
Journal of Clinical and Diagnostic Research. 2026 Aug, Vol-20(8): ZC54-ZC595454

DOI: 10.7860/JCDR/2026/89802.24174Original Article

D
entistry S

ectio
n

Bioactive Bilayered Chitosan-zinc 
Oxide/Polycaprolactone Scaffold with 
Controlled Barrier Function for Guided 
Bone Regeneration in Implant-related 
Diseases: An In-vitro Evaluation

INTRODUCTION
Dental implants have become a predictable and widely used 
treatment modality for the rehabilitation of missing teeth, 
significantly improving oral function, aesthetics, and patient well-
being [1]. However, the long-term success of implant therapy is 
frequently challenged by implant-related diseases, particularly peri-
implant mucositis and peri-implantitis, which are characterised by 
inflammatory destruction of peri-implant tissues and progressive 
bone loss [2]. These conditions arise from a complex interplay 
between microbial biofilms, host immune-inflammatory responses, 
implant surface characteristics, prosthetic design, occlusal overload, 
surgical trauma, residual cement, inadequate oral hygiene, systemic 
risk factors, and local anatomical factors [3-5].

To reduce the incidence of implant-related disease and enhance 
osseointegration, extensive research has focused on modifying 
implant surfaces and developing bioactive coatings [6,7]. Micro- 
and nano-topographical modifications, surface functionalisation, 
and incorporation of antimicrobial or osteogenic agents have 
been explored to improve bone–implant contact and limit bacterial 
colonisation [8,9]. Despite these advances, implant-related diseases 

continue to occur, often leading to peri-implant bone defects that 
compromise implant stability and function.

Consequently, regenerative strategies aimed at reconstructing lost 
peri-implant bone have gained increasing importance. Successful 
regeneration requires a coordinated interaction of cells, signalling 
molecules, and scaffolds that provide both structural support 
and biological cues [10]. A major limitation in implant-related 
regeneration is undesirable soft-tissue infiltration into the defect site, 
which may hinder osteogenic cell repopulation and impede bone 
formation. Therefore, biomaterials with combined bioactivity and 
effective barrier function are essential for implant-related disease 
regeneration [11].

Polycaprolactone (PCL), a synthetic biodegradable polymer, offers 
favourable mechanical strength and structural stability, making it 
suitable for space maintenance and barrier applications. However, 
its hydrophobic nature limits cellular interaction and bioactivity [12]. 
Chitosan (CS), a naturally derived polysaccharide, exhibits excellent 
biocompatibility, biodegradability, and bioactive properties that 
support osteogenic cell migration and extracellular matrix formation 
[13]. Incorporation of ZnO further enhances osteogenic potential 
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ABSTRACT
Introduction: Peri-implant infectious diseases remain a 
significant challenge affecting implant success, human health, 
and oral well-being. Effective regeneration around dental 
implants requires restoration of peri-implant bone while limiting 
undesirable soft-tissue infiltration. Conventional single-layered 
barrier membranes provide mechanical occlusion but lack 
bioactivity to promote osteogenesis. Therefore, multifunctional 
scaffolds with regenerative potential and effective barrier 
function are needed to improve implant therapy and enhance 
regenerative outcomes in implant-related diseases.

Aim: To design, characterise, and assess the in-vitro regenerative 
potential of a bilayered Chitosan–Zinc Oxide/Polycaprolactone 
(CS–ZnO/PCL) scaffold integrating bioactivity with barrier 
function for implant-related disease regeneration.

Materials and Methods: The present in-vitro study was 
conducted in Saveetha Dental College and Hospitals, Chennai, 
Tamil Nadu, India, from September 2024 to January 2025. A 
bilayer scaffold was fabricated by combining a solvent-cast 
PCL layer with a porous CS-ZnO top layer. Morphology was 
analysed by Field Emission Scanning Electron Microscopy 
(FESEM). Functional group integration was confirmed via Fourier 
Transform Infrared (FTIR) spectroscopy. Surface wettability was 

measured by contact angle analysis. Haemocompatibility was 
assessed through an ASTM F756-compliant haemolysis assay. 
In-vitro fibroblast migration across the bilayer scaffold was 
evaluated over 14 days. 

Results: The FESEM revealed a porous, interconnected CS-
ZnO top layer suitable for tissue infiltration and a smooth, dense 
PCL base layer providing effective barrier characteristics. FTIR 
confirmed the incorporation of CS, ZnO, and PCL, with O-H 
stretching shifts indicative of hydrogen bonding. The scaffold 
exhibited enhanced hydrophilicity and haemolysis values <5%, 
meeting biocompatibility standards. Migration assays showed 
restricted fibroblast migration at day 7 and minimal penetration 
by day 14, indicating controlled cellular infiltration across the 
bilayer structure. 

Conclusion: The CS-ZnO/PCL bilayer scaffold provides 
bioactivity with controlled barrier function, representing a 
promising material for guided bone regeneration and peri-
implant tissue healing. This approach may improve implant 
outcomes, reduce the risk of peri-implant disease, and enhance 
patient well-being. The bilayered scaffold exhibited favourable 
physicochemical characteristics, indicating its potential as a 
candidate for implant-related bone regeneration.
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acid under constant stirring until a homogeneous solution was 
achieved. Synthesised ZnO NPs were incorporated into the CS 
solution at a concentration of 1 wt%, followed by thorough mixing to 
ensure uniform dispersion. The resulting CS-ZnO mixture was cast 
into sterile petri-dishes and frozen at -80°C. The frozen samples 
were lyophilised at -110°C to produce a porous CS-ZnO scaffold 
through ice crystal sublimation [Table/Fig-2] [22].

and provides antimicrobial activity, creating a microenvironment 
conducive to healing and reduced infection risk [14].

Previous studies have investigated the use of PCL-based 
membranes for guided bone regeneration owing to their favourable 
mechanical properties and ability to function as physical barriers 
[15,16]. Similarly, CS-based scaffolds have been extensively 
explored because of their biocompatibility, biodegradability, and 
ability to support cellular attachment and tissue regeneration [17]. 
However, most currently available regenerative membranes are 
either primarily passive barriers lacking biological activity or bioactive 
scaffolds with limited capability to effectively prevent undesirable 
soft-tissue infiltration [18]. Furthermore, there is limited evidence 
regarding bilayered scaffold systems that simultaneously integrate 
a dense barrier layer and a bioactive porous layer for periodontal 
and peri-implant regeneration [19,20]. Therefore, there is a need 
to develop multifunctional biomaterials capable of providing both 
guided tissue exclusion and active regenerative support. The 
novelty of the present study lies in the fabrication of a bilayered 
CS–ZnO/PCL scaffold that combines the barrier function of a dense 
PCL layer with the bioactivity of a porous CS–ZnO layer in a single 
construct. 

Based on these considerations, the present study aimed to design, 
characterise, and evaluate the in-vitro regenerative potential of a CS–
ZnO/PCL scaffold with integrated bioactivity and barrier function for 
implant-related disease regeneration. The PCL layer was intended 
to restrict undesirable soft-tissue infiltration, while the porous CS–
ZnO layer is designed to provide a microenvironment potentially 
favourable for angiogenesis, osteogenesis and antimicrobial 
activity.

MATERIALS AND METHODS
The present in-vitro study was conducted in Saveetha Dental 
College and Hospitals, Chennai, Tamil Nadu, India, from September 
2024 to January 2025. The ethical approval for this study was 
obtained from the institute’s Scientific Review Board (SRB/SDC/
PERIO-2301/24/328).

Inclusion and Exclusion criteria: As this was an in-vitro study, 
conventional participant-based inclusion and exclusion criteria 
were not applicable. Only successfully fabricated bilayered CS–
ZnO/PCL scaffolds exhibiting intact structural integrity, adequate 
interlayer adhesion, and absence of visible defects were included 
for characterisation and biological evaluation. Human gingival 
fibroblast cultures demonstrating normal morphology and viability 
were included for the cell migration assay, and fresh peripheral blood 
obtained from a healthy donor was used for haemocompatibility 
testing. Scaffold specimens showing fabrication defects, 
contamination, delamination, or structural damage were excluded 
from the study. Additionally, contaminated or non viable cell cultures 
and blood samples exhibiting pre-existing haemolysis or other 
abnormalities were excluded from experimental analyses.

Study Procedure
Synthesis of the bi-layered CS-ZNO/PCL scaffold-

Synthesis of Zinc Oxide nanoparticles (ZnO NPs): Zinc oxide 
nanoparticles were synthesised via a wet chemical precipitation 
method. Briefly, 100 mL of 0.2 M Sodium Hydroxide (NaOH) solution 
was added dropwise to 100 mL of 0.1 M Zinc Nitrate hexahydrate 
{Zn(NO3)2·6H2O} solution under continuous magnetic stirring [Table/
Fig-1]. The reaction was maintained at ambient temperature for 
four hours to ensure complete precipitation. The resulting white 
precipitate was collected by vacuum filtration, thoroughly washed 
with deionised water to remove residual ions, and dried at 100°C. 
The dried powder was subsequently calcined at 400°C for two 
hours to obtain crystalline ZnO nanoparticles (ZnO NccPs) [21].

Preparation of Chitosan (CS) Scaffold incorporating ZnO NPs: 
The CS powder (0.5 g) was dissolved in 100 mL of 2% (v/v) acetic 

[Table/Fig-1]:	 Sodium hydroxide (NaOH) and Zinc Nitrate hexahydrate 
{Zn(NO3)2·6H2O} solution under continuous magnetic stirring.

[Table/Fig-2]:	 Chitosan-Zinc Oxide mixture cast into sterile petri-dishes to obtain a 
porous CS-ZnO scaffold.

Fabrication of Polycaprolactone (PCL) Layer: The PCL granules 
(1g) were dissolved in 10 mL of chloroform with gentle stirring. The 
solution was cast into glass petri-dishes and left undisturbed at 
room temperature to allow complete solvent evaporation, resulting 
in a uniform PCL film [Table/Fig-3] [23].

[Table/Fig-3]:	 Uniform PCL film after complete solvent evaporation.

Assembly of the Bi-layered scaffold: A novel bilayered fabrication 
method was developed in the present study, wherein a pre-
fabricated CS-ZnO scaffold was placed onto a partially dried 
PCL film to achieve interlayer adhesion through controlled solvent 
evaporation [Table/Fig-4].
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Characterisation Studies
Morphological evaluation: The surface morphology and 
microarchitecture of the PCL and CS-ZnO surfaces were examined 
using FESEM (ZEISS Gemini SEM 460). Before imaging, all 
specimens were sputter-coated with a thin gold layer (Edwards 
S150B, Crawley, UK) at 15 kV for 2.5 min to enhance conductivity. 
Imaging was performed at an accelerating voltage of 5 kV [24].

Surface wettability assessment: The hydrophilicity of scaffold 
surfaces was determined using a contact angle goniometer (Ossila, 
UK). A 5µL droplet of distilled water was carefully placed on the 
surface of each sample, and contact angles were recorded using 
video capture and analysed with Ossila software. Measurements 
were taken separately for PCL and CS-ZnO surfaces [25].

Fourier Transform Infrared Spectroscopy (FTIR): The FTIR 
was performed to identify functional groups and verify molecular 
composition (Bruker, Germany). Spectra were acquired for both 
CS-PCL and CS-ZnO/PCL scaffolds to confirm the incorporation of 
ZnO NPs and the characteristic peaks of each scaffold component 
[26].

Haemocompatibility (haemolysis assay): Human peripheral 
blood was collected from a healthy donor into heparinised tubes. 
Blood was centrifuged at 750 rpm for five min at 4°C to separate 
Red Blood Cells (RBCs) from plasma. The RBC pellet was washed 
three times with phosphate-buffered saline (PBS, pH 7.4). CS-
ZnO/PCL scaffolds at concentrations of 5 mg/mL and 10 mg/mL 
were immersed in 2.5 mL of RBC suspension and incubated at 
37°C for one hour. After incubation, samples were centrifuged, and 
the Optical Density (OD) of the supernatant was measured at 540 
nm using a spectrophotometer [25]. Haemolysis percentage was 
calculated using:

Haemolysis (%) = {(OD sample - OD negative control)/(OD positive 
control - OD negative control)} × 100 

The positive control consisted of RBCs suspended in distilled water, 
while RBCs incubated in PBS served as the negative control. All 
experiments were conducted in triplicate (n=3).

Cell migration assay: Cell migration was assessed using cell-crown 
inserts. Circular scaffold discs (25 mm diameter) were prepared and 
sterilised under UV light for two hours. Discs were positioned inside 
a 6-well culture plate to remain suspended without touching the well 
bottom. Human gingival fibroblast cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 
serum and 1% antibiotic solution. For the assay, 1 mL of cell-free 
DMEM was added to each well, and 1 mL of fibroblast suspension 
was seeded directly onto the PCL surface of the scaffold. Plates 
were incubated at 37°C in a humidified atmosphere containing 5% 
CO2. Cell migration through the scaffold was evaluated at day 7 
and day 14 using a light microscope (40× magnification) to assess 
controlled fibroblast infiltration across the bilayer structure [20].

STATISTICAL ANALYSIS
Statistical analyses were performed using IBM Statistical Package 
for the Social Sciences (SPSS) Statistics 23.0. Quantitative data 
obtained from the haemolysis assay and surface wettability were 
expressed as mean±Standard Deviation (SD) based on three 
independent replicates (n=3). Descriptive statistical analysis was 
performed to summarise the data and evaluate the reproducibility 
of the results. An Independent t-test was performed to compare 
contact-angle measurements between scaffold layers. Qualitative 
observations from FESEM, FTIR, and cell migration analyses were 
interpreted descriptively.

RESULTS

FESEM Analysis
The FESEM images revealed distinct surface morphologies for each 
layer of the bilayer scaffold [Table/Fig-5]. The PCL layer exhibited 
a smooth, compact surface with minimal porosity, interspersed 
with linear, fibre-like ridges indicative of structural coherence and 
mechanical stability. In contrast, the CS-ZnO layer displayed a 
highly porous and interconnected network, with a rough, granular 
texture attributable to the incorporation of ZnO nanoparticles. These 
nanoparticles were uniformly distributed within the chitosan matrix, 
suggesting efficient dispersion and strong material compatibility.

[Table/Fig-4]:	 Bilayered scaffold obtained after complete chloroform evaporation.

[Table/Fig-5]:	 FESEM images of the bi-layered scaffold: a) PCL layer showing a 
relatively smoother surface; and b) CS-ZnO layer showing a porous interconnected 
surface.

Contact Angle Measurement
Surface wettability assessment demonstrated marked differences 
between the scaffold layers [Table/Fig-6]. The CS-ZnO surface 
exhibited higher hydrophilicity, reflected in its lower contact angle 
of 58.64±2.7, whereas the PCL surface displayed pronounced 
hydrophobicity with a contact angle of approximately 83.39±2.3 
[Table/Fig-7], indicating reduced wettability. This wettability gradient 
across the bilayer may support differential cellular interaction, 
enabling the CS-ZnO layer to promote cell attachment and 
proliferation while the PCL layer serves as a structural barrier.

[Table/Fig-6]:	 Contact angle measurement of the: a) PCL has an obtuse angle 
signifying its hydrophobicity, b) CS-ZnO layer showing an acute angle indicative of 
its hydrophilicity.

Scaffold Mean±SD

PCL 83.39±2.3

CS-ZnO 58.64±2.7

[Table/Fig-7]:	 Table displaying mean and Standard Deviation (SD) of the contact 
angle measurement for PCL layer and CS- ZnO layer.

FTIR Analysis FTIR spectroscopy confirmed the presence of 
characteristic functional groups corresponding to CS, PCL, and 
ZnO [Table/Fig-8]. The CS spectrum showed a broad band between 
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3000–3600 cm-1 (O-H stretching), peaks at 1640-1655 cm-1 (amide 
I), 1550–1650 cm-1 (amide II), 1020-1150 cm-1 (C–O stretching), and 
a band at 896 cm-1 (CH bending). PCL exhibited peaks at 1726 
cm-1 (C=O stretching), 1294 cm-1 (C-C and C-O stretching), 2949 
and 2860 cm-1 (CH2 stretching), and 1449 and 1372 cm-1 (CH2 
bending). ZnO showed characteristic peaks at 400–600 cm-1 (Zn-O 
stretching), a band at 568 cm-1 (hexagonal phase ZnO), and a peak 
near 1020 cm-1 (Zn-O-Zn bonding). Notably, incorporation of ZnO 
into the CS matrix led to a reduction in the O-H stretching intensity, 
suggesting possible hydrogen bonding or coordination interactions 
between ZnO nanoparticles and CS chains.

Haemolysis Assay 
Haemolysis testing confirmed that both concentrations exhibited 
haemolysis percentages well below the American Society for 
Testing and Materials (ASTM) threshold of 5% for blood-contacting 
biomaterials [27], indicating excellent haemocompatibility [Table/
Fig-9]. At 5 mg/mL, the haemolysis percentage was approximately 
1.25±0.1%, while at 10 mg/mL it was 1.48±0.12%, confirming that 
scaffold concentration within the tested range does not adversely 
affect RBC integrity. These findings demonstrated that the CS-ZnO/
PCL scaffold is safe for potential applications involving direct blood 
contact.

DISCUSSION
Implant-related regenerative therapy aims to restore lost peri-
implant bone while limiting undesirable soft-tissue infiltration into 
the defect area. Conventional single-layer barrier membranes used 
in guided bone regeneration primarily function as passive physical 
barriers; however, they are often biologically inert and lack the ability 
to actively promote osteogenesis. In clinical practice, bone grafts 
are frequently combined with membranes to enhance osteogenic 
activity and peri-implant tissue regeneration. Despite these 
approaches, early soft-tissue infiltration into peri-implant defects 
may compromise bone regeneration and reduce implant stability. 
These limitations highlight the need for multifunctional scaffolds 
that combine barrier properties with bioactive features capable of 
supporting peri-implant bone regeneration.

The bilayered scaffold developed in this study was engineered to 
address these dual requirements. The CS-ZnO top layer exhibited a 
porous, interconnected architecture, as confirmed by FESEM, which 
is favourable for cellular adhesion, nutrient diffusion, and vascular 
infiltration- factors critical for peri-implant bone regeneration. 
Wang X et al., demonstrated that porous interconnected scaffolds 
facilitate endothelial cell infiltration, migration, and proliferation, 
thereby promoting angiogenesis [28]. In contrast, the PCL base 
layer displayed a smoother and less porous morphology, making 
it suitable for limiting undesirable cellular infiltration. The influence 
of reduced porosity on limiting cell adhesion has been emphasized 
by Wang Z et al., who reported that scaffold morphology directly 
affects cellular attachment [29]. Comparable multilayered PCL-
based membranes have also been shown to combine mechanical 
stability with effective barrier function [24], supporting guided bone 
regeneration around implants.

FTIR spectroscopy confirmed the integration of CS, PCL, and ZnO, 
each contributing distinct functionalities. ZnO incorporation into the 
CS matrix induced shifts in the O-H stretching region, suggesting 
hydrogen bonding or coordination interactions-mechanisms known 
to improve mechanical strength and hydrophilicity, thereby enhancing 
cell-material interactions. Han X et al., reported similar effects in 
cellulose-based scaffolds reinforced via hydrogen bonding [30]. 
ZnO nanoparticles further enhance scaffold performance through 
inherent antimicrobial properties and by promoting osteoblastic 
differentiation via reactive oxygen species generation and zinc ion 
release, essential cofactors in bone metabolism. Amin N et al., 
have described zinc’s role in bone health through modulation of 
the RANK/RANKL/OPG pathway [31]. Furthermore, the enhanced 
hydrophilicity of the CS-ZnO surface observed in contact angle 
analysis is associated with improved fibroblast attachment and 
proliferation, as reported by Papenburg BJ et al., indicating its 
potential for peri-implant tissue healing [32].

Biological evaluation further supported the scaffold’s potential for 
implant-related applications. The haemolysis assay demonstrated 
values below 5%, satisfying ASTM F756 standards and indicating 
excellent haemocompatibility. This property is particularly important 
for implant-related regenerative procedures, where materials come 
into immediate contact with blood and influence clot formation 
and early wound healing. The fibroblast migration assay provided 

[Table/Fig-8]:	 FTIR spectra of the bi-layered scaffold with peaks indicating the 
presence of PCL, Chitosan, and Zinc oxide, and suggestive of the interactions 
between PCL and ZnO.

[Table/Fig-9]:	 Haemolysis graph of the scaffold confirming its high haemocompat-
ibility with <5% haemolysis.

Cell Migration Assay
The fibroblast migration assay [Table/Fig-10] demonstrated time-
dependent cellular migration across the bilayer scaffold. On day 
7, no fibroblasts were detected at the well bottom, indicating 
restricted early migration. By day 14, limited fibroblast presence 
was observed, suggesting controlled and gradual cell movement. 
This delayed migration behaviour reflects the bilayer architecture, 
where the dense PCL layer provides a temporary barrier, while the 
porous CS-ZnO layer supports guided fibroblast infiltration and 
tissue regeneration.

[Table/Fig-10]:	 Cell migration assay showing the bottom surface of the culture 
plate (a) Day 7 demonstrating no detectable fibroblast migration across the scaffold, 
(b) Day 14 showing limited fibroblast presence (arrow), indicating controlled cellular 
infiltration through the bilayer structure.



Supraja Govindarajan and Arvina Rajasekar, Bilayered Chitosan-ZnO/PCL Scaffold for Implant Regeneration	 www.jcdr.net

Journal of Clinical and Diagnostic Research. 2026 Aug, Vol-20(8): ZC54-ZC595858

functional evidence of the scaffold’s barrier behaviour. The bilayer 
structure restricted fibroblast migration during the initial seven days, 
and only limited cellular presence was observed by day 14. This 
controlled cellular infiltration suggests that the dense PCL layer acts 
as a temporary barrier, while the porous CS-ZnO layer supports 
gradual cell infiltration and tissue regeneration. Such controlled 
migration is desirable for maintaining a protected regenerative 
environment during early peri-implant healing. This controlled 
migration behaviour is comparable to previously reported PCL-
based multilayer membranes [24], suggesting that the bilayer design 
may help maintain a favourable environment for early peri-implant 
bone regeneration.

Overall, the bilayered CS-ZnO/PCL scaffold demonstrated a 
synergistic combination of bioactivity and barrier function. The 
porous CS-ZnO layer provides a favourable microenvironment for 
peri-implant tissue regeneration, while the dense PCL layer restricts 
premature soft-tissue infiltration. 

Limitation(s)
The present study has certain limitations that should be 
acknowledged. Although the bilayered CS-ZnO/PCL scaffold 
exhibited promising physicochemical characteristics and 
biological performance, the findings are primarily derived from 
in-vitro evaluations. The cell migration assay was qualitative and 
lacked a quantitative assessment, which may limit the accuracy 
of interpretation. In addition, key parameters such as long-term 
degradation behaviour, mechanical stability under functional loading, 
and sustained bioactivity were not evaluated. The absence of in-vivo 
validation further restricts the direct extrapolation of these findings 
to clinical scenarios. Therefore, future investigations incorporating 
quantitative cellular analyses, detailed mechanical characterisation, 
antimicrobial evaluation, and well-designed in-vivo studies are 
essential to establish the clinical applicability of this scaffold in peri-
implant tissue regeneration.

CONCLUSION(S)
The bilayer scaffold composed of CS-ZnO/PCL demonstrated 
favourable physicochemical characteristics, excellent 
hemocompatibility, and controlled barrier function. The porous CS-
ZnO layer supports cellular interaction and may promote osteogenic 
responses, while the dense PCL layer restricts early soft-tissue 
infiltration. These combined properties address limitations of 
conventional single-layer membranes and suggest that the bilayer 
scaffold holds promise for the regeneration of implant-related 
disease defects and guided bone regeneration applications.
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