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Abstract The vast amount of feathers generated (> 1
Mtons/a in Europe) in the poultry industry is an opportunity
of upcycling by-product materials and improving sustainable
practices. Feathers are potentially interesting materials as
feed protein ingredients due to their high protein (> 85
wt%) and cystine content (> 7 wt%). However, due to their
challenging recalcitrant nature, they have to be processed
to make feather protein suitably digestible. The objective
was to investigate the effects of temperature (120°C-160°C)
and time (10, 30, and 60 min) in thermal pressure hydrolysis
of feathers on availability for enzymatic hydrolysis (AEH)
and cystine conservation. AEH is defined as degree of
degradation of processed feather protein by two digestive
enzymes pepsin and pancreatin (Boisen). The present study
identified and assessed four temperature stages that take
place during feather processing. The four temperature stages
are 120°C-135°C, 140°C-155°C, > 160°C, and the cooling-
down phase. The second stage has the greatest influence on
AEH. As well as temperature, hydrolysis time is also an
essential parameter that had a major impact in the second
stage (140°C-155°C). Both temperature and time influence
negatively cystine content and stability. The present study
demonstrates for the first time the importance of four
reaction stages during feather hydrolysis and the impact of
four stages on AEH of the obtained products.
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1. Introduction

More than 1 million metric tons of feathers are produced
annually as a by-product at European poultry slaughterhouses
[1,2]. Feathers have excellent potential as protein feed
ingredient [3], as they consist of mainly protein (> 85%)
and have a high content of some essential amino acids, e.g.
Ile, Leu, Phe, Thr, and Val [4]. Feathers are particularly
high in cystine, a valuable sulphur-containing amino acid
(> 7%) [5]. Cystine and cysteine are both building blocks
of proteins. Within the cells of higher organisms, cystine is
usually instantly reduced to cysteine, which plays an
important role in metabolic pathways and in the biosynthesis
of new protein structures [6,7]. Cysteine is not essential, as
it can be synthesized in the liver, but only as the result of
conversion from methionine [8]. Dietary cysteine and
dietary cystine therefore reduce the need for dietary
methionine [9]. Utilizing feathers in feed would therefore
be a win-win, as this is a nutritious and sustainable use of
an otherwise unused by-product [10].

The processing of feathers for feed use is challenging,
however, in view of the molecular structures of feathers,
which consist of B-keratin with pleated sheets [11,12], also
known as corneous beta-proteins. They are stabilized by
various bounds, such as hydrogen bonds between sheets
and peptide bonds [13]. In particular, the disulphide bonds
of cystine result in the robust structure of keratin [14,15],
which inhibits enzymatic hydrolysis during digestion [16].
To be able to use feather protein as feed, it is essential to
unlock the keratin structure to allow enzymatic hydrolysis
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[17]. This requires simultaneous modification of both
primary and secondary structures of keratin, which results
in smaller peptides and better availability for enzymatic
hydrolysis (AEH).

To modify feather keratin, several different processing
techniques are available. Most aim for a partial protein
hydrolysis; this includes thermal pressure hydrolysis (TPH),
enzymatic degradation, acidic or basic hydrolysis (change of
pH), or combinations of these techniques [18-20]. As
alternatives, microwave treatment [21] or co-extrusion of
feathers with soybean meal have been reported [22].
Currently, TPH is the most used method for commercial
feather processing. Temperature, time, and pressure are
critical parameters that determine the AEH of feather
proteins. The addition of enzymes and chemicals can be
beneficial (Table 1).

The studies listed in Table 1 looked at several parameters
and their influence on enzymatic hydrolysis. Most of these

studies did not produce any insights into the reaction stages,
but focused on data derived from in-vivo experiments, and
were limited to the effects of time at a specific temperature.
However, the effects of temperature and time may not be
the same in all reaction stages. Furthermore, in most
studies of protein hydrolysis, the reaction is terminated as
soon as possible, without regard for the cooling phase.
However, the cooling stage might affect the results as
reactions may continue in the cooling stage. Evaluating the
role of these cooling-stage reactions might help gain a
better picture of feather hydrolysis and might also tie
different research data resulting from different process
designs together.

Besides striving for optimal AEH, another important issue
is to avoid lanthionine formation (from cystine) during
feather processing. During processing, the disulfide bond of
cystine can be cleaved, which can lead to lanthionine
formation [23,24]. Fig. 1 shows several pathways that can

Table 1. Effects of temperature and time on feather hydrolysis for the availability for enzymatic hydrolysis (AEH), using two methods to
assess AEH, namely chicken growth in vivo and pepsin digestibility in vitro

Tem(;())ecr:';lmre Piflispil:)re gnl:rll(; Other factors Measurement Finding Reference
121 - 30 - Chicken growth No growth support [16]
121 - 18 h - Moderate growth support with amino acid

supplementation
142 30 With amino acid supplementation, equal to
soybean protein
- - - Sodium sulphide No effect
146 30-70 Moisture Pepsin No significant effect of time [35]
50 - 70%
- 200 - 340 20 - 60 Chicken growth Similar effects of pressure and time change [44,46]
- 340 30,50, 70 Moisture 60%  Pepsin Chicken growth Positive effect of time on both [47]
- 340 30-70 NaOH Pepsin Positive effect of prolonged conditions; [48]
0.2 -0.6% Inverse relationship between amino acid
content and AEH
- 207,310, 414 24 Pepsin Positive effect of pressure [45]
- 207, 276, 345 30 pHS5,7,9 Pepsin Positive effects of pressure and pH [19]
207 - 724 106 to Pepsin No indication of negative effect of high [38]
45h pressure if time was appropriate
Pathway |
NH; ‘ o o o o o
- . i ,\I)J\ e )H/\ ,\I)L
s OH H + Hs OH b HO' s OH
o NH3 NHz NHy NHz NH;
cystine dehydroalanine cysteine lanthionine
Pathway Il I

Fig. 1. Reaction pathways of cystine conversion to lanthionine. Pathway I: direct conversion of cystine to lanthionine. Pathway II:
dehydroalanine as intermediate [41,49]. Pathway III: cysteine as intermediate [7,50].
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result in lanthionine formation. As lanthionine plays no role
in the biosynthesis of proteins, it has no nutritional value.

We have investigated the effect of temperature and time
on hydrolysis in THP of feathers, with AEH and cystine
conservation as outcomes. Based on our evaluation of the
existing knowledge, we hypothesized as follows:

(1) Hydrolysis of keratin can be subdivided into different
reaction stages related to different changes in AEH.

(2) Time may have different effects on AEH in different
reaction stages.

(3) The final cooling stage after the reaction significantly
affects AEH because the reaction continues during the
cooling process.

(4) Temperature and time impact the hydrolysis reaction
significantly but differently, and therefore also cystine

integrity.

2. Materials and Methods

2.1. Raw materials treatment

Feathers were collected from a poultry slaughterhouse within
less than 4 h after plucking. They were directly transported
to the laboratory at 7°C and within 8 h. In the laboratory, the
feathers were separated from non-feather material (heads
and feet). Subsequently, the feathers were mixed into a
homogenous matrix, washed with water, dried at 60°C in
an oven (Memmert, Germany) until constant weight, and
stored in closed a container at room temperature until use.

3

110

Hydrolysis time, min

2.2. Experiment setup
Four experiment series of hydrolysis were performed (Fig. 2).
The experiments were executed in randomised order

2.2.1. Experiment series I - effects of temperature and
time on hydrolysis reaction

The experiments were executed in randomised order. The
feather material was prepared by using a cutting mill
(Retsch SM 300, 1- mm sieve, Germany). 30 g of prepared
feathers and 90 g of Milli-Q water were stirred until a
homogenous feather mass formed. The mass was added to
the reactors (20+2 g each, room temperature) (PARR
5000 Multiple Reactor System, USA), together with a
small magnetic rod. The temperature profile was set by
using a process controller (PARR 4870, USA). Temperature
was directly measured inside the feather mass. Time
measurement was started directly after the target temperature
was reached (which was within 10 to 12 min). Stirring
began at 100°C. The experiments were stopped after the
desired time. The reactors were then immediately put into
freshly prepared ice containers until the vessel was opened
(after, on average, 5 min). The hydrolyzed feather mass
was collected, weighed, and dried overnight by 60°C until
constant weight was reached (weight difference < 0.1%),
manually milled and sieved (0.8-mm sieve) and then stored
in a glass container at room temperature until further
analysis. The weights before and after hydrolysis reaction
are given in Table S1 as supplementary data.

110 120 125 130 135 140

Legend: Experimental setup with objectives

145 150 155 160 174

Hydrolysis temperature, °C

QO I Effect of temperature and time on AEH (cooling in ice bath, 21 samples)

I\ I: Effect of cooling system on AEH (cooling in ice bath, 6 samples)

Y/ I Effect of cooling system on AEH (cooling in cooling water, 4 samples, duplication at 140°C and 60 min)

IV: Effect of temperature and time on cystine and lanthionine content (cooling in cooling water, 7 samples, triplication at 140°C and 60 min
pe oy g g P p

Fig. 2. Experimental setup with three specific objectives. Experiment series I and II were designed according to application relevance.
Experiment series III and IV were designed by Statgraphics Centurion XVII (Statpoint Technologies, USA). The point at 140°C and 60

min was defined as center point and triplicated.
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2.2.2. Experiment series Il and IlI - effects of cooling-
stage reactions on AEH

To evaluate the effects of possible cooling-stage reactions
on AEH, experiments II and III with different cooling
systems ie., with significantly different durations for the
cooling-stage reaction were performed. Effects of set
process time and actual hydrolysis time on AEH were
evaluated separately. The actual hydrolysis time was
calculated according to the following formula:

actual hydrolysis reaction time = set process time +
cooling time (1)

The reactors of experiment II were cooled down in an
ice container. The cooling time was 5 min on average. The
experimental procedure was the same as for Experiment I
(PARR 5000 Multiple Reactor System, USA).

The reactors of Experiment III were cooled down in
cooling water at 10°C. The cooling time was calculated as
the time from which the experiment was stopped till the
time the vessel was opened. The setting range for hydrolysis
temperature and time was broader than for Experiments I
and II in order to record more details about the hydrolysis
reaction. The combinations of settings were designed by
using the Statgraphics Centurion XVII program (Statpoint
Technologies, USA). The feather mass for Experiment I1I
was prepared by using a mincer (Tafel, Le Hachoir 1700,
Germany, 7.5 mm perforated disc). Five hundred gram of
prepared material (feathers and water, 70 wt% moisture)
were filled into the reactor (Kiloclave, Biichiglasuster,
Switzerland). The reactor was equipped with a central
stirring unit, running during the entire experiment. The
hydrolysis temperature and time were set by using a process
controller btc PID temperature controller, Biichiglasuster,
Switzerland). The temperature was directly measured
inside the feather mass. The system heated in 46 min to
about 140°C. The experiments were automatically stopped
according to the time setting. The reactors were immediately
put into cooling water at 10°C until the vessel was opened.
The hydrolysed feather mass was collected, weighted,
dried in a freeze-dryer (Dieter Piatkowski, -45°C, 24 h)
until constant weight. The material was then manually
milled, sieved (0.8-mm sieve), and stored in a container at
room temperature for further analysis.

2.2.3. Experiment series 1V - effects of temperature and
time on cystine and lanthionine content

The samples from experiment III were analysed for amino
acid composition.

2.3. Analysis and statistics

The moisture content was analysed according to EC
regulation [25] (oven: Memmert, Germany), in triplicate.

@ Springer

The ash content analysis was adapted from EC regulation
[25] by using thermo-gravimetric analysis (Mettler Toledo)
and carried out in duplicate. The nitrogen content was
measured by the Dumas method (FlashEA® 1112 Organic
Elemental Analyzer, Thermo Scientific), in duplicate. The
samples were pre-dried in an oven overnight at 60°C
(Memmert, Germany). The pre-dried samples of 10 to 15
mg each were wrapped in an aluminium tin (nitrogen-free)
and annealed at 900°C.

Auvailability for enzyme hydrolysis (AEH) is defined as
degree of degradation of processed feather protein by two
digestive enzymes: pepsin and pancreatin. This method for
enzymatic hydrolysis with pepsin and pancreatin represents
the well-established Boisen protocol for in-vitro digestibility
[26]. Here it is used as a method to indicate trends for in
vivo digestibility without the need for animal studies [27].
This so-called Boisen method was used with two adaptations
[27]. The first adaptation was to use a shaker to create a
reaction atmosphere (39°C and 60 rpm, Kuhner Climo-
Shaker ISF1-X, Germany). The second adaptation occurred
in the pepsin stage. The mixture with protein, buffer, and
HCI was shaken for 30 min in the same shaker (Kuhner,
39°C, 60 rpm) to achieve better homogenisation for the pH
adjustment (VWR pHenomenal® 1100 H, Germany). The
AEH was calculated from the following equation:

AEH (Wt%) = (]vSample - NResidue) /NSample *100% (2)

Where Ngample and Nresiaue 1S the nitrogen content in
grams of respectively the crude sample and the undigested
residue after enzymatic hydrolysis.

The samples from Experiment III were analysed for
cystine and lanthionine content in pmol / 100 g crude
protein (CP). Cystine content was analysed by Eurofins,
Germany according to ISO 13903: 2005 [28]. Lanthionine
content was analysed by InVivo, France according to EU
regulation 152/2009 27-01-2009.

Experimental data was statistically analysed with the
Statgraphics Centurion X VII program (Statpoint Technologies,
USA) and Excel 2016. Significance was set to three levels (P
< 0.001, P<0.01, and P <0.05). The three levels of
significance were used due to the sample size in order to
show the detailed difference between the results.

3. Results and Discussion

3.1. Effects of hydrolysis time on availability for enzymatic
hydrolysis

3.1.1. Effects of using durations of 10 or 30 min
The influence of hydrolysis times, using short hydrolysis
times of 10 and 30 min on AEH was investigated first. It
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Fig. 3. Effects of hydrolysis times on availability for enzymatic
hydrolysis (AEH) at different temperatures (lines to guide the eye).
The average value of two analyses was taken as the data points on the
diagram. Correlation between temperature and AEH: R2 = (.78 and
P < 0.05 for 10 min whereas R2 = 0.94 and P < 0.001 for 30 min.

was found that a hydrolysis time of 30 min led to a higher
AEH than 10 min at the same temperature (Fig. 3). During
hydrolysis three stages were identified, namely the first
stage from 120°C to 135°C, the second stage from 140°C
to 155°C, and the third stage at 160°C. During the first
stage from 120°C to 135°C, hydrolysis times of 10 and 30
min had similar effects on the AEH increase (2% to 5%
AEH difference). During the second phase from 140°C to
155°C, using a hydrolysis time of 30 min resulted in a
significant increase of AEH relative to 10 min (17% to
36% AEH difference). In the third stage at 160°C,
increasing the hydrolysis time from 10 to 30 min had a
smaller effect on AEH (6% difference).

These observations match those of Milczarek et al. [29]
by using Differential Scanning Calorimetry (DSC), who
suggested looking at different stages to understand the
thermal transition of human hair keratin. They reported that
keratin processing involves a thermally activated process
of releasing water and observed two temperature points for
structural changes, 140°C and 155°C. Up to 140°C (mostly
around 70°C), keratin first releases loosely bound water.
Above 140°C, hair keratin begins its essential structural
change by losing strongly bound water and at 155°C to
160°C, and the amorphous phase changes into a crystalline
microfiber phase. In the third reaction stage, with the well-
ordered crystalline phase, the reaction gradually reaches its
maximum. This is also supported by the findings of
Takahashi ef al. [30], who found two endothermic transition
temperature peaks (using DSC) for rachis of fowl feathers
in wet conditions (130°C and 150°C). In their study, the
first peak was weak and broad whereas the second one
appeared strong and sharp. The authors reported that the
endothermic transition stopped at 160°C due to the high
thermal stability of the structure built by intra- and inter-

disulfide bonds. Furthermore, Brebu and Spiridon [31]
reported that feathers begin to decompose at 155°C, with a
gradual release of ammonia and CO,. This indicates the
occurrence of decarboxylation and deamination of released
amino acids.

Although in the experiments only one temperature point
was observed in the third reaction stage, we still hypothesize
that hydrolysis of feather keratin takes place in three
different reaction stages (followed by the cooling stage as the
fourth stage).

3.1.2. Effects of using a duration of 10, 30, or 60 min in
the second stage

The effects of hydrolysis time (10, 30, or 60 min) on AEH
in the second stage were investigated next (Fig. 4).

Fig. 4 shows that at higher temperature a shorter time to
reach a similar AEH is needed. At 140°C, the hydrolysis
time contributed linearly to the AEH increase, from 56
wt% CP at 10 min to 75 wt% CP at 60 min. At 150°C,
however, a hydrolysis time of 30 min instead of 10 min
had a greater influence on AEH (21% increase from 61
wt% CP to 82 wt% CP) than using 60 min instead of 30
min (5% increase from 82 wt% CP to 87 wt% CP). At
160°C, hydrolysis times of 10, 30, and 60 min had a similar
influence on AEH (a 5% increase of 82 wt% CP to 87 wt%
CP for 30 min instead of 10 min and a further 3% increase
of 87 wt% CP to 90 wt% CP for 60 min).

Thus, less time was required at higher temperatures to
obtain similar AEH results. These finding are supported by
a study on the thermal conversion of sulfur-containing
amino acids by Sohn and Ho [32], who reported that the
increase in ammonia generation from cysteine is much
greater between 110°C and 150°C than between 150°C and
180°C. Yablokov et al. [33] studied the thermal decomposition
of cysteine and cystine and found that cysteine and cystine

100
90 bl
§ x
3
T $ H
5 80
a
w °
3
2
o 70
-
£ t
2w x
T
w o
< © 140°C
50 * 150°C
@ 160°C
a0

0 10 0 0 a 50 60 70
Hydrolysis time (min)

Fig. 4. Influence of hydrolysis time on availability for enzymatic
hydrolysis (AEH) at 140, 150, and 160°C (lines to guide the
eyes). The average value of two analyses was taken as the data
points on the diagram.
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have similar thermal decomposition behaviors as well as
their mutual transformation. The mutual transformation of
cysteine and cystine during the reaction is complex
because interchange of S-S and H-S bonds can lead to the
creation of new S-S bonds [34].

Due to the chosen temperature limit of 160°C the
investigated hydrolysis time range is only part of the entire
reaction curve. Nevertheless, the results show clearly that
hydrolysis time influences AEH differently at different
temperatures (Fig. 4).

In summary, the feather hydrolysis reaction can be seen
as subdivided into three main reaction stages, followed by
the cooling stage as the fourth reaction stage. In terms of
impact of AEH, the second stage is the most influential and
the most effective temperature range for affecting AEH is
140°C to 150°C.

3.2. Effects of the cooling-stage reactions

As mentioned, the cooling-stage reactions during cooling
and its effect on AEH were also studied. Cooling could be
referred to as the fourth stage and its duration may
significantly affect AEH because smaller proteins, peptides,
and amino acids are produced further in this stage.

Two different cooling systems for this investigation were
used, one with ice (6 samples, Experiment II) and one with
cooling water of 10°C (4 samples, Experiment III.1). The
time for ice cooling was calculated as 5 min on average,
whereas the time for water cooling was read from the

100

A .

20 A e A * "e
€
2
2
o
2 80 a0
H] 40
G
5 a0
§ 70 a0
2
T
Ly a M
< 4 Set reaction time

60 a0

a0 © Actual reaction time
50
0 0 40 60 80 100 120 140 160 180

Reaction time (min)

Fig. 5. Effects of set process time and actual hydrolysis time on
availability for enzymatic hydrolysis (AEH) at 140°C (line to
guide the eye). Four samples indicated by black dots and triangles
processed in Kiloclave in Experiment III (R2 = 0.94 and P < 0.05
between set hydrolysis time and AEH whereas R2 =0.92 and P <
0.05 between actual hydrolysis time and AEH). Six 50-mL samples
indicated by open symbols processed in PARR 5000 multiple
reaction system in Experiment II (R2 = 0.97 and P < 0.01 between
set hydrolysis time and AEH whereas R2 = 0.97 and P <0.001
between actual hydrolysis time and AEH). Total evaluation of 10
samples: R2 =0.39, P> 0.05 between the set hydrolysis time and
AEH whereas R2 =0.85 and P <0.001 between actual hydrolysis
time and AEH.
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control system as 43 to 59 min (Fig. 5).

The correlation of 10 samples between the set hydrolysis
time and AEH was not significant (R2 = 0.39, P> 0.05)
whereas the correlation between actual hydrolysis time and
AEH was significant (R2 = 0.85, P < 0.001) (Fig. 5). The
difference was caused by 4 samples that had longer cooling
times (43-59 min, experiment III) and showed a weak
correlation between hydrolysis time and AEH (R2 = 0.94
and P < 0.05 between set hydrolysis time and AEH, R2 =
0.92 and P < 0.05 between actual hydrolysis time and
AEH). Without these 4 samples, the correlation was strong
(R2 =097, P < 0.01 between set hydrolysis time and
AEH, R2 =0.97 and P < 0.001 between actual hydrolysis
time and AEH). In a study by Papadopoulos et al. [35],
hydrolysis time was found to have no significant effect on
AEH (pepsin) at 146°C (94.02% at 30 min, 91.8% at 50
min, and 93.94% at 70 min). The positive effect of
hydrolysis time on AEH for the same temperature could be
an indication of the occurrence of cooling-stage reactions
that occurred during cooling. Therefore, care has to be
taken when comparing data since the cooling phase, which
is not always reported, can have a significant influence on
the reported results. Since most studies about protein
hydrolysis are designed with stopping of the reaction as
soon as possible at the desired temperature and time
settings, we were not able to find any literature about
possible cooling-stage reactions. Volkin and Klibanov [36]
found that cystine degrades its sulfide bonds above 100°C
in a first-order reaction. When heating is stopped, the
stored material holds the temperature in the heat-isolated
reactor for a certain time and therefore, the reaction
continues. In addition, energy is generated through the
exothermic formation of new bonds between freed amino
acid residues as well as in other inter- and intra-chain
interactions. As a result, more disulfide bonds are cleaved
and the unlocked molecular structure provides more access
for continued enzymatic degradation.

It appears that the hydrolysis reaction proceeds during
the cooling phase. Therefore, the cooling phase has to be
regarded as an extension of the reaction time, which
directly affects AEH.

To quantify the effect of these cooling-stage reactions on
AEH, it is also necessary to take the dimension of the
reactor into consideration. The larger the reactor, the
greater this effect will be as it takes longer to heat a larger
amount of material to the desired temperature and longer to
cool it down again. In line with this, the cooling-stage
reactions will also continue longer if a similar-size reactor
contains more material. As more energy is stored in the
system, cooling will take longer; also, more energy will be
generated through the formation of new bonds. These
influences were not further studied here.
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Fig. 6. The four stages of feather hydrolysis (line to guide the
eye). First stage: 120°C-135°C. Second stage: 140°C-155°C. Third
stage: 160°C. Fourth stage: cooling. The average value of two
analyses was taken as the data points on the diagram. Correlation
between temperature and availability for enzymatic hydrolysis
(AEH) at 30 min: R2 = 0.94, P < 0.001.

Thus feather hydrolysis takes place in four different
stages including the cooling stage, (Fig. 6).

3.3. Effects of temperature and time on cystine and
lanthionine content

Next, the effect of temperature (106°C to 174°C, 60 min)
and time (10, 60, or 110 min, 140°C) on cystine and
lanthionine content was explored (Fig. 7 and Fig. 8).

Both temperature and time had a significant negative
effect on cystine content. As hydrolysis temperature
increased, cystine content decreased by 46% between
106°C and 140°C (from 31.94 umol / 100 g CP to 17.39
umol / 100 g CP) (Fig. 7). The cystine loss was 94%
between 106°C and 174°C (from 31.94 umol / 100 g CP to
1.97 umol / 100 g CP) (Fig. 7). With increased hydrolysis
time at 140°C from 10 to 110 min, the cystine content
decreased by 38% (from 21.98 umol / 100 g CP to 13.67
umol / 100 g CP); see Fig. 8. Compared with the clear
effect on cystine content, the effect of temperature and time
on lanthionine content was not straightforward. As
temperature increased, lanthionine content first increased
between 106°C and 140°C (from 2.24 pumol / 100 g CP to
10.07 pumol / 100 g CP) and then decreased between 140°C
and 174°C (from 10.07 umol / 100 g CP to 2.74 umol / 100
g CP) (Fig. 7). With increased time at 140°C from 10 to
110 min, lanthionine increased constantly from 8.47 umol
/100 g CP to 11.44 umol / 100 g CP (Fig. 8).

These observations of cystine conversion are consistent
with findings by Lagrain et al. [34]. They reported that
cystine conversion follows first-order kinetics; at the same
hydrolysis time, they observed less cystine at higher
temperatures. Furthermore, Latshaw [19] and Papadopoulos
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[17] observed that increasing the time or pressure has a
significant negative effect on cystine content in the feather
meal.

It is generally accepted that lanthionine formation is
related to cystine conversion and that prolonged conditions
or higher temperatures or pressures promote lanthionine
formation. By contrast, our observations for lanthionine
formation are not consistent with some earlier findings.
Papadopoulos er al. [37] reported a positive effect of
hydrolysis time on lanthionine formation. Moritz and
Latshaw [38] found that lanthionine content increases with
pressure (207-517 kPa) for a hydrolysis time of 36 min.
However, Asquith and Otterburn [39] observed a similar
phenomenon as we did and reported lower lanthionine
content in wool keratin at 180°C than at temperatures
below 160°C (dry heating).

The divergent results indicate the complexity of cystine
conversion to lanthionine. There are three generally
accepted reaction pathways of lanthionine formation from
cystine conversion: I: direct conversion, II: cysteine as
intermediate, and III: dehydroalanine as intermediate. Our
results suggest that pathway III was the main reaction
pathway (Fig. 1) [34]. It is also possible that pathway I and
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II were involved in the conversion because of the
interchange of H-S and S-S bonds as well as the catalytic
effect of present cysteine on cystine conversion [34,39,40].

Heating at alkaline pH or heating above 200°C promotes
pathway III [34,41]. Furthermore, different types of
reactions under thermal treatment are involved [35,42], as
the reactants are not only the amino acids in the keratin
chain, but also carbohydrates and fats in the absence of
reducing substances.

Some researchers have reported that lanthionine content
is related to AEH [43,44] and suggested that lanthionine is
a reasonable indicator for AEH to evaluate processed
feather meals. The results reported here do not support that
and indicate that lanthionine may not be the final product
of cystine conversion. Damodaran [41] suggested the cross-
linking of lanthionine and lysinoalanine as one of possible
reasons for further reaction of lanthionine. However, the
consequence of protein cross-linking is a decrease of the
AEH, which is in contrast with the positive correlation
between AEH and temperature found in our study.

It is obviously essential to balance the process to obtain
a high AEH and maintain a high cystine content [45]. It is
an unavoidable consequence to lose cystine through
cleavage of the disulfide bonds when aiming on higher
AEH. However, the results reported here show that lower
process temperatures and shorter times facilitate cystine
conservation. This is in agreement with the work of
Papadopoulos [23]. In addition, Moritz and Latshaw [38]
have indicated that the nutritional value does not decrease
if process time is chosen optimally in combination with
high pressure. Our results suggest that keeping the
temperature at 140°C at the beginning of the second phase
helps conserve cystine.

4. Conclusions

Feather hydrolysis occurred in four stages, namely between
120°C and 135°C, between 140°C and 155°C, the third
stage beginning at 160°C, and an often overlooked cooling
stage serving as the fourth stage. The second stage had the
greatest influence on AEH and the optimal hydrolysis
temperature was between 140°C and 150°C. Cooling-stage
reactions impacted AEH positively. Higher temperatures
and longer reaction time had negative effects on cystine
conservation. At 140°C cystine and lanthionine are inverse
linearly correlated to each other indicating that cystine is
converted in to lanthionine at that temperature.

To quantify the effect of cooling-stage reactions on AEH,
it is necessary to take the dimension of the reactor into
consideration. For industrial application, further research
will be needed.

@ Springer

Acknowledgments

This work was financially supported by Saria International
GmbH.

The authors declare no conflict of interest.

Neither ethical approval nor informed consent was required
for this study.

Nomenclature

AEH, availability for enzymatic hydrolysis; TPH, thermal
pressure hydrolysis; wt% CP, wt% of crude protein; DSC,
Differential Scanning Calorimetry; pmol / 100 g CP, umol
/ 100 g crude protein

Electronic Supplementary Material (ESM)

The online version of this article (doi: 10.1007/s12257-
019-0351-8) contains supplementary material, which is
available to authorized users.

References

1. Marquer, P, T. Rabade, and R. Forti (2015) Meat production
statistics. https://ec.europa.eu/eurostat/statistics-explained/index.
php?title=Archive:Meat production_statistics.

2. Food and Agriculture Organization of the United Nations (2017)
Food outlook biannual report on global food markets. http://
www.fao.org/giews/.

3. Onifade, A. A., N. A. Al-Sane, A. A. Al-Musallam, and S. Al-
Zarban (1998) A review: Potentials for biotechnological
applications of keratin-degrading microorganisms and their
enzymes for nutritional improvement of feathers and other
keratins as livestock feed resources. Bioresour: Technol. 66: 1 - 11.

4. Bureau, D. P. (2013) The nutritive value of processed animal
proteins to different aquaculture species. Proceedings of EFPRA
Congress 2013. June 12-15. Prague, Czech.

5. Meeker, D. L. and C. R. Hamilton (2006) An overview of the
rendering industry. pp. 1-16. In: D. L. Meeker (ed.). Essential
Rendering- All About the Animal By-products Industry. National
Renderers Association, Alexandria, VA, USA.

6. Sevier, C. S. and C. A. Kaiser (2002) Formation and transfer of
disulphide bonds in living cells. Nat. Rev. Mol. Cell Biol. 3: 836-847.

7. Yin, J., W. Ren, G. Yang, J. Duan, X. Huang, R. Fang, C. Li, T.
Li, Y. Yin, Y. Hou, S. W. Kim, and G. Wu (2016) L-Cysteine
metabolism and its nutritional implications. Mol. Nutr. Food Res.
60: 134-146.

8. Miller, E. L. (2002) Protein nutrition requirements of farmed
livestock and dietary supply. Proceedings of FAO Expert
Consultation and Workshop on Protein Sources for the Animal
Feed Industry. April 29-May 3. Bangkok, Thailand.

9. Klemesrud, M. and T. J. Klopfenstein (1997) Cysteine from
feather meal and sulfur amino acid requirements for growing
steers. Neb. Beef Cattle Rep. 411: 14-15.

10. Woodgate, S. L. (2006) What would a world without rendering
look like? pp. 277-294. In: D. L. Meeker (ed.). Essential



Reaction Stages of Feather Hydrolysis: Factors That Influence Availability for Enzymatic Hydrolysis and ---

757

11.

12.

13.

14.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Rendering- All About the Animal By-products Industry. National
Renderers Association, Alexandria, VA, USA.

Wang, B., W. Yang, J. McKittrick, and M. A. Meyers (2016)
Keratin: Structure, mechanical properties, occurrence in biological
organisms, and efforts at bioinspiration. Prog. Mater. Sci. 76:
229-318.

Fraser, R. D. B,, T. P. Macrae, D. A. D. Parry, and E. Suzuki
(1969) The structure of B-keratin. Polymer. 10: 810-826.

Fraser, R. D. B. and D. A. D. Parry (2014) Amino acid sequence
homologies in the hard keratins of birds and reptiles, and their
implications for molecular structure and physical properties. J.
Struct. Biol. 188: 213-224.

Barone, J. R., W. F. Schmidt, and N. T. Gregoire (2005)
Extrusion of feather keratin. J. Appl. Polym. Sci. 100: 1432-1442.

. Koenig, N. H. and M. Friedman (1977) Comparison of wool

reactions with selected mono- and bifunctional reagents. pp. 355-
382. In: M. Friedman (ed.). Protein Crosslinking. Plenum Press,
New York, NY, USA.

Moran, E. T., J. D. Summers, and S. J. Slinger (1966) Keratin as a
source of protein for the growing chick: 1. Amino acid imbalance
as the cause for inferior performance of feather meal and the
implication of disulfide bonding in raw feathers as the reason for
poor digestibility. Poult. Sci. 45: 1257-1266.

. Papadopoulos, M. C. (1984) Feather Meal: Evaluation of the

Effect of Processing Conditions by Chemical and Chick Assays.
Ph.D. Thesis. Wageningen University & Research, Wageningen,
Netherlands.

Papadopoulos, M. C. (1986) The effect of enzymatic treatment
on amino acid content and nitrogen characteristics of feather
meal. Anim. Feed Sci. Technol. 16: 151-156.

Latshaw, J. D. (1990) Quality of feather meal as affected by
feather processing conditions. Poult. Sci. 69: 953-958.
Coward-Kelly, G, V. S. Chang, F. K. Agbogbo, and M. T.
Holtzapple (2006) Lime treatment of keratinous materials for the
generation of highly digestible animal feed: 1. Chicken feathers.
Bioresour. Technol. 97: 1337-1343.

Chen, J., S. Ding, Y. Ji, J. Ding, X. Yang, M. Zou, and Z. Li
(2015) Microwave-enhanced hydrolysis of poultry feather to
produce amino acid. Chem. Eng. Process. 87: 104-109.
Tadtiyanant, C., J. J. Lyons, and J. M. Vandepopulire (1993)
Extrusion processing used to convert dead poultry, feathers,
eggshells, hatchery waste, and mechanically deboned residue
into feedstufts for poultry. Poult. Sci. 72: 1515-1527.
Papadopoulos, M. C. (1989) Effect of processing on high-protein
feedstuffs: A review. Biol Wastes. 29: 123-138.

Friedman, M. (1999) Chemistry, biochemistry, nutrition, and
microbiology of lysinoalanine, lanthionine, and histidinoalanine
in food and other proteins. J. Agric. Food Chem. 47: 1295-1319.
Commission regulation (EC) No 152/2009 2014 Determination
of the content of crude ash, in No 152/2009. https://eur-lex.
europa.ew/legal-content/EN/TXT/PDF/?uri=CELEX:02009R0152-
20170524 &from=EN.

Boisen, S. and B. O. Eggum (1991) Critical evaluation of in vitro
methods for estimating digestibility in simple-stomach animals.
Nutr Res Rev. 4: 141-162.

Boisen, S. and J. A. Fernhndez (1995) Prediction of the apparent
ileal digestibility of protein and amino acids in feedstuffs and
feed mixtures for pigs by in vitro analyses. Anim. Feed Sci.
Technol. 51: 29-43.

ISO, Animal feeding stuffs — Determination of amino acids
content. https://www.iso.org/standard/37258.html.

Milczarek, P, M. Zielinski, and M. L. Garcia (1992) The
mechanism and stability of thermal transitions in hair keratin.
Colloid Polym. Sci. 270: 1106-1115.

Takahashi, K., H. Yamamoto, Y. Yokote, and M. Hattori (2004)
Thermal behavior of fowl feather keratin. Biosci. Biotechnol.

31

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Biochem. 68: 1875-1881.
Brebu, M. and 1. Spiridon (2011) Thermal degradation of keratin
waste. J. Anal. Appl. Pyrolysis. 91: 288-295.

. Sohn, M. and C. T. Ho (1995) Ammonia generation during thermal

degradation of amino acids. J. Agric. Food Chem. 43: 3001-3003.

. Yablokov, V. A., Y. A. Vasina, I. A. Zelyaev, and S. V.

Mitrofanova (2009) Kinetics of thermal decomposition of sulfur-
containing amino acids. Russ. J. Gen. Chem. 79: 1141.

. Lagrain, B., K. De Vleeschouwer, 1. Rombouts, K. Brijs, M. E.

Hendrickx, and J. A. Delcour (2010) The kinetics of (-
elimination of cystine and the formation of lanthionine in gliadin.
J. Agric. Food Chem. 58: 10761-10767.

Papadopoulos, M. C., A. R. El Boushy, A. E. Roodeen, and E. H.
Ketelaars (1986) Effects of processing time and moisture content
on amino acid composition and nitrogen characteristics of feather
meal. Anim. Feed Sci. Technol. 14: 279-290.

Volkin, D. B. and A. M. Klibanov (1987) Thermal destruction
processes in proteins involving cystine residues. J. Biol. Chem.
262: 2945-2950.

Papadopoulos, M. C., A. R. el Boushy, and E. H. Ketelaars
(1985) Effect of different processing conditions on amino acid
digestibility of feather meal determined by chicken assay. Poult.
Sci. 64: 1729-1741.

Moritz, J. S. and J. D. Latshaw (2001) Indicators of nutritional
value of hydrolyzed feather meal. Poult. Sci. 80: 79-86.
Asquith, R. S. and M. S. Otterburn (1977) Cystine-alkali reactions
in relation to protein crosslinking. pp. 93-121. In: M. Friedman
(ed.). Protein Crosslinking. Plenum Press, New York, NY, USA.
Singh, R. and G. M. Whitesides (1990) Comparisons of rate
constants for thiolate-disulfide interchange in water and in polar
aprotic solvents using dynamic proton NMR line shape analysis.
J. Am. Chem. Soc. 112: 1190-1197.

Damodaran, S. (2007) Amino acids, peptides, and proteins. pp.
217-329. In: S. Domodaran, K. L. Parkin, and O. R. Fennema (eds.).
Fennema'’s Food Chemistry. CRC Press, Bosa Roca, FL, USA.
Weder, J. K. P. and H. D. Belitz (2003) Interactions and reactions
involved in food processing. pp. 4841-4847. In: B. Caballero, P.
Finglas, and F. Toldra (eds.). Encyclopedia of Food Sciences and
Nutrition. Academic Press, Cambridge, MA, USA.

Han, Y. and C. M. Parsons (1991) Protein and amino acid quality
of feather meals. Poult. Sci. 70: 812-822.

Papadopoulos, M. C. (1985) Processed chicken feathers as feedstuff
for poultry and swine. A review. Agric Wastes. 14: 275-290.
Latshaw, J. D., N. Musharaf, and R. Retrum (1994) Processing of
feather meal to maximize its nutritional value for poultry. Anim.
Feed Sci. Technol. 47: 179-188.

Sullivan, T. W. and E. L. Stephenson (1957) Effect of processing
methods on the utilization of hydrolyzed poultry feathers by
growing chicks. Poult. Sci. 36: 361-365.

Papadopoulos, M. C. (1987) In vitro and in vivo estimation of
protein quality of laboratory treated feather meal. Biol Wastes.
21: 143-148.

Papadopoulos, M. C., A. R. El-Boushy, and A. E. Roodbeen
(1985) The effect of varying autoclaving conditions and added
sodium hydroxide on amino acid content and nitrogen
characteristics of feather meal. J. Sci. Food. Agric. 36: 1219-1226.
Wang, Z., T. Rejtar, Z. S. Zhou, and B. L. Karger (2010)
Desulfurization of cysteine-containing peptides resulting from
sample preparation for protein characterization by mass
spectrometry. Rapid Commun. Mass Spectrom. 24: 267-275.
Perna, A. F., M. Zacchia, F. Trepiccione, and D. Ingrosso (2017)
The sulfur metabolite lanthionine: evidence for a role as a novel
uremic toxin. Joxins. 9: 26.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


