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RESEARCH ARTICLE

The eggshell membrane as a barrier membrane for guided bone regeneration
Faisal F. Alotaibia,b,c, Zainab M. AlFaltawia,c,d, Sharon R. Oyhanart a, Jonathan C. Knowles a, Francesco D’Aiutoc 

and David Y. S. Chau a

aDivision of Biomaterials and Tissue Engineering, UCL Eastman Dental Institute, London, UK; bDepartment of Oral and Maxillofacial Surgery and 
Diagnostic Sciences, College of Dentistry, Prince Sattam bin Abdulaziz University, Alkharj, Saudi Arabia; cPeriodontology Unit, UCL Eastman Dental 
Institute, London, UK; dPeriodontal Department, College of Dentistry, University of Babylon, Babylon, Iraq

ABSTRACT
Background: The eggshell membrane (ESM) is a natural resource with a distinct design and 
composition, offering structural features consistent with barrier membranes used in guided 
bone regeneration (GBR), making it a promising candidate for this application. This study aims 
to assess the feasibility of chicken and duck ESMs as GBR alternatives by comparing them with 
resorbable porcine-derived collagen (Porcine CM, Bio-Gide®) and non-resorbable dense polytetra
fluoroethylene (d-PTFE, CytoplastTM).
Methods: ESMs were extracted using a standardized protocol. Membranes were then analyzed using 
scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), differential scan
ning calorimetry (DSC), dynamic mechanical analysis (DMA), contact angle measurements (CAM), and 
cell culture-based assays.
Results: FTIR revealed similar collagen spectra among membranes. SEM showed structural similarities 
between ESMs and Bio-Gide. DSC indicated integrity maintenance at 37°C and varied storage condi
tions. CAM testing demonstrated collagen-based membranes’ higher hydrophilicity compared 
to d-PTFE. DMA analysis showed duck ESM’s superior tensile strength and Young’s modulus compared 
to chicken ESM and porcine CM. Biological evaluation revealed high compatibility with human gingival 
fibroblasts for all materials.
Conclusion: Findings illustrate a novel sustainable biomaterial that could be utilized for GBR and other 
periodontal therapies, particularly in its capacity to function as a physical barrier consistent with the traditional 
role of GBR membranes.

PLAIN LANGUAGE SUMMARY
This study investigates the potential of eggshell membrane (ESM) – the thin, collagen-rich layer found 
between the eggshell and the egg white – as a natural barrier membrane for guided bone regenera
tion (GBR) in dental surgery. GBR is a widely used technique to rebuild bone in areas where it has 
been lost, often before placing dental implants. Barrier membranes are used to protect the healing 
area and prevent soft tissue from growing into the bone defect. Currently used membranes are 
typically made from mammalian-derived collagen or synthetic materials, which can be costly, non- 
sustainable, or raise ethical concerns.

In this research, ESM from chicken and duck eggs was isolated and compared with two commercially 
available membranes: a resorbable porcine collagen membrane and a non-resorbable synthetic mem
brane. The membranes were analyzed for their physical properties, such as thickness, strength, surface 
structure, and wettability, as well as their compatibility with human gum cells in laboratory tests. The 
findings showed that ESM has favorable structural features and supports healthy cell growth, indicating 
its promise as a barrier material.

Although further testing, including studies in animals and bone-related cells, is needed, ESM could 
offer a sustainable, low-cost alternative for GBR, helping advance dental regeneration practices in 
a more accessible and eco-conscious direction.
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1. Introduction

Guided bone regeneration (GBR) is a fundamental technique 
within the field of implant dentistry, required in about 40% of 
all dental implant cases [1,2], particularly when bone volume 
is compromised due to trauma, pathology, or tooth loss. The 
technique relies on barrier membranes to prevent soft tissue 
ingrowth and to establish a secluded environment suppor
tive to selective bone regeneration [3]. The characteristics of 
an ideal membrane for GBR extend beyond the barrier effect 
to include biocompatibility, biological activity, proper poros
ity, mechanical strength, exposure tolerance, and biodegrad
ability. Membranes should also be rigid enough to resist 
compression by overlying tissues, possess handling proper
ties like elasticity, and be easily shaped to fit the desired 
bone contour [4].

Collagen-based membranes have been extensively uti
lized in GBR procedures due to their excellent biocompat
ibility, bioresorbability, natural source, and ability to support 
new bone formation. These membranes are derived mainly 
from animal or human sources and provide a scaffold that 
promotes cell attachment, proliferation, and differentiation- 
key processes for bone healing. In addition, collagen mem
branes possess distinct physical characteristics, such as ten
sile strength, flexibility, and a porous structure that facilitates 
nutrient exchange and vascularization, further supporting 
the regeneration process. Despite their widespread use, col
lagen membranes have limitations, such as variable resorp
tion rates, potential antigenicity, and high cost [5]. Dense 
polytetrafluoroethylene (d-PTFE) membranes represent 
another category of materials employed in GBR. Unlike col
lagen membranes, d-PTFE membranes are non-resorbable 
and require removal in a subsequent surgical procedure. 
Their primary advantage lies in their ability to maintain 
space effectively while being impervious to cellular and bac
terial infiltration. However, the need for a second surgery for 
membrane removal, thereby increasing both cost and 
patients’ discomfort, along with the increased susceptibility 
to exposure and infection, are significant drawbacks [6–8].

Avian eggshell membrane (ESM) is a thin, bilayered, highly 
collagenous, fibrous membrane that lies in between the minera
lized eggshell and egg white (albumin) [9,10]. It acts as a natural 
scaffold for biomineralization during the formation of an eggshell, 
with a distinctive fibrous texture on both its outer and inner 
surfaces. This structural design facilitates the mineralization of 
eggshells on the outer side while preventing the mineralization 
of egg yolk on the inner side [11]. ESMs, mainly from chicken, have 
been explored for their utility across various medical fields, includ
ing dermatology [12], ophthalmology [13], cardiology [14], and 
regenerative medicine of nerves [15], bones [16], and cartilages 
[17]. These studies have highlighted several mechanical and bio
logical characteristics of ESMs, such as excellent biocompatibility, 
unique physical properties, and a rich composition of bioactive 
molecules, which could make them suitable for GBR, offering 
a sustainable, cost-effective, and readily available resource of 
membranes.

Previous studies have investigated engineered GBR mem
branes incorporating ESM with synthetic polymers and biocera
mics [18,19]. While these show promise as affordable, eco- 
friendly alternatives to collagen membranes, the authors empha
size the need for thorough physicochemical and biological char
acterization to confirm clinical viability. Earlier studies also 
evaluated chemically treated ESMs in animal GBR models, 
though results were inconsistent [20,21]. Hence, this study aims 
to assess whether ESMs from chickens and/or ducks can provide 
a viable and sustainable alternative in GBR by comparing their 
mechanical and biological characteristics with membranes in 
current clinical practice.

2. Materials and methods

2.1. Materials

Free range, large, brown chicken eggs (Heritage BreedsTM, 
Copper Marans) and free range, king sized, white duck eggs 
(Gladys-May’s Braddock Whites, Clearance Court) were pur
chased from local supermarket (Waitrose & Partners, London, 
UK). Commercially available, porcine-derived resorbable collagen 
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membrane (Bio-Gide®, Geistlich Biomaterials, Baden-Baden, 
Germany) and synthetic non-resorbable d-PTFE membrane 
(CytoplastTM TXT-200; Osteogenics Biomedical, Lubbock, Texas, 
USA) were obtained. Acetic acid, ≥99% was purchased from 
Fisher Scientific (Loughborough, Leicester, UK). Penicillin/strep
tomycin (P/S) was obtained from Sigma-Aldrich (Poole, UK). 
Human gingival fibroblasts (HGF-1) cell line was utilized (CRL- 
2014, ATCC, LGC Standards, Middlesex, UK). Dulbecco’s modified 
Eagle medium (DMEM), fetal bovine serum (FBS), and phosphate- 
buffered saline (PBS, pH 7.2) were purchased from Sigma-Aldrich 
(Merck, Dorset, UK). CellTiter 96®AQueous One Solution Cell 
Proliferation assay (G3582) and the CytoTox 96® Non- 
radioactive Cytotoxicity Assay (G1780) were purchased from 
Promega (Southampton, UK).

2.2. ESM extraction

The extraction process is shown in Figure 1. An optimized isola
tion protocol, as previously reported [13], was followed to extract 
the chicken and duck ESM membranes. In brief, eggs were 
meticulously washed with distilled water then submerged in 
0.5 M acetic acid solution at room temperature (~19°C). After 
44 h, eggs were removed, washed with distilled water, and 
cleaned of any remaining residual shell (calcium carbonate) 
manually. The albumin and yolk were then removed, and the 
extracted membranes were washed, fully immersed in PBS, to 
prevent dehydration, and refrigerated at 4°C before use.

2.3. Membrane characterization

2.3.1. Thickness
Membrane thickness was measured using a digital caliper (Fowler/ 
Sylvac Ultra-Cal III; Fred V. Fowler, Newton, Massachusetts, US). 
Three samples of each membrane type were assessed; for each 
sample, thickness was measured at three random locations and 

recorded at the first contact, avoiding excessive pressure of the 
caliper jaws. Values were rounded to the nearest 0.01 mm and 
reported as mean and SD for each membrane.

2.3.2. FT-IR
The inner and outer surfaces of the membranes were chemi
cally characterized by examining the vibrational modes of 
their functional groups via Fourier Transform Infrared 
Spectroscopy (FT-IR) using an attenuated total reflectance 
(ATR) diamond crystal (MK1 Golden Gate, Specac Inc., 
Orpington, UK) coupled to a Perkin Elmer Spectrum One FT- 
IR spectrometer. Spectra were obtained at room temperature 
(19°C) between 400 and 4000 cm−1 at a resolution of 8 cm−1 

and as the result of four scans per sample and processed using 
the software Spectrum IR v10.7.2.1630 (Perkin Elmer). 
A background spectrum was collected immediately before 
placing the ESM onto the diamond crystal to measure the 
signal contribution of the instrument and environment to 
the membranes’ spectra.

2.3.3. SEM
The surface morphological characteristics of the specimens 
were analyzed using a scanning electron microscope (SEM) 
(Zeiss EVO HD, Jena, Germany). Prior to imaging, samples 
were cut into 12 mm discs, mounted on aluminum stubs 
using adhesive carbon tabs (Agar Scientific, Stansted, UK), 
and coated with 95% gold and 5% palladium using 
a Polaron E5000 Sputter Coater (Quorum Technologies, 
Laughton, UK). Inner and outer surfaces of the membranes 
were imaged at magnifications of 500x and 2000x and accel
erating voltage of 5 kV and working distance (WD) of 
10.15 mm ±0.23.

2.3.4. Thermal analysis
Three weighted (~10 mg) samples of each membrane were 
placed in into hermetic Tzero® Pans and Lids (TA Instruments, 
New Castle, Delaware, USA) and submitted to a temperature 
ramp of 0–400°C, at a rate of 20°C/min under a continuous 
flowrate of nitrogen gas using a differential scanning calori
meter (DCS25, TA Instruments, New Castle, Delaware, USA). An 
empty pan was used as reference during each scan and track 
variations in heat capacity of each membrane were analyzed 
using TRIOS software (TA Instruments).

2.3.5. Wettability
Hydrophilicity of both inner and outer surfaces of each mem
brane were determined by contact angle measurements using 
the sessile drop method/optical contact angle profiling. 
A droplet of distilled water (~2 μL) was deposited on the flat 
membrane surface, and the contact angle was measured using 
CAM 200 optical angle meter (KSV Instruments Ltd., Helsinki, 
Finland) at room temperature (~19°C). Each value of the con
tact angle was calculated as an average of three different 
readings taken under the same conditions.

2.3.6. Mechanical analysis
Three rectangular samples of each membrane (7 mm by 
15 mm, soaked in PBS for 2 min) were subjected to tensile 
strength testing at room temp (~19°C). The ultimate tensile 

Article highlights

● This is the first study to evaluate the structural, mechanical, and 
biological characteristics of native chicken and duck eggshell mem
branes (ESMs) as potential barrier membranes for guided bone 
regeneration (GBR).

● ESM is a naturally bilayered, collagen-rich membrane derived from 
food industry waste, offering a sustainable, cost-effective, and xeno- 
free alternative to mammalian-derived or synthetic GBR membranes.

● Structural characterization by scanning electron microscopy revealed 
a distinct Janus architecture in ESM, with a dense outer surface and porous 
inner surface—resembling clinically established bilayer GBR membranes.

● Thermal and mechanical analysis confirmed the stability of ESM 
under various physiological and storage conditions.

● In vitro cell proliferation assays using human gingival fibroblasts 
(hGF) demonstrated that both chicken and duck ESMs are non- 
cytotoxic and support healthy cell growth, comparable to Bio- 
Gide® and d-PTFE membranes.

● ESM thickness is significantly lower than that of currently widely used 
clinical membranes, yet its handling properties and surface structure 
suggest suitability for use in soft-tissue exclusion.

● The study establishes a foundation for further development of ESM- 
based GBR materials. Future work should include animal studies, 
evaluation of osteogenic potential on the rough membrane surface, 
and exploration of regulatory pathways to support the clinical trans
lation of ESM as a novel resorbable barrier membrane.
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strength and % elongation at break were obtained using the 
Dynamic Mechanical Analysis (DMA850, TA Instruments, New 
Castle, Delaware, USA) setup and TRIOS software. Young’s 
Modulus was extrapolated from the linear slope of the stress- 
strain curves. The tensile strength (UTS) and elongation at 
break were calculated as stated below in Equation 1:

2.4. Biological characterization

Human gingival fibroblasts (hGF) were cultured with DMEM 
(high glucose 4500 mg/L, L-glutamine, sodium pyruvate, and 
sodium bicarbonate, liquid, sterile-filtered, suitable for cell 
culture) supplemented with 10% (v/v) FBS and 1% penicillin- 
streptomycin under standard humidified cell culture condi
tions 37°C in 5% CO2. A standard trypsinization protocol (i.e., 
1% (v/v) Trypsin-EDTA) every 3 days was followed upon cells 
reaching sub-confluence (80–90%). Cells at passage 8 (P8) 
were used in subsequent experiments. Sample preparation 
included cutting the membranes into 5 mm discs using 
a biopsy punch before placing them into 96-well plates 

(Corning CostarTM, Thermo Fisher, Paisley, UK) and sterilizing 
them under UV light (Steristorm 2537a, Daro UV systems, 
Dartford, UK) for 20 min, each side. Samples were then soaked 
in PBS for 5 min and the hGF were seeded on the smooth 
sides of the membranes (chicken ESM, duck ESM, porcine 
derived CM, d-PTFE) or directly on tissue culture plastic as 
a control, at a density of 2 × 104 cells/cm2 in 300 μL of the 
complete growth media and incubated in 37°C and 5% CO2. 
Each group consisted of six replicates.

2.4.1. Cell Proliferation (MTS) Assay

CellTiter 96®AQueous One Solution Cell Proliferation assay 
(Promega, Southampton, UK) was used to evaluate the meta
bolic activity of the cells according to the manufacturer pro
tocol. Briefly, following incubation periods of 1, 3, 7, and 14  
days, 75 μL of Triton-X lysis buffer was added to one control 
sample to produce a negative control and incubated at 37°C 
and 5% CO2 for 40 min. Then, 50 μL of the culture media was 
transferred to a new 96-well plate to be used for LDH assay as 
described below. Thereafter, 50 μL of CellTiter One reagent 
was added to the remaining 250 μL of the culture media in 
each well. The plate was then wrapped in aluminum foil and 
incubated at 37°C and 5% CO2 for 2 h. Next, 100 μL of media 

Figure 1. Extraction protocol of the ESM (top: L-R): (1) Eggs submerged in 0.5 M acetic acid solution for 44 h. (2) Washed with distilled water. (3) Pierced with tweezers. 
(bottom L-R, 4) Yolk and albumen disposed safely. (5) Extracted ESM rinsed with water. (6) Fully extracted ESM samples (method adapted from Mensah et al., [13]).
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from each well was transferred to a new 96-well plate and 
read at 490 nm on the Infinite M200 (Tecan, Zürich, 
Switzerland) plate reader. Relative metabolic activity (cell via
bility) was normalized to the control and calculated using the 
formula below (see Equation 2) with (−) referring to the nega
tive control, i.e., untreated cells.

2.4.2. Cytotoxicity (LDH) assay

CytoTox 96® Non-radioactive Cytotoxicity Assay (Promega. 
Southampton, UK) was used to evaluate the Lactate dehydro
genase (LDH) release from the cells according to the manu
facturer protocol. In summary, 50 μL of Triton-X lysis buffer 
was added to one control sample to produce a negative con
trol and incubated at 37°C and 5% CO2 for 40 min before 
transferring 50 μL of the culture media to a new 96-well plate, 
as described above. A similar quantity (50 μL) of CytoTox 96® 
Non-radioactive Cytotoxicity Assay reagent was added to each 
well. The plate was then covered with aluminum foil, to pro
tect from light, and incubated at room temperature (~19°C) 
for a period of 30 min; once elapsed, absorbance was read at 
490 nm on the Infinite M200 (Tecan) plate reader. Relative LDH 
release (cytotoxicity) was calculated as a percentage relative to 
the positive control (+), cells treated with Triton-X-100 (0.015 
w/v) only, using the formula as shown in Equation 3.

2.4.3. Live/Dead cell viability assay

To visualize cells viability/death and to support the quantitative 
analysis, three 5 mm discs of each of the chicken ESM, duck ESM, 
porcine derived CM, d-PTFE were prepared and cultured as 
described above. The samples were then stained with Live/ 
DeadTM staining (Invitrogen Life Technologies, ThermoFisher, 
Leicester, UK) were used according to the manufacture protocol. 
In brief, at the relevant time point, the media containing the 
seeded samples was discarded, and the samples were rinsed 

with PBS. The stain was prepared by adding 20 μL of EthD-1 
(2 mM) stock solution to 10 mL PBS, combined with 5 mL 
Calcein AM (4 mM) stock solution. After 1, 3, 7 and 14-days 
incubation, 100 μL of the stain was added to each sample and 
incubated at (~19°C) for 20 min in a 96-well plate covered with 
aluminum foil. The viability/death of the cells was visualized 
using fluorescence microscopy (LEICA Instruments, Milton 
Keynes, UK) on Image Capture Pro software.

2.5. Statistical analysis

Quantitative results are expressed as mean and standard devia
tion (SD). Experiments were performed in triplicate, and gener
ated data were analyzed using GraphPad Prism version 10. 
A one-way or two-way analysis of variance (ANOVA) with 
Bonferroni’s Multiple Comparison posttest was carried out to 
compare sample means and variance among treatment groups 
and to negative controls. Results with p < 0.05 (*), p < 0.01 (**), 
p < 0.001 (***) were considered statistically significant.

3. Results

3.1. Membrane characterization

3.1.1. Thickness
Table 1 and Figure 2(A) presents the thickness measurements of 
four types of membranes. The data revealed statistically signifi
cant differences in thickness across all membrane types, with 
the porcine-derived CM being the thickest at 0.45 mm (±0.005), 
followed by the d-PTFE membrane at 0.24 mm (±0.003), the 
duck Eggshell Membrane (ESM) at 0.14 mm (±0.01), and the 
chicken ESM being the thinnest at 0.1 mm (±0.02).

3.1.2. Thermal properties
Table 1 and Figure 2(B) present thermal profiles of the four 
membranes. Collagen based membranes (i.e., chicken ESM, 
duck ESM and porcine derived CM) showed relatively similar 
profiles with an average endothermic decomposition peaks 
ranging from 130 to 170°C while for the d-PTFE membrane, 
the average value was significantly higher at 340°C (p < 0.001).

3.1.3. Mechanical properties
Table 1 and Figures 2(C–F) F, respectively, summarize UTS, 
strain (%), elongation (%), and Young’s Modulus measure
ments of the chicken ESM, duck ESM, and porcine-derived 
membranes. Data on the d-PTFE membrane could not be 

Table 1. Comparative analysis of membrane thickness, thermal profile, and mechanical properties of membrane samples (n = 3).

Chicken ESM Duck ESM Porcine CM d-PTFE

Membrane Thickness (mm) Minimum 0.082 0.126 0.442 0.238
Maximum 0.120 0.145 0.451 0.245
Mean 0.099 ± 0.019 0.136 ± 0.01 0.446 ± 0.005 0.242 ± 0.003

Thermal Profile Onset Temp (°C) 162.5 ± 9.3 159.3 ± 6.4 112.1 ± 16.9 340.7 ± 12.5
Peak Temp (°C) 169.5 ± 5.2 160.1 ± 9.7 131.6 ± 17.9 347.2 ± 8.6
Enthalpy (J/g) 1753.2 ± 167.1 1601.6 ± 103.8 7614 ± 159.3 202.3 ± 41.7

Mechanical properties UTS (MPa) 2.955 ± 0.979 4.870 ± 1.557 0.987 ± 0.335 NA
Strain (%) 47.79 ± 9.69 63.01 ± 2.25 59.69 ± 12.39 NA
Elongation (%) 38.650 ± 9.261 53.320 ± 1.910 49.330 ± 13.460 NA
Young’s Modulus (MPa) 4.028 ± 1.182 8.796 ± 3.759 1.967 ± 0.807 NA

Abbreviations: UTS: Ultimate tensile strength. 
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Figure 2. Physical and chemical characterization. (A) measurements of membranes’ thicknesses measured using a digital caliper. (B) endothermic decomposition 
peaks obtained via differential scanning calorimetry (DSC) operating with temperature ramp of 0–400°C, at a rate of 20°C/min under a continuous flowrate of 
nitrogen gas. (C) ultimate tensile strength (UTS), (D) strain, (E) elongation, and (F) Young’s modulus obtained via dynamic mechanical analysis (DMA) of rectangular 
(7 x 15 mm) samples at room temp (~19°C). (G) Fourier transform infrared spectrophotometer (FT-IR) spectra obtained at room temperature (19°C) between 400 and 
4000 cm−1 at a resolution of 8 cm−1. Vertical lines identify distinctive peaks associated with the bands; (a) amide a band observable at 3280 cm−1, (b) amide B band 
observable at 2990 cm−1, (c) amide I observable at 1620 cm−1, (d) amide II observable at 1530 cm−1, (e) amide III observable at 1240 cm−1, (f) CF2 asymmetric 
stretching observable at 1195 cm−1, (g) CF2 symmetric stretching observable at 1130 cm−1, and (h) CF2 wagging observable at 630 cm−1. (A-F) data are shown as 
mean ± SD from triplicate experiments. Statistical analysis used one-way ANOVA with Bonferroni’s post-tests. Significance levels are p < 0.05 (*), p < 0.01 (**), p < 
0.001 (***). Abbreviations: CM: collagen membrane; d-PTFE: dense-polytetrafluorethylene; ESM: eggshell membrane; UTS: ultimate tensile strength.
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obtained as the DMA machine reached its 28 mm motion limit 
(i.e., 300% elongation of the 7 mm long d-PTFE membrane 
sample) before reaching the membrane break point. 
Nevertheless, this demonstrates the d-PTFE membrane’s sub
stantial superiority in terms of mechanical properties when 
compared to the chicken ESM, duck ESM, and porcine- 
derived CM. Among the natural collagen-derived membranes, 
significant differences were observed only with regard to the 
UTS, with the duck ESM outperforming the porcine CM, and 
Young’s Modulus, where this ESM exhibited higher values than 
both the chicken ESM and the porcine CM. When making 
comparisons among the latter, duck ESM had higher UTS 
than the porcine derived CM (p < 0.01) and higher 
Young’smodulus than the chicken ESM and porcine derived 
CM (p < 0.05). All other comparisons were not statistically 
significant.

3.1.4. Biochemical properties
Figure 2(G) presents the FT-IR spectra of the inner and outer 
surfaces of four membrane types. For collagen-based mem
branes (chicken ESM, duck ESM, and porcine CM), Amide 
A (3280 cm−1) and Amide B (2990 cm−1) bands indicate hydro
gen bonds and C-H stretching. Amide I, II, and III bands (1620  
cm−1, 1530 cm−1, and 1240 cm−1) reflect high collagen con
tent. The e-PTFE membrane shows strong bands at 1195, 1130, 
and 630 cm−1, characteristic of CF2 asymmetric stretching, CF2 
symmetric stretching, and CF2 wagging.

3.1.5. Wettability
Contact angle measurements of inner and outer surfaces of 
the four membranes. An expected more hydrophilic behavior 
was noted in the natural collagen-based membranes (i.e., 
chicken ESM, duck ESM, and porcine derived CM) compared 
to the synthetic d-PTFE membrane, as reflected by the latter 
displaying values >90° (Appendix Figure 1).

3.1.6. Morphology
Figure 3(A) displays the SEM images of both surfaces of each 
membrane. For the chicken ESM, duck ESM, and porcine- 
derived CM, distinct structural differences are evident between 
the two surfaces of each membrane, with one side presenting 
a smooth architecture and the other, a rough texture. The 
smooth surfaces feature a flat, non-porous morphology with 
multiple circular bulges visible at higher magnification. 
Conversely, the rough surfaces reveal a dense, haphazard 
fibrillar network with microporous structures.

Further analysis showed that chicken and duck ESMs had 
thinner fibers and more micropores compared to porcine CM 
(Figures 3(B,C)). Statistical analysis revealed significant differ
ences in pore and fiber sizes and quantities. The d-PTFE mem
brane was non-porous with one textured side featuring 
hexagonal dimples (~150 μm).

3.2. Biological characterization

3.2.1. Cell Proliferation (MTS) Assay
Figure 4(A) depicts the relative metabolic activity of the 
human fibroblast cells expressed as a percentage of cell 
untreated and assessed using the MTS assay following 

in vitro culture on the four types of membranes for up to 
14 days. The metabolic activity of fibroblasts cultured on 
ESMs consistently trended close to or even slightly higher 
that of the untreated control group throughout the 14-day 
period. While these differences did not reach statistical sig
nificance (p > 0.05), the upward trend – most notably at Day 
14—suggests a favorable cellular response to the ESM 
materials.

3.2.2. Cytotoxicity (LDH) Assay
Figure 4(B) shows the relative LDH release from the seeded 
cells expressed as a percentage of cells treated with Triton-X 
and assessed using the LDH assay on the four membranes up 
to 14 days. Statistically significant differences were noted at 
the 3-day mark between the chicken ESM and the porcine CM, 
and at 7 days between the chicken and duck ESMs. By 14 days, 
however, the differences in LDH release among the treatment 
groups leveled off, showing no statistical difference. At this 
time point, all groups exhibited a decrease in LDH release in 
comparison to earlier observations.

3.2.3. Live/dead cell viability assay
Cells seeded on the four types of membranes were stained 
with a Live/DeadTM cytotoxicity assay kit to visualize the 
in vitro viability and cytotoxicity (Figure 4(C)). After 14 days 
of incubation with each of the membranes exhibited very high 
cell viability and contained minimal dead cells.

4. Discussion

This study aims to compare selected mechanical and biologi
cal characteristics of chicken and duck eggshell membranes 
with two widely used membranes in GBR. To our knowledge, 
this is the first study to directly compare ESMs with mem
branes commonly used in GBR: (i) resorbable porcine-derived 
CM (Bio-Gide) and (ii) non-resorbable d-PTFE membrane 
(Cytoplast). Resorbable membranes are typically used for 
cases of horizontal bone defects with no or minimal vertical 
components, while non-resorbable membranes are used for 
more extensive cases requiring longer barrier function, such as 
advanced vertical bone defects.

Measurements of membrane thicknesses shows that chicken 
ESM (0.10 mm ± 0.02) and duck ESM (0.14 mm ± 0.01) are 
approximately one-fourth the thickness of Bio-Gide and half 
that of Cytoplast. A study by Bubalo, Lazić [22] assessing the 
effect of thickness of collagen-based resorbable membranes on 
bone regeneration, demonstrated that the use of membranes 
with thicknesses of 0.1 mm and 0.2 mm was successful in 
enhancing bone defect repair in study dogs, showing signifi
cantly more newly formed bone compared to negative controls. 
Additionally, the relatively thin profile of chicken and duck 
ESMs compared to the controls affords opportunities for enhan
cing their mechanical properties, such as through techniques 
like membrane stacking or integration with other materials, 
without concern for excessive thickness. Nevertheless, such 
approaches must be carefully considered due to the Janus 
architecture of ESM, where surface orientation is functionally 
significant. Improper stacking may compromise this directional 
functionality. The lack of direct ESM-based GBR products and 
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limited in vivo data to date may, in part, reflect these chal
lenges. Therefore, in vivo studies are essential to assess whether 
ESMs, either in their unmodified state or in engineered formats, 
can meet the mechanical and regenerative demands of GBR.

FTIR analysis was performed to inspect the chemical compo
sition of the four types of membranes. The IR spectra taken from 

the inner and outer surfaces of the chicken ESM, duck ESM, and 
porcine derived CM (Bio-Gide) revealed the presence of amide A, 
amide B, amide I, amide II, and amide III bands, characteristic of 
the membranes’ high protein content, specifically collagen [23]. 
The eggshell membrane comprises two layers; a type I collagen 
predominant outer layer, in contact with the eggshell, and a type 

Figure 3. Morphological characterization. (A) scanning electronic microscopic (SEM) images of the smooth and rough surfaces of samples cut into 12 mm discs, 
mounted on aluminum stubs, and coated with 95% gold and 5% palladium at magnification of 500× and 5000×, accelerating voltage of 5 kV and working distance 
of 10.15 mm ±0.23. (B) Diameter; and (C) quantity of pores and fibers found within the samples. (B, C) data are shown as mean ± SD from triplicate experiments. 
Statistical analysis used two-way ANOVA with Bonferroni’s posttests. Significance levels are p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). Abbreviations: CM: collagen 
membrane; d-PTFE: dense-polytetrafluoroethylene; EHT: electron high tension; ESM: eggshell membrane; Mag: magnification; WD: working distance.
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Figure 4. Biological characterization. (A) cell metabolic activity; and (B) LDH release of cells cultured on samples at 104 cells per well density over 14 days. (C) 
viability and cytotoxicity demonstrated by Live/DeadTM staining of cells seeded on samples for a 14-day duration under the fluorescence microscope with the stain 
identifying live cells as fluorescent green and dead cells to fluoresce red. (A, B) data are shown as mean ± SD from triplicate experiments. Statistical analysis used 
two-way ANOVA with Bonferroni’s post-tests. Significance levels are p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). Abbreviations: CM: collagen membrane; d-PTFE: 
dense-polytetrafluorethylene; ESM: eggshell membrane; LDH: lactate dehydrogenase assay.
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V predominant inner layer, in contact with the albumin [24,25]. 
Type X collagen can also be found in both layers of the ESM [25]. 
Bio-Gide, on the other hand, is composed mainly of type I and III 
collagen [26,27]. Moreover, the presence and clarity of the amide 
I, II, and III bands suggest that the triple-helical structure of 
collagen was largely retained following extraction. Nonetheless, 
future studies should incorporate additional structural analyses, 
such as circular dichroism or the amide III/I ratio, to confirm 
preservation of native collagen and rule out partial gelatinization 
resulting from acid exposure.

Interestingly, SEM imaging showed that the structural mor
phology of the chicken and duck ESMs, in their unmodified 
state, exhibits a remarkable similarity to the intentionally engi
neered Bio-Gide membrane. This analysis showed that all 
three collagen-based membranes exhibit a bilayered structure, 
featuring a non-porous and compact layer on one side, con
trasted with a distinctly porous layer on the other. This dual- 
layer architecture plays a pivotal role in collagen membranes’ 
functionality within GBR applications. Specifically, the dense 
outer layer, oriented toward the soft tissue, acts as a barrier 
against the infiltration of epithelial cells. In contrast, the por
ous inner layer, facing the bone defect, facilitates tissue inte
gration and bone regeneration [4]. Additionally, the inclusion 
of a dense layer in the membrane is linked to a decelerated 
biodegradation process, thereby extending the membrane’s 
barrier effect [28]. The porosity of GBR membranes is also 
crucial for their function, with micro-porosity ranging from 5 
to 20 µm being deemed optimal. This size range supports 
selective cellular migration and the transport of vital biomole
cules while preventing larger entities’ passage, which typically 
occurs at pore sizes of ≥30–40 μm [7,29]. However, our analysis 
was limited to 2D SEM-based imaging, which does not allow 
for direct assessment of whether these pores are open or 
interconnected. Future studies should apply 3D imaging or 
permeability testing to confirm functional pore architecture 
and transport dynamics.

While the SEM findings demonstrate a dense, non-porous 
surface layer indicative of a barrier function, no direct perme
ability testing (e.g., cell or bacterial occlusion assays) was 
conducted in this study. Therefore, the observed structural 
features support – but do not confirm – the functional barrier 
capability of ESMs. Future studies should assess the actual 
occlusion potential using transmigration and microbial pene
tration assays to fully validate ESMs as effective barrier mem
branes. Notably, the majority of pore sizes measured in the 
ESMs were within or near the optimal 5–20 µm range recom
mended for GBR applications, which supports their potential 
for selective permeability. Additionally, while recent studies 
have explored potential bioactive roles for GBR membranes, 
the foundational concept remains that of a passive barrier – 
preventing soft-tissue invasion and preserving space for bone 
regeneration [4]. Histological evidence has yet to fully define 
the sequential cellular and molecular events within mem
brane-covered defects, and the membrane’s primary function 
continues to be physical exclusion and stabilization of the 
regenerative environment. Accordingly, our study focused on 
characterizing the ESMs’ structural morphology, surface fea
tures, and compatibility with gingival fibroblasts to evaluate 
their potential as effective passive barriers. Future work may 

explore any additional bioactive properties, but our present 
data align with the membrane’s principal mechanical and 
morphological requirements [3].

DSC technique was used to assess the thermal stability of 
tested membrane across temperature range of 0 to 400°C. The 
results indicated that all tested membranes are capable of 
maintaining their structural integrity at body temperature, as 
well as under various storage conditions, including refrigera
tion (2–4°C), and ambient temperatures (23–25°C). Notably, 
the enthalpy values for chicken and duck ESMs were substan
tially lower than those for Bio-Gide, which may indicate 
a reduced degree of collagen crosslinking or partial loss of 
higher-order structure. This difference is potentially attributa
ble to the acid extraction process used, which, while effective 
for membrane isolation, may compromise some native struc
tural integrity. Future studies using complementary techni
ques such as circular dichroism or differential scanning 
fluorimetry could provide more direct insight into collagen 
stability and folding status.

CA measurements showed significantly higher hydrophili
city of the collagen-based membranes compared to 
the d-PTFE membrane, with the porcine CM (Bio-Gide) exhibit
ing the highest hydrophilicity, followed by the duck ESM then 
the chicken ESM. Furthermore, the findings indicated that the 
surfaces with higher roughness on the bilayered membranes 
were significantly more hydrophilic than their smoother, 
opposite sides, illustrating their hydrophilic nature. Indeed, 
according to the Wenzel model [30], roughness amplifies the 
inherent wettability of a surface; thus, for materials that are 
naturally hydrophilic, rougher surfaces will exhibit lower con
tact angles and enhanced hydrophilicity. This principle may 
also account for the superior hydrophilicity of the porcine CM 
over the chicken and duck ESMs, attributable to its rougher 
surface texture and, possibly due to its greater pore size. 
Typically, surfaces with low contact angles tend to promote 
better biocompatibility and tissue integration, whereas sur
faces with high contact angles can inhibit cell adhesion and 
tissue repair [31,32]. This distinction has practical implications 
in clinical settings, recommending the smoother surface face 
the sutured wound area and the rougher surface toward the 
bone defect to enhance healing outcomes. In essence, such 
findings therefore favor the use of natural collagen-derived 
membranes compared to the d-PTFE.

The mechanical testing of the chicken ESM, duck ESM, and 
porcine-derived CM, alongside the d-PTFE membrane, showed 
significant variances in their physical properties. The inability to 
measure the d-PTFE membrane’s tensile strength within the 
constraints of our DMA machine, due to its extensive elongation 
capacity, highlights the superior mechanical strengths inherent 
to the d-PTFE membrane, a quality that is well documented 
[7,33] and readily observable through direct manipulation. 
Despite its robust mechanical features, the d-PTFE membrane’s 
non-resorbable nature, necessitating a subsequent surgical inter
vention for its removal when used in GBR, along with a higher 
susceptibility to healing complications such as exposure and 
infection, renders it less favorable for clinical use in comparison 
to resorbable collagen-based membranes [6]. The inclusion of 
the d-PTFE membrane as a control in our study aimed to provide 
a benchmark for comparison in further tests, particularly those 
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focusing on biological characterization. Measurements of ulti
mate tensile strength and Young’s modulus were conducted 
for the collagen-based membranes, serving as crucial metrics 
for assessing a material’s resistance to breakage and deforma
tion, respectively. Additionally, elongation was analyzed to deter
mine softness and elasticity, essential for membrane 
functionality. The membranes were tested in their wet state to 
mimic their application conditions in GBR practices and to 
account for the significant impact of hydration on the mechan
ical properties of collagen membranes [31]. Our findings demon
strated that the duck ESM exhibits higher tensile strength and 
Young’s Modulus compared to the chicken ESM and porcine CM, 
showing its greater capacity for spatial maintenance. It is impor
tant to note that the mechanical data were obtained from three 
replicates per group, which provides preliminary insight but may 
be underpowered given the variability typically observed in 
biological materials. Future studies should include larger sample 
sizes to improve statistical reliability. Additionally, the inability to 
complete tensile testing on the d-PTFE membrane due to equip
ment limitations precluded a full mechanical comparison. 
Employing a universal testing machine or reporting mechanical 
behavior within a standardized strain would allow better bench
marking against clinical standards.

The biological performance of the membranes was eval
uated using cell proliferation (MTS) assays, cytotoxicity (LDH) 
release measurements, and Live/Dead viability staining. Prior 
to testing, membrane samples were sterilized with UV light 
and seeded with hGF on their smooth sides. Assessments 
were conducted at 1-, 3-, 7-, and 14-days post-seeding. The 
MTS assay results showed varied cell viability across the 
membranes, but the differences were not statistically signifi
cant, indicating that all tested materials are highly compati
ble with hGF cells. The LDH assays revealed initial significant 
differences in cytotoxicity which diminished by day 14, with 
a general decrease in LDH release in comparison to earlier 
observations, indicating reduced cellular stress or damage. 
These results were qualitatively validated by the Live/Dead 
staining, which showed high viability and low death rates. UV 
light treatment of collagen membranes has been documen
ted not to affect their cytotoxicity negatively, but it has also 
been associated with altering mechanical properties, poten
tially affecting cell adhesion and proliferation [5,34]. Further 
investigation into the effects of UV light treatment is war
ranted. HGF were chosen and seeded on the smooth sides to 
mimic clinical application in which the membrane smooth 
side will be facing the soft tissue, rich in hGF. While this study 
focused on characterizing the membrane’s biocompatibility 
and passive barrier function, the structural asymmetry of the 
ESM suggests potential for bioactivity, particularly on the 
rough outer surface. Previous studies have proposed that 
this side may promote biomineralization due to its fibrous 
collagen matrix [4]. Future work should explore the osteo
genic differentiation potential and mineralization behavior of 
this surface, especially in comparison to conventional mem
branes, to assess whether ESM could actively contribute to 
bone regeneration in addition to serving as a barrier.

Although direct assessment of degradation was beyond 
the scope of this study, the degradability of ESM warrants 
discussion and has been reported in previous literature 

[10,16,20,35]. ESM is primarily composed of collagen and 
glycoproteins, which are known to undergo enzymatic 
degradation under physiological conditions. When exposed 
to proteolytic enzymes or fluid environments mimicking the 
human body, ESM gradually degrades over time. This inher
ent biodegradability is advantageous in regenerative applica
tions, as it may allow the membrane to resorb naturally 
without requiring surgical removal. This intrinsic biodegrad
ability is advantageous, as it may eliminate the need for 
membrane removal and reduce the risk of long-term foreign 
body response. Future investigations are warranted to char
acterize the in vitro and in vivo degradation kinetics of ESM 
more precisely, and to correlate these findings with tissue 
healing outcomes.

To the best of our knowledge, this study presents the first 
characterization of the duck ESM. Previous studies have thor
oughly examined the chicken ESM, as well as the porcine- 
derived CM (Bio-Gide) and d-PTFE (Cytoplast). Our results are 
generally in line with those found in previous research in terms 
of thickness measurements [13,36,37], biochemical properties 
[12,13,33,37,38], morphological structure [12,13,31,33,37,39], wett
ability [13,31,37,38], and thermal properties [12,40,41], further 
confirming their validity. Additionally, similar to past observations 
[12,13,31,39], our study confirms the high biocompatibility of 
these membranes. The literature presents a wide variety of values 
for the mechanical properties of the chicken ESM and porcine- 
derived CM, with some reporting values higher than ours and 
some reporting lower values [12,13,31,33,36–38,42,43], which 
could be attributed to differences in experimental protocols, 
such as samples’ preparation and strain.

Finally, this study contributes to the growing interest in sus
tainable, xeno-free, and culturally inclusive alternatives to mam
malian-derived materials in regenerative medicine. ESM, as an 
avian-derived, collagen-rich by-product of the food industry, is 
particularly promising in this context. It is inexpensive, widely 
available, and generally considered safe, making it especially 
attractive for use in low-resource settings or among populations 
with ethical, cultural, or safety concerns related to mammalian 
sources. As a waste-derived material, ESM also aligns with global 
sustainability goals and circular bioeconomy principles by repur
posing food industry by-products [16,44]. In line with these prac
tical advantages, ESM has demonstrated processability into 
various biomedical formats – including membranes [18,19], scaf
folds [45], soluble protein extracts [46], powdered forms [47], 
hydrogels [48], and composites [49]—broadening its translational 
potential. However, the pathway to clinical application requires 
further investigation. Key next steps include in vivo validation in 
appropriate models, assessment of regenerative and osteogenic 
potential, standardization of processing and sterilization methods, 
and long-term safety evaluations. Although the risk of zoonotic 
transmission is considered low, avian-derived biomaterials must 
still comply with rigorous safety and quality standards. Their 
regulatory classification – under frameworks such as the 
European Medical Device Regulation (MDR) [50] and US Food 
and Drug Administration (FDA) guidelines [51]—will depend on 
processing approaches and intended clinical use. Addressing 
these considerations systematically may position ESM as a viable 
class of resorbable barrier membranes for dental regenerative 
applications.
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5. Conclusion

This study suggests that chicken and duck ESMs could serve as 
viable alternatives to commonly used membranes in GBR/GTR. 
ESMs are thinner than porcine-derived Bio-Gide and d-PTFE- 
based Cytoplast, allowing for potential enhancement of 
mechanical properties through techniques such as stacking. 
They have high collagen content and a bilayered structure 
that supports tissue integration and prevents epithelial cell 
infiltration. ESMs exhibit thermal stability, hydrophilicity, 
superior tensile strength (especially in duck ESM), and high 
compatibility with human gingival fibroblasts. This study 
focused on the membrane’s established function as a passive 
barrier in GBR. Future work may investigate whether ESMs 
contribute additional biological cues to bone regeneration, 
but their mechanical and morphological characteristics alone 
support their use in this primary role.
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