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ABSTRACT: Sustainable agriculture can be achieved by upcycling and repurposing
organic wastes for high-value applications. Keratin and cellulose are two natural
biopolymers which are plentiful in biowastes such as hair, poultry feathers, wood shavings,
and vegetable trimmings. In this study, these waste-derived biopolymers are converted into
bioactive nutrient substrates that can support crop development in hydroponic culture
systems. Keratin extracted from human hair (HHK) and cellulose nanofibers (CNFs)
obtained from wood pulp were fabricated into composite substrates by freeze-drying. The
substrates exhibited highly microporous structures, superior hydrophilicity, and excellent
mechanical resilience. The obtained substrates not only serve as a physical carrier to
support seed germination and seedling development but also function as advanced nutrient
delivery platforms by the incorporation and controlled release of micronutrient-doped
carbon dots, in addition to keratin degradation. Functional experiments using the model
plant Arabidopsis and crops including Bok Choy (Brassica rapa) and Arugula (Eruca
vesicaria) indicated that these substrates have the potential to be customized for enhanced seedling development in comparison to
conventional substrates. This study demonstrates the feasibility and potential of upcycling and repurposing keratinous and cellulosic
wastes to provide a sustainable solution for targeted nutrient delivery to crops.
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■ INTRODUCTION

Urban agriculture refers to food production systems inside city
boundaries or densely populated areas. In the context of climate
change and global industrialization, urban agriculture has drawn
increasing interest to achieve global food security.1 The current
COVID-19 pandemic has further driven food insecurity
concerns as regional transport of foods has been impeded by
pandemic-induced controls, but this has also highlighted one of
the biggest advantages of urban agriculture: the ability to
produce food locally. Hydroponics is an advanced system in
agriculture that has been widely applied in urban farming for
soil-less food production. Systems are categorized into two
types: solution and medium-culture hydroponics.2−4 The latter
is the dominant type and requires growth media (solid
substrates) to support seed germination and crop growth.
Currently, hydroponic substrates are largely based on inert
materials such as rockwool, expanded clay, perlite, coconut
chips, glass wool, and phenolic foam, among others.3,5,6

However, each of these substrates has its own drawbacks. For
example, rockwool is prone to producing small dust particles
that could cause human health issues upon inhalation; it is also
non-biodegradable and hence not environmentally friendly.7

Perlite only retains water for a short time and needs to be
watered frequently.3,7 Phenolic foam is not readily biodegrad-
able, resulting in plastic pollution upon disposal.8 Additionally,

the foams may contain toxic constituents that can be released
during their lifetime.4,9 In particular, the abovementioned
substrates only serve as inert physical supports for plants and
do not deliver nutrients/agrichemicals in a controllable manner
to crops, leading to unnecessary pollution and waste in
hydroponic systems.10,11

Keratin is found abundantly in many epidermal appendages
such as hair, wool, horns, hooves, and feathers, many of which
are produced in large amounts in agriculture as biowastes.12−14

Keratin has been extensively explored as a biomedical material
for tissue repair, drug release, and wound dressing due to its high
biocompatibility and bioactivity.15−18 However, keratin materi-
als have not been investigated as a substrate in hydroponics to
support crop growth in agriculture.19,20 Since keratin could be
extracted from many farm wastes,21 developing keratin-based
hydroponic substrates could be an important strategy for
recycling farm wastes as part of sustainable agriculture. In
addition, keratin is composed of various amino acids such as
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glycine, alanine, and cysteine with thiol and carboxyl groups,12,22

which could be exploited to bind cationic micronutrients,
thereby functioning as a store for their release under controlled
conditions. However, keratin does have poor mechanical
properties and low water-swelling capacity that could impede
its use as a hydroponic substrate. To mitigate these shortfalls,
nanofibrous cellulose could be incorporated into the polymer
matrix of keratin. Here, nanocellulose could improve the
mechanical properties due to its crystalline domains and the
potential for physical cross-links through hydrogen bonds.23−25

In addition, nanocellulose could enhance the water retention
ability of keratin due to the significant number of hydroxyl
groups.26 Additionally, cellulose is a common type of
biopolymer with excellent biocompatibility and biodegradability
and can be obtained from many farm wastes, such as fruit peels
and vegetable trimmings, among others;27−29 this feature also
aligns with the concept of sustainable agriculture. In addition,
minimal cytotoxicity of nanocellulose has been revealed by in
vitro and in vivo toxicological studies upon ingestion, further
ensuring the safety of crops grown with keratin-cellulose
materials.30−32

Herein, a waste-derived, non-toxic, biodegradable, and
sustainable hydroponic substrate was fabricated by combining
keratin and cellulose materials. Keratin and cellulose materials
were extracted from human hair waste33−35 and softwood pulp
fibers,36 respectively. Freeze-drying was employed as a
convenient synthesis method to fabricate keratin-cellulose
composite substrates. During freezing, the system consists of
nucleating ice crystals dispersed among non-frozen liquid
microphase compartments in which the biomolecules present
are highly concentrated but mobile. This forces the
biomolecules closer to one another to engage in intermolecular
interactions, thereby contributing to the structure of the
eventual substrates.34 Ice crystals serve as porogens, resulting
in the formation of interconnected pores after sublimation. The
resultant hydroponic substrates have high porosity and
interconnectivity of pores, and good mechanical properties
with high resilience under aqueous conditions. In addition, this
keratin-based substrate could absorb and retain large quantities
of water as a promising growth medium to support seed
germination and crop growth in hydroponics. To evaluate
whether the keratin-cellulose substrate can also be used as a
smart delivery platform of agrichemicals, carbon dots (CDs)
were incorporated into the polymer matrix. CD is one type of
carbon-based nanomaterial and has been proven to enhance
crop growth by enhancing photosynthesis.37−39 In addition,
copper, as an essential plant micronutrient,40,41 is doped into
CDs (CuCDs) prior to being supplemented into the
substrates.10,42 Seeds of Arabidopsis, Bok Choy, and Arugula
were cultured on the substrates, followed by evaluating the
seedling development via measuring root/shoot elongation and
biomass. In this study, the novel keratin/cellulose-based
hydroponic substrate could overcome the challenges faced by
other growth media associated with sample handling, waste
disposal, environmental protection, and risk to human health
and may be a novel sustainable substrate for hydroponics and
urban agriculture applications.

■ MATERIALS AND METHODS
Materials. Ethanol, thiourea, citric acid, ethylenediaminetetraacetic

acid (EDTA), and CuCl2 (≥99%) were acquired from Sigma-Aldrich.
Methanol and SnakeSkin dialysis tubing (10K MWCO) were acquired
from Thermo Fisher Scientific. Urea (99.5−100.5% Chem-Impex) and

1,4-dithio-DL-threitol (DTT, ≥ 99%) were acquired from Chem-
Impex. Softwood-bleached Kraft fiber was acquired from St. Felicien
Mill, Canada.

Extraction of HumanHair Keratin (HHK).A “two-step” reductive
method was used to extract keratin from human hair waste as described
in our previous work.34,35 Briefly, the hair fragments were incubated in
25 mM Tris−HCl (pH 9.5) buffer solution consisting of 25% v/v
ethanol, 200 mM DTT, and 8 M urea for 72 h at 50 °C to remove
keratin-associated proteins (KAPs). Then, keratin was extracted from
the KAP-free hair by incubation in another Tris−HCl (pH 8.5) solution
containing 200 mM DTT, 5 M urea, and 2.6 M thiourea for 24 h at 50
°C. Finally, the extraction was filtered and dialyzed against deionized
(DI) water using SnakeSkin dialysis tubing (10K MWCO). The
content of keratin in solution was determined by dry weight
determination before use.

Preparation of Cellulose Nanofibers (CNFs). The mechanical
grinding method was used to prepare CNFs as described in the
literature.27,43 Soft wood fiber was ground by an ultra-fine friction
grinder manufactured by Masuko Sangyo Co (Kawaguchi, Japan). The
obtained CNF has a size of approximately 50 nm, and we prepared a
stock solution of CNF that was 2% w/w in water.

Preparation of Carbon Dots and Copper-Doped Carbon
Dots. Briefly, 0.6 g of EDTA was dissolved in 50 mL of DI water. The
solution was transferred into a 100 mL Teflon-lined steel autoclave.
After heating at 200 °C for 10 h, the obtained CD solution, at 11 mg/
mL in a 50 mL stock solution, was allowed to cool down to room
temperature, followed by centrifugation at 10,000 rpm for 10 min. The
precipitate was discarded, and the pH of the supernatant was measured
and adjusted to 6.5−7.0. The synthesis of CuCD went through the
same protocol, with the addition of 0.2 g of CuCl2 being mixed with
EDTA solution before autoclaving.

Fabrication of HHK-CNF Hydroponic Substrates. A previously
published freeze-drying protocol was used to fabricate HHK-CNF
substrates.15 Briefly, the keratin solution was mixed with the cellulose
solution at different weight ratios (1.5:0.25, 1.5:0.5, and 1.5:0.75 wt %)
prior to being poured into a 24-well culture plate, and the mixture
solution was then frozen at −20 °C for overnight. To incorporate the
agrichemicals, CD and CuCD were added to the keratin-cellulose
mixture solution before freezing. A CuCD stock solution (10 mg/mL)
was added to obtain the low (0.1 mg/mL) and high (0.5 mg/mL)
concentrations of CuCDs in the composite, and the resultant substrates
are denoted as HHK-CNF-CuCD-1 and HHK-CNF-CuCD-2,
respectively. The frozen samples were sublimed in a freeze-drier for
48 h at −50 °C under 0.1 mbar pressure.

Morphology of Substrates under a Scanning Electron
Microscope (SEM). The substrate morphology was observed using a
field-emission scanning electron microscope (FESEM, JEOL, JSM-
6340F) at an acceleration voltage of 5 keV after sample cross-sections
were coated with gold by sputtering at 20 mA for 45 s.

Compression Test on HHK-CNF Substrates. The compression
strength of the substrates was measured using an Instron mechanical
tester 5567 with a 500 N sensor (Instron Co., Norwood, MA, USA).
The samples used for measurement were∼10mm thick and∼15mm in
diameter. The loading speed was set at 1 mm/min, and the strain level
was up to 80% of the original height. The compressive moduli were the
approximate linear fitting values of the stress−strain curves at the strain
of 10%. Each sample has three duplicates to get the average strength.

Porosity of Substrates. To characterize micro-porosity, a liquid
displacement method was used as described in the literature.44

Cylindrical keratin-based substrates (n = 3) were fabricated, and the
dimensions were measured using a digital vernier caliper to calculate
scaffold volumes (Vs). The dry weight (Wd) of each sample was
measured using an electronic analytical balance. The samples were
immersed in 20 mL of isopropanol with a density (ρi) of 0.785 g/mL
under vacuum overnight to fill pores with isopropanol. The saturated
sample was weighed (Ws), and the porosity was calculated using the
following eq 1

w w

V
Porosity

( )/
100%is d

s

ρ
=

−
×

(1)
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Characterization of Water Uptake and Stability of Hydro-
ponic Substrates in Water. The substrates were immersed in water
at room temperature for 72 h to reach swelling equilibrium. The
samples were weighed (Mwet) after removing excess water from their
surfaces by gentle blotting. The dry masses of samples (Mdry) were
measured after rinsing in deionized water and freeze-drying. The water
uptake ratio (S) was calculated using eq 2

S
M M

M
wet dry

dry
=

−

(2)

To evaluate the stability of substrates under aqueous conditions, the
mass loss of samples was determined after 1 week of incubation in
water. The weights of the remaining samples were measured after
drying and compared to their original weights. All samples were
measured in triplicate.
Additionally, the mechanical integrity of substrates under hydro-

ponic conditions was also determined. After 72 h of immersion in water,
all samples were subjected to the compression test using the Instron
mechanical tester 5567 (Instron Co. MA, USA) as described above. To
evaluate the robustness of samples, the swollen samples were also
subjected to loading−unloading of the compression force for several
cycles.
Cu2+ Ions and Keratin Release Profiles. Cu2+ ions released from

CuCDs within the keratin-based substrates were measured using
inductively coupled plasma spectrometry-optical emission spectropho-
tometers (ICP-OES, Horiba, Japan). The samples were immersed in

10.0 mL of DI water at room temperature, and the medium was
collected at predetermined time points (1, 3, and 8 h on 1, 2, 3, 5, 7, and
14 days) for Cu2+ release kinetics determination. The concentration of
soluble keratin in the medium was determined with a MicroBCA assay.
All samples have triplicates to calculate an average value.

Plant Growth Test. Bok Choy and Arugula seeds were purchased
from a local store and sown on the keratin-based substrates within DI
water as displayed in Figure 8a. Plant growth experiments were
performed in a hood (50% relative humidity) at RT∼22 °Cwith 14 h of
light culture and 10 h of dark culture, randomly designed with two
replications and six seeds for each replicate. The samples were watered
every 2 days. The seedlings were harvested, and the root length, shoot
length, and fresh weight of seedlings (roots excluded) were evaluated
after 10 days of growth. Arabidopsis thaliana seeds were also grown in
HHK-based substrates following the same protocol but with 30−40
seeds cultured on each substrate.

Statistical Analysis. The statistical analysis of the water-swelling
ratios of the substrates, mechanical properties, and seedling develop-
ment was carried out with a one-way ANOVA using SPSS version 20.0,
followed by Tukey’s post-hoc analysis. Comparisons of the means
between two groups were carried out with Student’s t-test.

■ RESULTS AND DISCUSSION

The fabrication process of keratin-cellulose substrates using a
freeze-drying method is illustrated in Figure 1a. The keratin

Figure 1. (a) Schematic illustration of the fabrication process of HHK-CNF-agrichemical substrates via a freeze-drying method and their potential use
in hydroponics. Morphologies of HHK (b), HHK-CNF (c), HHK-CNF-CD (d), HHK-CNF-CuCD-1 (e), and HHK-CNF-CuCD-2 (f) under SEM.
The porosity of all these samples was calculated using a liquid displacement test (g), *p < 0.05 (n=3).
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materials were mixed with CNFs ( ∼50 nm in diameter) in a
“one-pot” followed by adding CD and CuCD solutions as nano-
agrichemicals. The mixture was stirred vigorously prior to being
cast into plastic molds and frozen at −20 °C overnight. In the
freezing process, keratin and cellulose are condensed around the
growing ice crystals, leading to the close proximity of the
molecules. This significantly encourages cross-linking, primarily
through disulfide linkages between keratin and secondary
hydrogen bonding to form interconnected composite net-
works.35 Upon lyophilization to remove the ice crystals, an
agrichemical-enriched keratin-cellulose porous substrate was
obtained. During the fabrication, water was the only solvent used
to dissolve all components, highlighting the relative simplicity of

this fabrication strategy. Theoretically, the resultant keratin-
cellulose-based substrates could be fabricated into various
shapes and sizes by varying the morphology of the mold.
The microstructure of substrates was investigated under SEM

and is shown in Figure 1b−f. All substrates exhibited a well-
interconnected network of pores, with the pore size range being
approximately ∼100 to ∼200 μm. The high interconnectivity
revealed by SEM suggests that these substrates could be
conducive to water and nutrient delivery to plant roots during
hydroponic growth. It is also worth noting that the pores seemed
to be well-formed in the samples that contained CuCDs, without
displaying defects on the polymeric walls of the pores (Figure
1f). This could be due to the formation of metal-thiolate

Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of HHK, HHK-CNF, HHK-CNF-CD, and HHK-CNF-CuCD samples.

Figure 3. Compressive properties of hydroponic substrates. (a,c) Representative stress−strain curves of keratin-based substrates with varying CNF
weight contents and HHK-CNF substrates containing CD and CuCD agrichemicals, respectively. HHK-0.5 wt % CNF was used as the matrix to
incorporate agrichemicals. (b,d) Plots of average compressive strength at 60% strain and elastic modulus across substrates with different weight
contents of CNFs and substrates containing different agrichemicals. Samples marked by different letters are significantly different from one another,
while those marked by the same letter are not significantly different (p < 0.05, n = 3; one-way ANOVA followed by Tukey’s post-hoc analysis).
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complexes, resulting in a further highly cross-linked network
formed between Cu2+ ions in CuCDs and thiol groups in
keratin.45 The combination of thiol groups of keratin and
cationic nutrients could make the keratin-cellulose substrates a
platform for the controlled release of nutrients/agrichemicals in
hydroponics, as illustrated in Figure 1a. Porosities of all
substrates were determined with a liquid replacement test. As
shown in Figure 1g, all substrates displayed high porosities
above∼90%, which is beneficial for both water retention and the
exchange of gases/nutrients from the substrates to the
surroundings.
To understand the potential interactions amongHHK, CNFs,

and CDs/CuCDs, we analyzed FTIR spectra of the substrates.
As shown in Figure 2, the spectra of all substrates exhibit
characteristic bands of their respective components. The 3280
cm−1 band can be assigned to N−H stretch vibration of amide A
in keratin. The characteristic peaks at 1700−1600 and 1550
cm−1 are due to the CO (amide I of keratin) stretch and C−N
stretch (amide II) vibrations of keratin, respectively.46,47 In
particular, a weak band is centered at ∼2560 cm−1 in the
spectrum of HHK, HHK-CNFs, and HHK-CNF-CDs, which
can be attributed to the free thiol groups of keratin.22,35

However, this weak band is absent in the spectra of HHK-CNF-
CuCD samples, suggesting that the chemical reactions might
have occurred between thiols of HHK andCuCDs. According to
the literature, Cu2+ ions of CuCD could combine with thiol
groups to form metal-thiolate coordinate bonds.45,48 It should
also be noted that the non-frozen liquid microphase, which
becomes highly concentrated with HHK, CNFs, and nano-
agrichemicals due to the freezing process, further facilitates these
chemical reactions.34 The bands between 1200 and 900 cm−1

could be due to sugar ring deformations of cellulose.47 Overall,

the simple mixture of keratin, cellulose, and agrichemicals did
not markedly alter the chemical structures of each individual
component. The combination between thiol groups of keratin
and Cu2+ ions of CuCDs further highlights that this keratin-
cellulose-based substrate might be used as the platform that
could control the release of cationic micronutrients in a
hydroponic culture system.
Compressive tests were performed to assess whether CNFs

enhanced the mechanical properties of the keratin-cellulose
substrates. The samples were fabricated into cylindrical shapes
with a diameter of ∼15 mm and a thickness of ∼10 mm for the
tests. As evident from the stress−strain curves shown in Figure
3a, all samples were compressed under an increasing strain
without displaying a break point. The compressive strength
calculated at 60% strain in Figure 3b exhibited a significant
increase with increasing weight content of CNF, revealing the
significant reinforcement effect of CNFs. The substrates
containing 0.75 wt % CNFs recorded a strength of ∼40 kPa,
which was ∼four times greater than that of the HHK-only
substrate (∼10 kPa). Meanwhile, the compressive modulus was
increased to ∼18.7 kPa, which was ∼six times that of the HHK-
only sample (∼3.9 kPa). As expected, the increase in
compression strength and stiffness can be attributed to the
dense networks of CNF formed within the keratin matrix via
hydrogen bonds.
The CDs and CuCDs were incorporated into the keratin-

cellulose substrates that contained 0.5 wt % CNFs to investigate
the effect of nano-agrichemicals on mechanical properties. As
shown in Figure 3c,d, the strength of substrates increased from
∼30 to ∼40 kPa once CuCD was incorporated into the keratin-
cellulose matrix. Meanwhile, the moduli of HHK-CNF-CuCDs
increased from ∼14 to ∼27 kPa in comparison with HHK-CNF

Figure 4. Stability of keratin-cellulose substrates under aqueous conditions. (a)Water uptake ratio of the substrates after 72 h of incubation in DI water
at room temperature. (b) Remaining weights of the substrates after 1 week of immersion in water. (c) Profile of released keratin from the substrates in
water (n=3). (d) Cu2+ release kinetics of HHK-CNF-CuCD-2 in 2 weeks in DI water (n=3). Samples marked by different letters are significantly
different from one another, while those marked by the same letter are not significantly different (p < 0.05, n=3; one-way ANOVA followed by Tukey’s
post-hoc analysis).
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samples. This result demonstrates that the incorporation of
CuCDs enhanced the mechanical properties of the resultant
substrates owing to the cross-linked networks formed between
Cu2+ ions of CuCD and thiol groups of keratin. Overall, the
superior mechanical properties indicate that the keratin/
cellulose-based substrates are adequate to withstand routine
handling, which is crucial for agricultural applications. The
content of CNF in the keratin-based substrates for the following
tests was subsequently fixed at 0.5 wt % during sample
fabrication.
Another important property of hydroponic substrates is their

ability to retain sufficient water to support crop growth, which
can be evaluated by water uptake capacity. Thus, various
substrates were immersed in deionized water at room temper-
ature for 72 h for evaluation. As shown in Figure 4a, the overall
water uptake ratio of HHK-CNF substrates was significantly
higher than that of HHK samples; this can be attributed to the
presence of CNFs with significant quantities of −OH groups.
Notably, the incorporation of CuCDs further enhanced the
water absorption ability of HHK-CNF substrates with a
significant increase in the water uptake ratio. As the content of
CuCDs increased, HHK-CNF-CuCD samples could absorb
water at ∼40 times their weight, which is comparable to that of
commercial phenolic foam in hydroponics. The enhanced water
retention ability can be attributed to the cross-linked polymer
networks formed between thiol groups of keratin and Cu2+ ions
of CuCDs. The high water-swelling capacity could aid in
maintaining a balance between absorption of the nutrient
solution and simultaneously not dehydrating plants in hydro-
ponics.
The degradation property of the keratin-cellulose substrates

was also assessed under aqueous conditions. Ideally, the
degradation rate of hydroponic substrates should correlate
with the growth period of the intended crop, which could range
from a few weeks to a few months. In this study, the degradation
of substrates was examined for only 1 week to reveal preliminary
trends. After 1 week of incubation in water, HHK-CNF-CuCD
samples lost less than 10% of the original mass, compared to

∼25% mass loss for HHK-CNFs and HHK-CNF-CD samples
(Figure 4b). This suggests that Cu2+-thiol cross-linking could
enhance the stability of the substrates in water. The degradation
rate of various substrates was also profiled by the released keratin
in the water. As shown in Figure 4c, all substrates had a burst
release of keratin within the first 24 h, but the released
concentration of keratin for HHK-CNF-CuCDs (∼10 μg/mL)
is much lower than that of samples without CuCDs (∼35 μg/
mL). The release of keratin then reached an equilibrium for the
substrates containing CuCDs within 2 days, but the other
substrates continued to release keratin until 5 days of incubation.
Collectively, these findings indicate that the keratin-cellulose
substrates can be a source of carbon and nitrogen for plants
through keratin degradation. Cross-linking between the Cu2+

ions of CuCD and the thiol of keratin enhanced the structural
integrity of substrates under aqueous conditions, which should
enhance substrate stability during the period of crop growth.
To evaluate the potential of keratin-cellulose substrates as the

platform for micronutrient release, Cu2+ release kinetics were
assessed by ICP-OES for the samples containing a high content
of CuCDs. Figure 4d summarizes the Cu2+ release kinetics over
time for HHK-CNF-CuCD-2 in DI water. The release profile
showed an obvious Cu2+ release within the first 72 h. Then, the
system reached an equilibrium at approximately 55% release of
Cu2+ at 2 weeks. It is worth noting that different types of crops
may require different amounts of micronutrients during
germination and seedling development. Therefore, it is
important to develop keratin-cellulose hydroponic substrates
with tunable agrichemical release kinetics; synthesis could
involve modulating the keratin-cellulose composition and the
molar ratio between keratin and micronutrients in the
substrates. In the future, long-term degradation and nutrient
release tests will be performed in the field under various
hydroponic conditions.
The structural resilience of hydroponic substrates under

aqueous conditions is important not only for routine handling
but also for physical support of seedlings. Thus, the mechanical
integrity of keratin-cellulose substrates was determined by

Figure 5. Comparison of the mechanical resilience of keratin-cellulose substrates under hydroponic conditions. (a−e) Representative stress−strain
curves of HHK-CNF (a), HHK-CNF-CD (b), HHK-CNF-CuCD-1 (c), HHK-CNF-CuCD-2 (d), and phenolic foams (e) over different cycles of
loading and unloading at 50% strain. The maximum stresses recorded are ∼1.3, ∼0.9, ∼1.5, ∼1.6, and ∼15.6 kPa, respectively. Mean compressive
moduli were calculated and plotted in (f). Samples marked by different letters are significantly different from one another, while those marked by the
same letter are not significantly different (p < 0.05, n = 3; one-way ANOVA followed by Tukey’s post-hoc analysis).
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performing cyclic compressive tests on water-swollen samples.
As the stress−strain curves show in Figure 5, the strength of
HHK-CNF substrates at 50% strain increased from ∼1.3 kPa
(Figure 5a) to∼1.6 kPa upon CuCD incorporation (Figure 5d).
As demonstrated by the elastic moduli calculated in Figure 5f,
HHK-CNF-CuCD substrates have a greater stiffness value of
∼7.5 kPa compared to that of HHK-CNF (∼1.6 kPa) andHHK-
CNF-CD substrates (∼1.2 kPa), respectively. These results

indicate that the cross-linking between Cu2+ ions of CuCDs and
thiol groups of keratin enhanced the mechanical integrity of the
substrates under aqueous conditions as well. It is noteworthy
that the compressive properties of all substrates decreased
significantly once immersed in water in comparison to those of
dry samples, as shown in Figure 3. This could be attributed to the
absorbed water disrupting hydrogen bonds, leading to more
flexible polymer networks. During crop growth, mechanical

Figure 6. Water/nutrient absorption and distribution behavior within various keratin-cellulose substrates. Rhodamine (red) was incorporated for
visualization.

Figure 7. (a−e) Photographs of Arabidopsis seedlings on phenolic foam (a), HHK-CNF (b), HHK-CNF-CD (c), HHK-CNF-CuCD-1 (d), HHK-
CNF-CuCD-2 (e), and their shoot lengths after 10 days (f). Samplesmarked by different letters are significantly different from one another, while those
marked by the same letter are not significantly different (p < 0.05; one-way ANOVA followed by Tukey’s post-hoc analysis).
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resilience is also crucial because the seedlings in the substrates
require routine handling such as transplantation or trans-
portation. To evaluate this, water-swollen samples were
subjected to cyclic compressive tests at a maximum strain of
50% as shown in Figure 5a−e. HHK-CNF-CuCD-2 shows a
maximum compressive stress of ∼1.6 kPa with 50% strain, and
the sample still retains this maximum stress after 10 cycles of
loading−unloading (Figure 5e). Conversely, the maximum
stress of HHK-CNFs at 50% strain decreased from∼1.3 to∼1.0
kPa after only five cycles of loading−unloading (Figure 5a).
Additionally, the shape recovery of HHK-CNF substrates was
enhanced by the incorporation of CuCDs (Supporting
Information, Figure S1 and Supplementary Video S1). As
shown after five cycles of loading−unloading,∼98% of the shape
was recovered for HHK-CNF-CuCD-2, but only ∼90% was
recovered for HHK-CNF after the stress. These results indicate
that the incorporation of CuCDs enhanced the mechanical

integrity and resilience of the keratin-cellulose substrates again
due to the cross-linking between Cu2+ ions of CuCDs and thiol
of keratin. The resilience of commercial phenolic foams was also
assessed in Figure 5f. As expected, the strength of the phenolic
foam was significantly decreased after only three cycles of
loading−unloading, and only ∼70% of the original shape was
recovered (Supporting Information, Figure S1 and Supple-
mentary Video S2). The loss in mechanical integrity could cause
dramatic changes in the microstructures of samples, including
porosity and pore size, which would lead to low nutrient/gas
exchange efficiency within the substrates. Overall, the superior
mechanical integrity and resilience of keratin-cellulose sub-
strates could withstand the external mechanical stresses from
routine handling in hydroponics, thereby retaining the necessary
growth microenvironment for optimal crop growth.
As shown in the SEM images, all keratin-cellulose hydroponic

substrates have high porous interconnectivity. To determine

Figure 8. Schematic illustration of the plant growth experiment on various keratin-cellulose hydroponic substrates (a). (b) Photographs of Bok Choy
and Arugula seedlings after 10 days of growth. Comparison of root and shoot lengths and the fresh weight of seedlings (biomass) in HHK-CNF, HHK-
CNF-CD, HHK-CNFCuCD-1, and HHK-CNF-CuCD-2 for Bok Choy (c) and Arugula (d). Samples marked by different letters are significantly
different from one another, while those marked by the same letter are not significantly different (p < 0.05, n=6; one-way ANOVA followed by Tukey’s
post-hoc analysis).
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whether this high interconnectivity can efficiently support
nutrient transport within the substrates, an aqueous solution of
rhodamine dye was introduced to simulate a mixture of small-
molecule nutrients. Three types of keratin-cellulose substrates
were evaluated. Optical images were taken at 5min and 12 h, and
results are presented in Figure 6. As the cross-section of samples
exhibited, rhodamine dyes can be distributed uniformly within
the substrates after 12 h of absorption, suggesting that the large
microporous network could provide adequate space for the
nutrients to effectively reach plant roots within the substrates. In
addition, the excellent wettability of CNFs could promote
nutrient absorption into the keratin-cellulose substrates.26

To evaluate the potential of keratin-cellulose substrates to
support seed germination and seedling growth in hydroponics,
A. thaliana was cultured on several types of substrates as the first
model plant. Although Arabidopsis is not a food crop, the test
could guide further studies with edible species. A commercial
hydroponic substrate based on phenolic foam was employed as
the control. Seedling development on various substrates was
evaluated by measuring shoot length after 10 days of growth in
water without additional nutrients. As shown in Figure 7a−e, all
types of substrates can support Arabidopsis growth with well-
developed seedlings. In comparison to phenolic foams,
Arabidopsis seedlings on keratin-cellulose substrates developed
greener and larger leaves after 10 days. Shoot lengths (Figure 7f)
show a significant increase in HHK-CNF and HHK-CNF-CD
samples in comparison with phenolic foam. Interestingly, HHK-
CNF-CuCD attenuated the positive effects of other keratin-
cellulose substrates, with plants having shorter shoots than
seedlings on HHK-CNFs and HHK-CNF-CDs. This adverse
effect of CuCDs on Arabidopsis growth suggests that the plants
might require different compositions of cationic micronutrients
for their growth. The preliminary plant growth result
demonstrates that keratin-cellulose substrates have significant
potential for effectively supporting crop growth in hydroponics.
In addition, two edible crops were tested on keratin-cellulose

substrates: Bok Choy and Arugula. The root and shoot lengths
and biomass of fresh seedlings were measured after 10 days of
growth and are shown in Figure 8. Arugula and Bok Choy
seedlings developed well on keratin-based substrates, with
robust root and shoot systems. It should be noted that Bok Choy
on keratin-based substrates developedmuch longer root systems
than those of seedlings on phenolic foam (Figure 8b). As
calculated, the root length of Bok Choy increased by∼103,∼49,
∼48, and ∼50% upon growing in HHK-CNF, HHK-CNF-CD,
HHK-CNF-CuCD-1, and HHK-CNF-CuCD-2 substrates,
respectively. This indicates that the roots of Bok Choy were
able to penetrate keratin-based substrates (Supporting In-
formation, Figure S2), very effectively absorbing the nutrients
released from the substrates into the water.
In contrast, the roots of Bok Choy did not grow well within

the phenolic foam, which could be attributed to the high stiffness
as calculated in Figure 5. The Bok Choy seedlings on HHK-
CNF-CuCD-2 substrates also displayed longer shoots (∼37.2
mm of length) and a greater fresh weight (∼46.7 mg of biomass)
compared with those growing on phenolic foam with∼27.8 mm
of length and∼32.4 mg of biomass. This result indicates that the
incorporation of CuCD agrichemical enhanced the seedling
development of Bok Choy. As shown in Figure 8d, there is no
significant difference among all Arugula groups in terms of the
length of shoot and biomass, suggesting that keratin-based
substrates could support Arugula growth as well as phenolic
foam. These data with edible crops demonstrate that keratin-

based substrates can support and improve seedling growth. It is
worth noting that different types of crops might require different
macronutrient and micronutrient treatment regimens for
seedling development. Therefore, it is necessary to develop
various platforms of keratin-based substrates that combine
different nutrients that may be released at different rates to
stimulate crop growth.

■ CONCLUSIONS
In the present study, keratin and cellulose materials were
converted into hydroponic substrates for use as a platform in
sustainable agriculture. The keratin-cellulose substrates were
fabricated using a facile synthesis method with water as the only
solvent. The resultant substrates exhibited a robust microporous
structure with high interconnectivity that provides large spaces
for nutrient transport. In addition to being a physical carrier for
supporting crop growth, the keratin-cellulose substrates also
demonstrated potential as a smart platform to control the release
of macronutrients through keratin degradation and also the
release of cationic micronutrients through the formation of
chemical bonds between cationic ions and active thiol groups of
keratin during synthesis. Plant growth experiments confirmed
that the keratin-cellulose substrates can promote greater
seedling development compared to conventional commercial
hydroponic substrates. Overall, this proof-of-concept study can
valorize biowastes and create a sustainable agriculture model
since keratin and cellulose materials can be readily obtained
from keratinous materials such as hair and poultry feathers and
cellulosic wastes such as fruit peels and vegetable trimmings. In
the future, field tests will be performed to evaluate these
substrates under more realistic hydroponic culture conditions
and to customize substrates to meet the requirements of specific
crop types.
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