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Chicken feathers represent an underutilized biomass and are
generally disposed of through incineration or landfilling.2,3

Chicken feathers are composed of approximately 90 wt % of
keratin (dry weight basis), whereas the remaining 10 wt %
consist of fibers, ash, and fat.3,4 Keratin is a fibrous structural
protein with unique properties, including biocompatibility, low
toxicity, and antioxidant and anti-inflammatory effects.2,5,6 The
presence of various reactive functional groups and essential
amino acids in its structure7 makes keratin highly promising for a
wide range of applications, such as drug delivery,8−10 tissue
engineering,11,12 food packaging,13,14 water treatment,15,16

animal feed,17−19 and as fertilizer.17,19,20

Despite keratin’s abundance and interest, its low solubility in
water and most organic solvents, mainly due to the inter- and
intramolecular disulfide bonds in the sulfur-containing amino
acids of keratin, makes its recovery a challenge.2 Various
methods (e.g., oxidation, reduction, and alkaline and acid
hydrolysis) have been proposed to address this issue (cf. Table
S1 and a deeper discussion provided in the Supporting
Information).21−25 However, many of them involve high costs,
lead to low protein yields, use hazardous and toxic solvents, or
have long processing times, underscoring the necessity to
identify more efficient and sustainable methods for keratin
recovery.3,26 To address these challenges, we considered
alternative solvents, with ionic liquids (ILs) emerging as one
of the most promising solutions. ILs consist of large organic

cations and organic or inorganic anions and have lower melting
temperatures than inorganic salts.3,27−29

In this context, our research in the field started by evaluating
various ILs for feather dissolution, with acetate-based ILs
showing significant potential due to their hydrogen bond
acceptor properties.2,3,28 Figure 1 summarizes the composition
of chicken feathers and the chemical interactions of keratin
(Figure 1a), the keratin recovery process developed using ILs
(Figure 1b), IL’s properties (Figure 1c), and some keratin
applications (Figure 1d).

In this Account, we describe and discuss a sustainable process
to valorize chicken feather waste, achieved using acetate-based
ILs, enabling high-yield keratin recovery alongside solvent
recovery and reuse. The recovered keratin was used to create
biocompatible films and hydrogels for wound healing,
incorporated into biocomposites with melanin, cellulose, and
chitin to create materials with tunable properties, and integrated
into advanced 3D printing technologies. Overall, this Account
emphasizes the valorization of chicken feathers using ILs for the
development of advanced keratin-based materials.

2. FEATHER VALORIZATION USING IONIC LIQUIDS
In 2005, 1-butyl-3-methylimidazolium chloride ([C4C1im]Cl)
was first described to be able to dissolve wool and regenerate
keratin, representing a breakthrough in keratin recovery
methods.30 Since then, ILs have shown their excellent capability

Figure 1. Overview of (a) chicken feather composition, (b) keratin recovery process using ILs, (c) properties of ILs, and (d) some keratin applications.
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to cleave disulfide bonds (S−S) in keratin, overcoming the
solubility limitations of traditional solvents. Zhang et al.31

demonstrated through molecular dynamic simulation that S−S
bonds are reduced to H2S during the dissolution process and
that the IL’s ability to dissolve keratin is proportional to its
disulfide bond-cleaving capability. Their results also indicated
that changing the IL anions and cations may significantly impact
the efficiency of disulfide bond cleavage.31 Additionally, the
hydrophobic (e.g., alanine and valine) and hydrogen-bond
donor amino acids (e.g., glutamic acid and serine) of keratin can
establish noncovalent (hydrogen bonding)2,32 with the ILs,
enabling the dissolution of keratin.
2.1. Understanding the Ability of Ionic Liquids to Dissolve
Keratin

The high diversity of ILs and the complexity of keratin (which
lacks regular repeating units) make identification of an efficient,
low-cost, and low-toxicity IL a challenge. To illustrate this, Qin
et al.27 investigated 143 ILs and three model compounds to
predict the dissolving ability of ILs for human hair. The authors
observed that despite the influence of both cations and anions,
the anions play a critical role in the dissolution process.
According to their results, the ILs with acetate and
diethylphosphate anions have the strongest dissolving ability
due to their high hydrogen bonding acceptor ability.27

Based on these results, we started by investigating seven ILs,
namely, 1-ethyl-3-methylimidazolium chloride ([C2C1im]Cl),
1-ethyl-3-methylimidazolium acetate ([C2C1im][C1CO2]),

[C4C1im]Cl, 1-butyl-3-methylimidazolium acetate ([C4C1im]-
[C1CO2]), 1-butyl-3-methylimidazolium bromide ([C4C1im]-
Br), 1-butyl-3-methylimidazolium thiocyanate ([C4C1im]-
[SCN]), and 1-butyl-1-methylpyrrolidinium chloride
([C4C1pyrr]Cl), for chicken feather dissolution. The dissolution
assay was carried out at 100 °C for 4 h in a solid:liquid
(feathers:solvent) ratio of 1:20 w/w. Most ILs tested failed to
achieve complete feather dissolution, except for the acetate-
based ILs, whose effectiveness is attributed to the high ability of
the acetate anion to cleave S−S and its strong hydrogen bond
acceptor properties.2,31

After identification of the most effective ILs ([C4C1im]-
[C1CO2] and [C2C1im][C1CO2]) and considering their similar
performance, subsequent studies were carried out with
[C4C1im][C1CO2]. For this, we investigated the impact of IL
concentration using pure [C4C1im][C1CO2] and its aqueous
solutions at 80 and 60 wt %. The results revealed that adding up
to 20 wt % of water reduced viscosity, accelerating mass transfer
and facilitating feather dissolution. However, increasing the
water concentration to 40 wt % hindered dissolution due to
competition with hydrogen bonds necessary for the dissolution
process.2

Despite the effective dissolution achieved by imidazolium-
based ILs, environmental and economic concerns prompted us
to further explore the use of other ILs with lower toxicity and
higher biocompatibility.3 Considering the efficacy of the acetate
anion, we explored the use of cholinium acetate ([N111(2OH)]-

Figure 2. Structural and thermal characterization of chicken feathers and keratin recovered using acetate-based ILs. (a) FTIR spectra confirming the
structure maintenance of the samples, (b) TGA profiles showing thermal stability, (c) SDS-PAGE analysis indicating the molecular weight
distribution, (d) X-ray diffraction reflecting structural organization, and (e) elemental analysis. Ker_[C4C1im][C1CO2] and Ker_[N111(2OH)][C1CO2]
corresponds to keratin recovered using [C4C1im][C1CO2] and [N111(2OH)][C1CO2], respectively. ���������� 	 ��
 ����
�� �� ��� 2,3 ���� ���
�

��� 	 ��

��� ����� ������� �	 ���
�
���.
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[C1CO2]) for feather dissolution.3 Using the same conditions as
before,2 complete feather dissolution was reached.3

2.2. Keratin Recovery Optimization

An additional advantage of using ILs is the simplicity of the
protein recovery process, which avoids methods such as dialysis
and the use of acids for isoelectric point adjustments. Instead, an
inexpensive coagulant solvent, such as water or ethanol, may
lead to efficient keratin precipitation from the IL solution due to
the preferential solvation of the IL by the antisolvent.2

We initially investigated the dissolution of feathers using
[C4C1im][C1CO2] and evaluated the keratin precipitation
process by testing various coagulant solvents including water,
ethanol, water−ethanol mixtures, and acetone. We investigated
these coagulants at different solution: coagulant ratio (1:1 w/w
to 1:5 w/w), temperatures (−20 to 25 °C), and times (1 to 24
h). The results demonstrated that ethanol and water, following
this order, were more effective than acetone in maximizing
keratin recovery. Temperature variations did not significantly
affect the results, while the time was important for water but not
for ethanol. Overall, these variables significantly influenced the
keratin recovery yield, emphasizing the need for further
optimization.2

In this context and aiming to optimize keratin precipitation
after feather dissolution with [N111(2OH)][C1CO2], we applied

response surface methodology (RSM). Diverse variables were
evaluated, including coagulant type (different ethanol concen-
trations in water), solution: coagulant ratio (from 1:12.5 to
1:1.08 w/w), and time (from 0.64 to 7.36 h). Optimal
conditions for keratin recovery were found to be 20.25 wt %
of ethanol in water, 5 h, and a solution: coagulant ratio of 1:1.45
w/w, resulting in a keratin recovery yield of (93 ± 4) wt %.3

2.3. Keratin Characterization

Keratin samples were characterized by Fourier transform
infrared attenuated total reflectance (FTIR-ATR), thermogravi-
metric analysis (TGA), sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), elemental analysis, and X-ray
diffraction (Figure 2), confirming preservation of the properties
of feather-derived keratin samples.2,3 Detailed discussion of the
characterization results is provided in the Supporting
Information.

3. KERATIN RECOVERY AT AN INDUSTRIAL SCALE
Recent efforts toward sustainable industrial processing focus on
reducing toxic solvents use, minimizing hazardous waste
generation, and streamlining processing time and costs.33 In
this context, we investigated the recovery and reuse of
[N111(2OH)][C1CO2] as a crucial step toward process scale-up.3

Figure 3. Assessment of process scalability and economic feasibility of the IL-based keratin recovery process: (a) IL recovery and reuse efficiency over 4
cycles, (b) cost contributions for keratin production, and (c) process flow diagram illustrating key operational steps. Abbreviations: EXT-KER = mixer
for chicken feather dissolution, IL-KER = chicken feather dissolved in IL, COAG = mixer used for keratin precipitation, EVAP = evaporator used to
remove the volatile solvent, COND = condenser, IL-RECYL = recovered IL, HEAT-INT = heating integration, MIX = mixer used to prepare the
coagulant in an adequate concentration, and ET-WATER = coagulant (ethanol−water). ���������� 	 ��
 ����
�� �� ��� 3 ���� ���
�

��� 	 ��
 ��� �����
������� �	 ���
�
���.
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IL recovery was evaluated over four cycles (Figure 3a),
indicating that reused IL did not impact the keratin recovery
efficiency. A recovery of ∼ 88% of the IL from the precipitation
step was achieved, followed by ∼ 6% IL recovery from the
washing steps. The integrity of the recovered IL was confirmed
by 1H and 13C Nuclear Magnetic Resonance (NMR), revealing
that no solvent degradation occurs under the conditions used.3
In a similar context, Nakasu et al.34 reported ≥ 97%
[N111(2OH)][C1CO2] recovery over six cycles during the
recovery of protein and chitin from squid pen, with no signs
of contamination by NMR spectra.34 Overall, although solvent
performance remained high, it is essential to investigate long-
term solvent stability across multiple cycles and to characterize
the recovered IL and protein. From an environmental
perspective, potential IL losses must be carefully considered.
While cholinium-based ILs have been reported to exhibit lower
toxicity and higher biodegradability than imidazolium-based
ILs,35 incomplete recovery or formation of degradation products
may still pose environmental risks. Therefore, maintaining high
IL recovery efficiency, solvent chemical stability, and protein
quality across cycles while conducting a comprehensive
evaluation of IL ecotoxicity and biodegradability is essential to
fully validate the long-term sustainability of this process.

A techno-economic assessment was carried out,3 aiming to
understand the key cost-effective limitations in keratin recovery
using [N111(2OH)][C1CO2]. Further details are provided in the
Supporting Information. The process flow diagram is presented
in Figure 3c, and the results of the contributions of the different
factors affecting the process cost are reported in Figure 3b.

The process simulation estimated a CO2 emission of
approximately 4.04 kg of CO2 per kg of keratin, mainly due to
the unavailability of heat sources in the process compared to
other biomass-based approaches. However, considering the
renewable raw material used, the product will not produce
excess CO2 at the end of its life cycle. The minimum selling price
was estimated to be 22 $ per kg, based on a productivity of 350
tons of keratin per year, which is suitable for specialty
applications such as personal care and biomedical.3 Although
no commercial keratin production from chicken feathers

currently exists for direct comparison, the estimated cost is
competitive with hydrolyzed keratin powder (30−50 $ per kg,
cosmetic grade, CAS 69430-36-0).36

While [N111(2OH)][C1CO2] can be easily synthesized via an
acid−base reaction, its recovery significantly influences
operating costs. Steam demand to regenerate the IL and capital
investment represents major cost drivers. Therefore, alternative
IL recovery strategies, such as membrane-based separation, can
further enhance the sustainable character of the process and
decrease the keratin price.37

4. KERATIN-BASED MATERIALS
Keratin-based materials have attracted increasing interest for
biomedical, food packaging, and environmental applications. Despite
their potential, some challenges remain to achieve cost-effective
production and to produce versatile keratin-based materials. To
address these issues, we explored various conditions for preparing
keratin-based materials with adjustable properties.

We first produced keratin films using keratin recovered from three
acetate-based ILs ([C4C1im][C1CO2], [C2C1im][C1CO2], and
[N111(2OH)][C1CO2]) and different processing conditions, including
variations in keratin concentration, pH, and addition of glycerol as a
plasticizer. Thereafter, biocomposites were prepared by blending
keratin with cellulose and chitin, two abundant biopolymers with good
mechanical properties.16 A schematic illustration of keratin-based film
preparation, as well as the film’s characterization, is provided in Figure
4. Detailed discussion of the characterization results is provided in the
Supporting Information. Overall, the findings confirm that the
properties of keratin-based films can be adjusted by varying the
processing conditions according to the desired final application.
Notably, keratin-chitin materials have a high potential to pioneer a
new field of sustainable and high-performance biomaterials that can
offer tunable mechanical properties.

4.1. Keratin-Based Materials for Biomedical Applications
In recent years, natural polymers have gained significant attention in the
biomedical field due to their abundance, biocompatibility, biodegrad-
ability, low toxicity, and biological properties.2,5,6 Keratin stands out in
this field due to its unique structure, which includes both hydrophilic
and hydrophobic domains.38 Additionally, keratin exhibits enhanced
cytocompatibility and promotes cellular migration and differentia-
tion.39 To explore the potential of keratin for biomedical applications,

Figure 4. Processing and characterization of keratin-based films. (a) Schematic illustration of keratin-based film processing, (b) FTIR spectra
confirming the preservation of the structure of the compounds in the films, (c) TGA profiles assessing the thermal stability, (d) SEM images for surface
morphology analysis, and (e) contact angle (CA) and tensile strength (TS) analysis demonstrating the influence of processing conditions on film
properties. ���������� 	 ��
 ����
�� �� ��� 16 ���� ���
�

��� 	 ��
 ��� ����� ������� �	 ���
�
���.
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Figure 5. �� ����� biological evaluation of keratin-based film for wound healing application: (a) �� ����� cytotoxicity assays demonstrating cell viability,
(b) oxidative stress evaluation, (c) NO production as an indicator of inflammatory response, and (d) �� ����� wound healing assay assessing cell
migration. Statistical analysis was performed using ordinary one-way ANOVA tests, ****� < 0.0001. ���������� 	 ��
 ����
�� �� ��� 2 ���� ���
�

���
	 ��
 ��� ����� ������� �	 ���
�
��� .

Figure 6. Integrated recovery of keratin and melanin from brown chicken feathers and functional evaluation of keratin-melanin hydrogels for
biomedical applications. (a) Schematic representation of brown chicken feathers valorization using ILs, (b) digital photos of the prepared hydrogels,
(c) UV-blocking evaluation on a range of 200 to 700 nm demonstrating enhanced UV-blocking capability with increasing melanin content in the
hydrogels, and (d) evaluation of hydrogels’ cell viability �� �����, confirming cytocompatibility.

Accounts of Materials Research pubs.acs.org/amrcda Article

https://doi.org/10.1021/accountsmr.5c00368
Acc. Mater. Res. XXXX, XXX, XXX−XXX

F



Figure 7. Fabrication and printability assessment of IL-dissolved keratin scaffolds via 3D printing. (a) Schematic illustration of the process used to
produce IL-dissolved keratin scaffolds, (b) printability evaluation using cylinder geometries with 4 layers (10 mm × 1 mm), (c) 12 layers (10 mm × 3
mm), and a more complex geometry with 14 layers (30 mm × 12 mm). Abbreviations: Ch = cholinium acetate, Im = 1-ethyl-3-methylimidazolium
acetate, BF = brown feathers, and WF = while feathers. ������� ���� ���
�

��� 	 ��
 ����
�� �� ���. 42 ��������� ���� �
������ ���
���� ������� .

Figure 8. �� ����� biological performance of IL-dissolved keratin scaffolds. The cytocompatibility and cell−material interactions of the scaffolds were
evaluated using hASCs over 1, 3, and 7 days of culture. (a) Metabolic activity assay demonstrated by AlamarBlue, (b) live/dead fluorescent staining
microscope images of the scaffolds, and (c) digital photos of the scaffolds showing a dynamic shape-changing over time mediated by cellular traction
forces. Statistical analysis was performed using ordinary one-way ANOVA tests, *� < 0.05, **� < 0.01, ***� < 0.001, ****� < 0.0001. Abbreviations:
Ch = cholinium acetate, BF = brown feathers, and WF = while feathers. ������� ���� ���
�

��� 	 ��
 ����
�� �� ���. 42 ��������� ���� �
������ ���
����
�������.
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we first developed pure keratin films and conducted a series of
biological tests to validate their suitability for wound healing (Figure 5).

We initially evaluated the biosafety testing of these films by
conducting cytotoxicity assays (Figure 5a) using macrophages,
monocytes, keratinocytes, and fibroblasts. No significant effects on
cell viability were observed, confirming the absence of toxicity under the
conditions addressed and the safety of the IL-based process.2 Further
assessments of the keratin film’s properties demonstrated antioxidant
and anti-inflammatory effects (Figures 5b and 5c), with reduced
reactive oxygen species (ROS) production and inhibition of NO
production without compromising cell viability.2

The wound-healing potential of keratin films was assessed �� �����
(Figure 5d) using keratinocytes (principal cells of the epidermis) and
fibroblasts (responsible cells for making the extracellular matrix). The
films promoted cell proliferation and accelerated wound healing after
16 h. This effect is attributed to the interaction between keratin and
cells, facilitated by specific amino acid sequences such as RGD
(arginine-glycine-aspartic acid), LDV (leucine-aspartic acid-valine),
LDS (leucine-aspartic acid-serine), and EDS (glutamic acid-serine),
which promote cellular attachment, migration, and proliferation.2,40

Overall, keratin films are efficient and less invasive than conventional
wound closure methods, such as gauze (which is produced synthetically
and can create secondary injury when peeling off).6 Nevertheless,
despite promising results, more research is necessary in this field, mainly
�� ���� assays.

In alignment with the biorefinery concept, our group has expanded
the focus of this research to include the simultaneous recovery of
keratin and melanin (a natural pigment with high photoprotective and
antioxidant capacities) from brown chicken feathers (Figure 6a).41

Following dissolution with [N111(2OH)][C1CO2] (80 wt % in water),
selective precipitation steps enabled sequential recovery of keratin
(using water or ethanol as coagulant solvent) and melanin (using acetic
acid).41

By using agarose (a biocompatible polysaccharide with a high ability
to form physically cross-linked hydrogels in aqueous dispersion) and
varying ratios of keratin and melanin, hydrogels were designed to mimic
the diverse tones of human skin, exhibiting tunable colors (Figure 6b)
and enhanced UV-blocking capabilities (up to 99.9%) (Figure 6c).
Aiming to use the hydrogels for biomedical applications, cell viability
assays were performed (Figure 6d), confirming the hydrogels’ capacity
to support cell growth, further highlighting their promise in the field.41

Using the results from the work described above, we have then
pioneered an innovative approach to produce keratin scaffolds using IL-
dissolved keratin as an ink for 3D printing (Figure 7a).42 We
investigated two ILs, [C2C1im][C1CO2] and [N111(2OH)][C1CO2],
due to their proven efficacy in dissolving chicken feathers,2,3 and aimed
to explore further how these ILs influence the scaffold’s formation and
properties. Both brown feathers and white feathers were employed to
assess their valorization and potential application in the biomedical
field. Using a carbonate-bicarbonate microparticle support bath, we
successfully printed initial structures (4 layers, 10 mm × 1 mm) with
diverse geometries and high structural integrity (Figure 7b). Notably,
when printing a 12-layer model (10 mm × 3 mm), only the scaffolds
produced with [N111(2OH)][C1CO2] exhibited satisfactory results
(Figure 7c), likely due to its higher viscosity compared to [C2C1im]-
[C1CO2]. Moreover, a more complex structure with 14 layers (30 mm

× 12 mm) was printed using [N111(2OH)][C1CO2], demonstrating its
superior performance.42

After demonstrating the effectiveness in producing scaffolds from
[N111(2OH)][C1CO2]-dissolved keratin, the biosafety of these structures
was evaluated by AlamarBlue metabolic activity assays (Figure 8a) and
live/dead cell viability assays (Figure 8b), using human adipose-derived
stem cells (hASCs). All structures proved to be biocompatible,
promoting cellular adhesion and proliferation, underscoring keratin’s
potential for biomedical application.39 Remarkably, the scaffolds
exhibited a dynamic shape-changing over time mediated by cellular
traction forces, demonstrating their 4D printing potential (Figure 8c).
This work led to a direct and innovative method to produce keratin
biomaterials via 3D printing, overcoming the limited solubility of
keratin and the long-time processing.42 While the �� ����� results are
promising, the absence of �� ���� data and long-term safety evaluation
still remains a critical barrier to clinical translation, and therefore need
to be addressed.
4.2. Expanding the Potential of Keratin Applications
Keratin is a versatile protein with applications in multiple fields. In water
treatment, keratin has demonstrated the potential to adsorb heavy
metals and dyes, addressing the need for sustainable environmental
solutions.15,16 In the field of food packaging, keratin’s natural barrier
properties make it a promising material, reducing the use of synthetic
plastics.13,14 Additionally, keratin’s nutrient-rich composition supports
its use as a fertilizer17,19,20 and in animal feed.17−19 A summary of
keratin’s applications is presented in Table 1.

5. CONCLUSION AND PERSPECTIVES
In this Account, we presented an integrated IL-based strategy for
keratin recovery from feathers and its valorization into advanced
materials for biomedical applications. Acetate-based ILs,
particularly [N111(2OH)][C1CO2], enabled high-yield keratin
recovery while overcoming some concerns related to toxicity,
cost, and synthesis complexity. The process integrates solvent
recovery and reuse, supported by experimental optimization and
techno-economic assessment, underscoring the potential
industrial application.

Recovered keratin was used to develop biomaterials, including
films, hydrogels, and 3D-printed scaffolds, with processing
conditions presenting a dominant effect on their properties.
These biomaterials exhibited antioxidant and anti-inflammatory
properties, as evidenced by �� ����� tests, with keratin:melanin
hydrogels presenting enhanced UV-blocking capability. Nota-
bly, 3D-printed keratin scaffolds promoted remarkable cell
adhesion and proliferation, and their dynamic shape-changing
properties over time, mediated by cellular stimuli, further
suggest the potential for 4D printing applications.

Despite these advances, several challenges remain. Extending
the developed IL-based strategy to other keratin-rich wastes will
be essential to assessing feedstock versatility and economic
performance. In addition, life cycle assessment (LCA) studies
are required to assess potential environmental impacts
throughout keratin recovery processes. Furthermore, investigat-

Table 1. Applications of Keratin Across Multiple Fields

Field Application Benefits ref.

Biomedical Wound healing, tissue engineering, drug delivery Biocompatibility, supports cellular adhesion and proliferation 2,6,8,10,11,24
Water treatment Removal of contaminants (e.g., heavy metals and

dyes)
Effective contaminant removal, eco-friendly material 15,16

Food packaging Biobased films Barrier properties, reduces the use of synthetic plastics 13,14
Human

consumption
Novel dietary protein Essential amino acids, �� ����� and �� ���� low cytotoxicity and high

digestibility
23,43

Agriculture Fertilizers and animal feed Sustainable farming, essential nutrients 17,18,20
Textile industry Yarn production and manufacture of technical

textile
Appropriate properties (e.g., low density, durability) and eco-friendly 4,44
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ing the impact of different acetate-based ILs on keratin’s primary
structure is essential for defining amino acid composition and
understanding the sequences critical for medical applications.
Importantly, the absence of �� ���� validation, long-term
biocompatibility data, and immune response remains a critical
limitation for clinical translation. Future research is necessary to
fully evaluate biocompatibility and biodegradation behavior,
immune response, and safety to attest to the efficacy of keratin-
based materials. By addressing these points we can then
significantly enhance the potential of keratin-based materials
and ensure their sustainable integration into modern practices.
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