocompatibility,
biodegradability, and antimicrobial effects. Its
resemblance to glycosaminoglycans enhances its
compatibility in dental applications. However,
chitosan’s poor mechanical integrity, low

hydrophilicity, and weak mineral-binding capacity
restrict its standalone performance in mineralized tissue
regeneration.™*"! Integrating collagen with chitosan
improves the mechanical and biological profile of the
membrane, thus providing a more favourable
microenvironment for tissue regeneration.

The regenerative capacity of such composite scaffolds is
further enhanced by doping with bioactive elements.
Strontium has been shown to stimulate osteoblast activity
and inhibit bone resorption, with additional roles in
activating ERK1/2-MAPK signalling, modulating
immune responses, and promoting angiogenesis via
VEGF and PI3K/AKT/mTOR pathways.!**?% Europium,
a lanthanide element, enhances osteogenic differentiation,
angiogenesis, and  mineralization.  Its intrinsic
fluorescence enables non-invasive imaging of tissue
regeneration and scaffold degradation—an attribute not
commonly available in standard GTR membranes.??*
Silver nanoparticles contribute potent antibacterial effects
and stimulate tissue healing via fibroblast activation,
collagen synthesis, and modulation of TGF-3/BMP
signalling [+

Although several collagen- and chitosan-based GTR
membranes have been developed, a significant research
gap remains in designing multifunctional bioresorbable
membranes that simultaneously provide osteogenic
stimulation, antimicrobial activity, and real-time imaging
capabilities. Existing commercial membranes, such as
Periocol, primarily serve as passive barriers without
actively enhancing tissue regeneration or offering
diagnostic advantages.

To address these limitations, the present study focuses on
the development of a resorbable Eu, Os /Ag, O/SrO-
added collagen—chitosan membrane and evaluates its
antioxidant properties, biocompatibility, and osteogenic
potential using human PDLSCs and osteoblasts. The
novelty of this work lies in the synergistic integration of
bioactivity and imaging potential within a single
biodegradable scaffold, representing a next-generation
GTR  membrane  with  enhanced regenerative
functionality. These findings provide important insights
into the clinical translation of advanced biocomposite
materials for improved periodontal regeneration
outcomes.

The Eu, Oz /Ag, O/SrO-doped  collagen—chitosan
membrane was prepared using a stepwise approach to

ensure uniform distribution of bioactive components.
First, 3 g of chitosan were dissolved in 100 mL of distilled
water to create a 3% (w/v) chitosan solution.
Simultaneously, a 1% (w/v) collagen solution was
prepared by dissolving 0.15 g of collagen in 15 mL of
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distilled water. To facilitate cross-linking and enhance
membrane stability, 0.5 g of succinic acid was added
to the chitosan solution. The cross-linking process was
further optimized by incorporating 0.5664 g of 3-
dimethylaminopropyl carbodiimide (EDC) and
0.33923 g of N-hydroxysuccinimide (NHS) to activate
the carboxyl groups and improve polymer network
formation. For bioactivity enhancement and
fluorescent tracking, 0.01mol of europium ions (Eu®* )
were introduced into the chitosan solution, ensuring
homogeneous dispersion within the polymer matrix.
Meanwhile, silver and strontium nanoparticles were
prepared separately, with 2.5 g of silver nanoparticles
and 5 g of strontium nanoparticles, which were then
mixed into the collagen solution to ensure uniform
distribution. The europium-enriched chitosan solution
and the silver/strontium-enriched collagen solution
were then combined under continuous stirring to
achieve thorough integration of all bioactive
components. The final mixture was frozen at -80°C
overnight to preserve the structural integrity of the
polymeric network. Subsequently, it was subjected to
lyophilization (freeze-drying) for 24 h, resulting in the
formation of a porous, resorbable membrane with

enhanced  bioactivity, osteogenic potential, and
antimicrobial properties.?

The membrane’s biocompatibility and cycompatibility
were evaluated by culturing human PDLSCs and
osteoblasts on the membrane surfaces.

Cell viability and proliferation were assessed using the
MTT assay, and cell attachment was observed using
live/dead staining. Additionally, the osteogenic potential
of the membrane was evaluated by analysing the temporal
MRNA expression of osteogenic markers, including ALP
and bone morphogenetic protein-2 (BMP-2), using gPCR.
These analyses provided insights into the membrane’s
ability to support periodontal tissue regeneration. The
overall experimental workflow of this in vitro study,
including membrane fabrication, characterization, and
biological evaluation, is summarized in the flowchart
(Figure 1).

FLOWCHART

MEMBRANE
FABRICATION

Chitosan & collagen dissolved

Cross-linking with succinic acid, EDC, NHS
Europium, silver, strontium nanoparticles added
Solution frozen at -80°C & lyophilized

. Cell viability & cytocompatibility

w
=
<<
o
=)
=
i
=

CHARACTERIZATION

RESULTS AND
INTERPRETATION

° PDLSCs & Osteoblasts cultured
MTT assay & Live/Dead staining
e Osteogenic assessment
° RNA extraction
o qRT-PCR for ALP & BMP2
e Antioxidant Activity (DPPH Assay)

Sample absorbance at 517 nm measured

Statistical Analysis
* One-Way ANOVA

* Tukey’s Post-Hoc Test

Figure 1. Experimental Flowchart of the study
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Antioxidant Activity through DPPH Assay

prepare for the DPPH assay, DPPH was dissolved in ethanol to create a 0.1 mM stock solution, and the solution was
protected from light by wrapping it in aluminium foil. Test samples and standard antioxidant (ascorbic acid) solutions
were prepared at concentrations of 10, 20, 30, 40, and 50 pug/mL by dilution in ethanol. For the assay, 2.0 mL of the
DPPH solution was added to 1.0 mL of each test sample or blank in a test tube. Alternatively, for microplate analysis,
200 pL of DPPH solution was mixed with 100 pL of the sample in each well. All mixtures were incubated at room
temperature for 30 min in the dark. After incubation, absorbance was measured at 517 nm using a UV-Vis
spectrophotometer, with ethanol used as the blank. A control containing only DPPH and ethanol (no test sample) was
included to establish baseline absorbance. Ascorbic acid was used as a reference standard antioxidant for comparison.?”
Human PDLSCs or osteoblasts were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10%
foetal bovine serum (FBS) and 1% penicillin—streptomycin. The cells were maintained at 37°C in a humidified
atmosphere with 5% CO,, . For the MTT assay, cells were seeded at a density of 1 x 10* cells/well in a 96-well plate and
allowed to adhere for 24 h prior to treatment. The experimental groups included control, Periocol, and europium-doped
material. Cells were incubated for 1, 3, and 5 d. At each time point, 10 pL of MTT solution (5 mg/mL in PBS) was added
to each well and incubated at 37°C for 4 h. After incubation, 100 puL of DMSO was added to solubilize the formazan
crystals, and absorbance was measured at 570 nm using a microplate reader.

To assess cell viability and proliferation, human PDLSCs or osteoblasts were seeded at 1 x 10 cells/well onto the test
membranes in 96-well plates. After 24, 72, and 120 h, MTT reagent was added, and absorbance at 570 nm was recorded.
For live/dead staining, cells were incubated with calcein-AM and ethidium homodimer-1 for 30 min, and fluorescence
microscopy was used to observe viability and attachment at days 1, 3, and 5. To ensure reliability in imaging assessment,
two independent observers analysed the fluorescence images, and Cohen’s kappa coefficient was calculated to evaluate
inter-observer agreement, with values >0.80, indicating strong reliability.

Human PDLSCs were cultured in Dulbecco’s Modified Eagle Medium (DMEM), and osteoblasts in alpha-Minimal
Essential Medium (a-MEM), both supplemented with 10% foetal bovine serum (FBS) and 1% penicillin—streptomycin.
The cells were maintained at 37°C in a humidified atmosphere with 5% CO, .Cells were seeded at a density of 5 x 10*
cells/well in 6-well plates and divided into three experimental groups: Periocol, Eu, Oz /Ag, O/SrO-added collagen—
chitosan membrane, and untreated control. Total RNA was extracted on days 1, 7, 14, and 21 using TRIzol reagent
(Thermo Fisher Scientific) following the manufacturer’s instructions. RNA purity and concentration were assessed using
a NanoDrop spectrophotometer (Thermo Fisher Scientific) by measuring 260/280 and 260/230 nm absorbance ratios.
One microgram of RNA was reverse transcribed into cDNA using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) according to the protocol.®

Quantitative real-time PCR (gRT-PCR) was conducted using the StepOnePlus Real-Time PCR System (Applied
Biosystems) and SYBR Green Master Mix (Thermo Fisher Scientific) to quantify relative mRNA levels of BMP-2 and
ALP, normalized to -actin as the internal control. The primer sequences used were as follows:

e BMP-2: Forward: 5'-GCCAGCCGAGCCAACAC-3', Reverse: 5'-AAATTAAAGAATCTCCGGGTTGT-3'
e ALP: Forward: 5'-GGCAGCGTCAGATGTTAATTG-3’, Reverse: 5'-ACTGCGCTCCTTAGGGCT-3’
e B-actin: Forward: 5'-TCCTGGAGAAGAGCTACG-3', Reverse: 5'-GTAGTTTCGTGGATGCCACA-3'

Each PCR reaction was performed in a 20 pL mixture containing 2 pL of cDNA, 10 puL of SYBR Green Master Mix,

0.5 pL each of forward and reverse primers, and nuclease-free water. Thermal cycling conditions included an initial
denaturation at 95°C for 2 min, followed by 40 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 30 s, and
extens[izg)]n at 72°C for 30 s. Gene expression levels were analysed using the 2~ AACt method with normalization to [3-
actin .

Statistical Analysis

All quantitative data are expressed as mean * standard deviation (SD) from three independent experiments, each
conducted in triplicate. One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was used for multiple
group comparisons. A p-value < 0.05 was considered statistically significant.

Surface Morphology and Material Characterization

Scanning Electron Microscopy analysis of the Eu, Oz /Ag, O/SrO-added collagen—chitosan membrane (Figure 2)
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revealed a rough, multilayered, flake-like surface with an interconnected porous architecture. The incorporation of metal
oxides significantly increased surface complexity, mimicking the extracellular matrix and providing a scaffold conducive
to cellular behaviors such as attachment, proliferation, and differentiation. The porous and fibrillar network supports
nutrient diffusion and cell infiltration, while the rough topography enhances protein adsorption and cell adhesion.
Collectively, these morphological features indicate that the modified membrane offers an environment highly favourable
for periodontal tissue regeneration.

o ‘" ] —

Figure 2. Scanning Electron Microrap of Eu2 Os /Ag, O/SrO-Modified Collagen-Chitosan Membrane
Osteogenic Gene Expression Profiles

As shown in Figure 3, ALP mRNA expression, normalized to 3-actin, was significantly higher in the Europ+Doped
group compared to the Control group at all evaluated time points (p < 0.05). Although the Periocol group also
exhibited increased ALP expression—particularly on days 14 and 21—the enhancement was less pronounced than in
the Europ+Doped group. Notably, no statistically significant differences were observed between groups on day 1,
suggesting early-stage parity. However, a progressive, time-dependent increase in ALP expression was observed in the
treated groups, peaking at day 14 and remaining elevated through day 21. This trend is further reinforced by the heat
map and violin plot visualization (Figure 3), which clearly depicts the distinct gene expression distribution and
intensity across groups. These results indicate the Europ+Doped membrane’s substantial role in enhancing early
osteogenic differentiation.

qPCR

&3 Control
B Periocol
B8 Europium-doped

Relative mRNA expression
ALP/Bactin
£

0 T I

Day 1 Day7 Day14 Day21

Figure 3 Relative mRNA expression of ALP normalized to p-actin in different experimental groups over time.

Similarly, Figure 4 illustrates BMP-2 mRNA expression trends. The Europ+Doped group demonstrated significantly
elevated BMP-2 expression, compared to the Control group at all time points (p < 0.05), with the most marked
increase seen between days 7 and 21. The Periocol group also showed increased expression, especially on days 7, 14,
and 21, but again to a lesser extent than the Europ+Doped scaffold.
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Figure 4. Relative mRNA expression of BMP2 normalized to p-actin in different experimental groups over time.
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Figure 5. Comparison of Antioxidant Activity Between Ascorbic Acid and Test Sample (Europium-Doped
Membrane)

Antioxidant Activity

The antioxidant potential of the europium-doped scaffold (test sample: TS) was comparable to that of standard ascorbic
acid, as shown in Figure 5. Both agents displayed a dose-dependent increase in DPPH scavenging activity, starting at
approximately 35% at 10 pug/mL and reaching nearly 60% at 50 pg/mL. The comparable antioxidant profiles suggest
that the doped membrane can offer oxidative stress mitigation, which is biologically relevant for preventing
inflammation-induced bone degradation in regenerative contexts.
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Figure 6. Effect of Control, Periocol, and Europium-Doped Scaffold on Cell Viability over Time as Assessed by
MTT Assay

Cytocompatibility and Cell Viability (MTT Assay)

Figure 6 presents the MTT assay—based evaluation of cell viability over days 1, 3, and 5. On day 1, all groups
demonstrated comparable viability (~100% in Control, ~95% in Periocol, ~93% in Europium-doped), confirming
minimal cytotoxicity at early stages. By day 3, both scaffold groups exhibited enhanced viability (~110% for Periocol
and ~112% for Europium-doped), indicating active proliferation. This trend continued on day 5, with the Europium-
doped scaffold achieving the highest viability (~120%), surpassing both the Periocol (~118%) and Control (~102%).
These results highlight the scaffold’s ability to support robust cell proliferation and metabolic activity, both of which
are important indicators of in vitro biocompatibility.

DAY -1

CONTROL PERIOCOL EUROP+DOPED

PHASE CONTRAST

PHASE CONTRAST

Figure 7a- Phase-Contrast and Fluorescence Microscopy Images of Cells Cultured on Different Scaffolds at Day
1

Cell Morphology and Viability (Fluorescence and Phase-Contrast Imaging)

The scaffold’s compatibility was further verified through microscopy imaging on days 1, 3, and 5 (Figures 7a, 7b, and
7c).
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e Onday 1 (Figure 7a), phase-contrast and fluorescence microscopy revealed well-distributed cells with normal
morphology and green fluorescence across all groups, indicating early viability and attachment.

e Onday 3 (Figure 7b), both Periocol and Europium-doped scaffolds showed increased cell density and
enhanced fluorescence, compared to Control, suggesting accelerated proliferation and favourable
microenvironmental interaction.

e Onday5 (Figure 7c), the Europium-doped scaffold displayed the highest confluency and fluorescence
intensity, signifying sustained and enhanced cellular growth. These observations are biologically relevant, as
they directly reflect the material’s ability to support cellular integration, which is a critical factor in scaffold
performance for regenerative applications.

DAY -3

CONTROL PERIOCOL EUROP+DOPED

Figure 7b- Phase-Contrast and Fluorescence Microscopy Images of Cells Cultured on Different Scaffolds at Day
3

PHASE CONTRAST

PHASE CONTRAST

DAY -5

CONTROL. PERIOCOL EUROP+DOPED

Figure 7c. Phase-Contrast and Fluorescence Microscopy Images of Cells Cultured on Different Scaffolds at Day
5

PHASE CONTRAST

PHASE CONTRAST

e BIOMATERIAL CHARACTERIZATION

RESULTS AND
INTERPRETATION
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'Mllt::: (()ll':(L differentiation.

: Antioxidant Activity: Europium-Doped

e OSTEOGENIC ASSESSMENT -ALP Membrane performed comparably to
AND BMP-2 ascorbic acid.

Cell Viability (MTT Assay): Europium-

Doped scaffold had the highest cell

proliferation over time.

Live/Dead Staining & Microscopy:
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highest cell attachment and viability.
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Figure 8. Graphical Abstract: Biomaterial Synthesis, Experimental Workflow, and Key Findings
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Figure 8 provides a comprehensive graphical representation of the scaffold synthesis, characterization workflow, and
key biological findings. It visually summarizes the interplay between material features and biological outcomes, aiding

in translational understanding.

The development of a Europium-Strontium-Silver-
doped Collagen-Chitosan membrane for guided tissue
regeneration (GTR) represents a noteworthy
advancement in periodontal therapy by addressing
both biological and antimicrobial needs. In this study,
a novel europium-silver-strontium-doped collagen-
chitosan membrane was evaluated for its antioxidant
activity, cytocompatibility, and osteogenic potential
using human periodontal ligament cells (hPDLCs) and
osteoblasts, with the commercially available PerioCol
GTR membrane serving as a control.

Collagen-chitosan composites are well-regarded in
GTR applications due to their synergistic biological
properties. Collagen facilitates cell adhesion and
proliferation owing to its inherent biocompatibility,
while chitosan contributes antibacterial effects and
improves mechanical characteristics. Together, these
components offer a resorbable scaffold supportive of
osteogenesis and angiogenesis, and capable of
controlled drug delivery.®” Their combined use
enhances membrane stability and resorption kinetics,
making them suitable for periodontal and bone tissue
regeneration B!

The europium-doped membrane exhibited enhanced
cell viability and osteogenic response compared to
PerioCol. While strontium-doped biomaterials are
recognized for promoting osteogenesis, they often
exhibit suboptimal antibacterial and mechanical
characteristics. To counter these drawbacks, silver was
introduced for its well-documented antimicrobial
effects, though with the necessary caution regarding
dose-dependent cytotoxicity. As demonstrated in prior
studies, materials such as graphene oxide or silk
fibroin-chitosan gels have been shown to mitigate Ag-
related toxicity and further boost both mechanical
strength and osteogenesis. 34

The incorporation of Sr and Ag into the europium-
doped membrane yielded multifunctional outcomes,
combining effective antimicrobial activity with
minimal cytotoxicity—evidenced by MTT assays at
Days 1, 3, and 5, and Live/Dead staining. Europium's
known antimicrobial mechanisms, including ROS
generation and membrane disruption®, further
contributed to this synergistic effect.¥

Additionally, strontium’s well-established role in
enhancing osteogenesis and angiogenesis®>*® s
reflected in this study’s upregulation of ALP and

BMP-2, consistent with findings from Zhang J et al. on
Sr-based scaffolds.® The observed synergy between
europium and strontium may account for the improved
cell viability and early osteogenic differentiation, aligning
with results from Hassani et al.*® Morphologically, SEM
confirmed superior cell spreading and attachment on the
doped membrane, indicating favorable conditions for
initial tissue integration.

Compared with the PerioCol membrane, the
Eu, Oz /Ag, O/SrO- doped variant displayed superior
outcomes across cytocompatibility and osteogenesis.
MTT assays consistently showed higher viability at all
observed timepoints. Live/Dead staining indicated a
greater density of viable cells on the doped membrane.
Furthermore, ALP activity and gene expression analysis
of ALP and BMP-2 were significantly elevated,
supporting the membranes enhanced osteoinductive
potential. Antimicrobial testing revealed a broader
spectrum of activity, likely due to combined Ag and Eu
effects. SEM further demonstrated enhanced cellular
interactions with the experimental membrane,
underscoring its improved regenerative capability.

The multifunctionality of europium in this context is
notable. In addition to its osteogenic influence via ALP
upregulation and matrix mineralization B9 it also
modulates oxidative stress and inflammation, both of
which are critical in the bone healing cascade. Europium-
doped calcium polyphosphate scaffolds at 5%
concentration—similar to those used in this study—have
been shown to stimulate ALP, osteopontin, VEGF, and
MMP-9, enhancing angiogenesis and suppressing
resorption via OPG/RANKL modulation. Europium-
Monetite composites and Eu-doped scaffolds synthesized
with eco-friendly techniques have further substantiated its
osteogenic benefits, demonstrating improved calcium
deposition and  collagen  synthesis.”  Recent
investigations into 3D EuCPP scaffolds reinforce these
observations, particularly those using a 5% europium
concentration. These scaffolds supported critical phases
of  bone regeneration—namely  inflammation,
proliferation, and remodeling—by enhancing the
migration, proliferation, and angiogenic behavior of
stromal cells. Upregulation of the OPG/RANKL ratio and
osteogenic markers including ALP and osteopontin
(OPN) validated the long-term regenerative potential of
these materials.*'Europium’s fluorescent properties also
introduce an imaging advantage for in vivo scaffold
tracking, thereby offering a dual diagnostic and
therapeutic role. This feature, while promising, has not
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been explored in the present study and warrants further
investigation. Despite these encouraging findings,
several limitations must be acknowledged. This study

Manakil J. Periodontal Diseases: A Clinician’s Guide.
BoD — Books on Demand; 2012. 384 p.
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