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Abstract

Pliable and water-resistant protein fibers from feathers were developed via contin-
uous one-step spinning and crosslinking using sucrose-tetra-aldehydes. Though
flexible protein fibers from feathers were developed, poor wet stability and low te-
nacity still limit the large and high-end applications of feather-derived fibers. De-
spite that saccharide aldehydes are considered as an efficient and sustainable cross-
linker, substantial concerns such as generation of formaldehyde, high consumption
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of modifiers, loss of mechanical properties, yellowing, and decline in dyeability of
fibers, exist after crosslinking. In this work, we controlled structures of crosslinkers
and incorporated disaccharide-tetra-aldehydes into a continuous wet-spinning line.
No formaldehyde was generated in the whole process. Protein fibers with controlled
aldimine crosslinkages had not only a 92% tenacity retention after immersed in
water for 1 week but also a substantial increase in mechanical properties. The dry
and wet tenacity of feather-derived fibers was 120% and 90% of wool, respectively.
Moreover, crosslinking from disaccharide-tetra-aldehydes retained the color of fi-
bers and minimized the consumption of amine groups, the dyeing sites, on keratin.
No toxicity was introduced by crosslinking. This work promotes resource recovery
from poultry wastes, decreases the reliance of fiber industry on petroleum-based
products, and diminishes environmental impact of fiber industries.

Keywords: feather wastes, fiber production, sucrose-tetra-aldehydes crosslinking,
wet-stability, formaldehyde

1. Introduction

Regeneration of protein fibers from poultry wastes is very promis-
ing because of the environmental & health threat of feathers, huge
global demand for natural fibers, and unique properties of feathers.
Raw poultry feathers contaminated with blood, feces and bacterial are
considered hazardous wastes [1,2]. For example, when contaminated
with bacteria, feathers were odoriferous and unfit for further valori-
zation [3]. Moreover, the US Environmental Protection Agency found
out that poultry wastes, including feathers are one of the highest con-
tributors of nitrogen [4]. Also, inhalable feather dust contains several
allergenic components [5]. For instance, chicken serum albumin (al-
phalivetin) has been implicated as the causative allergen of Bird-Egg
Syndrome. Therefore, in the UK, poultry dust including feathers is
treated as a substance hazardous to health and under the Control of
Substances Hazardous to Health Regulations (COSHH) [6]. Consider-
ing the health and environmental concerns, feather-containing wastes
from the poultry industry have to be properly managed and prevent
the contamination of bacteria, yeast, fungi, and virus and emission
of odors [7,8]. Though various technologies have been developed to
tackle feather pollution [9], feather processing is still a problem be-
cause of the low profit margin. Because of unique properties [10-14],
utilization of feathers has huge value-additions [15,16] and promotes
sustainable decontamination of poultry wastes.
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Though our group has recently continuously spun flexible ker-
atin fibers from feathers [17], poor wet properties and low prop-
erty retention after wet treatment still limit large-scale applications
of feather-derived fibers [18]. Establishment of additional crosslink-
ages in regenerated fibers would potentially improve wet properties
of fibers. Considering that the proportion of amino acids contain-
ing amines as the side group in the keratin is as high as 8% [19], it is
feasible to crosslink keratin fibers with aldehyde-based crosslinkers
since aldehyde crosslinking requires low crosslinking temperatures
and cause fewer damages to proteins. Though saccharide aldehydes
were proven to be an efficient biobased crosslinker for various pro-
tein materials, there are still concerns with this crosslinker developed
by previous methods [20]. We found the formation of formaldehyde
during the oxidation of saccharides. Also, sucrose-tetra-aldehydes,
the desirable crosslinker, were not the dominant products in sac-
charide aldehydes using the previous recipe [21]. As a result, an ex-
cessive amount of saccharide aldehydes, e.g. 6%— 10% were added
into protein matrix. [22,23] and consumed a large number of amine
groups on keratin. Consequently, the treated fibers might be und-
yeable, not to mention the dyeing dark shades. Besides, to achieve
desirable crosslinking performances, high temperature might be to
be used using saccharide aldehydes. As a result, final products had
a substantial decrease in breaking elongation and compressibility
[23]. Furthermore, uncontrolled crosslinking using saccharide alde-
hydes led to substantial color change and yellowing [22]. For fibers
obtained through a high degree of drawings, the molecular arrange-
ment is relatively regular, and the length between the backbone mol-
ecules is relatively uniform. Therefore, the subtle change in the struc-
ture of the crosslinking agent would remarkably affect properties of
fibers. Plus, ensuring the fast and full crosslinking on a continuous
line is a problem [24].

In this paper, formaldehyde-free crosslinkers with control of struc-
tures of saccharide aldehydes and crosslinking process using such
crosslinkers were developed. Feather-derived fibers were continuously
spun with the incorporation of formaldehyde-free sugar-based aldi-
mine crosslinkages. Keratin fibers after crosslinking had good prop-
erty retention after aqueous treatment, improved mechanical prop-
erties, and unchanged color and cytocompatibility. Also, considerable
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dyeing sites on keratin fibers were retained after crosslinking. Substan-
tial value additions were demonstrated to fiber regeneration, which
has a positive environmental impact.

2. Experimental
2.1. Materials

Sucrose (99.9%), raffinose (99.9%), were purchased from VWR Interna-
tional (Radnor, PA, US). Sodium periodate (98%) was purchased from
Alfa Aesar (Haverhill, MA, US), 2,4- dinitrophenylhydrazine (97%) was
purchased from Aldrich (St. Louis, MO, US). Feathers were provided
by Feather fiber corporation, Nixa, CO, with keratin content approxi-
mately 92%. Chemical reagents used in SDS-PAGE analysis, including
LDS sample buffer (4x), Nupage 20x MES running buffer and NuPAGE
4-12% Bis-Tris gel, were purchased from Invitrogen, Inc. (Carlsbad,
CA, US).

2.2. Preparation of crosslinkers

Sucrose and raffinose were oxidized by sodium periodate at room
temperature for 5 h to obtain disaccharide-tetra-aldehyde and trisac-
charide-tetra-aldehydes, respectively. The pH of reaction solution was
kept at 6.0 £ 0.1 using 1 M NaOH solution. Several droplets of NaOH
solution were added to the reaction medium to keep pH unchanged.
To obtain the highest portion of disaccharide-tetra-aldehyde and tri-
saccharide-tetra-aldehydes from oxidation products, the molar ratios
of sucrose and periodate, and raffinose and periodate were 1:3 and
1:4, respectively. After the reaction, slightly excessive barium dichlo-
ride was added to completely precipitate the periodates. The mixture
was filtrated to obtain the saccharides derivatives. For validation of the
full removal of oxidants, a potassium iodide-starch solution was used.
Sodium sulfite was to further remove the residual oxidants.

2.3. Determination of structures of saccharide derivatives

Oxidized saccharides solutions after complete removal of oxidation
agents were divided into two parts, one for determination of ratios
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of saccharide derivatives with different sugar rings oxidized and the
other part for determining molecular weights of each structure. The
first part was further hydrolyzed overnight under 60 °C after the ad-
dition of 3 M HCl to cleave all glycosidic bonds. The obtained solution
was derivatized with 2,4- dinitrophenylhydrazine for better detection
in HPLC. The second part was directly derivatized with 2,4- dinitro-
phenylhydrazine to convert all aldehyde groups to the Schiff base. For
the HPLC-MS analysis, a C-18 reversed-phase column (Acclaim 120,
120 A, 4.6 x 250 mm, 5 pm) and a UV-Vis detector were equipped in
the HPLC system. The samples (25 pL) were injected and eluted at a
flow rate of 1 mL/min at 30 °C. A mixture of solvents water-acetonitrile
(55:45 v/v) was used as the mobile phase. The UV-Vis detector was
set at 360 nm. The MSQ Plus MS was controlled by Xcalibur software
using the ESI mode with positive polarity at a probe temperature of
350 °C and a cone voltage of 60 V. The detector was set to scan the
range of 200-2000 m/z.

2.4. Determination of length distribution between two aldehyde
groups on saccharide derivatives

The structures of saccharides analyzed by HPLC-MS were optimized
using Gaussian 09 package. Specifically, DFT calculations were per-
formed by using the M06-2x density functional and the 6-31 + G* ba-
sis set. Unless stated otherwise, solvent effects were included in all re-
ported energies and treated by conductor-like polarizable continuum
model (CPCM). After the optimization, lengths between aldehydes
were obtained. The distribution of length between aldehyde from
each sugar oxidation condition were obtained via R Studio version
1.4 (Boston, MA). Length distributions between aldehyde from each
structure of saccharide aldehydes were obtained using Prop function.
The combined distribution between aldehydes from multiple struc-
tures developed by each sugar oxidation conditions was obtained us-
ing Runif and Ggplot function.

2.5. Preparation of spinning dope
Detailed keratin extraction and spinning were shown in our previous

work [17]. Briefly, 2 M urea along with 10% SDS and 10% based on
the weight of feathers was used for the keratin extraction, which was
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under 70 °C for 12 h with pH adjusted to 10.5. For the preparation of
spinning dope, 27% keratin extracts and 2% mercaptoethanol, as well
as 10% SDS based on the keratin weight, were added into carbonate
buffer with pH 8. The fiber was spun via stepwise drawing and oxida-
tion, as shown in our previous work.

2.6. Continuous spinning with crosslinking

A continuous wet spinning line (ALEX JAMES AND ASSOC, Green-
ville, SC, US) was used for spin and crosslink keratin fibers, as shown
in Fig. 1. The keratin spinning dope was centrifuged before being
installed onto the spinning line. Keratin solution was extruded via a
spinneret to the coagulation bath containing 15 wt% Na,SO,and 5
wt% ZnSO,. The pH of the coagulation bath was adjusted to 2 using
an acetate buffer. Then filaments went through multiple drawing roll-
ers and oxidation baths containing 4 g L' sodium periodate to be-
come finer with high recovery of disulfide crosslinkages. The pH of
oxidation baths was adjusted to 2 using an acetate buffer. After the
step of multiple drawings and oxidation for formation of disulfide
crosslinkages, as shown in Fig. 1, filaments underwent multiple dip-
pings and squeezings for the establishment of crosslinkages brought
by saccharide aldehydes. The pH of the dipping solution, containing
saccharide aldehydes, was adjust to 5 with acetic buffer. Concentra-
tions of saccharide aldehydes in fibers were controlled by squeezings.
Filaments with desirable amount saccharide aldehydes reached the
heating roller to form aldimine crosslinkages in fibers. The tempera-
ture of the heating roller was controllable for optimized crosslinking.

' Winding
; < i Squeezing #1 Squeezing #2 )
Drawing #1 Drawing #2 Drawing #3 : :
@ ) o ® o i @ ) & L
\ | @ / L 4 \;/ \—/
‘ — ‘ ‘ \_J \ J e \ / . Rinsing
Coagulation Multiple drawings & oxidations for ' Multiple dippings and squeezings for

formation of disulfide crosslinkages | formation of sugar-aldehyde crosslinkages |

Fig. 1. Diagram of continuous spinning and formyl-saccharide-crosslinking of ker-
atin fibers. Continuously spun and crosslinked keratin filaments are shown on the
right side of the fig.
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Finally, filaments were washed in a bath with pH of 4 adjusted by ace-
tic acid. For a comparison, citric acid as a control crosslinker was used
to crosslink spun keratin fibers using the method from our previous
work [25]. Briefly, the crosslinking bath contained 22% citric acid with
pH 8 adjusted by NaOH. The crosslinking was conducted at 50 °°C
for 2.5 h. The dry fibers obtained were dried at 85 °C for 1 h and later
125 °C for another 1 h. Supplementary video shows actual spinning
and crosslinking of keratin filaments.

2.7. Molecular weight of crosslinked keratin by saccharide aldehydes

About 1 mg of feather and keratin fiber was dissolved in 100 pL of
NuPAGE LDS sample buffer (1 x) with mercaptoethanol. The addition
of reducing agents was to exclude the interference of disulfide cross-
linkages. The solution was centrifuged before loading. The molecular
weights of the protein standard mixture ranged from 3 to 188 kDa.

2.8. Mechanical properties

For mechanical properties in dry state, fibers were conditioned at 21
°C and 65% RH for 24 h before tests. For mechanical properties in wet
state, fibers were immersed in water for 30 min before the test. For
wet stability tests, fibers were immersed in water with pH 5 at 35 °C
for 1 week. After that, the fibers were washed and annealed at 125 °C
for 1 h. ASTM standard D-3822 was used to measure tensile proper-
ties of keratin fibers on an Instron tensile testing machine (Norwood,
MA). Gauge length set for testing was 1 in. with speed of 18 mm/min.

2.9. Cytocompatibility tests

The growth state of NIH3T3 cell assessed the cytocompatibility of ker-
atin with and without saccharide-aldehyde crosslinking. Samples were
sterilized at 120 °C for 60 min before cell culture. The cells were in-
cubated onto the samples and cultured at 37 °C for 3 days. Then, the
samples were washed with PBS, and placed in a 24-well plate. The dye-
ing buffer contained 10 L Calcein-AM and 10 pL PI-DNA in 10 mL.
Subsequently, the NIH3T3 cells cultured on samples were observed
under a fluorescent microscope (Leica DMI8, Buffalo Grove, IL). The
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optical density of the liquid was determined at 490 nm using a fluo-
rescent microscope.

2.10. Statistical analysis

One-way analysis of variance using the Scheffe test with a confidence
interval of 95% was used for all obtained data. The statistical analysis
was conducted on SAS 9.4 software (Cary, North Carolina) and sur-
vey procedures of PROC GLIMMIX.

3. Results and discussion

3.1. High yield of formaldehyde-free sucrose-tetra-aldehydes

Fig. 2 shows the pH effect on the formation of sucrose-tetra-alde-
hydes and formaldehyde during the sugar oxidation process. Results

show that keeping pH at 6 provided the highest oxidation degree (to-
tal aldehydes) and amount of sucrose-tetra-aldehydes without the

4 r +-mmTotal aldehydes «x 7 100%
1 80%
{1 60%

1 40%

Ratio of tetra-formyl-sucrose

1 20%

Total aldehyde (mom/mol of sucrose)

0%

NC* 2 4 5 6 7
pH

Fig. 2. The pH effect on total aldehydes, ratio of sucrose-tetra-aldehydes, and for-
mation of formaldehyde. (Molar ratio sucrose and periodate was 1:3. Reaction time
was 5 h. The detection limit for formaldehyde was 0.1 ppm). Footnote:* NC = un-
controlled pH, the final pH was 0.87; **+: detection of formaldehyde; ***—: no de-
tection of formaldehyde.
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formation of formaldehyde. It was found that periodate at pH 4 had
the lowest oxidation performance, resulting in the lowest total alde-
hyde amount and ratio of sucrose-tetra-aldehyde. An increase in pH
would lift the oxidation power of periodate, which not only improves
the total aldehyde amount but also synchronously oxidized both sugar
rings. However, the oxidation power was needed to be contained, or
formation of formaldehyde and a decrease in the portion of sucrose-
tetra-aldehydes occurred due to the overoxidation. The results also
agree with the previous results that too much oxidation power of peri-
odate contributed to a high degree of overoxidation [26]. Finally, a
pH of 6 was selected to ensure the formation of formaldehyde-free
sucrose-tetra-aldehydes.

3.2. Control of length of crosslinkages

Fig. 3 shows the difference in length of crosslinkages brought by
two sets of saccharide-aldehydes. Previous studies demonstrated that
rigid and flexible crosslinkers contributed to improving the breaking
strength and strain of cellulosic products, respectively [27]. However,
the length of crosslinkages brought by flexible crosslinkers should
also affect the mechanical properties of protein fibers. Here, two kinds
of flexible saccharides, sucrose and raffinose were selected as disac-
charide and trisaccharide. Major structures of saccharide aldehydes
were determined by HPLC-MS. Molecular weights of major structures
of saccharide aldehydes derivatized by 2,4- dinitrophenylhydrazine
were shown in Fig. 3 b—d. For disaccharide-tetra-aldehyde, the length
of crosslinkages, shown as the length between aldehydes can be ex-
tended to 8A. To further increase the length between aldehydes, sac-
charides with more sugar rings were needed. Raffinose, containing
three sugar rings, was selected. After oxidation, the length between
aldehydes can reach 14 A in the products.

3.3. Substantial improvement in wet & dry properties

Fig. 4 shows low temperature and a low amount of crosslinkers
brought substantial improvement for mechanical properties of con-
tinuously spun keratin fibers within a short period. The results in Fig.
4a show that a moderate increase in crosslinking temperature can
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Fig. 3. a) Length distributions between aldehydes from different oxidation condi-
tions. (Density obtained via Probability Density Function) b,c,d) Mass spectra of su-
crose-tetra-aldehydes and raffinose-aldehydes ((Electrospray ionization mode with
positive polarity at a probe temperature of 350 °C and a cone voltage of 60 V using
MSQ Plus MS). The aldehyde groups on saccharides were derivatized with 2,4-di-
nitrophenylhydrazine. The mass value was the saccharides derivatized with 2,4-di-
nitrophenylhydrazine. For sucrose-aldehydes, the ratio of sucrose-tetra-aldehyde
was 81%, for raffinose-aldehyde, the ratios of raffinose-tetra-aldehyde and raffi-
nose-hexa-aldehydes were 40% and 25%, respectively.

help improve the mechanical properties of fibers. For crosslinking un-
der room temperature, the strength of keratin fiber increased slightly
with the increase in crosslinking time, from 142 MPa to 150 MPa. How-
ever, there was no significant difference. Meanwhile, at 50 °C after 1
h of crosslinking, the breaking stress of fibers can reach more than
200 MPa. As a further increase in crosslinking time, the mechanical
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Fig. 4. a) Effect of temperatures and b) concentrations of saccharide derivatives (al-
dehyde concentration in solution) on mechanical properties of keratin fibers. The
saccharide derivative was SU3, obtained by oxidizing sucrose by the 3-fold molar
amount of sodium periodate. For a), crosslinking bath contained 0.52 M aldehyde;
Wet pick-up on fibers was 50%.
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properties of the fibers gradually decreased, which may be due to over
crosslinking. Over crosslinking would limit the movement of the ker-
atin molecular chain, create an imbalanced tension within molecular
chains and generate many weak points in fibers. As a result, fibers eas-
ily break when exerted external force. Fig. 4b investigates the effect of
concentrations of aldehydes in saccharide derivatives on the crosslink-
ing properties in the oxidation bath. The results show that when the
aldehyde group concentration was higher than 0.52 M (around 2 wt%
of crosslinker on keratin), desirable properties can be obtained after
fiber crosslinking. For crosslinking time less than 3 h, keratin fibers
had higher breaking stress as the aldehyde concentrations were 1.04
and 0.52 M, than that as aldehyde concentration was 0.26 M. Higher
aldehyde concentration ensured the fast-crosslinking reactions within
a short time. When the crosslinking time was 8 h, there was no sig-
nificant difference in breaking stress of keratin fibers among three al-
dehyde concentrations. Possible reasons excessive long crosslinking
time led to the over crosslinking of keratin molecules. Finally, 0.52 M
of aldehyde concentration was used for the future engineered cross-
linking. Saccharide aldehydes were better than other biobased cross-
linkers like polycarboxylic acid because saccharide aldehydes need a
lower temperature to crosslink protein materials. Moreover, a weak
alkali condition was required for polycarboxylic acid to crosslink pro-
tein. However, protein materials were unstable under alkalinity [28].
Fig. 5 shows sucrose-tetra-aldehydes had a better performance
for improving wet and dry strength of keratin fibers. Fig. 5a shows
the stress-strain curves of keratin fibers before and after engineered
crosslinking using sucrose-tetra-aldehydes. There was a remarkable
difference between curves with and without crosslinking using sac-
charide aldehydes after the yield point. After crosslinking using sac-
charide aldehydes, breaking strength and breaking strain of keratin
fibers increased substantially. For keratin fibers without crosslinking
using saccharide aldehydes, due to relatively low degree of disulfide
crosslinkages (around 70% recovery ratio of cystine [17]), interactions
between protein molecules were low. As a result, tensile strength of
fibers after the yield point decreased as molecules slippage to a high
degree. With additional crosslinkages brought by saccharide alde-
hydes, backbones of protein were elongated and interactions between
protein were strengthened. Elongated protein backbones promoted
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slippages between protein chains and strengthened interactions be-
tween protein chains increased the overall orientation of protein
chains via stretching. Therefore, both breaking strength and strains
of keratin fibers substantially increased with crosslinkages brought by
saccharide aldehydes.

Fig. 5b shows the effects of length of crosslinkages brought by sac-
charide aldehydes on mechanical properties of keratin fibers spun
from a continuous line. Two kinds of crosslinkers, sucrose-tetra-alde-
hyde, and raffinose-aldehydes with remarkable differences in length
of crosslinkages were used for keratin fibers. The results showed that
after crosslinking, breaking stress and strain of keratin fibers under
dry and wet states were substantially improved. With sucrose-tetra-
aldehyde crosslinking, breaking stress at dry and wet states increased
by 58% and 71%, respectively while breaking strains at dry and wet
states increased by 72% and 16%, respectively. With raffinose-alde-
hydes crosslinking, breaking stress at dry and wet states increased
by 47% and 41%, respectively while breaking strains at dry and wet
states increased by 110% and 36%, respectively. According to the re-
sults of Fig. 3a, compared to sucrose-aldehydes, length distributions
between aldehydes of raffinose-aldehydes were large, i.e. higher than
8A. With raffinose-aldehyde crosslinking, the average length of cross-
linkages would be longer than the crosslinkages formed by sucrose-
aldehyde. The long crosslinkages made slippage between protein mo-
lecular chains easier. As a result, the final breaking strain was high for
raffinose-aldehyde crosslinking, but breaking stress was lower than
that using sucrose-aldehyde. Compared to polycarboxylic acid, com-
monly used biobased crosslinker, saccharide-based aldehydes had
better capability to improve mechanical properties of protein materials
because saccharide aldehydes had high reactivity and required lower
temperature. As a result, less damage would be brought to protein
materials by saccharide aldehydes. For example, mechanical properties
of silk crosslinked with citric acid decreased by 20% [29]. Some stud-
ies used low temperature for citric acid crosslinking. Finally, strength
of protein materials at wet and dry states only improved by 5% and
16%, respectively, substantially lower than improvement brought by
saccharide-aldehydes [28].

Fig. 5¢c shows similar crosslinking degrees between sucrose-alde-
hyde and raffinose-aldehyde crosslinking, further demonstrating that
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difference in mechanical properties of fibers resulted from the length
of crosslinkages. The results show that the molecular weight of kera-
tin significantly increased after crosslinking with saccharide aldehydes.
After crosslinking with sucrose-aldehyde and raffinose-aldehyde, the
original molecular bands of the keratin backbone were almost dis-
appeared, indicating that most keratin backbones were crosslinked.

3.4. Improved water resistance of crosslinked fibers

Fig. 6 shows high retention of fiber strength after aqueous treatment
after establishing crosslinkages brought by saccharide aldehydes. The
results show that the keratin fibers after crosslinking with saccharide
aldehydes had substantially higher stress retention after soaked in wa-
ter for a week than that of fibers without aldehyde crosslinkages. High
retention of fiber strength after crosslinking demonstrated the feasi-
bility to apply feathers in textiles and other fiber-based industries on
a large scale. At room temperature, stress retention crosslinked fibers
by saccharide aldehyde can be as high as 92% and the stress reten-
tion of such fibers at 35 °C was still above 85%. The reason is that the
substantially strengthened interaction between crosslinked protein

100% r mw/o external crosslinking
90% w/ saccharide aldehydes crosslinking
6 b

80% |
70% |
60% |
50% |
40%
30% |

Retention of stress

20%
10%

0%

25C 35C
Temperature of water
Fig. 6. Effect of crosslinking using disaccharide-tetra-aldehydes on property reten-

tion of keratin fibers immersed in water for 1 week (The crosslinking was conducted
under 50 °C for 1 h with aldehyde concentration of 0.52 M).
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molecules increased the stability of fibers in water and largely kept
the morphology of fibers. Also, the hydrophilicity of the protein mol-
ecules after crosslinking decreases. Therefore, stress retention of fi-
bers remarkably improved.

3.5. Comparison in wet properties with known common fibers

Table 1 compares the properties of keratin fibers with various treat-
ments to wool. Results show that crosslinking using saccharide alde-
hydes can substantially increase the mechanical properties of keratin
fibers and suitable for fiber production on a continuous spinning line.
Breaking stress, strain and toughness of fibers at dry state after cross-
linking using saccharide aldehydes increased around 55%, 70% and
50%, respectively. Breaking stress, strain and toughness at wet state of
fibers after crosslinking using saccharides aldehydes increased 100%,
30% and 25%. Above properties of fibers were comparable to wool.
Crosslinking using saccharide aldehydes was better at improving the
mechanical properties of keratin fibers than that using citric acid from
Table 1. Possible reasons are different conditions for crosslinking us-
ing citric acid and saccharide aldehydes. Crosslinking using citric acid
needed weak alkalinity, while crosslinking using saccharide aldehyde
took place under acidic conditions [30]. On continuous spinning lines,
fibers were more stable in acidic conditions. Secondary structures of
fiber under alkali spinning conditions might be damaged.

Table 1 Comparison of mechanical properties of crosslinked keratin fibers to wool
fibers.

Fiber source Dry state Wet state
Strength Strain Toughness  Strength Strain Toughness
(MPa) em3) (MPa) ecm3)
Keratin fibers [17] 110-145 8-12% 17-19 60-90 22-28%  22-28
Keratin fibers crosslinked ~ 195-215  16-22% 27-32 120-140 27-35% 29-35

with sucrose derivatives

Wool [31] 150-190 30-40% 28-38 120-160 42-50%  33-40
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Blank

cr with disaccharide-tetra-aldehydes

3.6. Cytocompatibility

Fig. 7 demonstrates
keratin crosslinked with
formyl-saccharides had
good biocompatibil-
ity with NIH3T3 cells.
As shown in Fig. 7, the
NIH3T cells on keratin
fibers with saccharide-
aldehydes crosslinking
were not lower than
keratin without cross-
linking and blank. The
high viability and large
numbers of cells in ker-
atin with saccharide-
aldehyde crosslinking
indicated that cross-
linkages formed by sac-
charide-aldehyde did
not decrease the bio-
compatibility of kera-
tin. The reason for this
is the complete elimi-
nation of toxic formal-
dehyde in preparation
of crosslinkers.

Fig. 7. (a) Viability of NIH3T3 cells after 3 days of culture on keratin without sucrose-
tetra-aldehydes crosslinking. Live and dead cells are green and red, respectively.
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Table 2 Color of keratin fibers with crosslinkages from saccharide-aldehydes.

Keratin fibers L* Yellowness Index Delta E,,.
w/o saccharide-aldehydes 86.7 20.1
w/ saccharide-aldehydes 87.1 20.3 0.56

The lightness value, L*, represents the darkest black at L* = 0, and the brightest white at L* =
100. Yellowness was based on ASTM E 313

3.7. Good color retention

Color retention of protein fibers after crosslinking is another critical
factor to be evaluated. Table 2 demonstrates excellent color reten-
tion of saccharide-aldehydes crosslinked keratin fibers. The color of
the aldehyde-crosslinked fibers, L value, and yellowness were almost
identical without aldehyde-crosslinking. The color difference between
the above two fibers, illustrated as DE,,. was only 0.56, indicating no
significant difference between the above two fibers. Usually, the val-
ues less than 1, determined by DE_,,, indicates no color difference.

3.8. Low consumption of amine groups

Table 3 compares the consumption of amine groups on kera-
tin among various green crosslinking approaches. Based on the
amounts used in previous work for good wet stability of protein
products, previous crosslinking consumed the majority or completed
amine groups of protein, making the dyeing of regenerated fibers
impossible. Because of the low reactivity of citric acid, an excessive
amount of citric acid was added into protein materials. Though many

Table 3 Consumption of amine groups from various crosslinking methods.

Crosslinking methods Consumption of amine groups on protein*
Citric acid at high temperature [32] 100%
Citric acid at low temperature [25] 100%
Sugar-aldehydes high-temperature [23] 100%
Sugar-aldehydes without quality control [22] 79%
This work 31%

* Calculation of consumption was based on that one functional group on crosslinkers con-
sumed one amine group on protein.
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citric acid molecules would not form crosslinkages in protein, those
citric acid molecules still consume amine groups of protein mole-
cules. Nevertheless, this work only consumed 30% of amine groups
theoretically, providing sufficient dyeing sites in regenerated kera-
tin fibers.

3.9. Environmental and economic benefits

Fig. S1 shows data of fiber production globally and potential produc-
tion volumes from waste keratinous materials including chicken feath-
ers. Results show that transformation from keratinous materials to
high-quality fibers can substantially alleviate the dependence of tex-
tile fibers on petroleum-based products and promote the sustainable
development of fiber industry. As a result, the impact of fiber indus-
try on the environment can be remarkably reduced. Given that more
than 10 million tons of keratinous materials are generated annually,
keratin fiber addition from such wastes can reduce the market share
of petroleum-based fibers from 70% to 60% without using additional
land, water, and other natural resources for cultivation. As a result, the
addition of fibers from keratinous wastes can reduce the burden of
discharge and recycling petroleum-based fibers by around 10 million
tons per year. Such addition can have a positive impact on the envi-
ronment. In addition, to establish a chicken feather based biofiber in-
dustry will also greatly contribute to the safety and sustainability of
the agricultural and food industries.

Table S1 demonstrates that restoration of chicken feathers to fi-
bers similar to wool in terms of stretchability and wet stability could
better promote sustainable transference and decontamination of
hazardous poultry by-products. Given that the similar properties
between regenerated fibers and wool, keratin fibers could be sold
at the same price as wool. The potential value addition from kera-
tin fibers from chicken feathers can be up to 35 billion dollars per
year, 30 and 17 times higher than that from biofertilizers and animal
feed, respectively. The potential production of protein fibers from
chicken feathers is already 2.5 times higher than the current output
of both wool and silk.
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4. Conclusions

Formaldehyde-free sucrose-tetra-aldehydes have been successfully
applied to a continuous spinning line for the clean production of ker-
atin fibers with excellent water-resistance and mechanical proper-
ties. With fine control of length of crosslinkages, use of crosslinkers
was minimized, toughness and wet strength of fibers from continu-
ous spinning line increased 50% and 100%, respectively. The reten-
tion of fiber tenacity was as high as 92% after immersed in water for
1 week. The color of fibers did not change, and fibers were dyeable
after crosslinking. Transformation of feather wastes to protein fibers
can help the sustainable decontamination of poultry wastes and re-
duce the demand for petroleum-based fibers by 100 million tons per
year globally. As a result, environmental pressure will be substantially
alleviated. In addition, the successful production of protein fibers can
add values of around 35 billion dollars to the poultry industry.

Supplementary materials One supplemental figure (Fig. S1) and one supplemen-
tal table (Table S1) follow the References. A demonstration video is attached to the

archive record for this article.
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Figure 1 Comparison of annual worldwide production volume of fibers and keratinous wastes.
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Table 1. Potential value additions to poultry industry from various end keratinous products

Dollars per pound Potential volume in Potential value
million tons addition in dollars
Regenerated fibers | 5 35 35 billion
Biofertilizers | 0.15 4 1.2 hillion
Animal feed ' 0.25 4 2 billion

The conversion rate from keratinous wastes to fibers, biofertilizers and animal feed is 70%, 80%
and 80%, respectively. Prices of biofertilizers and animal feed were from Alibaba and the price
of regenerated keratin filaments was determined by current price of wool, around $5/Ib.
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