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ABSTRACT: Mechanical measurements were employed
to investigate the effects of three types of superfine silk
protein powder on tensile strength elongation, and elastic-
ity of wet-spun Pellethane® 2363-80AE polyurethane (PU)
fiber. These superfine silk protein powders included unde-
gummed silk (with both native silk fibroin and sericin,
water insoluble), native silk fibroin (with native silk fibroin
only, water insoluble), and regenerated silk fibroin (with
regenerated silk fibroin only, water soluble) in powder
form. Experimental data derived from the mechanical
measurements illustrated that the miscibility between the
PU and regenerated silk fibroin were superior to that

between PU and the other two silk proteins. This may be
attributed to the similar chemical structure and micro-
phase separation of PU and regenerated silk fibroin with
lower molecular weight than native silk fibroin. This pre-
liminary work may provide some information for biomi-
metic processing of silk-inspired PU biofibers, which
combine elasticity of synthetic PU with biofunction of nat-
ural silk fibroin for special biomedical applications. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 114: 3428-3433, 2009
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INTRODUCTION

Synthetic polyurethane (PU) is a kind of versatile
polymeric material, which offers high elasticity,
good wear property, tear resistance, flexural capabil-
ity, oil resistance, and excellent blood compatibil-
ity."™ Foam and plastic, elastomer, paint, adhesive,
elastomeric fiber, and synthetic leather, which are
made from PU resin whose structure and properties
can be tailored due to a controlled combination of
hard and soft segments, play an important role in
modern industry.® Correspondingly, silk fibroin
extracted from Bombyx mori silkworm cocoons has
been investigated as a highly promising natural pro-
tein material that can be applied to biotechnological
and biomedical fields, although mechanical proper-
ties, especially the elasticity of regenerated silk fi-
broin fiber, cannot meet the requirements of specific
applications.” ™ Consequently, biomimetic elastic
silk fibroin fibers are desirable for some biomedical

Correspondence to: W. Xu (weilin-xu@hotmail.com).

Contract grant sponsor: National Natural Science
Foundation of China; contract grant number: 50873079.

Contract grant sponsor: Hubei Provincial Department of
Education; contract grant number: Z200717001.

Contract grant sponsor: Ministry of Science and
Technology of China; contract grant number: 2009CB526402.

Journal of Applied Polymer Science, Vol. 114, 3428-3433 (2009)
© 2009 Wiley Periodicals, Inc.

applications. Biomimetic silk fibers may be classified
into three broad categories: shape-mimetic, struc-
ture-mimetic, and even function-mimetic. Alkali
peeling processing of polyester fibers has been
widely employed to mimic the shape of silk fibers.
To mimic the structure and even function of silk
fiber, the spinning of silk fibroin regenerated from
raw silk fiber has been intensively investigated.'' ™"
Properties comparison of regenerated and natural
silk fibers is summarized in Table I. Biosynthesis of
silk-like polymers and recombinant technology have
also been performed.'®"”

Producing protein/polymer hybrids or protein-
inspired polymers as biomaterials chemically and/
or physically is a highly promising method,'®"
combining biofunction of natural macromolecules
with controllable structure and properties of syn-
thetic polymers. Particularly, elastic biofibers have
attracted considerable attention and have generated
intense research into their properties.”® Noticeably,
PU and silk fibroin have similar molecular architec-
ture in their primary structure (imido links) and sec-
ondary structure (microphase separation). Moreover,
both PU and silk fibroin were employed as scaffold
materials for tissue engineering due to their biocom-
patibility, and putting silk fibroin into PU fibers may
improve the compatibility to reduce thrombosis.>”*'
In the present work, biomedical PU/silk protein bio-
hybrid fibers were fabricated by a facile wet spin-
ning process. As it is difficult to find a suitable
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TABLE I
Properties Comparison of Regenerated and Natural Silk Fibers
Regenerated silk fibroin fiber
Regenerated
Solvent for silk fibroin Coagulation Diameter Tensile Breaking
Refs. natural silk concentration (%) bath (1um) strength (MPa) elongation (%)
11 NMMO/H,0 13* Ethanol 18.5 120 35
12 CaCl,/H,O/EtOH 15° Methanol 120 172 8.4
13 HCOOH/H;PO, 18° Methanol 120 275 18
14 LiBr/H,0O 17¢ Ethanol 28 116 8.6
15 Natural silk fiber (with silk sericin) 11.5 500 19
Degummed silk fiber (without silk sericin) 9.3 610-690 4-16

? Solvents for regenerated silk fibroin denoted in superscript ‘a,” ‘b,” and ‘c’ are NMMO, 98% HCOOH, and HCOOH/

H3PO,, respectively.

solvent, which can dissolve both the synthetic poly-
mer (PU) and the natural macromolecule (silk pro-
tein) simultaneously, silk proteins ground in
superfine powder form were dispersed into PU/di-
methyl formamide (DMF) solution to prepare PU/
silk protein biohybrid fibers. The effects of superfine
silk protein powders on the mechanical properties of
wet-spun PU fibers were investigated to identify the
advantages and disadvantages of various superfine
silk protein powders. The future further work is to
enhance the compatibility and intermolecular inter-
actions between PU and native silk fibroin. Alterna-
tively, it is a valuable approach that remains a
challenge to develop regenerated silk fibroin avoid-
ing being degraded.

EXPERIMENTAL
Materials and reagents

Raw B. mori silk fiber was provided by Luotian Silk
Incorporation of Hubei Province, China. Superfine
undegummed silk fiber powder and superfine native
silk fibroin powder were physically prepared from the
above silk fiber with a custom-built machine,? both of
which were water insoluble. Water-soluble superfine
regenerated silk fibroin powder was derived from
salt-dissolved, dialyzed, and freeze-dried silk fibroin.®
Expositively, the average particle sizes of the three
types of superfine silk protein powder are 5.86, 3.58,
and 4.80 pm, respectively, and all of them are at the
micrometer length and very close to each other, meas-
ured by JL-1166 Laser Particle Analyzer (Chengdu
Jingxin Powder Measurement Instrument, China). Fig-
ure 1 shows the difference of production of these three
types of silk grotein powder.

Pellethane™ 2363-80AE, a commercially available
biomedical grade segmented PU, was obtained as pel-
lets from Shanghai Dow Center, China. Extraction of
PU was performed with ethanol in a Soxhlet extractor
to remove impurity. The received PU pellets were
extracted for 72 h in refluxing ethanol and dried for

72 h at 40°C before dissolving in DMF to form a
dope solution. Chemical reagents such as DMF were
purchased from Bodi Chemical Reagent (Tianjin,
China) and used without further purification.

Preparation of fiber samples

To prepare PU/silk protein powder blend dope so-
lution, each type of superfine silk protein powder
and PU (10%, w/w) were thoroughly dispersed in
DMEF. The PU/silk protein powder dope solution
concentration was fixed at 25% (w/v) for wet spin-
ning. After being degassed in a vacuum, the PU/
superfine silk protein powder blend dope solution
was immediately spun with a Microinfusion Pump
(LION WZ-50G, Medical Instrument Factory of Zhe-
jlang University, China) into a distilled warm water
coagulation bath (30°C) at a controlled flow rate of
40 mL/h. The as-spun PU/superfine silk protein
powder hybrid fiber was left in the coagulation bath
overnight for complete solidification, drawn at a
compatible ratio in length and then dried under ten-
sion. By using the same machine in similar condi-
tions, PU/superfine undegummed silk powder
hybrid fiber, PU/superfine native silk fibroin pow-
der hybrid fiber, PU/superfine regenerated silk fi-
broin powder hybrid fiber, and the pure PU fiber
were prepared and they were formulated as fiber
samples A, B, C, and D, respectively, with similar
linear densities of around 90 denier.

(A) Undegummed silk powder

Undegummed ) . U e
(With both native silk fibroin and

»
Physically pulverized . K
scricin, water-insoluble)

(B) Native silk libroin powder
Degummed

Raw silk fiber

»| (With native silk fibroin  only,
Physically pulverized
Tysically puivense water-insoluble)

(C) Regenerated silk fibroin powder

Degummed, dissolved

- - —» (With regenerated silk fibroin only,
Dialyzed, freeze-dried
water-soluble)

Figure 1 Schematic flow chart for production of three
types of superfine silk protein powder.
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Observation of fiber surface

Scanning electron microscopy (SEM) measurements
for the fiber samples were carried out on a JSM-
5610LV scanning electron microscope (JEOL, Japan)
at an accelerating voltage of 20 kV, after the samples
were sputter-coated with a 10- to 15-nm layer of
gold. Prior to observation, all fiber samples were
washed with distilled water, dried at room tempera-
ture, and then preconditioned at 20°C and 65% rela-
tive humidity for 24 h.

Measurement of mechanical properties

Tensile tests were carried out on an Instron univer-
sal material testing system (Model 5566, Instron Cor-
poration, MA), at a gauge length of 50 mm and
strain rate of 500 mm/min. All fiber samples were
preconditioned at 20°C and 65% relative humidity
for 24 h before testing. All tensile data were meas-
ured with 10 specimens for each fiber sample and
represented as mean + SD. Breaking tenacity, break-
ing elongation, and elasticity were determined in ac-
cordance with the Chinese Textile Industrial
Standards FZ/T 50006-94 and FZ/T 50007-94 (idt.
BISFA Test methods for bare elastane yarns). Distin-
guishingly, each fiber sample was drawn to 300%
elongation (i.e., stretching fiber from 50 to 200 mm
in length) and relaxed to the original length (50 mm)
cyclically for seven times during elasticity testing,
while the effective data were derived from the sixth
cycle. Care was taken to avoid stretching the fibers
plastically during the whole experiment.

RESULTS AND DISCUSSION
Fiber formation

Generally, there are a variety of methods for produc-
ing PU fibers: dry, wet, melt, reaction spinning, and
electro-spinning. There are advantages and disadvan-
tages for each method. Although dry spinning is the
dominant method and melt spinning method pro-
vides an advantage of improving chemical and envi-
ronmental resistance compared with wet spinning
method, wet spinning method should not be negligi-
ble when producing differential and functional fiber
at a low temperature. The biggest challenge for PU/
silk protein wet-spinning is to find a suitable solvent,
which can dissolve both the synthetic polymer and
the natural macromolecule simultaneously. As
known, DMF was successfully used as a solvent for
dry and wet spinning of synthetic PU. Correspond-
ingly, raw silk fiber is obtained by reeling from silk
cocoons as a natural protein fiber, and silk fibroin is
purified from sericin by boiling silk cocoons in an
alkaline solution. About 25-30% of the silk cocoon
mass is sericin, which is removed during the degum-
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ming process,” and the residual is native silk fibroin.
Native silk fibroin cannot be dissolved by water,
while sericin can be dissolved by boiling water to an
extent. The water-insoluble superfine native silk fi-
broin powder employed in the current experiment is
physically pulverized from this native silk fibroin.
Native silk fibroin can be dissolved in aqueous lith-
ium bromide (LiBr-H,0),” CaCl,/H,0/EtOH (molar
ratio: 1/8/2) ternary solvent,? NMMO monohychra’fe,11
or formic acid,® etc., and then dialyzed to remove
salts to produce aqueous solution of regenerated silk
fibroin. However, it is difficult to find a suitable sol-
vent to dissolve both PU and native silk fibroin. In
the present report, PU/three types of superfine silk
protein powder blends formed hybrid biofibers by
using a wet spinning method. During fiber formation,
DMF in dope solution and H,O in coagulation bath
diffused and penetrated each other, while superfine
silk protein powders were enwrapped in coagulated
PU.

Fiber surface morphology

Figure 2 shows the selected SEM micrographs of as-
spun PU/three types of silk protein powder hybrid
fibers and pure PU fiber with similar diameters of
~ 110 pm. Although there was no significant differ-
ence between SEM micrographs, as-spun fiber sur-
face was generally substantial, with some clotted
superfine silk protein powders and a few fine gran-
ules whose morphology changed depending on vari-
ous types of superfine silk protein powder. From
fiber sample A to C, shown in Figure 2, superfine
silk protein powders enwrapped in PU and clotted
on fiber surface stepwisely became thinner, and their
distribution became more regular. The well-known
tendency of silk fibroin chains to self-assemble into
globular clusters by establishing a strong network of
intermolecular interactions between the hydrophobic
polypeptide blocks forming its primary structure
could be responsible for these morphological fea-
tures.”* Aforementioned regular changes of axial
alignment of silk protein powders in the correspond-
ing hybrid fibers preliminarily demonstrated that
the miscibility and compatibility between PU and
water-soluble regenerated silk fibroin were superior
to those between PU and the other two silk proteins.

Mechanical properties

Mechanical properties, particularly breaking tenacity
and breaking elongation, are important for evaluat-
ing the fiber performance for proper application.
Figure 3 illustrates the tensile properties of PU/dif-
ferent types of superfine silk protein powder hybrid
fibers and two associated fibers. As shown in Figure
3, PU/three types of superfine silk protein powder
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Figure 2 SEM micrographs of the as-spun PU/three types of superfine silk protein powder hybrid fibers and pure PU
fiber: (A) PU/superfine undegummed silk powder hybrid fiber; (B) PU/superfine native silk fibroin powder hybrid fiber;
(C) PU/superfine regenerated silk fibroin powder hybrid fiber; (D) pure PU fiber.

hybrid fibers (Sample A, B, and C) showed relative
lower values of breaking tenacity compared with the
pure PU fiber (Sample D). Of these, PU/water-solu-
ble superfine regenerated silk fibroin powder hybrid
fiber (Sample C) showed a relative high breaking te-
nacity and breaking elongation. Generally, phase
separation occurs in immiscible blends, which can
largely affect the synthetic polymer (PU)/natural
macromolecule (silk fibroin) hybrids properties,
when the PU is solidifying rapidly in the coagula-
tion bath. We reasonably supposed that the afore-
mentioned tensile features may be attributed to the
similar chemical structure and molecular architec-
ture of PU and silk fibroin (shown in Table II, sum-
marized from the literature'”*’), and there may be
weak intermolecular interactions between molecular
chains of PU and silk protein. The presence of regen-
erated silk fibroin destroyed PU fiber property most
slightly due to its partial degradation during regen-
eration, while molecular chains of raw silk and
native silk fibroin were longer and destroyed PU
fiber property more severely. Therefore, it can be
concluded that the intermolecular interactions
between PU and water-soluble superfine regenerated
silk fibroin powder is relatively approving.

Figure 4 illustrates the typical force—displacement
curves for PU/three types of superfine silk protein
powder hybrid fibers and the pure PU fiber. As
shown in Figure 4, the as-spun PU/three types of

superfine silk protein powder hybrid fibers exhibited
analogical elastic modulus, while all the values of
elastic modulus were much higher than that of the
pure PU fiber. Figure 5 shows the tensile force-time
curves for four related fiber samples while being
drawn and relaxed cyclically 7 times. The effective
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Figure 3 Tensile properties comparison of PU/three
types of superfine silk protein powder hybrid fibers and
two associated fibers: (A) PU/superfine undegummed silk
powder hybrid fiber; (B) PU/superfine native silk fibroin
powder hybrid fiber; (C) PU/superfine regenerated silk
fibroin powder hybrid fiber; (D) pure PU fiber; (E) re-
generated silk fibroin fiber (data cited and modified from
Ref. 11).
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TABLE II
Chemical Structure and Molecular Architecture of Silk Fibroin and Segmented PU

R4

/?

native silk fibroin fiber

R2

B-sheet"':“‘

soft segment

hard segment

R3

Schematic chemical structure of silk
fibroin (most of R; are H, CHj,
or CH,OH,i=1,2,3,..).

Schematic molecular architecture of
native silk fibroin fiber consisting of
alanine-rich B-sheet crystalline
domains and a glycine-rich
unorder matrix.

amorphism

Schematic chemical structure of

HO{-CH:CH:CHZCHEO}EGOCNH—O—CHz—O—}ﬁHEopcmcn;cn;cn:o—}ﬁH

synthetic block copolyurethane
(Pellethane® series, produced by
Dow Chemical).

-

Schematic molecular architecture
of segmented polyurethane.

soft segment

data should be derived from the sixth cycle, accord-
ing to the stated standard mentioned in Materials
and Methods. The PU/superfine undegummed silk
powder hybrid fiber (Sample A) exhibited a peak
tensile force of 31.2 cN, which was the maximal; the
PU/superfine native silk fibroin powder hybrid fiber
(Sample B) exhibited a peak tensile force of 29.8 cN.
The PU/superfine regenerated silk fibroin powder
hybrid fiber (Sample C) exhibited a peak tensile
force of 23.2 cN, while the pure PU fiber exhibited a
peak tensile force of 15.5 cN, which was the mini-
mal. As known, the elasticity of PU fiber is mainly
attributed to soft segment in its molecular chain.
Regenerated silk fibroin with a lower molecular
weight®® can be enwrapped in PU chain easily and
may move following the soft segment of PU closely
during stretching, so the elasticity of PU/superfine
regenerated silk fibroin powder hybrid fiber (Sample
C) had an analogy to that of the pure PU fiber.

CONCLUSIONS

Pellethane® 2363-80AE PU/three types of superfine
silk protein powder hybrid biofibers were prepared
by using a facile wet spinning method. SEM micro-
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graphs indicated that silk proteins were enwrapped
in PU and self-assembled into clusters. Experimental
data derived from mechanical measurements
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Figure 4 Force-displacement curves for PU/three types
of superfine silk protein powder hybrid fibers and the
pure PU fiber: (A) PU/superfine undegummed silk pow-
der hybrid fiber; (B) PU/superfine native silk fibroin pow-
der hybrid fiber; (C) PU/superfine regenerated silk fibroin
powder hybrid fiber; (D) pure PU fiber.
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Figure 5 Elasticity comparison of PU/three types of superfine silk protein powder hybrid fibers and the pure PU fiber:
(A) PU/superfine undegummed silk powder hybrid fiber; (B) PU/superfine native silk fibroin powder hybrid fiber; (C)
PU /superfine regenerated silk fibroin powder hybrid fiber; (D) pure PU fiber.

illustrated that PU/three types of superfine silk pro-
tein powder hybrid fibers showed higher values of
elastic modulus and relative lower values of break-
ing tenacity and elasicity, compared with the pure
PU fiber. Of these, the miscibility between PU and
water-soluble regenerated silk fibroin were superior
to that between PU and the other two silk proteins.
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