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Structural Proteins

Numata, K. How to define study structural proteins as biopolymer materials. Polym J 52, 1043–1056 (2020)
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What’s in the eggs



Purification of IgY from egg yolk



Purification of ovalbumin



Fibrilation of egg white





Fibrilation of human platlet lysates



Fibrilation of human platlet lysates
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Cell self-aggregation in HPL fibril membranes

This is the first time that a fully human protein fibril-based supramolecular free-
standing membrane is reported as a functional platform for cellular self-organization

C.F. Monteiro, M.C. Gomes, P. Bharmoria, M.G. Freire, J.A.P. Coutinho, C.A. Custódio, J.F. Mano ACS Nano 24 (2024) 15815



Purification of IgY from egg yolk



▪ Antibodies obtained from egg yolk of immunized hens, 
immunoglobulin Y (IgY), are an alternative option to IgG that can 
be obtained in higher amounts, at a lower-cost and from a 
renewable matrix. 

▪ The production of high-quality IgY remained a challenge due to 
the lack of cost-efficient purification strategies. 

Purification of IgY from egg yolk



Egg yolk is a complex matrix: Two-step approach

Diluted egg yolk Precipitated 
lipoproteins: 

discard!

WSPF
(contains IgY)

Removal of lipoproteins Purification of IgY

STEP 1 STEP 2

+ IL/polymer and salt

ABS formulation

Contaminant
proteins

IgY

Purification of IgY from egg yolk

M. Taha, M.R. Almeida, F. A. Silva, P. Domingues, S.P. M. Ventura, J.A.P. Coutinho, M.G. Freire Chem Eur J 21 (2015) 4781



SE-HPLC Chromatrogram of the WSPF of egg yolk
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M. Taha, M.R. Almeida, F. A. Silva, P. Domingues, S.P. M. Ventura, J.A.P. Coutinho, M.G. Freire Chem Eur J 21 (2015) 4781



Extraction of IgY using ABS composed of GB-based ILs and PPG 400

M. Taha, M.R. Almeida, F. A. Silva, P. Domingues, S.P. M. Ventura, J.A.P. Coutinho, M.G. Freire Chem Eur J 21 (2015) 4781

Purification of IgY from egg yolk

IL + PPG 400 + WSPF from egg yolk

IL-rich 
phase

PPG-
rich 
phase

IgY

Other 
proteins
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Purification of IgY from egg yolk

Biphasic region

Selectivity towards IgY identified

M. Taha, M.R. Almeida, F. A. Silva, P. Domingues, S.P. M. Ventura, J.A.P. Coutinho, M.G. Freire Chem Eur J 21 (2015) 4781
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After the iInvestigation of several phase-forming components, 
compositions and pH... 

Purification of IgY from egg yolk

Patents PT115028, PCT/IB2019/057994 and PCT/IB2019/057993

Designed IL-based ABS display high selectivity for IgY



Centrifugal Partition Chromatography (CPC) 

Liquid-liquid chromatography techniqueCPC

Individual solutes are isolated based on different 

partition coefficients (selectivity)

Purification of IgY from egg yolk

>99% Pure IgY!
Patents PT115028, PCT/IB2019/057994 and PCT/IB2019/057993



RYA a start-up producing IgY antibodies



Structural Proteins

Numata, K. How to define study structural proteins as biopolymer materials. Polym J 52, 1043–1056 (2020)

feathers



Collagen from eggshell membrane



Collagen from eggshell membrane



Out of the eggs: Chickens



Why chicken feathers?

Incineration or 
landfilling

THE PROBLEM

10 wt % of chicken 
feathers

Chicken consumption by country 2023

https://worldpopulationreview.com/country-rankings/chicken-consumption-by-country

According to the latest statistics:

Spain = 1500

Portugal =  400

China =  22000

Consumption (ktons)

…



Keratin

Chicken feather waste valorisation

CHICKEN FEATHER COMPOSITION

Water

Ash

Fat

Protein

Keratin represents 90 
% of the total weight 
of chicken feathers

90 %

Keratin is also found in:



Keratin

Keratin is the third most abundant biopolymer in 
the environment, after cellulose and chitin;

Due to its antioxidant and anti-inflammatory 
properties, keratin has applications in the 
biomedical field and tissue engineering.

The potential production of keratin from 
chicken feathers is 2.5 times higher than from 
wool (main source investigated in the 
literature);



Keratin recovery process

Chicken feathers pre-treatment



PGM recovery from catalytic converters

Leaching with:

• Al(NO3)3 + AlCl3

• 37% HCl + 1% H2O2

[PdCl₄]²⁻   

[PtCl₆]²⁻  

[RhCl₆]³⁻

Fe3+

Zn2+

Ce4+

KeratinMetals

In HCl
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qe, exp (mg.g-1)
qe, cal 

(mg.g-1)
R2

k2 

(g.mg-1.min-1)

Pd 14.67 ± 0.45 15.106 0.999 0.004

Pt 5.23 ± 0.22 5.345 0.999 0.003

Rh 1.61 ± 0.07 1.686 0.991 0.004

✓ Pseudo-second-order 

Tested models:

Pseudo-first and Pseudo-second order models 

Rate-limiting step of PGMs adsorption by CF is 

through chemisorption



Adsorption mechanism
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Competitive metal ions effect
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Experimental condition:

Concentration of each one of competitive metal increased to 150 mg/L, while 

maintaining others at 15 mg/L.



Suggested adsorption mechanism

Keratin
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Initial metal concentration effect
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R2 qmax (mg.g-1) b (L.mg-1)

Pd 0.9979 19.607 2.865

Pt 0.9946 3.094 1.444

Tested models:

Langmuir, Freundlich, Sips and Temkin models

Monolayer adsorption on a homogeneous surface

Experimental condition: Test performed 

with solutions containing 5, 10, 15, 25 and 

35 mg/L of each metal



Desorption studies
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Chicken feathers dissolution

Organic solvents Ionic Liquids (ILs)

-When properly designed, ILs allow 
complete biomass dissolution;

-Coagulant solvents, such as 
water or ethanol, ILs can be used for 
protein recovery;

-Possibility to recovery and reuse.

-Low protein solubility;

-Poor recovery yield;

-Harsh conditions, leading to amino 
acid degradation;

-Dialysis is commonly needed to 
recover keratin



Keratin recovery process

Chicken feathers pre-treatment

C. Polesca, H. Passos. B.M. Neves, J.A.P. Coutinho, M.G. Freire, Green Chem 25 (2023) 1424 



Materials

[C1CO2]-based ILs with 20 wt% water 
were the best solvents

[C2C1im][C1CO2] [C4C1im][C1CO2] [N111(2OH)][C1CO2]

[C2C1im]Cl[C4C1im]Cl

[C4C1im]Br [C4C1pyrr]Cl

Chicken feathers dissolution

C. Polesca, H. Passos. B.M. Neves, J.A.P. Coutinho, M.G. Freire, Green Chem 25 (2023) 1424 



Keratin recovery process

Chicken feathers dissolution

Water at 20 wt% promotes the 
viscosity reduction, accelerating 

the dissolution

Increasing water concentration 
from 20 wt% to 40 wt%, it starts 
to compete with the hydrogen 

bonds responsible for 
dissolution

IL
Water

40 wt%             20 wt%

C. Polesca, H. Passos. B.M. Neves, J.A.P. Coutinho, M.G. Freire, Green Chem 25 (2023) 1424 



Keratin recovery process

Dissolution

w (feathers)

Precipitation

Centrifugation

Washing

Drying

w (keratin)

Yield (%) = [w (keratin) / ( w (feathers) x 0.9)] x 100

100 °C for 4 h
5 wt% of biomass

Water
Ethanol

Water-ethanol

Coagulant-solvent ratio
Temperature 

Time

C. Polesca, H. Passos. B.M. Neves, J.A.P. Coutinho, M.G. Freire, Green Chem 25 (2023) 1424 



Optimisation of keratin production

Solvent: Cholinium acetate (80 %) + H2O (20 %)

Dissolution conditions: 100 °C, 4 h, feathers: solvent ratio = 1:20 w/w

Under the best precipitation conditions (20.25 wt % ethanol 

in water, 1 : 1.45 w/w, 5 °C, and 5 h), 93 wt % of keratin was 

recovered.

C. Polesca, H. Passos. B.M. Neves, J.A.P. Coutinho, M.G. Freire, Green Chem 25 (2023) 1424 



Keratin characterisation

SDS-PAGE

X-ray diffraction

α-helix
β-sheet

TGA

*A= protein marker, B = keratin.

~ 10

kDa

~ 200 °C

C. Polesca, H. Passos. B.M. Neves, J.A.P. Coutinho, M.G. Freire, Green Chem 25 (2023) 1424 



IL recovery and reuse

- 95 wt % of IL was recovered with 4 

washing cycles;

- The reused IL does not have an impact 

on keratin integrity and recovery yield.

IL + water + 

ethanol IL + water

water +  ethanolKeratin

C. Polesca, A.Al Ghatta, H. Passos, J.A.P. Coutinho, J.P. Hallett, M.G. Freire, Green Chem 25 (2023) 3995 



Techno-economic assessment

* calculated considering the total productivity of 350 tons of keratin⋅year-1, the total operating costs and annual plant 
depreciation.

-The minimum selling price 
obtained for keratin is 22 $⋅kg-1; 
(personal care, biomedical applications)

-Low CO2 emission (4kgCO2/kgker)

-The IL recovery has the 
highest impact on the process 
costs.

Biorefinery process simulation

C. Polesca, A.Al Ghatta, H. Passos, J.A.P. Coutinho, J.P. Hallett, M.G. Freire, Green Chem 25 (2023) 3995 



C. Polesca, H. Passos, P. Nakasu, J.A.P. Coutinho, M.G. Freire, J.P. Hallett, RSC Sustain 2 (2024) 2239-2248

Keratin film processing



Keratin film processing conditions
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C. Polesca, H. Passos, P. Nakasu, J.A.P. Coutinho, M.G. Freire, J.P. Hallett, RSC Sustain 2 (2024) 2239-2248



Keratin film characterisation

Contact angle

FTIR-ATR

TGA

SEM

Tensile strength

C. Polesca, H. Passos, P. Nakasu, J.A.P. Coutinho, M.G. Freire, J.P. Hallett, RSC Sustain 2 (2024) 2239-2248



Keratin blends

ILs: [N₁₁₁₍2OH₎][C₁CO₂] and [C2C1im][C₁CO₂] 

  

Keratin-cellulose 50:50

Keratin-cellulose 75:25

Keratin-chitin 50:50

Keratin-chitin 75:25

Keratin blends

Biopolymer concentration: 15 wt %

Glycerol: 10 wt % (in relation to the biopolymer)

pH: without modification

  

C. Polesca, H. Passos, P. Nakasu, J.A.P. Coutinho, M.G. Freire, J.P. Hallett, RSC Sustain 2 (2024) 2239-2248



Keratin blends characterisation

Contact angle

FTIR-ATR

TGA

SEM

Tensile strength

C. Polesca, H. Passos, P. Nakasu, J.A.P. Coutinho, M.G. Freire, J.P. Hallett, RSC Sustain 2 (2024) 2239-2248



In vitro cytotoxicity

The keratin film presents no cytotoxicity towards 

the investigated cell lines

Keratin film applications

C. Polesca, H. Passos, P. Nakasu, J.A.P. Coutinho, M.G. Freire, J.P. Hallett, RSC Sustain 2 (2024) 2239-2248



Keratin film applications

In vitro wound healing

The keratin films improve the proliferation of the 
cells, accelerating wound healing at 16 h.

Keratinocytes Fibroblasts

\\
This mechanism is associated with some amino acids in keratin (e.g., 
arginine, glycine and leucine), which promote cellular attachment,
migration and proliferation during the healing process.

responsible cells for making the extracellular matrixprincipal cells of the epidermis

C. Polesca, H. Passos, P. Nakasu, J.A.P. Coutinho, M.G. Freire, J.P. Hallett, RSC Sustain 2 (2024) 2239-2248



Keratin film applications

[N111(2OH)][C1CO2]

3D printing

Prof. João 
Mano

Dr. Rita Almeida

Polesca et al. ACS Materials Lett 2025 (7) 3370-3379



Chicken feathers dissolution

Feathers 
dissolution

Ionic liquid (80 wt %) + water (20 wt %)
Solid: liquid ratio 1:20 w/w

100 °C, 600 rpm, 4h

Centrifugation

Polesca et al. ACS Materials Lett 2025 (7) 3370-3379



Chicken feathers dissolution

Feathers 
dissolution

➾ Solutions:

(1) White feathers dissolved in [N₁₁₁(2OH)][C₁CO₂]
(2) Brown feathers dissolved in [N₁₁₁(2OH)][C₁CO₂]

(3) White feathers dissolved in [C₂C₁im][C₁CO₂]
(4) Brown feathers dissolved in [C₂C₁im][C₁CO₂]

Keratin Keratin + 
melanin

Polesca et al. ACS Materials Lett 2025 (7) 3370-3379



3D printing

• Reticulation bath: agarose + calcium chloride + carbonate-bicarbonate buffer

Printing conditions:  P = 35 kPa, Infill density = 25 %, Speed = 8 mm/s

• The samples were kept in the reticulation bath for 2 days, and then kept in PBS.

Polesca et al. ACS Materials Lett 2025 (7) 3370-3379



Printability evaluation
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Polesca et al. ACS Materials Lett 2025 (7) 3370-3379



Printability evaluation

3D model
Cylinder 10 x 3 mm

WF + 
[N₁₁₁(₂oʜ)][C₁CO₂]

Polesca et al. ACS Materials Lett 2025 (7) 3370-3379



Cell growth on keratinaceous scafold



Polesca et al. ACS Materials Lett 2025 (7) 3370-3379





Graphical summary

Keratin-based materials
for circular economy

Keratin-based materials
for biomedicine

Ovalbumin Protein Fibrils

IgY antibodies
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