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Biomimicry, the replication of natural structures, is an emerging strategy in materials engineering for developing
advanced functional materials. Reptile eggshells serve as compelling models for tunable bioinspired material
design due to their diversity in forms and functions. This study presents a modular approach to designing keratin-
based composites with customizable vapor sorption behavior. Inspired by reptile eggshells, four key biomimetic
components were reconstructed: (1) electrospun keratin membranes resembling the fibrous shell membrane, (2)
an egg protein matrix replicating the proteinaceous eggshell matrix, (3) calcium carbonate (CaCOg3) particles
introducing mineralization, and (4) a paraffin coating representing the lipid-rich cuticle layer. The modular
accuracy of these biomimetic models was validated by comparison with representative reptile eggshells through
Scanning Electron Microscopy analysis and Fourier-Transform Infrared Spectroscopy. Dynamic Vapor Sorption
(DVS) analysis confirmed that varying the CaCO3 content allows precise control over the absorption profiles,
ranging from low to high sorption values. Additionally, integrating the organic matrix and lipid coating enabled
fine-tuning of the sorption properties. The resulting biomimetic composites exhibited sorption characteristics
comparable to those of natural eggshells, including Caiman crocodilus (low absorption) and Pantherophis guttatus
(high absorption), demonstrating the effectiveness of the modular design strategy. These findings establish a
foundation for engineering advanced biocompatible materials with adaptable sorption behavior, offering po-
tential applications in moisture-regulating wound dressings, tissue engineering scaffolds, sustainable packaging,
and filtration systems.

1. Introduction [3-7]. Unlike the relatively uniform structure of avian eggshells, reptile

eggshells display a wide range of configurations driven by the wide

Biomimicry—the process of studying nature, deriving working
principles, and applying them to replicate biological systems—is a
fascinating strategy in materials science to develop advanced functional
materials [1,2]. Reptile eggshells serve as compelling models for bio-
inspired material design due to their diversity in form and function

range of breeding conditions and environmental pressures encountered
across reptilian species [3,8,9]. A limited set of building components in
reptile eggshells results in an interesting variety of material properties
such as sorption properties, mechanical performance, antimicrobial
protection, water repellency, and UV absorption [3,9,10]. Their ability
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to regulate gaseous sorption is particularly noteworthy, ranging from
prominent levels in squamate eggshells to being almost negligible in
most crocodile eggshells [8]. By deconstructing reptile eggshells into
their individual components and replicating these separate modules, we
have developed fully bio-based materials with tunable vapor sorption
properties. This modular approach enables customization of perfor-
mance and offers a sustainable, bio-based alternative to conventional
synthetic sorptive materials used in wound dressings, tissue scaffolds,
food packaging, and filtration membranes [11-23].

Eggshells are multifunctional bio-composites critical for embryonic
protection, gas and water exchange, and mineral provision [3,5,6,24,
25]. Unlike avian eggshells, reptile eggshells exhibit remarkable varia-
tion in composition and structure, reflecting adaptations to specific
breeding environments [3-6,8]. Typically, reptile eggshells consist of a
protein-rich fibrous shell membrane overlaid or interspersed with a
calcareous component [4,5,10,26,27]. The shell membrane is primarily
composed of a fibrous, protein-rich structure, often interwoven with a
matrix component that enhances its functionality [5,26,27]. The main
protein constituent of the shell membrane is keratin, but the presence of
various collagens (types I, V, and X) has also been reported [24,26,28].
The matrix component embedding the proteinaceous fibers is an organic
matrix composed of proteins, glycoproteins, and proteoglycans incor-
porated from the uterine fluid during eggshell formation [26]. Note that,
in this study, the term matrix refers specifically to all non-fibrous,
amorphous protein components in reptile eggshells as well as to the
organic matrix added to the biomimetic composites, and does not
include the fibrous keratin structure. The fiber density and matrix con-
tent of the shell membrane influence the structural support and porosity
of the reptile eggshell [3,5,8,24,26,27]. The outer inorganic component
primarily consists of calcium carbonate (CaCOs3) in its most stable calcite
polymorph [5,8,26,29], although the aragonite polymorph is also
observed in turtle eggshells [5,29]. The concentration and distribution
of CaCO3, which may be compact, diffuse, or entirely absent, vary across
species, affecting eggshell flexibility and absorptive properties [3,4,8,
10,25,30]. An additional thin cuticle layer, reported in turtles and
geckos, and less frequently in snakes and lizards, contributes to water
and gas regulation, pathogen defense, and UV protection [4,5,10,26-28,
31-34]. While extensively studied in avian eggshells, research on the
composition and function of reptilian cuticles remains limited [31].
However, the presence of a lipid component has been reported in avian
and squamate cuticles [4,31,34,35].

Water management, essential for embryonic development, is regu-
lated by a balance between environmental absorption and albumen re-
serves, and is primarily influenced by the eggshells’ level of porosity and
calcification—which vary greatly across reptile species [3,18,19,22,25,
36-40]. Highly calcified eggshells, such as those of crocodiles and tur-
tles, act as water barriers and feature larger albumen volumes, while less
calcified, absorptive eggshells, such as those of squamates, enable
environmental water uptake [36,40-44]. While our recent study [8]
linked water absorption to CaCO3 content using phylogenetic analysis,
the interplay between the proteinaceous fibrous membrane, matrix
material, and cuticle layer in regulating gaseous exchange and moisture
sorption remains underexplored. This work aims to address this
knowledge gap by systematically investigating the modular contribu-
tions of these components and translating their functional roles into
bioinspired materials with tunable properties.

To achieve this, we mimicked four key reptile eggshell components:
(1) electrospun keratin nanofibers to replicate the fibrous shell mem-
brane, (2) an organic matrix to serve as the proteinaceous eggshell
matrix, (3) CaCOs particles to introduce mineralization, and (4) a
paraffin coating representing the lipid-rich cuticle layer. Solvent elec-
trospinning was previously established as a versatile and scalable
method for fabricating keratin-based nanofibrous membranes [45-50].
Upon further optimization of the process, we were able to produce ho-
mogeneous and mechanically stable keratin nanofibrous membranes
that resemble the fibrous architecture of the inner eggshell layer [2,45,
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51,52]. These keratin membranes serve as a structural foundation, onto
which an egg protein matrix, CaCOj3 layer, and paraffin coating were
added, enabling controlled layer-by-layer assembly of the composites.
This modular design strategy allows for the systematic evaluation of
individual and combined contributions of key eggshell components to
gaseous sorption behavior, using nanofibrous membranes from extrac-
ted keratin for the first time as a biomimetic model.

This modular and bio-based platform not only offers a sustainable
alternative to conventional moisture-regulating materials, which often
rely on synthetic polymers, fluorinated treatments, or non-degradable
additives [13,23,53-56], but also leverages sourcing of keratin from
renewable materials—such as poultry feathers, wool, or textiles—for
cost-effective and sustainable production [57]. By combining biological
origin, biodegradability, and design flexibility, the composites present a
promising path toward advanced materials with multifunctional capa-
bilities, inspired by the evolved versatility of reptile eggshells [3,9,10,
36,37,39,40].

This research aims to understand the modular contributions of the
main eggshell components to water vapor sorption and translate their
variability into tunable material properties. Specifically, we hypothesize
that (1) the four biomimetic components can effectively replicate the
structural modularity of reptile eggshells, (2) the CaCO3 component
dominates the sorption properties in the biomimetic composites, effec-
tively reducing gaseous uptake as the mineral content increases, (3) the
organic matrix and cuticle layer become more influential in modifying
sorption properties when the CaCOj3 content is low, and (4) this explains
the observed variation in the sorption properties among less calcified
eggshells with similar CaCOj3 contents. By leveraging a bioinspired and
modular design, the framework introduced here provides a sustainable
and adaptable solution to challenges in wound dressing development,
tissue engineering, packaging materials, filtration processes, and other
fields reliant on tunable sorption properties [11-23,56].

2. Material and methods
2.1. Eggshell collection and preparation

Eggs from Caiman crocodilus and Pantherophis guttatus were donated
by the Zoo of Antwerp, while Python regius and Iguana iguana eggs were
acquired from the Pairi Daiza zoo. All eggs were verified to be fresh and
free of embryonic development. Following verification, the yolk and
albumen were removed, and the eggshells were rinsed with a 70 %
ethanol solution. The eggshells were stored at —18 °C until further use.
For testing, small fragments were manually cut with a scalpel from the
central region of each eggshell, specifically within the middle 50 % of
the longitudinal axis, to minimize structural variability. The CaCO3
content of the eggshells was referenced from values reported previously,
where we used light microscopy to assess the CaCOs levels in Alizarin
Red-stained eggshell samples [3].

2.2. Keratin extraction

Keratin was extracted from Merino wool through sulfitolysis,
following our method outlined in Ref. [58]. The wool was cleaned using
Soxhlet extraction to remove fatty matter, followed by thorough
washing with distilled water. For extraction, the wool was treated in a
urea (8 M, Sigma-Aldrich, reagent grade >99.5 %), sodium metabisulfite
(0.5 M, Sigma-Aldrich, reagent grade >99 %) solution under continuous
shaking at 60 °C for 2.5 h. The pH of this solution was adjusted to 6.5
using sodium hydroxide (5 M, Carlo Erba, reagent grade >97 %). The
obtained keratin solution was filtered and dialyzed against distilled
water in a cellulose dialysis tube with a molecular cut-off of 12,000-14,
000. The final keratin solution was freeze-dried into a keratin powder,
which was stored under vacuum until further use (within 1 month).
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2.3. Keratin electrospinning

Electrospinning solutions were prepared by dissolving 17 wt%
extracted keratin in formic acid (Sigma-Aldrich, reagent grade >98 %)
at room temperature under constant stirring. The solutions were elec-
trospun using a horizontal dual-needle setup (Inner diameter needle:
0.25 mm) with a centralized rotating drum collector (Length: 12 cm;
Outer diameter: 3 cm), wrapped in aluminum foil to facilitate membrane
removal (Fig. 2E). Electrospinning was performed at a constant flow rate
of 0.20 ml h™! (KD Scientific Syringe Pump, Series 100), a tip-to-
collector distance of 15 c¢m, and a positive voltage of 25 kV (Glassman
High Voltage Series, EH-b voltage source). These parameters yielded
stable and continuous nanofiber production. To enhance water stability,
the resulting keratin membranes were thermally treated at 180 °C for 2h
[59]. The resulting membranes were stored in a climatized laboratory
environment (23 & 1 °C; 25 + 2 % RH) until further use. Two different
keratin membranes, labeled A and B, were prepared from different
extraction batches but following the same sulfitolysis procedure. Esti-
mated protein secondary structure contributions of the keratin mem-
branes were based on our previous work in Ref. [45] and obtained
through FTIR deconvolution analysis. The results are provided in the
Supporting Information (Supplementary Table 1).

2.4. Biomimicry of the matrix module

To imitate the eggshell’s organic matrix, the keratin membranes
were dip-coated in aqueous solutions of egg protein powder (chicken
egg white powder, Sigma-Aldrich) with concentrations of 0.5 wt%, 1.0
wt%, and 5.0 wt% (Fig. 1A; Supplementary Table 2). Keratin
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membranes, supported by aluminum foil, were submerged in these so-
lutions for 3 h under continuous ultrasonic stirring. After dip-coating,
the membranes were dried at room temperature and removed from
the aluminum support.

2.5. Biomimicry of the mineral module

CaCO3 powder (Sigma-Aldrich, reagent grade >99.0 %) was used to
mimic the mineral component of reptile eggshells. The powder was
confirmed to be in the calcite polymorph via X-ray diffraction (XRD)
analysis (Supplementary Fig. 1A). Particle size analysis based on SEM
images (ImageJ software, n = 100) revealed a size distribution of 1-100
pm (Supplementary Fig. 1B). The powder was manually deposited on
top of the keratin membranes and gently leveled with a scalpel to form
composites with keratin — to — CaCOg ratios of 90,/10, 50/50, and 10/90,
determined by weight (Fig. 1B; Supplementary Table 2). The layers were
physically assembled without chemical bonding, using gravity to
maintain the structure during handling and measurements.

2.6. Biomimicry of the lipid module

The lipid component, typically present in the cuticle layer of reptile
eggshells, was mimicked by dip-coating the keratin membranes in
paraffin (melting temperature of 50-52 °C; Carl Roth) solutions. Ho-
mogeneous paraffin solutions with concentrations of 0.5 wt%, 1.0 wt%,
and 5.0 wt% were prepared in ethanol (VWR Chemicals®, analytical
reagent >99.8 %) at 80 °C (Fig. 1C; Supplementary Table 2). Keratin
membranes, supported by aluminum foil, were dipped in these solutions
for 1 min and dried at room temperature, after which the aluminum foil
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Fig. 1. Schematic overview of the modular fabrication methods of all investigated keratin-based composites. (A) Dip-coating process of keratin membranes in egg
protein solutions to mimic the eggshell’s matrix component, with top-view SEM image of a keratin-matrix composite membrane (~65 % egg protein). (B) CaCO3
deposition onto keratin membranes to mimic the eggshell’s mineralized layer, with top-view SEM image of a keratin-CaCO3; composite membrane (10/90 weight
ratio). (C) Dip-coating process of keratin membranes in paraffin solutions to mimic the eggshell’s lipid component, with top-view SEM image of a keratin-paraffin
composite membrane (~65 % paraffin). A full list of sample compositions is provided in Supplementary Table 2.
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Fig. 2. Schematic illustration of the general modular composition of reptile eggshells (Orange — proteinaceous, fibrous membrane with or without organic matrix;
Blue — CaCO3 component; Red - cuticle layer): (A) eggshell without CaCO3 component, (B) eggshell with a thin CaCOj3 layer, and (C) eggshell with a thick CaCO3
layer. (D) Top-view SEM image of the proteinaceous, fibrous membrane of Iguana iguana. (E) Schematic illustration of the horizontal dual-needle electrospinning
setup with centralized rotating drum collector, used for SES of extracted keratin. (F) Top-view SEM image of keratin membrane A. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)

was removed.
2.7. Scanning Electron Microscopy

A Phenom XL Desktop Scanning Electron Microscope (Thermo Fisher
Scientific) was used to visualize the modularity of the reptile eggshells
and to analyze the biomimetic composites. Imaging was performed at
accelerating voltages of 10-15 kV using a backscattered-electron de-
tector. Before analysis, all samples were sputter-coated with a 10-12 nm
layer of gold particles using a Plasmatool-SC sputter coater. Cross-
sectional SEM samples were prepared by cutting both eggshell and
biomimetic samples after submersion in liquid nitrogen.

SEM images were used to evaluate the morphology of the electrospun
keratin membranes. Nanofiber diameters were measured using ImageJ
software (n = 100) and determined as 251 + 44 nm and 286 + 49 nm for
keratin membrane A and B, respectively. To estimate the mean pore
diameter and pore height of the electrospun membranes, we applied the
analytical approach described by Eichhorn et al. (2010) [60], which
correlates nanofiber diameter and membrane density to calculate the
pore dimensions in nanofibrous membranes. The resulting values for
keratin membrane A and B are provided in Supplementary Table 3.

2.8. Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) (Mettler Toledo, TGA 2) was
conducted to estimate the percentage of egg protein and paraffin in the
biomimetic models (Supplementary Fig. 2; Supplementary Table 4). The
samples were heated from 25 °C to 600 °C at 10 °C min~" under a ni-
trogen atmosphere. The egg protein content was calculated based on the
mass loss at 600 °C, comparing the egg protein composite samples to
pure egg protein and keratin membrane A. Similarly, the paraffin con-
tent was determined by comparing the mass loss at 121 °C in the paraffin
composite samples to pure paraffin and keratin membrane B.

2.9. Fourier-Transform Infrared Spectroscopy

Infrared absorption spectra of the reptile eggshells and biomimetic
components were obtained using a Fourier Transform Infrared (FTIR)
spectrometer (Nicolet™ iS50, Thermo Scientific) equipped with an
Attenuated Total Reflectance (ATR) module. The samples were excited
using light with wavenumbers ranging from 4000 to 400 cm ™}, with a
resolution of 4 cm™! and 32 scans per measurement. Baselines were
corrected using Origin 8.5 (Peak Analyzer) and spectra were normalized
to their maximum peak.

2.10. Dynamic Vapor Sorption

The water vapor sorption of the reptile eggshells and biomimetic
models was measured using a Q5000-SA Dynamic Vapor Sorption (DVS)
apparatus from TA instruments. Samples of 2.50 + 0.50 mg were placed
in metallized quartz pans. Following a drying step at 60 °C and 0 %
relative humidity (RH), the relative humidity was increased and sub-
sequently decreased in steps of 15 %, from 5 % RH to 95 % RH, at a
constant temperature of 23 °C. Equilibrium was defined as a mass
change <0.05 % during 45 min. Sorption isotherms were generated
based on the average results of 1-3 measurements, with error bars
representing the standard deviation when multiple measurements were
performed. For Caiman crocodilus, DVS measurements were conducted
on the distinct inner and outer eggshell layer, which were separated and
gently wiped with a cotton swab to remove residue from the adjoining
surface.

3. Results and discussion
3.1. Biomimicry of reptile eggshell modularity

This study focused on replicating the structural and functional
modularity of reptile eggshells (Fig. 2A-C) to develop biomimetic

composites with tunable water vapor sorption properties. Therefore,
four primary eggshell components—proteinaceous fibrous membrane,
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organic matrix, CaCOs component, and cuticle layer—were recon-
structed using electrospun keratin membranes, egg protein powder,
CaCOj3 powder, and paraffin, respectively. The biomimetic components
were analyzed using Scanning Electron Microscopy (SEM) and Fourier-
Transform Infrared (FTIR) spectroscopy.

The fibrous shell membrane of reptile eggshells (Fig. 2D) shares
structural similarities with nanofibrous membranes produced via sol-
vent electrospinning (SES) (Fig. 2F). For instance, fiber diameters of 1.0
=+ 0.2 pm were measured for Iguana iguana eggshells (Fig. 2D) and re-
ported fiber diameters for various other reptile eggshells range from 0.2
to 4.0 pm [3,61]. To mimic this structure, keratin extracted from Merino
wool via sulphitolysis was electrospun using a horizontal dual-needle
setup (Fig. 2E). Electrospinning of keratin offers a scalable approach
for fabricating fibrous scaffolds with tunable porosity and structural
control, resulting in membranes that resemble the fibrous morphology
observed in reptile eggshell shell membranes [2,45,51,52].The resulting
keratin membranes, A and B, exhibited average fiber diameters of 251
+ 44 nm and 286 + 49 nm, respectively (Fig. 2F; Supplementary Fig. 3;
Supplementary Table 3). Beyond this achievement, the technique also
enables the design of more diverse fiber architectures found in eggshells,
such as aligned nanofibrous membranes or layered keratin sheets with
controlled nanofiber orientations [51,52,62].

The electrospun keratin membranes were functionalized with an
organic matrix to mimic the protein-rich component embedding the
fibrous shell layer in reptile eggshells (Fig. 1A). Dip-coating in aqueous
solutions of dried chicken egg white powder, which contains proteins
such as ovalbumin, lysozyme, and ovotransferrin—analogous to
reptilian "egg white" proteins [26,28]—resulted in membranes with
~20 %, ~30 %, and ~65 % egg protein by weight (Fig. 1A; Supple-
mentary Fig. 4). The egg protein content was quantified using Ther-
mogravimetric Analysis (TGA) (Supplementary Fig. 2; Supplementary
Table 4).

To model the calcareous component, a thick outer layer composed of
CaCOs in its calcite polymorph [5,26,29] was deposited onto the keratin
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membranes (Fig. 1B; Supplementary Fig. 1). While this approach does
not result in a chemically bonded or structurally integrated mineral
phase, it enabled modular investigation of the influence of the mineral
component on water vapor sorption.

The reptilian cuticle, although not fully characterized to date, is
known to contain a lipid constituent [4,31,34,35]. Paraffin, due to its
simple hydrocarbon-based nature, was selected as an initial biomimetic
substitute for this component and applied to the keratin membranes via
dip-coating in varying concentrations (~15 %, ~20 %, and ~65 % by
weight; Fig. 1C; Supplementary Fig. 5). Future studies will involve an
in-depth investigation of the reptilian cuticle layer to aid in the selection
of more biologically relevant lipid analogues and the replication of the
cuticle microstructure to accurately mimic its surface topography [31,
34].

By systematically combining the organic matrix, mineral layer, and
lipid coating with the keratin membranes in varying concentrations, a
diverse range of biomimetic architectures was obtained. Fig. 3 presents
cross-sectional SEM images of representative composites developed in
this study, alongside the reptile eggshells that served as their biological
templates (Supplementary Fig. 6).

Python regius and Iguana iguana eggshells (Fig. 3D and E) are mainly
composed of proteinaceous fibers, with a negligible amount of matrix
material and low CaCOs3 content (6 % and 1.5 %, respectively). The
nanofibrous structure of the biomimetic keratin membranes (Top-view:
Fig. 2F, Cross-sectional view: Fig. 3A) captures the general fibrous
microstructure observed in these eggshells (Top-view: Fig. 2D, Cross-
sectional view: Fig. 3D and E). While some structural differences are
observed—such as heterogeneity in fiber morphology and fiber clus-
tering, which are not present in the uniformly distributed keratin
nanofibers—this work aims to reproduce the modular composition and
functionality of the eggshells in view of mimicking their water vapor
sorption properties, rather than their exact microstructural arrange-
ment. The uniformity and homogeneity of the electrospun fibers—while
differing from the natural heterogeneity seen in reptile eggshells—are,

CROSS-SECTIONAL VIEW OF BIOMIMETIC COMPOSITES

\ .

Python regius 100 pm

CROSS-SECTIONAL VIEW OF REPTILE EGGSHELLS

Iguana iguana

Pantherophis guttatus S0um

Caiman crocodilus 500 pm

Fig. 3. Cross-sectional SEM images of biomimetic composites and the reptile eggshells that served as their reference (oriented with their outer surface at the top). (A)
Keratin membrane B vs. (D) Python regius and (E) Iguana iguana; (B) Keratin membrane A enriched with egg protein matrix vs. (F) Pantherophis guttatus; (C) Keratin
membrane B with CaCO3 layer vs. (G) Caiman crocodilus. Color overlays: Orange — proteinaceous, fibrous membrane with or without organic matrix; Blue — CaCO3
component. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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in fact, advantageous for membrane applications, as this reduces local
variability in material performance and improves reproducibility and
reliability.

In contrast, the Pantherophis guttatus eggshell (Fig. 3F), which
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features a substantial amount of organic matrix, served as a reference for
developing keratin membranes enriched with an egg protein matrix
(Fig. 3B). The addition of this matrix increased the membrane’s struc-
tural density, thereby successfully mirroring the composite character of
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Fig. 4. Top - FTIR spectra of the biomimetic modules: keratin membrane A, egg protein powder, CaCO3 powder, and paraffin, with characteristic absorption peaks
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Arbitrary units. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the natural reptile eggshell.

A highly mineralized eggshell, such as that of Caiman crocodilus
(Fig. 3G), which contains approximately 90 % CaCOs, was used as a
reference for developing mineralized keratin composites (Fig. 3C).
Depositing CaCOs3 powder onto the keratin membranes yielded a
modular composite that captures the key compositional features of its
natural counterpart and enabled the study of sorption behavior in highly
calcified systems. Nevertheless, future studies will explore advanced
strategies to more closely replicate the mineral microstructure in reptile
eggshells as to understand its possible relation to performance. This
includes controlled biomineralization as the mineral layer in reptile
eggshells is known to grow directly from the proteinaceous layer [5,28,
63-65].

In summary, the developed biomimetic models effectively replicate
the modular nature of reptile eggshells, demonstrating their potential
for tunability and application-driven material engineering using bio-
based materials. A future research direction includes the production of
keratin-based composites combining all four biomimetic components
(keratin, matrix, CaCOs and lipid) and varying their respective con-
centrations to further increase the structural and functional diversity.

3.2. Chemical analysis of the biomimetic composites

Fourier-Transform Infrared (FTIR) spectroscopy was used to analyze
the individual biomimetic modules and compare their chemical
composition to representative reptile eggshells, assessing their bio-
mimetic resemblance.

The FTIR spectra of the keratin membranes (Fig. 4, Top; Supple-
mentary Fig. 3), designed to mimic the proteinaceous shell membrane,
display characteristic amide vibration modes. The broad absorption
band around 3300 cm™! is related to amide A groups, specifically the
stretching vibrations of N-H bonds and O-H bonds [32,45,47,66]. The
C=0 stretching vibrations of Amide I are observed around 1650 cm !
[45,47,66]. Amide IIl and Amide IV are mixed vibrational modes. Amide
III arises from the out-of-phase combination of in-plane N-H bending
and C-N stretching vibrations (1540-1510 cm’l), while Amide IV re-
sults from the in-phase combination of N-H in-plane bending and C-N
stretching vibrations, with minor contributions from C-C stretching and
C=O0 bending vibrations (1250-1200 em™ ) [45,47,66]. These features
closely match the FTIR spectra of the eggshell surfaces of Iguana iguana
(inner and outer), Python regius (inner), and Caiman crocodilus (inner)
(Fig. 4, Bottom), confirming the predominantly keratinous nature of the
natural shell membranes. However, minor contributions from other
structural proteins, such as collagens [24,26,28], may be present in
eggshell membranes. Notably, the dual needle SES setup (Fig. 2E) used
in this study enables co-electrospinning of multiple proteinaceous
components, such as keratin and collagen, which could further enhance
the chemical accuracy of the biomimetic model [24,46]. Furthermore,
the absorption peak at 1024 cm ™! on the FTIR spectra of the keratin
membranes (Fig. 4, Top) corresponds to the symmetric S-O stretching
vibrations of Bunte salt residues from the keratin sulfitolysis extraction
process [45,47].

The egg protein powder (Fig. 4, Top), used to enrich the biomimetic
composites with an organic matrix, also exhibits the amide vibration
modes. These peaks are supplemented by particularly strong C-H
bending and stretching vibration peaks (2950-2850 cm’l) [67,68]. The
absorption peak at 1744 cm™? is attributed to the stretching vibrations
of C=0 groups [8,69]. The FTIR peak around 1460 cm™! is associated
with carboxylate groups from amino acid residues [32], and bending
vibrations of methyl groups [70]. Symmetric carbon-hydrogen bending
vibrations of CHg groups appear at 1385 cm™! [67,68], while the peak at
1160 cm™! corresponds to C-H bonds [8]. The broad band around
1100-990 cm ! is linked to the C-O stretching modes of polysaccharides
[32,34] and the absorption peak at 970 em ™! suggests the presence of
phosphate groups [8,34,70]. These features align with the FTIR spectra
of the matrix-rich Pantherophis guttatus eggshell (Fig. 4, Bottom),
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supporting the validity of this module in mimicking the organic matrix.
However, natural variations in protein composition among reptile egg-
shells suggest that fine-tuning the blend of matrix proteins could further
improve biomimetic accuracy [26,28].

CaCO3 powder (Fig. 4, Top), representing the mineral layer, exhibits
characteristic calcite absorption bands at 1393 em! (v3), 872 cm ! (v2),
and 712 em™! (vy) [64,71-73], closely aligning with the FTIR spectra of
the outer eggshell surfaces of Caiman crocodilus and Python regius (Fig. 4,
Bottom). Furthermore, the modular nature of this model allows for
additional refinement to expand its versatility. For instance, alternative
CaCOj3 polymorphs, such as aragonite—found in some turtle eggshells
[5,29]—or a dispersed mineral phase grown directly from the keratin
nanofibers [5,28,63-65], could enable biomimetic resemblance to a
broader range of natural eggshells. These possibilities reinforce the
adaptability of this biomimetic platform in replicating diverse eggshell
compositions and structures.

The paraffin coating (Fig. 4, Top), included to represent the lipid
constituent of the reptilian cuticle, exhibits characteristic C-H stretching
(2950-2850 cm_l), C-H deformation or bending vibration (1470 em™h),
and CH; rocking absorption (720 cm ) [67,68]. However, these peaks
are not distinctly observed in the FTIR spectra of the investigated reptile
eggshells, which lack a well-defined cuticle, as confirmed by SEM
analysis (Fig. 3D-G). Since the precise composition and concentration of
reptilian eggshell cuticles remain poorly understood [31], refining the
biomimetic model of this component will require further investigation
into its chemical profile and functional role. Nevertheless, with its
simple hydrocarbon backbone, paraffin serves as an initial, chemically
relevant, analogue for the lipid component in the cuticle, providing a
reliable model to assess the impact of the lipid-containing layer on the
sorption properties of reptile eggshells.

3.3. Analysis of gaseous sorption behavior of the biomimetic composites

We previously reported the vapor sorption properties of 62 reptile
eggshells [8]. Fig. 5 illustrates their sorption profiles as determined by
Dynamic Vapor Sorption (DVS), color-coded to emphasize the effect of
the CaCOs3 content on their sorption properties. The 22 eggshells with
less than 10 % CaCOj3 exhibit gaseous absorption ranging from 15 % to
42 %, whereas the 6 eggshells with over 90 % CaCOs display a much
narrower absorption range of 1-4 % (Fig. 5). Thus, although the CaCO3
component is the dominant factor controlling the vapor sorption prop-
erties in highly calcified eggshells, significant variation is still observed
among eggshells with lower CaCOs3 contents, suggesting that additional
chemical or structural factors influence their sorption behavior. To

S0 <10% CaCOs
345 B 10% — 50% CaCOs
= 40
s B 50% — 90% CaCO:3
S 35

Il > 90% CaCOs

Relative Humidity [%]

Fig. 5. Absorption profiles of 62 reptile eggshells, measured from 5 % RH to 95
% RH (at 25 °C), with color-coding to indicate their CaCO3 content. Adapted
from Ref. [8]. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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explore this, we investigated the contributions of the key eggshell
components—namely the proteinaceous fibrous layer, organic matrix,
CaCO3 component, and lipid coating—using the previously described
biomimetic models.

As a first step, the vapor sorption behavior of the pure biomimetic
modules—Kkeratin membranes A and B, egg protein powder, CaCO3
powder, and paraffin—was investigated (Fig. 6A). The keratin mem-
branes and egg protein powder show high absorption values of 44 + 0.7
%, 33 + 1.2 %, and 35 £+ 0.2 % at 95 % RH, respectively (Fig. 6A;
Supplementary Table 5). The difference in gaseous absorption between
pure keratin membrane A (44 + 0.7 % at 95 % RH) and B (33 £ 1.2 % at
95 % RH) highlights how small variations in composition and structure
can significantly influence the gas exchange properties. These differ-
ences may arise from minor variations in keratin batch composition,
protein folding, or possible aging effects (Supplementary Table 1) [45,
59,74,75]. Additionally, morphological differences in the nanofibrous
membranes, such as nanofiber diameter or porosity, may contribute to
the observed variation in gaseous sorption (Supplementary Table 3).
Both the molecular and morphological characteristics of the electrospun
keratin membranes can be modulated by tuning the electrospinning
parameters, including the solvent system, applied voltage,
tip-to-collector distance, flow rate, and collector rotation speed [45,51,
52]. This tunability represents a first step toward replicating the
nuanced permeability variations observed in reptile eggshells and
demonstrates the potential of electrospun keratin membranes for ap-
plications requiring tunable vapor sorption behavior [2,51,52].

The absorption isotherms of the keratin membranes and egg protein
powder are classified as Type III by IUPAC, characteristic of
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macroporous and non-porous absorbents with strong absorbate-
absorbent interactions [76,77]. This behavior aligns with the large
molar weight, considerable number of polar groups, and numerous po-
tential hydrogen bonding sites in protein and peptide structures, which
promote strong interactions with water molecules [74,77]. Significant
water vapor absorption/desorption hysteresis was observed for the
keratin membranes compared to the other biomimetic modules
(Supplementary Fig. 7; Supplementary Table 5; Supplementary Table 6).
Classified as type H-3 loops by IUPAC, this hysteresis is typically asso-
ciated with irreversible covalent sorbate binding, capillary condensation
in pores, slow equilibration, or structural relaxation of the sorbent [74,
76]. SEM images revealed morphological changes in the keratin mem-
branes after the DVS measurements, supporting the hypothesis that
structural relaxation is the primary mechanism underlying the observed
hysteresis (Supplementary Fig. 8).

In contrast to the proteinaceous modules, CaCO3 exhibits a very low
absorption of 0.2 + 0.03 % at 95 % RH (Fig. 6A; Supplementary
Table 5), consistent with reptile eggshells containing over 90 % of
CaCOs (Fig. 5). This is consistent with its crystalline, inorganic structure,
which limits the number of available sites for sorption [78]. Similarly,
paraffin displays low absorption of 0.2 + 0.02 % at 95 % RH (Fig. 6A;
Supplementary Table 5), which can be attributed to the absence of ab-
sorption sites on its hydrocarbon backbone [79]. The absorption iso-
therms of both CaCOs3 and paraffin are classified as Type II by IUPAC,
representing absorption on macroporous and non-porous absorbents
with weak absorbate-absorbent interactions [76].

To examine the influence of the CaCO3 content on the overall sorp-
tion properties, varying amounts of CaCO3 (10 %, 50 %, and 90 % by
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Fig. 6. Absorption profiles measured from 5 % RH to 95 % RH (at 23 °C) for (A) pure biomimetic modules, including a zoomed-in view from 65 % RH to 95 % RH for
CaCO3 powder and paraffin, (B) combinations of keratin membrane B with varying amounts of CaCO3 (10 %, 50 %, and 90 % by weight), (C) combinations of keratin
membrane A with varying amounts of egg protein (~20 %, ~30 %, and ~65 % by weight, as estimated using TGA results), and (D) combinations of keratin
membrane B with varying amounts of paraffin (~15 %, ~20 %, and ~65 % by weight, as estimated using TGA results).
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weight) were layered onto keratin membrane B (Fig. 6B). As hypothe-
sized, the full range from high to low absorption values—29 % for 10 %
CaCOs3, 17 % for 50 % CaCOs, and 3.1 % for 90 % CaCOs3 at 95 %
RH—could be achieved by varying the CaCO3 content (Supplementary
Table 5), demonstrating a tunable sorption response.

Subsequently, the effect of incorporating an organic matrix was
examined (Fig. 6C). Since both the egg protein matrix and the keratin
membranes are protein-based, they share general chemical character-
istics such as polar functional groups and hydrophilic domains. This
underlies the comparable absorption isotherms observed at low to
moderate relative humidity (up to 65 % RH). In this range, the com-
posite samples show intermediate moisture uptake, with increasing egg
protein content shifting the sorption profile toward that of the egg
protein. However, above 65 % RH, moisture uptake in the composites
declines relative to the pure egg protein. This behavior likely arises from
the reduced pore volume and restricted diffusion pathways caused by
matrix integration, which may hinder water vapor penetration [74,76,
77].

Finally, the influence of a lipid component was assessed by inte-
grating a paraffin coating onto keratin membrane B (Fig. 6D). Due to the
stark contrast in vapor absorption between the pure keratin membrane
and paraffin, variation of the paraffin concentration allows for sub-
stantial modulation of sorption properties. Absorption reductions range
from approximately 4 % for ~15 % paraffin addition to around 19 % for
~65 % paraffin addition. However, the substantial reduction in ab-
sorption observed in the composite containing ~65 % paraffin does not
match the maximal sorption decrease observed in reptile eggshells with
limited CaCOj3 content. This discrepancy likely stems from the relatively
low lipid concentration in reptilian cuticles, which has been reported as
very low to negligible in some squamates [31] and around 3 % in
chicken eggshells [31,32,80].

The influence of adding CaCO3 and matrix components to the
keratin-based fibrous membranes was further evaluated by comparing
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the sorption behavior of the composite biomimetic models to the egg-
shells of Caiman crocodilus and Pantherophis guttatus (Fig. 7). The Caiman
crocodilus eggshell represents a reptile eggshell with a proteinaceous
fibrous membrane containing a low matrix concentration and approxi-
mately 90 % CaCOs (Fig. 7B and C). The vapor sorption of this eggshell
was compared to that of the biomimetic model containing 10 % keratin
membrane B and 90 % CaCO3 by weight (Fig. 7A). The maximum ab-
sorption value of the biomimetic model, 3.1 %, aligns closely with the
maximum absorption value of 5.1 + 0.3 % observed for the Caiman
crocodilus eggshell (Supplementary Table 5). To further analyze the
contributions of individual eggshell components, the Caiman crocodilus
inner proteinaceous membrane and outer calcareous layer were exam-
ined separately using DVS analysis (Fig. 7A). The inner membrane ex-
hibits an absorption value of 44 + 1.4 % at 95 % RH, while the outer
layer has a much lower absorption value of 1.4 + 0.3 % at 95 % RH
(Supplementary Table 5). These values correspond well to those of the
respective biomimetic modules: 33 + 1.2 % for keratin membrane B and
0.2 + 0.03 % for CaCOs3 (Supplementary Table 5). It should be noted
that, in contrast to the natural mineral component in reptile egg-
shells—where the CaCOg is grown directly from the underlying fibrous
layer via biomineralization [25,28,63]—our CaCO3 component was
deposited as a discrete surface layer composed of calcite particles.
Future work will explore advanced strategies to more closely replicate
the mineral microstructure in reptile eggshells as to understand its
possible relation to performance.

The Pantherophis guttatus eggshell, which contains a high organic
matrix content, was used as a reference for evaluating the sorption
behavior of the biomimetic composite model of a keratin membrane
embedded in an egg protein matrix (Fig. 7E and F). The absorption
isotherm of the eggshell aligns almost perfectly with that of the bio-
mimetic model containing ~65 % egg protein up to 80 % RH (Fig. 7D).
At relative humidity above 80 %, the model’s absorption values start to
diverge, likely due to differences in chemical or structural composition

2 # « *
500 pm 100 ym

Pantherophis guttatus 50um 50 ym

Fig. 7. (A) Absorption profiles measured from 5 % RH to 95 % RH (at 23 °C) for the Caiman crocodilus eggshell, its inner layer (IL), and its outer layer (OL), compared
to the biomimetic model consisting of keratin membrane B with CaCO3 in a 10/90 weight ratio. (B) Cross-sectional SEM image of the Caiman crocodilus eggshell
oriented with its outer surface at the top. (C) Cross-sectional SEM image of the biomimetic approximation of the Caiman crocodilus eggshell i.e., keratin membrane A
with CaCOj3 layer. (D) Absorption profiles measured from 5 % RH to 95 % RH (at 23 °C) for the Pantherophis guttatus eggshell, compared to the biomimetic model
consisting of keratin membrane A with ~65 % egg protein. (E) Cross-sectional SEM image of the Pantherophis guttatus eggshell, oriented with its outer surface at the
top. (F) Cross-sectional SEM image of the biomimetic approximation of the Pantherophis guttatus eggshell i.e., keratin membrane B with egg protein matrix.
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arising from the model’s simplified design [76].

Finally, absorption/desorption hysteresis of the biomimetic com-
posites corresponds well to that of the examined reptile eggshells
(Supplementary Fig. 7; Supplementary Table 5; Supplementary Table 6),
further validating the accuracy of the moisture sorption behavior of the
models.

The DVS results support the hypothesis that the CaCO3 component
predominantly governs vapor sorption properties, acting as an effective
barrier against environmental moisture uptake. Highly mineralized
reptile eggshells, such as those of Caiman crocodilus (89 % CaCOs)
(Fig. 5; Fig. 7A), exhibit minimal vapor absorption (<5 %), relying
primarily on their albumen as a water source for embryonic develop-
ment [40-42]. This trend is accurately replicated in the biomimetic
keratin—-CaCOs3 composites, where increasing the CaCO3 content from
10 % to 90 % results in a proportional decrease in vapor sorption
(Fig. 6B), fully encompassing the range observed in natural eggshells
(Fig. 5).

In contrast, weakly calcified eggshells exhibit higher permeability,
allowing greater water vapor passage through their porous structure
[36,40,42]. However, considerable variation in vapor absorption is also
observed among weakly calcified reptile eggshells with similar CaCO3
contents. For instance, at 95 % RH, absorption ranges from ~15 % in
Xerotyphlops vermicularis (0.5 % CaCO3) and Scincus scincus (29 %
CaCOs3) eggshells to ~40 % in Iguana iguana (1.5 % CaCOs3) and Varanus
griseus (15 % CaCOs3) eggshells (Fig. 5). This variation can be explained
by differences in matrix content or the presence of a cuticle layer [8].
Incorporating an organic matrix into the biomimetic models resulted in
absorption values ranging between ~25 % and ~40 % at 95 % RH
(Fig. 6C), aligning with trends observed in natural eggshells. Further
reductions in vapor absorption were achieved by integrating a lipid
coating (Fig. 6D) [79]. However, the limited concentration of lipids in
natural reptile cuticles limits its impact on the sorption properties [4,31,
34,35]. Together, these findings support the hypothesis that while
CaCOj3 is the dominant factor governing eggshell permeability, the
organic matrix and lipid components modulate water vapor sorption
within eggshells with low to moderate calcification.

The developed biomimetic models accurately reproduce the vapor
sorption trends of representative reptile eggshells, demonstrating their
ability to tune water vapor properties over a wide range. These models
not only offer new insights into the interplay of eggshell components in
regulating permeability but also provide a robust platform for designing
materials with tailorable moisture absorption. Notably, this was ach-
ieved without the need for exact microstructural replication of the
natural templates, highlighting that functional modularity and tunable
sorption behavior can emerge from simplified, yet strategically
designed, component integration.

3.4. Application potential

The developed biomimetic composites offer a bio-based, modular
platform for the production of advanced materials with tunable sorption
properties. This approach enables precise control over moisture uptake
through modular design, rather than relying on synthetic polymers,
fluorinated surface treatments, crosslinkers, or non-biodegradable ad-
ditives, as is often the case in conventional moisture-regulating mate-
rials [13,23,53-56].

These characteristics open promising avenues for use in biomedical
applications, particularly in wound healing and tissue engineering. The
developed nanofibrous keratin membranes mimic the inner shell mem-
brane of reptile eggs, which shares both structural and biochemical
features with the human extracellular matrix [11-19]. The porous,
interwoven fibrous network promotes gas exchange and provides a
physical barrier against bacterial infiltration, while keratin’s intrinsic
properties—blood compatibility, biodegradability, and the presence of
cell adhesion sequences—facilitate cell attachment and proliferation
[11-13,19]. The tunable vapor sorption behavior of the composites is
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particularly valuable for addressing key limitations of conventional
wound dressings. An effective dressing must balance fluid absorption
with controlled moisture transmission to maintain an optimal healing
environment—one that is moist enough to promote tissue regeneration
but not so wet as to cause maceration [13,16,17]. In addition, adequate
gaseous permeability—particularly for oxygen and carbon dioxide—is
essential for cellular respiration during healing, underscoring the
importance of porosity control in dressing design [13,16]. The incor-
poration of CaCOs3 into the biomimetic composites further allows tuning
of the pore architecture and introduces calcium ions that can support
bone regeneration, offering additional benefits for tissue engineering
applications [18,22,54].

Beyond biomedical use, the biodegradability and tunable barrier
properties of these composites also make them attractive for sustainable
filtration and packaging applications [20,23,81]. Their biodegradable
nature and customizable performance offer alternatives to
petroleum-based or non-degradable materials, aligning with the
growing demand for eco-friendly technologies [20-23,56,81].

Another key advantage of the biomimetic composites lies in
exploring the broader multifunctionality observed in reptile eggshells.
In addition to tunable gas and vapor sorption, natural eggshells exhibit
antimicrobial, mechanical, and UV protection [3-5,9,10]. Future studies
will explore whether similar tunability can be achieved for these ma-
terial properties by adjusting the composition or morphology of our
composites.

While the present work demonstrates tunable sorption performance,
the system remains a simplified model with practical challenges. Such
limitations include the loose deposition of the CaCO3 layer and the need
for stronger integration between modules. Additionally, while initial
sorption results are promising, in vivo studies and durability testing in
relevant environmental conditions are required to translate these ma-
terials from lab models to clinical or industrial use.

Despite these challenges, the present study highlights the potential of
bioinspired, modular materials to deliver sustainable alternatives to
current technologies. By expanding the structural complexity and
functional tunability of these composites, we aim to approach the
remarkable versatility of reptile eggshells and unlock new directions in
material design.

4. Conclusion

This study demonstrates a modular biomimetic approach to
designing keratin-based composites with tunable gaseous sorption
properties. Inspired by the structural diversity of reptile eggshells, we
systematically constructed key eggshell components—including elec-
trospun keratin membranes, an organic matrix, a CaCOg3 layer, and a
lipid coating—to develop bioinspired materials with controllable vapor
absorption. The biomimetic models were benchmarked against repre-
sentative reptile eggshells using Scanning Electron Microscopy (SEM)
and Fourier-Transform Infrared (FTIR) spectroscopy, confirming the
accuracy of their modular design.

Through Dynamic Vapor Sorption (DVS) analysis, we further vali-
dated this modular design strategy by demonstrating that the sorption
behavior of the biomimetic composites closely aligns with representa-
tive eggshells from Caiman crocodilus (low absorption) and Pantherophis
guttatus (high absorption). Additionally, we established that the CaCO3
component is the dominant factor in modulating vapor absorption, as
higher mineralization decreases sorption capacity. However, in com-
posites with low CaCOj3 content, the organic matrix and lipid component
play a crucial role in fine-tuning sorption properties, mimicking the
nuanced sorption control observed in natural eggshells.

These findings highlight the potential of the bioinspired keratin-
based composites as functional, tunable materials for applications that
require precise moisture management. The combination of biocompat-
ibility, biodegradability, and the ability to upcycle keratin-rich waste
further enhances their relevance for sustainable wound dressings, tissue
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engineering scaffolds, packaging, and filtration systems. This work un-
derscores the value of a modular biomimetic design approach in engi-
neering next-generation bioinspired materials with customizable
properties.
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