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Salt-acid system has been proved to be of high efficiency for silk fibroin dissolution.
Using salt-acid systemto dissolve silk, native silk fibrils can be preserved in there-
generated solution. Increasing experimentsindicate that acquirement of silk fibrils
in solution is strongly associated with the degumming process. In this study, the ef-
fect of sodium car bonate degumming concentr ation on sol ution propertiesbased on
lithium bromide-formic acid dissolution system was systematically investigated.
Results showed that the morphology transformation of silk fibroin in solution from
nanospheres to nanofibrils is determined by sodium carbonate concentration dur-
ing the degumming process. Solutions containing different silk fibroin structure ex-
hibited different rheological behaviorsand different electrospinnability, leading to
different electrospun nanofibre properties. The results have guiding significance
for preparation and application of silk fibroin solutions.

Key words: biomaterials, degumming, electrospinning, nanofibrils, silk

Introduction

In recent years, due to the urgent demands of bioactive materials, silk-based materials
have attracted more attention from many biomedical fields, such as tissue engineering [1],
would dressing [2] and drug release systems [ 3], for their excellent properties.

Silk consists of two proteins, sericin protein and fibroin protein. For the previous men-
tioned applications, silk is normally degummed to extract sericin protein. Considering the cost
and the efficiency of the process, silk isgenerally degummed with sodium salts, sodium carbon-
ate (Na,COs) in many cases, in boiling water. As an effective dissolution system of silk fibroin
(SF), sat-acid system has been proved afacile step to dissolve SF in the past two years. For in-
stance, SF films prepared from formic acid-hydroxyapatite degumming system were found had
higher breaking strength and extension at break [4]; the SF solutions from formic acid/CaCl,
showed good electrospinn ability and the regenerated nanofibres exhibited high mechanical
properties[5]. It hasbeen found that using salt-acid dissolution systemis capable of preservethe
native silk nanofibrils structure [6]. Increasing experiments show that acquirement of
nanofibrils is strongly affected by the degumming process. However, degumming process is
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usually neglected while many researches have been conducted for formation of SF products. As
amatter of fact, degummed silk isoften purchased from different suppliersfor many researches,
without known information about the degumming process, which isinappropriate for biomedi-
cal applications of silk.

Inthis paper, weaimto investigate the effect of different Na,CO; degumming concen-
trations on SF morphol ogy and SF morphology in lithium bromide-formic acid (LiBr/FA) disso-
Iution system. Meanwhile, to further evaluate the effect of Na,CO,; degumming concentrations
on resultant electrospun SF nanofibre properties. To fulfill thesetasks, threetypical weight ratio
of Na,CO; (0.5 wt.%, 0.05 wt.%, 0.005 wt.%) were prepared for degumming and LiBr/FA sys-
tem was used to dissolve the degummed silk. Results showed that with varying weight ratio of
Na,CO,, SF exhibited different morphology after degumming. Under same dissol ution system
of LiBr/FA, SF morphology changed from nanospheresto nanofibrilsin threetypical solutions.
Subsequently, resultant SF nanofibres mats showed different properties including secondary
structure and mechanical properties.

Experimental section
Materials

Raw B. mori silk was purchased from Zhejiang Province, China. Anhydrous sodium
carbonate, formic acid (98% v/v) and anhydrous lithium bromide were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All reagentswere of analytical grade
and were used as received without further treatment.

Degumming and preparation of regenerated
silk fibroin (RSF) solutions

The B. mori silk was degummed in boiling Na,CO, aqueous solution for 60 minute, with

Na,CO; concentration of 0.5 wt.%, 0.05 wt.%, and 0.005 wt.%, respectively. The degummed silk
wasthen rinsed thoroughly with deionized water to remove the sericin protein. The process repeated
three times. The degummed silks are named 0.5%-SF, 0.05%-SF, and 0.005%-SF, respectively,
with according weight loss of 33.2 + 1.6%, 28.5+

Table 1. Sample codes of SF and its dissolution +1.3%, 26.8 i 0.9%. The weight I.Oss of raw silk
parameters after degumming was measured using the follow-

- = ing equation: weight loss [%] = (1 — dry mass of
Sample | LIBr | FA iDissolutiontimel qenmmed slk/dry mass of raw silk) x 100. Five
[wt.%] | [wt.%] [min] .

- specimens of each sample were test. The
05%-SF | 2 %8 2 degummed silks were directly dissolved in
0.05%-SF | 2 98 40 LiBr/FA system &t room temperature. Table 1
0.005%-SF| 2 o8 300 lists the sample codes and their dissolution pa-

rameters.

Preparation of SF films and electrospun SF nanofibres

The 10 wt.% SF concentrations were prepared by dissolving the three typical regener-
ated films in formic acid (FA) for 3 hours before electrospinning. A high electric potential of
12 kV was applied and the collect distance was 12 cm. A constant volume flow rate of 0.8 mi/h
was maintained using a syringe pump. The regenerated SF mats are called 0.5% RSF, 0.05%
RSF and 0.005% RSF, respectively. The ambient relative humidity was 50 + 2 % and the tem-
peraturewas 25+ 2 °C.
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Measurement and characterization

The morphology of degummed silk and el ectrospun SF nanofibreswas observed using a
scanning el ectron microscope (SEM), Hitachi S-4800, Tokyo, Japan. The diameters of nanofibres
were calculated by measuring at least 100 fibersat random using Image J program. Morphol ogy of
SF in solution was observed by atomic force microscopy (AFM), Veeco, Nano scope V. To pre-
pare the samples for AFM imaging, SF/FA solutions of 0.001 wt.% were prepared. Then 2 uL of
the diluted SF/FA solution was dropped onto freshly cleaved mica. Rheological studieswere run
on arheometer (AR2000, TA Instruments, and America) with a40 mm cone plate (Ti, 40/2°). The
secondary structure of SF nanofibre mats was measured by fourier transform infrared (FTIR)
spectroscopy on Nicolet5700 (Thermal Nicolet Company, USA). The X-ray diffraction (XRD), X
Pert Pro MPD, PANalytical, The Netherlands, was operated at 40 kV tube voltages and 40 mA
tube current. The mechanical properties of electrospun SF nanofibre mats (10 mm x 40 mm) were
obtained using auniversal testing machine (model 3365 el ectronic strength tester, Instron, Boston,
USA), gauge length: 20 mm; cross-head speed: 0.2 mm/sat 25+ 0.5 °C, 60 + 5% relative hu-
midity. The thickness of the mats was measured using a micrometer.

Results and discussion
Morphology of degummed silk at micro scale

It can be clearly seen that morphology of SF 4 o 06 ooasaatde
varies if the weight ratio of Na,CO, changes, : 7
fig. 1. For raw silk, sericin protein entirely cov-
ersthesurface of fiber so that no SF can be seen.
Residual sericin was aso observed for
0.005%-SF since the dose of Na,CO; was not (S . A
enough to extract sericin completely. For [P 0.005%-SF
0.05%-SF, sericin nearly disappeared, indicat- [
ing well removal of sericin. As the concentra-
tion of Na,CO; further increased (0.5%-SF), . i

sericin completely disappeared and nanopores 500 nm
were observed, suggesting the adverse effect on :
SF due to overdose of Na,CO;. The observa- . :

tions were confirmed by the weight loss of silk g;g‘; gnlt' ,\T ar; %gz ?;Lﬂ‘ﬂi%%yc?}ngﬂf;ﬁfﬂg o
after degumming. For 0.5%-SF, aweight |oss of
33.2 + 1.6% was measured indicating damage
of SF structure.

o ey
(.~ Residual sefigin|
N _,

| —'— Pores in SE*

Solution behavior of SF solutions

The dissolution behavior of regenerated
solutions

Significantly different dissolution behaviors
were observed under same dissolution system
of LiBr/FA, as shown in tab. 1 and fig. 2. The
dissolution times varied and the color of regen-
erated solutions were different. In fact,
0.5%-SF dissolved rapidly as soon as SF con-  Figure 2. Regenerated solutionsunder three
tacted the solvent as LiBr/FA solvent diffuse  degummed SFwith LiBr/FA solution ascomparison
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into SF through nano-pores quickly, subsequently, SF dissolved completely in just afew min-
utesdueto the strong interaction with solvent. On the contrary, the dissol ution time of 0.05%-SF
and 0.005%-SF were about 40 minute and 300 minute, respectively. The proper dose of Na,CO,
made it possible to dissolve SF under amild process (0.05%-SF). The solution color was golden
yellow, whichissimilar to traditional method (LiBr agueous solutions and CaCl,/C,H;OH/H,O
solutions) [7]. More time was needed to dissolve 0.005%-SF completely as the residual sericin
covered on the surface of SF protecting SF from dissolving. The light yellowish-white color of
the regenerated SF solution indicated aweak interaction between SF and solvent. The huge dif-
ference of dissolution behaviors suggests that the weight ratio of Na,CO; has significant effect
on degummed SF and regenerated solution properties.

Rheological behavior of regenerated solutions

Toreveal the Na,CO, degumming concentrations effect on the solution properties, rheo-
logical behavior of threetypica solutionsand morphology of SFin regenerated solutionswerein-
vestigated. As shown in fig. 3(a), the 0.5% solution showed Newtonian fluids with low viscosity,
but the 0.05% and 0.005% solutions with higher viscosities exhibited shear-thickening behavior
followed by shear-thinning, which is similar to natural silk dope [8]. As shown in fig. 3(b),
nanospheres were observed in 0.5% solution which indicates that the SF is likely decomposed to
macromol ecules level during the dissolving process. In the 0.05% solution, native silk nanofibrils
with diameter of about 20-40 nm were preserved
through the mild process using LiBr/FA solvent,
fig. 3(b). When shearing at low shear rates, the
nanofibrils entangled with each other, resulting
in the increased viscosities and shear-thickening
behavior. The subsequent shear-thinning behav-
ior observed at high shear rates is likely due to
the orientation of the nanofibrils. In 0.005% so-
[ution, nanofibrilswith diameters of about 40-80
nmwere observed, fig. 3(b). Thehigher diameter
04]® a 0.6%-solution strengthened the entanglement and friction when
02 \\“ e shearing, favoring higher viscosity than 0.05%
solution, fig. 3(a). Meanwhile, residua sericin
physically adhered to the SF nanofibrils, result-
ing in larger silk aggregates (sericin aggregates,

) ) . SF nanofibrils aggregates, sericin-SF nanofibrils
Figure 3. (a) rheological behaviors of . . :
regener at(ed) sol utior?s, (b) mor phology of SF in aggregateﬁ)- Asaresult, higher viscosity was ob-
regener ated solutions accor dingly tained.
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Properties of RSF nanofibres mat
Morphology of as-spun SF nanofibres mat

To further evaluate the processability of SF solutions under different Na,CO,
degumming concentrations, SF nanofibres were fabricated by electrospinning from 10 wt.%
SF/FA solution. The SEM images of the nanofibres are shown in fig. 4. Beaded and non-uni-
form SF nanofibres obtained from the 0.5% solution showed bad spin-ability. On the contrary,
uniform and smooth SF nanofibres, with RSF nanofibres diameter of 232.6 + 31.1 nm and
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423.2 £ 29.4 nm, respectively, were obtained
from the 0.05% solution and 0.005% solution,
exhibiting good spin-ability of the two solu-
tions. The low viscosity and Newtonian fluids
behavior of 0.5% solution means low
macromol ecul e chains entanglements in the so-
lution, therefore it exhibited poor spin-ability
and resulted in beaded SF nanofibres. Com-
pared with the 0.5% solution, the 0.05% solu-
tion and 0.005% solution exhibited higher vis-
cosities, better spin-ability and yielded uniform
SF nanofibres and higher diameter of SF
nanofibres. This study is in accordance with
previous study, which reported that solution
containing self-assemble nanofibres shows

5% RS

SR S
0.5% RSF 0.0 F 0.005% RSF

Figure 4. Morphology and diameter of as-spun
SF nanofibres mat (0.5% RSF, 0.05% RSF, and
0.005% RSF)

better spin-ability in electrospinning process [9]. The different spin-ability of these solutions
suggested the important role of silk structure in electrospinning process.

Secondary structure of as-spun SF nanofibres mat

The FTIR and XRD have been used to exam-
ine the secondary structure of silk proteins. As
shown in fig. 5(a), the absorption peaks of 0.5%
RSF and 0.05% RSF are at around 1536 cnm?
(amide I1), and the 0.005% RSF is at 1523 cnrt
(amide 1), indicating the transition of random coil
or helical conformation to 5-sheet structure [10].
This structurd transition of SF nanofibres was
also confirmed by XRD analysis, fig. 5(b). A
broad diffraction pesk at 20.2° indicates the mo-
lecular structure transition from silk | to silk 1l
[10]. These results synergisticaly demonstrate
that the Na,CO; degumming concentration have
effect on secondary structure of regenerated
electrospun SF nanofibres mat. The residua
sericin may contribute to the improvement of
crystalinity degree of RSF mat as the 0.005%
RSF showed a sharper peak.

Mechanical properties of as-spun SF
nanofibres mat

Mechanical properties of as-spun RSF mats
were also investigated and the results are shown
in fig. 6. As expected, 0.5% RSF mat showed
relatively poor mechanical properties with a
breaking strength and an extension at break of
2.15 MPa, 4.73%, respectively, tab. 2. And
0.05% RSF mat and 0.005% RSF mat showed
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Figure 5. The FTIR and XRD measur ements of
as-spun SF nanofibres mat
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Table 2. Diameter s and mechanical properties of
as-spun SF nanofibres mat

RSF sample

Diameter
[nm]

Breaking
strength
[MPe]

Extension
[%]

0.5% RSF

56.7 + 22.6

2.15+0.43

4.73+0.81

0.05% RSF

232.6+31.1

6.93+0.38

32.65+3.27

0.005% RSF

423.2+294

8.63+0.45

40.00 £ 3.75

~= 0.5% RSF

4] T T T T
(4] 10 20 30 40
Strain [%]

higher mechanical properties of with breaking
strength and extension at break of 6.93 MPa,
32.6%, and 8.63 MPa, 40.0%, respectively, tab.
2. The improvement mechanical properties of
the three typical RSF mats might be attributed to
theincreased crystallinity, fig. 5. The silk nanofibrilsin the solutions also play animportant role
in improving the mechanical properties of regenerated silk products[11]. These results showed
that even with the same dissolution system, different Na,CO,; degumming concentrations can
lead to remarkably different SF as well as regenerated SF solution behavior, and subsequently
dramatically different spin-ability and mechanical properties of RSF product.

Figure 6. Mechanical properties of as-spun SF
nanofibres mat

Conclusions

The change of SF morphology from nanospheres to nanofibrils was determined by

Na,CO, concentration during the degumming process. This study verified three facts:

o Na&aCO; weight ratio has great effect on degumming process,

o by altering the Na,CO5; degumming concentration, regenerated SF structure can be changed
from nanospheres to nanofibrils, and

o the Na,CO3; degumming concentration affects the spin-ability of the regenerated SF solution
and subsequently, leading to different SF nanofibre mechanical properties. These resultswill
have guiding significance to researchers with respect to silk.
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