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Micro/Nanoarchitectonics of Ethanol-Unfolded Keratin for
Dual-Function Biodegradable Nonwovens

Ruiyan Ni, Qiong Deng, Jiawen Zhang, Qinfei Ke, Chenchen Zhou,* Nam-Joon Cho,*

and Yi Zhao*

Nonwoven-based soilless cultivation holds promise for the cleanup of polluted
brownfield areas, yet current substrates remain limited by single-functionality
and inefficient pollutant removal. Existing surface-functionalized methods
often require harsh pretreatment, toxic chemicals, or fall short in interfacial
stability, thereby compromising material performance and biocompatibility.
Here, a biodegradable Feather Keratin (FK)-functionalized planting geotextile
is introduced through a simple and green ethanol-induced self-assembly
process. Ethanol triggers FK molecular unfolding and promotes strong
non-covalent adhesion onto jute and polylactic acid fibers, forming a uniform
and robust coating without altering the underlying nonwoven structure.

The resulting FK-functionalized nonwovens (FKNWSs) exhibit a full transition
to superhydrophilicity (water contact angle 121° to 0°), a 3.2 fold increase

in liquid retention, and significant mechanical reinforcement (1.8 and 2 fold in
the machine and cross directions). Furthermore, the FKNW delivers dual func-
tionality by supporting vigorous plant growth and removing organic pollutants
(43.5 mg g") while retaining over 90% of protein loading and adsorption
capacity after 20 flushing cycles. Owing to its straightforward fabrication, low
cost, biodegradability, and integrated cultivation—-remediation performance,
FKNW represents a practical and scalable solution for the sustainable
management and ecological restoration of contaminated brownfield sites.

Brownfield sites, often contaminated by in-
dustrial waste, hazardous substances, and
decaying infrastructures, pose serious en-
vironmental and public health risks.>?!
These sites are also associated with so-
cioeconomic disadvantages in surrounding
communities, including property devalua-
tion and environmental injustice.l**] There-
fore, the remediation and redevelopment
of brownfield sites are imperative for sup-
porting sustainable transition and improv-
ing urban ecosystem services. Although tra-
ditional remediation strategies can remove
toxic chemicals, reclaim contaminated land
for reuse, and mitigate urban sprawl, their
net detrimental environmental impact may
exceed that of inaction.!®]
Phytoremediation is an innovative, eco-
nomical, and eco-friendly technology that
relies on plants to remediate contami-
nants in soil or groundwater.” Among phy-
toremediation techniques, soilless cultiva-
tion offers an effective solution to soil-
related limitations by minimizing the im-
pact of soil-borne pollutants on early root
growth and improving plant resilience
to environmental stress during the crit-
ical seedling stage.®! Nonwovens have

1. Introduction

The emergence of brownfield sites in the cores of industrialized
urban centers is increasing due to urban-planning constraints
or land-use restrictions. It is estimated that there are more than
5 million of these potentially polluted brownfield sites globally.!]

attracted considerable attention in plant cultivation owing to their
distinctive characteristics, including high porosity and air per-
meability, excellent mechanical properties, scalability, and robust
water absorption and retention capabilities.[l However, the biore-
mediation effect of plants is confined to the rhizosphere, making
it challenging to remediate brownfield sites where contaminants
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Figure 1. Fabrication and application of the feather keratin-functionalized nonwovens (FKNWs). a) Schematic illustration of the fabrication process of
FKNWs, including fiber web formation, solidification, and keratin functionalization. b) Schematic showing the applications of FKNW:s in plant cultivation

and pollutant removal.

typically extend far beyond root zones. In addition, conventional
nonwoven substrates are chemically inert and possess limited ad-
sorption sites, resulting in single-functionality and insufficient
pollutant removal capacity in complex environmental settings.
Nature has long served as a rich reservoir of valuable resources
for developing functional materials and advancing sustainable
technologies.!112] Feather keratin (FK) from livestock wastes,
renowned for its biodegradability and unique macromolecular
structure, exhibits universal molecular adhesion properties and a
strong capacity to bind a wide range of contaminants in polluted
environments.[*-16] Recent advances in keratin-based materials
suggest that keratin exhibits surface-independent anchoring be-
havior via multiple molecular interactions, including van der
Waals (VDW) forces, hydrophobic interactions, hydrogen bond-
ing, and other attractive interactions. Liu et al.l'’] successfully
fabricated multifunctional keratin-functionalized polyamide 66
fabrics through the interaction with oxidized tannic acid, fol-
lowed by metal ion chelation. The obtained coating formed a sta-
ble supramolecular network on the fabric surface through mul-
tiple interactions, comprising C—N and C—S bonds, z—r stack-
ing, hydrophobic associations, coordination bonding, hydrogen
bonding, and cation-r interactions. Lin et al.l'®¥/ employed ker-
atin as a natural mediator to connect carbon nanotubes with
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poly(acrylamide) chains via hydrogen bonding, thereby improv-
ing the mechanical and electrical properties of strain sensors.
Although these approaches effectively impart functions and im-
prove materials’ performance, they typically involve cumbersome
pretreatment for different substrates and may undermine the in-
trinsic properties of the materials.

Herein, we propose a simple and scalable method to fabri-
cate multifunctional planting geotextiles functionalized with FK
through an ethanol-induced self-assembly strategy (Figure 1a).
The addition of ethanol induces the unfolding of FK molecules
and the exposure of domains, thereby promoting protein adhe-
sion onto the needle-punched jute/polylactic acid (PLA) nonwo-
vens (NWs) due to the multiple active sites are provided by the
abundant polar and reactive groups on the FK peptide backbone.
Meanwhile, ethanol lowers the surface tension of the solution
and improves the wettability of the substrate, further promot-
ing the adsorption of FK. A uniform and dense FK coating is
ultimately formed on the fiber surface through a simple dipping
process, without clogging the internal pores and sacrificing the
inherent properties of pristine NWs. Furthermore, strong multi-
ple non-covalent interactions between FK and fibers endow func-
tionalized geotextiles with excellent water stability and durabil-
ity under harsh conditions. Under the synergistic effect of the
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NWs and FK coating, the obtained FK-functionalized nonwovens
(FKNWs) exhibit exceptional performance in both plant culti-
vation and pollutant adsorption (Figure 1b). This work demon-
strates the feasibility of an ethanol-induced self-assembly strat-
egy with FK as a building block to construct nanoarchitectonics
on microarchitectonics nonwovens and imparting materials with
enhanced wettability, liquid retention, mechanical property, and
dual functions. This micro/nanoarchitectonics strategy not only
offers a promising pathway for textile functionalization but also
paves the way for the practical application of multifunctional non-
wovens in real-world scenarios such as sustainable agriculture
and environmental remediation.!'*?%] Moreover, by transforming
livestock-derived waste feathers and plant-based jute into high-
value functional materials, this work exemplifies the principle of
“treating waste with waste” and aligns with the cross-economy
paradigm that promotes resource circularity, waste valorization,
and carbon-neutral material solutions.?!!

2. Results and Discussion

2.1. Fabrication and Structural Characterization of FKNWs

The fabrication of FKNWs involves two simple steps (Figure 1a).
First, fluffy NWs are fabricated by processing biodegradable jute
and PLA fibers (Figure S1, Supporting Information) with a mass
ratio of 7:3 using an industrial web-forming (carding) and consol-
idating (needle-punching) technique, which is fundamental for
determining the physical and cultivation-related properties of the
NWs. An ideal soilless cultivation substrate should possess suf-
ficient mechanical strength to support plants while maintaining
a favorable water—air environment, characterized by high air per-
meability and liquid absorption capacity. To optimize the NWs for
plant growth, the effects of areal density, needle-punching depth,
and needle-punching frequency on planting-related parameters
are systematically investigated.

The tensile stress of NWs markedly increases with higher
areal density due to enhanced fiber entanglement and improved
load-bearing capacity, particularly in the machine direction (MD),
rising from ~0.5 MPa at 100 g m~2 to 1.7 MPa at 500 g m~
(Figure 2a). The elongation at break in the MD remains rela-
tively stable, while a slight decline (~8.7%) is observed in the
cross direction (CD) with increased areal density, possibly due
to local stress concentration from excessive fiber stacking. Lig-
uid absorption capacity improves progressively from ~8.6 to
13.9 g g7! as areal density increases, benefiting from enhanced
capillary effects and smaller pore sizes resulting from the denser
fiber matrix (Figure 2b). In contrast, air permeability decreases
sharply from ~3000 to 700 mm s7!, indicating the increased air-
flow resistance due to denser fiber packing and reduced porosity.
These results above indicate that lower areal densities offer bet-
ter air permeability and promote root extension, while they ex-
hibit insufficient mechanical robustness for root anchorage. Con-
versely, higher areal densities improve structural integrity and
moisture retention but compromise airflow and increase costs.
Therefore, 300 g m~2 is selected as the optimal areal density for
subsequent experiments.

The tensile strength improves with the increment of needling
depth, reaching a maximum of 1.3 MPa in MD and 0.4 MPa in
CD at a depth of 11 mm due to the enhanced fiber entangle-
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ment (Figure 2c). However, a further increase in depth leads to
a decline in strength due to fiber damage and structural weaken-
ing caused by excessive penetration. The elongation at break in
MD remains scarcely influenced by variations in needling depth,
maintaining ~#45-50%. In contrast, the elongation at break in CD
exhibits a non-linear trend, initially decreasing and then increas-
ing due to excessive compaction and network disruption, with the
minimum value of 127% observed at 11 mm. A downward trend
(~17.6%) in water absorption is observed with increasing depth
from 7 to 15 nm, potentially due to the reduced internal pore vol-
ume and limited water retention capacity. Nonetheless, the water
absorption capacity exceeds 10 g g~! across all depths (Figure 2d),
demonstrating strong water retention capability. Meanwhile, air
permeability decreases progressively from 1401 mm s~! at 7 mm
t0 1119 mm s~" at 15 mm, attributed to reduced porosity and den-
sification of the fiber network. Despite reaching its lowest value at
15 mm, the air permeability remains above 1000 mm s~!, which
is sufficient to meet the aeration requirements of plant root sys-
tems. Overall, a needling depth of 11 mm offered the most favor-
able balance among mechanical strength, flexibility, air perme-
ability, and liquid-adsorbing capacity, thus being selected as the
optimal parameter for further processing.

The tensile strength initially improves with the increased
needling frequency, reaching a maximum of 1.3 MPa in MD
and 0.38 MPa in CD at 400 strokes min~' due to the enhanced
fiber entanglement (Figure 2e). However, further increases in fre-
quency result in a decline in strength attributable to excessive
fiber damage and structural weakening. Additionally, all samples
exhibit favorable elongation properties, which are beneficial to fa-
cilitating robust root growth. The water absorption capacity grad-
ually decreases from 12.7 to 9.1 g g~! with increasing needling
frequency (Figure 2f), attributed to reduced internal pore volume
caused by the fiber densification. A similar trend is observed
in air permeability, which declines from 1923 mm s~! at 300
strokes min~! to 1141 mm s~! at 700 strokes min~!. Notably, de-
spite the decrease, the minimum air permeability remains above
1000 mm s~!, which is adequate to satisfy the aeration require-
ments of plant root systems. Taken together, the NWs fabricated
with a needling frequency of 400 strokes min~! exhibit the most
balanced and favorable performance.

Combined all results above, NWs fabricated with a areal den-
sity of 300 g m~2, a needle-punching depth of 11 mm, and a
frequency of 400 strokes min~' are selected as the optimal sub-
strate. Furthermore, a cultivation experiment was conducted to
verify its feasibility as a planting geotextile. The ryegrass ap-
peared lush and vibrant green after 15 days of growth, indicat-
ing that the NWs can provide a suitable environment for plant
development (Figure S2, Supporting Information). Next, the pre-
pared NWs are immersed in an ethanol-induced FK solution, fol-
lowed by washing to obtain the FKNWs. Analysis of the effect of
FK concentration on the loading and utilization rate (Figure S3,
Supporting Information) shows that the loading rate increases
with the concentration, from 11.2% at 0.5 wt% to 15.0% at 1
wt%. In contrast, the utilization rate reaches its highest value,
33.7% at 0.5 wt% and decreases as concentration increases. As
a result, we chose a concentration of 0.75 wt% for the following
study. FK molecules are firmly anchored onto the microscale fiber
surface at this concentration, forming a continuous nanoscale
coating with granular features (Figure 2g,h), which is further
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Figure 2. Fabricating optimization and characterizations of geotextiles. Tensile stress, elongation at break, water absorption (WA), and air permeability
(AP) of jute/polylactic acid (PLA) nonwovens (NWs) with different (a, b) areal density, (c, d) needling depth, and (e, f) needling frequency. g) SEM
images of jute/PLA NWs, PLA, and jute fiber before and after feather keratin (FK) functionalization. h) EDX mapping characterization of FKNW. i) FTIR
spectra of NW, FK, and FKNW. j) 3D morphological images of NW (left) and FKNW (right). k) Photograph of a large-sized FKNW mat (length x width
1.0 X 0.6 m?).
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confirmed by the appearance of new absorption peaks of the
fourier transform infrared (FTIR) spectrum at 1633 cm™! (amide
I) and 1525 cm™ (amide II) in FKNW (Figure 2i). Additionally,
shifts of peaks from 3285 to 3277 cm ™ (the stretching vibration of
O—H), 1524 t0 1526 cm™" (the stretching vibration of C—N), 1237
to 1228 cm™! (the bending vibration of N—H), 1635 to 1633 cm ™!
(the stretching vibration of C=0), and 1752 to 1746 cm™ (the
characteristic peak of ester group) confirm the existence of hydro-
gen bonding interactions between FK and the fiber surface.l??]
Furthermore, the VDW force and hydrophobic interactions be-
tween FK and fiber are supported by the peak shift from 2921
to 2924 cm™! and 2937 to 2959 cm™! (the asymmetric stretch-
ing vibrations of C—H), and the decreased intensity of peaks
at 2850 and 2875 cm™ (the symmetric stretching vibrations of
C—H).l'] Notably, the originally smooth surface of both jute and
PLA fibers becomes markedly rougher after FK functionalization,
with a roughness increasing from 4.4 to 7.4 um and from 1.6 to
4.0 um, respectively (Figure 2j). Furthermore, the successful fab-
rication of a large-sized FKNW mat (1.0 X 0.6 m?) underscores
the scalability of the process and highlights its great potential for
functional nonwoven applications in soilless cultivation and en-
vironmental remediation (Figure 2Kk).

2.2. Mechanism Analysis of the Unfolding Behavior and
Adsorption Process

During the self-assembly process, ethanol (EtOH) is employed to
induce the unfolding of FK molecular chains and the exposure
of domains by weakening or disrupting the non-covalent interac-
tions that stabilize the native protein conformation. This unfold-
ing behavior is confirmed by experimental results, including the
increased average particle size from ~8.8 to #26.13 nm, accompa-
nied by a pronounced 10 fold enhancement in surface hydropho-
bicity and a marked shift in zeta potential from —14.6 to —4.2 mV
(Figure 3a). FTIR deconvolution further reveals a pronounced
transformation in secondary structure, with a substantial loss of
p-sheet content from 62.6% to 40.2% and a-helix/random coil
structures rising from 13.2% to 43.7% (Figure 3b,c). Molecular
dynamics simulations are consistent with these findings, indi-
cating the unfolding behavior and domains exposure of FK in
DI/EtOH (Figure 3d) with the increased radius of gyration (Rg)
and solvent-accessible surface area (SASA) (Figure 3e). Moreover,
the ethanol-induced FK solution with lower surface tension over-
comes the air/water interfacial barriers, allowing direct interac-
tion between FK molecules and the surface of both hydrophobic
PLA and hydrophilic jute fibers, respectively (Figure S4, Support-
ing Information). Ultimately, FK molecules are firmly anchored
onto the microscale PLA and jute fiber surface, with a higher
loading rate than the water-induced method (Figure 3a; Figure
S5, Supporting Information).

Further, the adhesion of the FK coating to PLA and Jute is
evaluated by nano-scratch testing (Figure 3f). Compared with
the aqueous solution, the FK coating prepared via the ethanol-
induced method exhibits superior adhesion to both PLA and jute,
with adhesive forces increasing from 137 to 234 mN on PLA
and from 211 to 236 mN on jute. Molecular dynamics simula-
tions further reveal that ethanol-induced FK molecules undergo
smaller conformational changes upon adsorption onto both hy-
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drophobic PLA and hydrophilic jute fibers, as indicated by lower
root-mean-square deviation (RMSD) (Figure 3g). This behavior
is attributed to the pre-unfolded state of FK molecules in the
ethanol environment, which facilitates more stable binding with
fiber surfaces. Moreover, the total interaction energy of ethanol-
induced strategy increases to 300 and 306 k] mol~! for PLA and
jute, marking a 2.3 and 1.5 fold enhancement compared to the
water-induced counterpart (Figure 3h). These findings indicate a
strong adsorption affinity between FK molecules and both PLA
and jute fiber surfaces, in agreement with the nano-scratch test-
ing results. Such enhanced interactions contribute to tighter in-
terfacial binding and improved conformational stability of the ad-
sorbed FK molecules. In contrast, FK molecules in the aqueous
system exhibit poor or unstable adsorption on the surface of both
PLA and jute fibers (Figure 3i). Importantly, VDW force domi-
nantly contributes to the total interaction energy, suggesting that
the nonspecific physical interaction plays a critical role in the ad-
sorption process. Given the inherently non-directional nature of
the VDW force, the adsorption of FK onto fiber surfaces occurs
without fixed orientation, resulting in a random molecular align-
ment during immobilization.[?*] Upon subsequent volatilization
of ethanol, a significant conformational rearrangement of the ad-
sorbed FK coating is observed, characterized by an increase in
p-sheet and g-turn content and a corresponding reduction in a-
helix and random coil structures (Figure 3jk; Figure S6, Sup-
porting Information). This structural evolution underscores that
ethanol not only facilitates the initial unfolding and surface an-
choring of FK molecules but also governs the post-adsorption
reorganization of molecular conformations, thereby acting as a
dynamic regulator of protein self-assembly and structural stabi-
lization at the fiber interface.

2.3. Various Property Tests and Comparisons of FKNW and NW

A favorable water-air environment is essential for plant growth
in both indoor and outdoor conditions. The pristine NW is natu-
rally hydrophobic with a water contact angle (WCA) as high as
121° (Figure 4a). After FK functionalization, the WCA rapidly
decreases to 0° within 30 s, indicating a dramatic improvement
in wettability. Such improved wettability is attributed to the syn-
ergistic effect of the intrinsic hydrophilic groups (-CONH-, —
COOH, -NH,, —OH) in the FK peptide backbone and the hierar-
chical structure of microscale fiber with nanoscale granular sur-
face. This, in turn, contributes to the improved water absorption
and retention capacity of FKNW, as evidenced by the higher liquid
absorbing rate and a notably slower decline over time compared
to NW throughout a 72 h period (Figure 4b). Correspondingly,
visual observations show that FKNW retain moisture longer dur-
ing drying, maintaining a visibly wetter state than NW at each
time point (Figure 4c). After being left in the atmosphere for
48 h, the moisture content of FKNW is 2.5 times higher than
that of the original NWs, highlighting its superior resistance to
drought stress, which is an important factor in promoting plant
growth.

Importantly, the FKNW exhibits negligible changes in pore
size distribution (Figure 4d), porosity (Figure 4e), and air perme-
ability, thereby preserving the key physical superiority of the orig-
inal NWs. Moreover, a notable improvement in initial Young’s
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Figure 3. Mechanism analysis of ethanol (EtOH)-induced FK unfolding and adsorption process on the surfaces of PLA and jute. a) Surface tension,
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hydrophobicity of FK is determined using 8-anilino-1-naphthalenesulfonic acid (ANS) as a fluorescent probe). Amide | region derived from FTIR spectrum
deconvolution analysis of FK in b) DI and c) DI/EtOH solution systems. d) Molecular dynamics simulation reveals that FK undergoes unfolding in the
presence of EtOH. e) The kinetic changes of keratin in radius of gyration (Rg) and solvent-accessible surface area (SASA) with the simulation time
before and after ethanol-induced. f) Comparison of adhesive force of FK coatings induced by DI and DI/EtOH solutions with PLA and jute substrates.
Comparison of g) root mean square deviation (RMSD) and h) total interaction energy for FK adsorbed onto PLA and jute fibers in DI and DI/EtOH
systems. i) Molecular dynamics simulation diagrams illustrating the adsorption behavior of FK domains at the PLA and jute interfaces under the DI
and DI/EtOH system after 50 ns. j) Proportion change of secondary structures of DI, DI/EtOH, and FK coating. k) Schematic diagram illustrating the
“dynamic transformation” mechanism of EtOH on the secondary structure of keratin.
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Figure 4. Performance tests and comparison between FKNW and NW. a) Dynamic wetting behavior of water droplets on NW and FKNW. b) Absorption
liquid rate of NW and FKNW. c) Photographs of NW and FKNW after drying for different periods of time (12, 24, 36, and 48 h) under standard atmospheric
conditions (a temperature of 20 & 2 °C and relative humidity of 65 + 4%). d) Pore size distribution, €) porosity, and air permeability (AP) of NW and
FKNW. f) Stress—strain curves of NW and FKNW in the machine direction (MD) and cross direction (CD). g) Comparison of tensile stress (o), initial

modulus (E), and elongation break (¢) of NW and FKNW in MD and CD.

modulus and breaking strength in both MD and CD is ob-
served, accompanied by a slight decline in elongation at break
(Figure 4f,g). These phenomena are attributed to the formation
of FK-based cross-linked network on the fiber surface, which
enhances load transfer efficiency and reduces local stress con-
centration, while simultaneously restricting fiber slippage and
deformation.

Conventional textile-functionalization approaches often suffer
from a trade-off between introducing new functionalities and
preserving the material’s intrinsic properties. In contrast, the
ethanol-induced self-assembly strategy employed in this work
maintains the structural integrity and porous architecture of the
original substrate, while simultaneously improving cultivation-
related wettability, liquid retention capacity, and mechanical per-
formance. Taken together, these advantages render FKNWs more
favorable for supporting plant growth than pristine NWs, by
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sustaining an optimal water—air balance and improving surface
microenvironment.

2.4. Dye Adsorption Analysis

Dye contaminants typically persist in brownfield sites due to
historical industrial discharges, and their toxicity and resistance
to degradation pose substantial risks to both ecosystems and
human health.!] FK exhibits the characteristics of “universal
molecular adhesives” and outstanding capability in binding dye
molecules owing to its abundant surface functional groups, such
as hydroxyl, amino, carboxyl, and thiol groups.[**! Given this
potential, Congo red (CR) is selected as a model pollutant to
systematically assess and compare the adsorption performance
of pristine NW and FKNW. The UV-vis absorbance of the dye
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solution significantly decreases after adsorption, indicating a
substantial decrease in dye concentration (Figure 5a). The CR
solution adsorbed by FKNW becomes nearly colorless, with a
marked decrease in absorbance intensity from 0.42 to 0.03,
whereas the NW-adsorbed solution shows only slight fading and
retains a relatively high absorbance. The adsorption capacity (q.)
of FKNW reaches 43.48 mg g~!, more than five times that of
pristine NW (8.24 mg g~!) (Figure S7, Supporting Information),
demonstrating the remarkable improvement in dye removal per-
formance achieved through FK functionalization.

The pH of the solution plays a crucial role in determining dye
adsorption behavior by influencing the surface charge of the ad-
sorbent, the ionization degree of dye molecules, and the interac-
tions between them.[?’] To explore this, the adsorption behavior of
CR by FKNW is examined within a pH range of 5-9 (Figure 5b).
The adsorption capacity decreases with increased pH. The maxi-
mum adsorption capacity (86.28 mg g~!) observed at pH 5 can be
attributed to the strong protonation of the FK surface group un-
der acidic solution, which enhances electrostatic attraction with
anionic dye molecules and further promotes adsorption.!?! Un-
der alkaline conditions, reduced surface positive charge and the
presence of competitive OH™ ions lead to a decline in adsorption
capacity. Moreover, the adsorption isotherm and kinetics analysis
reveal that the adsorption behavior fits well with the Langmuir
isotherm equation and the pseudo-second-order kinetic model,
indicating that the adsorption process is a monolayer surface cov-
erage primarily dominated by chemisorption (Figure 5c—e; Tables
S1 and S2, Supporting Information).

FTIR and X-ray photoelectron spectroscopy (XPS) analyses are
performed on FKNW before and after adsorption. The FTIR spec-
tra (Figure 5f,g) reveal multiple interactions and possible bind-
ing sites between FK and CR. The appearance of new peaks
and shifts in characteristic absorption bands confirms the pres-
ence of molecular interactions. Specifically, the enhanced peak at
1179 cm™' and the shifted peak at 1528 cm™" correspond to the
asymmetric stretching vibration of sulfonic acid groups and the
stretching vibration of azo groups in CR, respectively.?’] In ad-
dition, the appearance of a new peak at 2997 cm™! is attributed
to the C—H vibration of the aromatic ring in CR. These spec-
tral changes collectively confirm the successful adsorption of CR
onto the FKNWs. Electrostatic interactions are verified by the en-
hancement of the peak at 1042 cm™! (the symmetric stretching
vibration of S=0) and the shift in the peak at 1633 cm™! (the
stretching vibration of C=0).1?8] Hydrogen bond interactions be-
tween the molecular chains of FK and the CR are supported by
the enhancement of peaks at 1213 cm™! (the stretching vibration
of C—N and bending vibration of N-H) and the shift of peaks at
3281 cm™! (the stretching vibration of O—H and N—H). VDW in-
teractions between the FK chains and benzene rings of CR are
verified by the shifts at 2924 cm™! (the asymmetric stretching vi-
bration of CH, and CHj;), 2851 cm™! (the symmetric stretching
vibration of C-H) and 1633 cm™ (the stretching vibration of aro-
matic C=C), which is associated to the aromatic ring vibration
of CR. Additionally, hydrophobic interactions between the alkyl
(-CH,;) groups in FK and CR are confirmed by the shift of the 2851
cm™! peak (the symmetric C—H stretching vibration of -CHj).[%®]

Notably, an increase in the XPS S 2p peak at 164 eV is ob-
served, with sulfur content rising from 0.68% to 1.34%, confirm-
ing the successful adsorption of CR onto the FKNW (Figure 5h).
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The high-resolution O 1s spectra reveal the characteristic peaks at
531.74 and 533.00 eV (Figure 5i), corresponding to the C—O—H
and C=0 groups, respectively. A new peak (S=0) at 534.4 eV fur-
ther confirms the successful adsorption of CR. Additionally, the
relative content of C—O—H decreases significantly from 70.02%
to 36.90% after adsorption, indicating that the oxygen-containing
functional group on the surface of the adsorbent may form a hy-
drogen bond with the highly electronegative oxygen and nitro-
gen atom of CR molecules.??) The N—H peak at 400.00 eV shifts
to 399.60 eV (Figure 5j) due to the hydrogen bond interaction
between the -NH, group on FK and CR molecules.l**! Addition-
ally, a new peak (-NH,* group) appears at 401.86 eV after adsorp-
tion, attributed to the protonation of -NH, on FK, further suggest-
ing that electrostatic attraction plays a key role in the adsorption
process.[3! The C 1s spectra reveal that the content of C—N/C=N
groups at ~285.56 eV decreased from 41.82% to 30.31% after
adsorption (Figure 5k), highlighting the involvement of amino
groups during the adsorption process. Moreover, the slight shift
of the C=0 peak from 288.22 to 288.34 eV suggests the pres-
ence of 7—r interactions between carbonyl groups in FK and the
aromatic rings of CR. These results provide a comprehensive un-
derstanding of the molecular interactions involved in the dye ad-
sorption process.

2.5. Performance Evaluation of FKNW in Plant Cultivation

To assess the impact of FK functionalization on plant cultivation,
equal amounts of ryegrass seeds are uniformly sown on NW and
FKNW. Both samples are irrigated with equal volumes of water,
and plant height, root length, and water content are recorded pe-
riodically. Ryegrass cultivated on FKNW exhibits faster growth
for both stem and root during the first 22 days than that on pris-
tine NW (Figure 6a,b). Specifically, the plant height on FKNW
reaches ~80 mm by day 22, significantly surpassing the ~55 mm
observed for NW. Similarly, root length on FKNW extends to
~60 mm by day 20, whereas NW only supports a root length of
~43 mm. This enhanced early-stage growth can be attributed to
the superior water retention capacity of FKNW, which better sup-
ports the water demands of ryegrass during the early stages of
growth. After ~30 days, both plant height and root length on both
substrates become stabilized, likely indicating plant maturation.

Consistent with the observed trends in plant height and root
length, the moisture content of ryegrass cultivated on FKNW is
slightly higher than that on NW, particularly during the early
growth stage (Figure 6¢). The moisture content on FKNW in-
creases rapidly over 80%, while that on NW lags behind at
each time point, reaching only ~#75% by day 18. Subsequently,
the moisture content in both substrates gradually approaches a
plateau, converging ~90% as the plants mature. The enhanced
moisture uptake of FKNW is ascribed to the abundant active hy-
drophilic groups on FK, which facilitate the formation of hydro-
gen bonds with water molecules. As a result, FKNW provides
a more stable and accessible moisture reservoir for plants, par-
ticularly in the critical early stage of growth. Photographic evi-
dence further shows that both NW and FKNW substrates effec-
tively support ryegrass growth (Figure 6d). Although ryegrass on
FKNWs exhibits visibly denser and more vigorous growth com-
pared to that on NWs, it reflects a more vigorous and healthier
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Figure 5. Adsorption behavior and interfacial interaction mechanism of FKNW for Congo red (CR). a) UV-vis spectra of the CR solution before and
after NW and FKNW adsorption. b) Adsorption capacities of the FKNW for CR under varying pH. c) The adsorption isotherms curves of the FKNW. The

adsorption kinetic curves of the FKNWs from d) pseudo-first order and e) pseudo-second order kinetic models. f, g) FTIR and h) XPS spectra of FKNW
before and after adsorbing CR. High-resolution XPS spectra of i) O 1s, j) N 1s, and k) C 1s of FKNW before and after adsorbing CR.
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Figure 6. Growth of ryegrass on FKNW. a) Height, b) root length, c) moisture content, and d) photos of ryegrass plant on NW and FKNW. e) SEM
images of FKNW after 20 rinsing cycles. f) Loading rate and adsorption capacity (g.) variation of FKNW after 20 rinsing cycles. Data are presented as

the mean + s.d. (n =3).

growth profile. This observation confirms that FK functionaliza-
tion not only facilitates early-stage germination and development
but also sustains robust plant growth over time, ultimately lead-
ing to enhanced biomass accumulation without disrupting the
natural growth trajectory.

The adsorption and planting properties of FKNW are signif-
icantly improved after FK functionalization; however, the ma-
terials may be prone to the washing of surface runoff, such as
rainwater, resulting in protein shedding in practical application
scenarios. Cyclic flushing experiments are conducted to examine
the interfacial stability of the FKNW. SEM images of FKNWs af-
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ter 20 rinsing cycles clearly show that a substantial amount of
FK still remains on both the PLA and jute fiber surfaces, with
no obvious loss or peeling of the coating (Figure 6e). This indi-
cates that the FK layer exhibits high water-stability and no de-
tectable dissolution in practical use under the combined effects
of disulfide crosslinking, enhanced surface hydrophobicity, and
elevated f-sheet content.??-3¢] Furthermore, the loading rate and
q. of FKNW for CR after 20 flushing cycles remain more than
90%, indicating that the FKNW is highly durable to the impact of
water flow and has the potential for cyclic utilization (Figure 6f).
SEM image comparisons between pristine FKNW and those after
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10 months of degradation reveal that pronounced surface rough-
ness and erosion phenomena occurred on both jute and PLA
fiber surfaces, along with the disruption and fragmentation of
the FK coating, demonstrating that all three components have
entered the degradation stage (Figure S8, Supporting Informa-
tion). While a 10-month period is not sufficient to achieve full
disintegration, these results clearly show that the FKNWs behave
as biodegradable geotextiles and represent an environmentally
benign alternative to conventional petroleum-based nonwovens.

3. Conclusion

In conclusion, a simple and effective ethanol-induced self-
assembly strategy is developed to fabricate FK-functionalized
planting geotextiles with integrated capabilities for pollutant ad-
sorption and plant cultivation. The process enabled the uni-
form deposition of FK onto biodegradable jute/PLA NWs with-
out blocking internal pores or sacrificing the intrinsic features
of the pristine substrate. The resulting FK-functionalized geotex-
tiles exhibit remarkably enhanced surface wettability (with the
WCA reduced from 121° to 0°), a 3.2 fold increase in liquid re-
tention capacity, and improved mechanical robustness by 1.8 and
2.0 times in MD and CD, respectively. This work highlights the
potential of protein-based surface modification as a promising
strategy for advancing sustainable materials in environmental re-
mediation and ecological restoration. By transforming industrial
waste, namely waste feather and jute, into biodegradable geotex-
tiles for environmental remediation under the principle of “treat-
ing waste by waste”, this work well exemplifies the concept of
a cross-economy approach through a combination of materials
innovation and sustainable process. Furthermore, this protein-
based micro/nanoarchitectonics route, which combines the mer-
its of both FK and nonwovens, is expected to extend traditional
nonwovens into more advanced applications, including wastew-
ater treatment, air filtration, bioactive wound dressing, and wear-
able healthcare textiles.

4. Experimental Section

Materials and Reagents:  Jute, used as textile waste, was collected from
a textile mill. PLA fiber was purchased from Shandong Three Thai Tex-
tile Co., Ltd., China. Duck feathers were supplied by Hangzhou Meiyu
Clothing Co., Ltd, China. Cysteine (99.0%), urea (98.0%), sodium hydrox-
ide (NaOH, 97.0%), and CR (99.0%) were purchased from Shanghai Al-
addin Bio-Chem Technology Co., Ltd., China. Hydrochloric acid (HCI, 36.0-
38.0%) was obtained from Sinopharm Chemical Reagent Co., Ltd., China.
EtOH (99.7%) was supplied by Shanghai Titan Scientific Co., Ltd., China.
Ryegrass seeds were purchased from Clover (Beijing) Eco-Tech Co., Ltd.,
China. All chemical reagents were of analytical grade or higher and used
as received.

Extraction of Feather Keratin (FK): FK was extracted using the reduc-
tion preservation method according to our previous works.[3’] First, duck
feathers (30 g) were completely immersed in 300 mL of aqueous solution
containing urea (8 M) and L-cysteine (10% based on the weight of the duck
feather) at pH 10.5 and 70 °C for 12 h. The FK solution was centrifuged at
9000 rpm for 20 min to remove undissolved feather residues, followed by
dialyzing against deionized water for 3 days. The purified FK solution was
then stored at 4 °C for further use.

Fabrication of Nonwovens (NWs) and FK-Functionalized Nonwovens
(FKNWs):  NWs were fabricated through an industrial-scale web-forming
(carding) and consolidating (needle punching) technique. Mixed fibers
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consisting of jute and PLA in a weight ratio of 7:3 were initially fed into
a carding machine (Changshu Weicheng Co., Ltd., China) to produce uni-
form fiber webs. The webs, prepared with varying areal density, were subse-
quently overlapped and needle punched at different needling depths and
frequencies to acquire NWs. NWs were directly immersed in a freshly pre-
pared ethanol-induced FK solution (50% (v/v) of ethanol concentration).
After immersing at room temperature for 24 h, the substrates were thor-
oughly washed with deionized water and dried to obtain FKNWs. The load-
ing and utilization rate were calculated as per the following equations:

_mg=my

Loading rate (%)
My

x 100% m

MM 100% @
M

Utilization rate (%)

where “m " and “m ,” are the weights of NWs before and after FK-
functionalization, respectively, and “mg " is the mass of FK.

Characterization: The pore size distribution of the materials was de-
termined using a capillary flow porometer (PMI, CFP-1100Al, USA). The
air permeability was measured with an automatic air permeability tester
(YG461E, China). The contact angle and surface tension were evaluated
using a contact angle measurement device (Dataphysics OCA15EC, Ger-
many). Surface morphologies were observed by the field emission scan-
ning electron microscope (FESEM, Hitachi S-8010, Japan) with an operat-
ing voltage of 5 kV. Surface roughness was measured using a 3D Mea-
suring Laser Microscope (Olympus LEXT OLS5000, Japan). The chem-
ical composition of the materials was analyzed by FTIR (Nicolet 6700,
USA) and XPS(Escalab 250Xi, Thermo Fisher Scientific, USA). The adhe-
sive force between the FK coating and fiber was measured by nano scratch
testing (STEP500, Anton Paar, Austria) with a loading force range of 30 —
300 mN and a scratch velocity of 30 um s~

Areal Density and Porosity:  Square specimens (side length a) were cut
from each nonwoven and dried before testing. The total number n of spec-
imens for each sample type was weighed, and their masses were recorded
as my, my, ..., m,. The areal density W (g m~2) was calculated using the
following equation:

my+my,+--+m,

W= 3)

nx a2

where a = 0.1 m, n = 10. The porosity of the nonwoven is defined as the
fraction of void volume to total volume, which can be calculated using the
following formula:

Porosity (%) =1— w X 100% (4)
tXp

where t (m) and p (g m™3) represent the thickness and true density, re-
spectively. The true density p was determined using a fully automated gas
pycnometer (G-DenPyc 2900, Gold APP Instrument, China) based on the
gas displacement method.

Mechanical Properties: The mechanical properties were measured us-
ing a multifunctional strength tester (YG026MB, Wenzhou Fangyuan In-
strument Co., Ltd., China). Prior to the test, samples were cut into strips
of 300 mm X 50 mm, and their thicknesses were measured by a thick-
ness gauge (JC-YHD-2, China). A stretching speed of 100 mm min~" and
a gauge length of 50 mm were used throughout the experiments. Five repli-
cations were conducted for each sample, and the average values were used
for analysis.

Water Absorption and Water Retention Capacity: The samples of known
weights were immersed in distilled water for 24 h. Then, samples were
weighed after removing excess water from the surface with a filter paper.
The water absorbency (g g~") was calculated according to following equa-
tion:

Wt — W,
Water absorbency (gg™') = %0 X 100% ©)
0
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where W,,,, and W, are the weights of wet and dry samples, respectively.
All experiments were carried out in triplicate. To assess water retention ca-
pacity, wet samples of known weight were transferred to a plastic mesh tray
with a mesh hole of 2 mm x 2 mm under a temperature of 20 + 2°Cand a
relative humidity of 65 & 4%. The sample was weighed and photographed
at intervals of 12, 24, 36, 48, 60, and 72 h, and the water absorbency was
calculated accordingly:

W,
Water retention (%) = ( ! > x 100% (6)

wet

where W, is the weight of retained water within the samples at time t. All
experiments were carried out in triplicate.

Organic Dye Adsorption:  Batch experiments were conducted to explore
the adsorption efficiency of FKNWs for CR (as a model pollutant) by shak-
ing a mixture of adsorbent (1 g) with dye solution (45 mL) at a certain
concentration. The parameters of the adsorption experiment, including
contact time (0-400 min), initial concentration (100700 mg L~") and so-
lution pH (5-9), were examined. The solution was filtered through a sy-
ringe with a 0.22 um cellulose nitrate membrane filter after shaking for a
predetermined duration. The initial and residual concentration of CR solu-
tion was monitored using a UV-vis spectrophotometer (UV-vis, TU-1901,
China) at 4 = 496.5 nm. The adsorption capacity (Q;,, mg g~') was cal-
culated according to the following equation:

(co = cre) XV

Qpe=— ™

m

where ¢y and ¢, , (mg L") are the initial and real-time or equilibrium con-
centrations of the solutions, m (g) denotes the mass of sorbent, and v
(L) is the volume of solution. The adsorption kinetics and isotherms were
further investigated to analyze the adsorption behavior of FKNWs toward
CR.

Planting Experiment and Biodegradability Test: The washing stability of
the FKNWs was evaluated by comparing the loading rate and adsorption
capacity of the samples before and after washing. The washing process
was performed at 25 °C with a shaking speed of 200 rpm for 6 h. Af-
ter washing, the samples were removed and dried at room temperature
prior to further analysis. The NWs and FKNWs were cut into a dimension
of 200 mm x 200 mm. Equal amounts of ryegrass seeds were uniformly
distributed on the surface of geotextiles and placed under identical envi-
ronmental conditions. To facilitate optimal plant growth in the laboratory
setting, 20 mL of water was poured daily. During the cultivation period,
parameters such as plant height, root length, plant moisture content, and
overall growth trends were monitored. Plants were also carefully taken out
from the culture medium at designated time points. Surface moisture was
removed using absorbent paper, and the fresh weight of the plants (M)
was recorded. The fresh plants were subsequently dried in an oven to a
constant weight to obtain the dry weight (M;). The plant moisture con-
tent (%) was calculated by the following equation:

. _ (Mo — M)
Plant moisture content (%) = —w X 100% (8)
0

The biodegradability of the FKNWs was evaluated by cutting them into
small pieces of 10 X 10 cm? and burying them in natural soil at a depth
of 2 cm. The sample was removed after being buried for 10 months from
January to November 2025 for observation of its macroscopic and micro-
scopic appearance to assess the biodegradability.

Molecular Dynamics Simulations:  To investigate the structural changes
of FK and its adsorption behavior on substrates under aqueous and
ethanol solvent conditions, molecular dynamic simulations were con-
ducted using the Gromacs 2022.5 open-source software package. All sim-
ulations were carried out in a closed system under periodic boundary con-
ditions, with temperature and pressure maintained at 300 k and 1 bar,
respectively. The sequence of FK (UniProt ID: P02450, KRFC_CHICK) was
obtained from the Uniprot database. The molecular structure of ethanol
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was downloaded from the PubChem database and converted into 3D con-
formations using RDKit. RESP charges were calculated using ORCA 5.0
and Multiwfn 3.8, and GAFF-compatible force field parameters were gen-
erated using Sobtop 1.0. In the mixed solvent systems, ethanol-water mix-
tures were set at a volume ratio of 1:1. PLA and jute models were con-
structed using Packmol, and their RESP charges and GAFF topology files
were obtained using the same manner as for ethanol. The protein was
placed at the center of a cubic simulation box, ensuring a minimum dis-
tance of 1.0 nm between the protein and the box edge. The AMBERff99SB
force field was used for the simulations, and the TIP3P model was em-
ployed for water molecules. Na* and CI~ ions were added to neutralize
the system. After constructing the initial system, energy minimization was
performed using the steepest descent method. After fixing the protein po-
sitions, a 100 ps constant number of particles, volume, and temperature
(NVT) equilibrium simulation was first performed, followed by a 100 ps
constant number of particles, pressure, and temperature (NPT) equilib-
rium simulation. After NVT and NPT equilibration, both the wild-type and
mutant systems were simulated for 100 ns with a simulation step of 2
fs. The bond lengths were constrained using a linear constraint solver,
and long-range electrostatic interactions were calculated using the Par-
ticle Mesh Ewald method. A cutoff of 1.4 nm was used for both VDW and
short-range Coulombic interactions. Upon completion of the simulations,
structural analysis, including the calculation of the Rg and RMSD, was per-
formed using the GROMACS gmx module.
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