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Abstract Intact chicken feathers, most of which are cur-

rently discarded by incineration, were decayed by

Meiothermus ruber H328 at the moderate aerobic conditions

of 60�C so that they could be utilized as raw materials. The

degraded chicken feather thus obtained was converted into

membranes in the presence of reducing agent of 1-octane-

thiol. The membrane showed chiral separation ability; in

other words, it transported the D-isomer of Glu and Phe, and

the L-isomer of Lys from the corresponding racemic amino

acid mixtures.

Keywords Chicken feather � Ciral separation � Keratin �
Meiothermus ruber H328 � Membrane � Thermophile

Introduction

3Rs is promoted to create a sustainable society. ‘‘3Rs’’

consists of three actions, of which words start alphabet

‘‘R’’; (1) ‘‘Reduce’’, implying reducing the amount of

waste, (2) ‘‘Reuse’’, meaning using used items again and

again, and (3) ‘‘Recycle’’, implying using recyclable items

as raw materials. Utilization of waste as raw materials is

fascinating action to reduce the amount of waste,

‘‘Reduce’’.

Most feathers generated by poultry processing are cur-

rently disposed by incineration [1], which has ecological

disadvantages in terms of the energy loss and the emission

of a large amount of carbon dioxide. Poultry proteins

contain various potent proteins and amino acids. From this,

a certain amount of poultry feather is converted to feather

meal, which is used as animal feed stuff through extraor-

dinary severe processes under high pressure and tempera-

ture [2]. Alternative methods, efficiently degrading intact

feathers and overcoming the defects of prior processes,

have been studied [3–7], though those were hardly appli-

cable to practical degradation. One of the authors, KW,

demonstrated the decomposition of hard-to-degrade animal

proteins by moderately thermophilic bacteria showing

optimum growth at around 60�C under aerobic conditions

[8–11]. In the screening process of a novel thermophilic

bacterium, KW and his research group newly found a

thermophilic bacterium strain, Meiothermus ruber H328,

that can efficiently decompose truly intact chicken feathers

[12, 13].

Studies on utilization of naturally occurring or ‘green

polymers’, their derivatives, and wastes from food indus-

tries as resources are important subjects to construct sus-

tainable environment and society. To this end, the authors

developed membranes from various raw materials, such as,

egg shell membranes for chiral separation [14], agarose for

pervaporation [15, 16], gelatin for vapor permeation [17],

proteins from Geobacillus thermodenifitricans DSM465 for

vapor permeation [18] and molecular recognition [19, 20],

DNA for gas [21] and chiral separation [22], and chitosan

for chiral [23] and vapor permeation [24]. The decomposed

keratin by Meiothermus ruber H328 is an interesting and

suitable material for membrane since intact chicken

feathers are not in conflict with the feed supply chain. The

degraded feathers also consist of various types of amino
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acid residue with L-configuration, which is expected to

show optical resolution ability. Chirality plays a crucially

important role in biological processes [25, 26]. As is well

known, drug enantiomers with different chiral environ-

ments often show pharmacological activities depending on

absolute configuration. From this, the production of

enantiomerically pure compounds has gathered attention in

chemical industries involving pharmaceuticals, agrochem-

icals, fragrances, food additives, and so forth. Membrane-

based chiral separation is regarded as a promising and

mighty method to obtain enantiomerically pure compounds

[27–30], since it can be operated continuously under mild

conditions and can be ecologically and economically

competitive to other separation processes. To this end,

degraded keratin from intact chicken feathers was con-

verted into membrane and their membrane performance

was investigated.

Experimental

Reagents and Materials

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), 1-octanethiol, D-

glutamic acid (D-Glu), L-glutamic acid (L-Glu), D-phenyl-

alanine (D-Phe), L-phenylalanine (L-Phe), D-lysine (D-Lys),

L-lysine (L-Lys) were used as received. Water purified with

an ultrapure water system (Simpli Lab, Millipores S. A.,

Molsheim, France) was used. Chicken feathers were kindly

supplied by a local poulterer and extensively washed with

tap water and air-dried prior to use.

Microorganism and Cultivation for Feather

Degradation

The decomposition of intact chicken feathers by Meio-

thernus ruber H328 was carried out as reported previously

[12, 13]. For feather degradation, cells aerobically cultured

in 5 cm3 of YS medium [0.5% (w/v) yeast extract, 0.5%

(w/v) sucrose (pH 8.0)] at 60�C for 24 h were inoculated

[1% (v/v) inoculum] to 50 cm3 of a fresh YS medium

containing 3% (w/v) of chicken feathers and 0.5% (w/v)

CaCO3 in 300 cm3 Erlenmeyer flask and cultivated with

rotary shaking at 190 rpm at 60�C for 6 days. After culti-

vation, the broth was centrifuged at 17,8009g for 10 min

and the precipitates were recovered. They were resus-

pended in an appropriate amount of distilled water and

centrifuged at 2009g for 2 min to remove bacterial cells.

After repeating this step for cell removal twice, the

obtained precipitates were resuspended in distilled water

and recovered by centrifugation at 5,8009g for 2 min. The

final precipitates were kept damp at 4�C and used as

degraded chicken feathers. The molecular weight of keratin

from intact chicken feathers was reported to be around

10 kDa [31]. That of degraded chicken feathers should be

lower than that of starting feathers. However, the molecular

weight of degradation products was not determined since it

was not perfectly soluble in any solvents tested and the

molecular weights of the degraded chicken feathers was

anticipated to show a wide range of molecular weights.

Membrane Preparation

A 0.1 g of degraded chicken feathers was poured into

5.0 cm3 of HFIP solution containing 0.15 cm3 (ca.

8.64 9 10-4 mol) of 1-octanethiol and stirred for 24 h at

an anaerobic condition. The HFIP solution thus obtained

was poured into a TeflonPFA 50 mm diameter laboratory

dish and the solvent was allowed to evaporate at ambient

temperature for 24 h and then for additional 3 h at 50�C.

The thickness of the membrane thus obtained was around

87 lm.

Enantioselective Transport

A membrane (area, 1.13 cm2) was fixed tightly between

two chambers of a permeation cell. The volume of each

chamber was 5.0 cm3. An aqueous solution of racemic

mixture of amino acid was placed in the left-side chamber

and an aqueous solution in the right-side chamber. Each

concentration of racemic amino acid was fixed at

1.0 9 10-3 mol dm-3. All experiments were carried out at

40�C. The amounts of the D- and L-isomers that trans-

ported through the membrane were determined by liquid

chromatography (LC) [JASCO PU 1580, equipped with a

UV detector (JASCO 1570)] employing a CHIRALPAK

MA(?) column (50 mm 9 4.6 mm (i.d.)) (Daicel Chemi-

cal Ind. Ltd.) for the analyses of racemic Glu’s and Phe’s

and a CROWNPAK CR(?) column [250 9 4.0 mm (i.d.)]

for the measurement of racemic Lys’s. An aqueous copper

sulfate solution was used as a mobile phase for Glu and Phe

analyses and a perchloric acid solution as eluent for Lys

analysis.

The flux, J (mol cm-2 h-1), is defined as:

J ¼ Q=At ð1Þ

where Q (mol) is the amount of transported amino acid,

A (cm2) is the effective membrane area, and t (h) denotes

the time.

The permselectivity, ai/j, is defined as the flux ratio. Ji/Jj,

divided by the concentration ratio ([i-AA]/[j-AA]):

ai=j ¼ Ji

�
Jj

� ��
i - AA½ �= j - AA½ �ð Þ ð2Þ

The subscripts D and L refer to the D-isomer of amino acid

and the L-isomer of amino acid, respectively.
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Adsorption Selectivity

The membrane was immersed in a 1.0 9 10-3 mol dm-3

racemic amino acid solution and the mixture was allowed

to equilibrate at 40�C. A 0.02 wt% sodium azide was added

as a fungicide. The amount of amino acid in the supernatant

subtracted from the amount initially in the solution gave

the amount of the given amino acid adsorbed by the

membrane. Quantitative analyses were done as above.

Adsorption selectivity, SA(i/j) is defined as

SA i=jð Þ ¼ i - AAð Þ= j - AAð Þð Þ= i - AA½ �= j - AA½ �ð Þ ð3Þ

where (i-AA) and (j-AA) are the amounts of enantiomer of

amino acid adsorbed in the membrane and [i-AA] and

[j-AA] denote the concentrations in the solution after

equilibrium had been reached, respectively.

Results and Discussion

Membrane Preparation

Keratins are fibrous structural proteins that are composed

of tightly packed chains. Due to large amounts of cysteine,

the fibrous structures are stabilized by the high degree of

cross-linking disulfide bonds. Intact chicken feather con-

tains approximately 8% cysteine. In order to prepare HFIP

solution dissolving degraded feather, it was required to

transform disulfide linkage of cystine into cysteine residues

by using reducing agents, various types of thiol.

2-Mercaptoethanol and dithiothreitol are often adopted as

reducing agents [25, 26]. In the present study, thiol, which

did not work as reducing agents in dissolving process and

remained in the membrane thus obtained was required not

only to be stably occluded in the membrane but also to

work as plasticizers in the membrane to render the formed

membrane flexible and stable. To this end, 1-octanethiol

was adopted as a reducing agent. Even though 1-octane-

thiol, the amount of which was about ten times that of

cystine, was added during the dissolution process of

degraded keratin, insoluble parts were still found in the

HFIP solution. This might be the reason that the durable

membrane with wide area was not obtained in the present

study. The membrane thus obtained was applied for the

following study of membrane performance.

Enantioslective Transport of Racemic Amino Acids

In the present study, three types of racemic amino acid

were adopted as model racemates, such as racemic glu-

tamic acids (Glu’s), which have very polar anionic side

chains, racemic phenylalanines (Phe’s), having aromatic

side chains, and racemic lysines (Lys’s) with very polar

cationic side chains.

In the present study, concentration gradient was adopted

as a driving force for the membrane transport of racemic

amino acids. Time-transport curves of those three types of

racemic amino acids through the membrane are shown in

Fig. 1. D-Isomer of Glu and that of Phe were transported in

preference to the corresponding L-isomers, while L-Lys

was selectively transported through the membrane. Though

racemic amino acids adopted in the present study are three

of the twenty amino acids commonly found in proteins, the

permselectivity of racemic Lys’s was opposite to that of

racemic Glu’s or Phe’s.

In order to elucidate the mechanism for the expression

of permselectivity, adsorption selectivities of the mem-

brane toward three types of racemic amino acids were

studied. The results of adsorption experiments are sum-

marized in Table 1. In the table, the amount of amino acid

adsorbed in the membrane and adsorption selectivities are

given. L-Glu was preferentially incorporated into the

membrane, while the D-isomer of Phe or Lys was adsorbed

in the membrane in preference to the corresponding

L-isomer. From permselectivity determined by membrane

transport and adsorption selectivity from adsorption

experiment, the diffusivity selectivity (SD(i/j) = Di/Dj,

where Di and Dj are the diffusion coefficients of i-isomer

Fig. 1 Time-transport curves of three kinds of racemic mixture of amino acid through the degraded keratin membranes at 40�C. ([D-AA]0 = [L-

AA]0 = 1.0 9 10-3 mol dm-3; AA: Glu, Phe, or Lys.)
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and j-isomer, respectively) can be determined. The diffu-

sivity selectivities are summarized in Table 2 together with

permselectivities and adsorption selectivities. Contrary to

adsorption selectivity, the enantiomer, which was not

preferentially incorporated into the membrane, was quickly

diffused in the membrane. In other words, retarded diffu-

sion of preferentially adsorbed enantiomer was observed.

This might be due to relatively strong interaction between

the preferentially incorporated enantiomer and the mem-

brane. Such phenomena were often observed in chiral

separation [22, 32–35].

Even though permselectivity observed in the present

study was modest, the study described in the present paper

is one of promising ways to reduce the waste from poultry

(food) industries and utilize hard-to-degrade animal pro-

teins as raw materials.

Conclusions

Intact chicken feathers, most of which are currently dis-

carded by incineration, were decayed by Meiothermus

ruber H328 at the moderate aerobic conditions of 60�C so

that they could be utilized as raw materials. The degraded

chicken feather thus obtained was converted into mem-

branes in the presence of 1-octanethiol as reducing agent.

The membrane showed chiral separation ability; in other

words, it transported the D-isomer of Glu and Phe from the

corresponding racemic mixtures while the L-isomer of Lys

was preferentially transported from the racemic mixture of

Lys’s. The results obtained in the present study would open

a door to novel materials.
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