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concentration before fibroin regeneration 
is initiated [3]. The coagulation of fibroin 
is supported by non-solvents e.g. meth-
anol and application of high shear rates. 
The presence of higher concentrations of 
calcium ions in the regenerates facilitates 
unwanted re-dissolution in water [18]. 

For larger scale application a simple re-
generation process without the involve-
ment of dialysis would be desirable, in 
an ideal case quantitative regeneration of 
the dissolved protein is achieved through 
direct destabilisation and coagulation of 
the dissolved fibroin [18, 31, 32]. How-
ever, this requires a more detailed under-
standing of the solution state of fibroin in 
CWE. The interaction of glutamate and 
aspartate amino side chains with calcium 
ions still is not fully understood. 

Based on the concept of formation con-
stants, potentiometric titrations can be 
used to analyse complex formation in 
solution [33]. To our knowledge, for the 
first time an adapted potentiometric ti-
tration technique was used for analysis 
of the solution state of sericine in CWE. 
The results allow us to distinguish be-
tween complex formation and non-spe-
cific interactions between the Ca2+-ions 
and dissolved fibroin. In addition, the 
dissolved state was characterised by  
FTIR-ATR spectroscopy and viscome-
try. The fibroin regeneration process was 
initiated by direct addition of methanol. 

Regenerates were collected and charac-
terised by FTIR and the Ca- and N- con-
tent. The results will contribute to an im-
proved understanding of fibroin solution 
in CWE for better design of regeneration 
processes. 

 Experimental section
Material and chemicals 
Raw silk hanks were obtained from the 
Nha Xa textile village, Ha Nam province, 
Vietnam. Na2CO3 (Merck, Darmstadt, 
Germany), CaCl2 

.
 2H2O (Fluka Chemie), 

ethanol (BVDA, Bureau voor Dactylos-
copische Artikelen, Haarlem, Holland), 
methanol, CaCO3 (Zeller GmbH, Ho-
henems, Austria), NaCl, H3PO4, NaOH, 
hydrochloric acid (Carl Roth GmbH), 
acetic acid and L-Aspartic acid (Sig-
ma-Aldrich) were analytical grade chem-
icals. Coomassie Blue G-250 was sup-
plied by Fluka (Buchs, CH). 

Degumming 
Prior to experimental work, silk yarns 
were conditioned at 65% RH and 20 °C 
for at least 24 hours. A weighed amount 
of silk was degummed in a solution of 
5 g/l sodium carbonate Na2CO3 at boiling 
temperature (95 °C) for 30 min, 60 min 
and 90 min (LR = 1:100) to evaluate the 
influence of the boiling time [34]. Then 
samples were rinsed 5 times for 20 min 
with warm and cold deionised water 
and dried at ambient air temperature. 
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Abstract
Shaping of fibroin protein from Bombyx mori from calcium chloride/water/ethanol solution 
is of high interest for the manufacturing of biocompatible structures. Potentiometric titration 
experiments of the dissolved state permit new insight into the solution state of fibroin as a basis 
for improved regeneration. Titration experiments and infrared spectroscopy of the solution 
state support the model of an ion-rich hydration layer and interaction of the solvent with 
charged and polar groups of the fibroin, rather than through formation of defined calcium 
complexes. The potentiometric titration curves indicate the formation of calcium complexes 
at pH values above 9, most probably through involvement of basic amino acids and phenolic 
groups of tyrosine. After regeneration by the addition of methanol, the regenerated protein was 
characterised by FTIR, nitrogen and calcium analysis. The analysis of supernatants for their 
residual protein content indicated minor losses of protein, most probably low molecular weight 
proteins. The results contribute to an improved understanding of the solution state as a basis 
for larger scale regeneration, e.g. for the coating of textile fibres with regenerated fibroin.
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 Introduction
Silk fibres have been utilised for high lev-
el textiles for several thousands of years 
[1-3]. Through its particular mechanical 
and biomedical properties, silk fibroin is 
of high interest as biomaterial in tissue 
engineering as well as regenerative med-
icine [4-7]. A distinct advantage results 
from the high biocompatibility and pro-
cessability into a wide range of shapes, 
e.g. fibres, sponges, films, hydrogels and 
composites [8-16]. Fibroin dissolves in 
a number of concentrated aqueous salt 
solutions, such as CaCl2/water/ethanol 
(CWE) [12, 15, 17-20], CaNO3/metha-
nol/water [21] and LiBr [14, 20, 22-26], 
NaSCN [27]. Also ionic liquids e.g. 1-al-
lyl-3-methylimidazolium chloride have 
been utilised to dissolve fibroin [28, 29]. 

During silk fibre formation in the silk 
glands of Bombyx mori, changes in the 
concentration of Ca2+ ions and shear 
stress are known to be relevant factors for 
the formation of an insoluble and partly 
crystalline fibroin structure [28]. Due to 
the tendency of the fibroin to aggregate 
and form micelles, the state of dissolved 
fibroin is rather complex. Instead of 
a coil arrangement of the chains, consid-
erable protein-protein associations deter-
mine the solution behaviour of dissolved 
fibroin [30]. In the vast majority of tech-
niques to regenerate fibroin from solu-
tion, dialysis is applied to reduce the salt 
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The dried degummed samples were con-
ditioned for 24 hours at standard condi-
tions (65% RH, 20 °C) to determine the 
mass loss (ML) in wt% during degum-
ming see Equation (1).
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Where m1 and m2 are the sample mass before and after degumming, respectively. 
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Where A is the weight of a wet sample, g 
and B that of a dried sample, g. 

Preparation of fibroin solution
A calcium chloride/water/ethanol solu-
tion with a molar ratio of 1:8:2 (CWE) 
was used as a solvent for fibroin. To pre-
pare such a solvent, 9.31 g of CaCl2 

.
 2H2O 

was dissolved in 6.85 g of deionised wa-
ter, and then 5.84 g of ethanol was add-
ed. A weighed amount of degummed silk 

(0.2 g, 0.35 g, 0.5 g, 0.75 g, 1 g and 1.5 g) 
was immersed in 10 g of solvent to ob-
tain fibroin solutions of different content 
(2.0, 3.4, 4.8, 7.0, 9.1, 13 wt%). The fi-
bres were dissolved at 60 °C for 120 min 
to achieve complete dissolution. A mass 
of 0.3 g of 9.1 wt% solution was used to 
determine the protein content according 
to the Bradford method.

Regeneration of fibroin
A total volume of 70 ml of methanol was 
added to 10.7 g of the fibroin solution. 
The addition of methanol was performed 
stepwise in 4 portions of 15-20 ml. After 
each addition of methanol the solution 
was agitated for 15 min. Finally the solu-
tion was rested overnight to allow the re-
generate to settle. Two independent rep-
etitions were performed. The regenerated 
fibroin appeared as a sticky white sub-
stance, which adhered to the glass wall of 
the vessel (Regenerate 1) and partly re-
mained dispersed in the liquid phase (Re-
generate 2). The liquid phase was decant-
ed off and filtered by a vacuum using cel-
lulose-acetate filter paper. The solid resi-
due in the vessel was washed with 10 ml 
of methanol, which was also filtered. 
The filtered residues were combined and 
dried to obtain Regenerate 2. A volume 
of 50 ml of deionised water was used to 
wash the fibroin collected in the vessel, 
which then was dried (Regenerate 1). All 
regenerates were dried at 60 °C for 4 h. 
A mass of 3 g of the methanol filtrate and 
of the water filtrate were both analysed 
for the residual protein content using the 
Bradford method.

Infrared spectroscopy
ATR-FTIR spectra were recorded using 
a Vector 22 FTIR spectrometer (Bruker, 
Karlsruhe Germany) equipped with a di-
amond crystal ATR stage. Spectra were 
recorded in 128 scans at a resolution of 
1 cm-1 in the range of 4000-400 cm-1. For 
FTIR analysis of the fibroin solution in 
CWE, the concentrated fibroin solution 
was directly placed on the ATR stage. 
Spectra for the dissolved fibroin were 
obtained by subtraction of the pure CWE 
absorbances from the fibroin-CWE spec-
trum. FTIR transmission spectra of solid 
samples were recorded via KBr pellets. 
A mass of 0.3-1 mg of the fibroin sample 
was added to 100 mg of pre-dried KBr 
(300 °C) and thoroughly ground.

Potentiometric titrations
Acid/base titrations of diluted solutions 
of dissolved fibroin were performed us-

ing a titroprocessor (Orion 960 Auto-
chemistry System 960, Orion, Boston, 
MA) equipped with a pH electrode (Ross 
type electrode 81-02 Orion, USA). Ti-
trations were performed starting from 
the pH value of the diluted solutions, ei-
ther by the addition of 0.1 mol/l NaOH, 
or 0.1 mol/l HCl. A defined amount of 
1.5 g of CWE, 1.5 g of fibroin solution 
(9.1 wt% fibroin in CWE) or 0.15 g of 
finely chopped degummed silk were 
filled up with deionised water to a vol-
ume of 50 ml, and 5 ml of 1 mol/l KCl 
was added to adjust the ionic strength. 
Titration was performed with fixed in-
crements of 0.2 ml of titrant solution at 
a time interval of 5 seconds between the 
additions. Electrode calibration was per-
formed by HCl/NaOH titrations and ap-
plication of the Gran-function.

Viscometry
The viscosity of fibroin-CWE solutions 
was measured using an Ubbelohde cap-
illary viscometer at 20 °C (type Ic, vis-
cometer constant 0.029040 mm2 s-2). 
Fibroin-CWE solutions of different con-
centration were prepared and analysed 
by the viscometer. Densities of the CWE 
and 1 wt% fibroin in CWE solution were 
determined by use of a pycnometer.

Protein analysis
Protein determination was performed by 
photometry according to the Bradford 
method [36]. The colour reagent was 
prepared by dissolving 100 mg of Coo-
massie Brillant Blue G-250 in 50 ml of 
95 vol% ethanol, adding 100 ml of H3PO4 
(85 wt%) and filling up to 1000 ml with 
deionised water. Before use, the solution 
was filtered through a paper filter (What-
man #1). The 9.1 wt% fibroin solution 
was used to prepare a calibration curve 
in the range of 0 µg and 90 µg fibroin. 
A volume of 100 µl of standard solution 
was mixed with 5 ml of the protein re-
agent. The absorbance was measured at 
595 nm using a double beam spectropho-
tometer (Hitachi U-2000, Inula, Vienna) 
equipped with a 10 mm cuvette. For 
protein content analysis of the regenera-
tion solutions, an exact amount of 0.3-3 
g solution was placed in a 100 ml volu-
metric flask, diluted with 1 ml of 1 mol/l 
NaOH and filled to 100 ml with deion-
ised water. Then a volume of 100 µl of 
this diluted solution was analysed with 
the Bradford method.

The composition of the sample solution 
was considered for preparation of the re-
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spective blank solution depending on the 
fibroin solution to be analysed.
 
Calcium and nitrogen analysis
Calcium analysis of the samples was 
performed by means of an AAS (AAS 
spectrophotometer contrAA 300 HR-CS 
analytic jena, Jena Germany) according 
to EN ISO 7980:2000. The calibration 
curve was established using 0.25 g of 
pre-dried CaCO3 (1 h at 180 °C), which 
was dissolved in 25 ml of 0.1 mol/l HCl 
and filled up to 100 ml with 0.1 mol/l 
HCl. Calibration solutions were pre-
pared in the range of 0.5-5 mol/l Ca by 
taking an aliquot of the Ca-stock solu-
tion diluted by 0.1 mol/l HCl. A weighed 
amount of 50 mg of regenerated fibroin 
was extracted with 10 ml of 1 mol/l HCl 
at 60 °C for 1 hour. The solution was 
made up to 100 ml with deionised water 
and then filtered. The concentration of 
the extracts was adjusted with 0.5 mol/l 
HCl to obtain readings within the cali-
bration range.

The nitrogen content of raw silk yarn, de-
gummed silk and the regenerated fibroin 
fractions was determined using a nitro-
gen analyser. The measurement principle 
was based on the Dumas method (Ele-
mentar Rapid N III Nitrogen-Analyser, 
Elementar Analysensysteme GmbH, 
Hanan, Germany). L-Aspartic acid was 
used as a reference substance. A sample 
with a mass of 150 mg was cut into small 
pieces, wrapped in tin foil and pressed to 
a small tablet prior to combustion in the 
oven of an nitrogen analyser. The values 
given represent the mean values of at 
least two repetitions.

 Results and discussion
FTIR-ATR analysis of fibroin in CWE
The silk was degummed in a solution of 
5 g L-1 Na2CO3 at boiling temperature. 
The result of degumming was analysed 
by determination of the weight loss, CIE-
Lab coordinates of samples stained with 
Direct Red 81 (DR 81) and by micros-
copy (data not given). A boiling time of 
60 min was chosen for the degumming 
of silk. The moisture content of raw silk 
was determined to be 9.86 wt% and for 
degummed silk a value of 10.33 wt% 
was found, which is in agreement 
with literature [35]. In the range of  
2.0-9.1 wt%, fibroin dissolution in CWE 
was completed within 30 min at 60 °C. 
For higher concentrations, e.g. 13 wt% 
fibroin, 4.5 hours were required for dis-
solution in CWE. 

FTIR-ATR spectra of fibroin in CWE 
solution were obtained by subtraction 
of the CWE FTIR spectrum from the fi-
broin/CWE FTIR spectrum (Figure 1). 
As the ATR unit was equipped with a dia-
mond crystal, the CWE solution could be 
placed directly on the ATR stage without 
undesired corrosion. In CWE the strong 
hydrogen bond interaction present in the 
β-pleated-sheet structure of the solid state 
is replaced by weak complex formation 
between fibroin and calcium ions and the 
formation of an α-helical structure. This 
assumption is in agreement with results 
reported on the calcium induced confor-
mational changes of fibroin. Through the 
presence of calcium ions, existing hydro-
gen bond interactions and hydrophobic 
interactions are disrupted and the forma-
tion of α-helical structure initiated [37]. 
The characteristic vibrations of amide I 
(1680-1630 cm-1) can be used to detect 
secondary conformational changes in the 
silk structure. Absorbance in the range of 
1616 to 1637 cm-1 indicates β-sheet con-
formation, while a random coil structure 
is indicated by absorbance in the range of 
1638 to 1655 cm-1. The interval of 1656 
to 1662 cm-1 is attributed to α-helical 
conformation, and absorbance in the re-
gion of 1663-1690 cm-1 is characteristic 
of the turns structure [37-40]. Compared 
to fibroin and regenerated fibroin, the 
fibroin solution in CWE exhibits a sig-
nificant shift in amide I and amide II 
absorbances towards higher wavenum-
bers of 1655-1659 cm-1 for amide I and 
1547-1553 cm-1 for amide II. A smaller 

shift is observed for amide III, which is 
detected near 1240 cm-1. The peaks at 
1040 cm-1 and 857 cm-1 can be explained 
by small differences in ethanol content in 
the CWE solution, which were not fully 
compensated during subtraction of the 
FTIR spectra.

Potentiometric titrations
In the presence of calcium, glutamate and 
aspartate residues in fibroin are suspect-
ed to contribute to stabilisation of α-hel-
ical conformation through modulation of 
the charge density [38]. At present it is 
still unclear if the formation of defined 
calcium fibroin complexes must be con-
sidered as the chemical principle con-
tributing to fibroin dissolution in CWE. 
In cases where coordination complexes 
between glutamate and aspartate resi-
dues are formed, potentiometric titration 
of such complexes is a useful method to 
analyse complex stoichiometry and for-
mation constants [33]. A schematic pres-
entation of possible complex formation 
with the release of hydrogen ions is given 
in Equation (3).

[Fibroin] + n Ca2+ 
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By the titration of a ligand solution alone and in the presence of the respective metal ion, the 
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available within a single protein chain.  

- Qualified analysis requires titration of rather diluted solutions of ligand and metal. 

Fibroin-CWE solution is formed in concentrated CaCl2-ethanol solutions only.  

- The titration of pure ligand (fibroin) in this case is possible only in the form of 

insoluble dispersed silk fibres, thus accessibility of the fibres could have an influence 

on the shape of the titration curve.  

Irrespective of these assumptions, the presence of defined coordination complexes should lead 

to an additional potential break in the potentiometric titration curve. 

For determination of formation constants,  potentiometric titration analysis is started either 

from an acid or alkaline pH. As such conditions would alter the solution state of the fibroin 

before the titration, two independent experiments were performed, each starting with the 
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 [Fibroin H-2n Can] + 2n H+

(3)

By the titration of a ligand solution alone 
and in the presence of the respective met-
al ion, the species distribution and forma-
tion constants of complexes can be de-
termined; however, a number of assump-
tions have to be considered which will 
define limits for a detailed interpretation.

Figure 1. FTIR spectra of degummed silk and Regenerate 1, FTIR-ATR analysis of 9.1 wt% 
fibroin-CWE solution.
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n A defined stoichiometry is required to 
establish an accurate reaction model. 
Fibroin consists of different amino 
acids, thus a high number of different 
binding sites is available within a sin-
gle protein chain. 

n Qualified analysis requires titration 
of rather diluted solutions of ligand 
and metal. Fibroin-CWE solution is 
formed in concentrated CaCl2-ethanol 
solutions only. 

n The titration of pure ligand (fibroin) in 
this case is possible only in the form 
of insoluble dispersed silk fibres, thus 
accessibility of the fibres could have 
an influence on the shape of the titra-
tion curve. 

Irrespective of these assumptions, the 
presence of defined coordination com-
plexes should lead to an additional poten-
tial break in the potentiometric titration 
curve.

For determination of formation con-
stants, potentiometric titration analysis is 
started either from an acid or alkaline pH. 
As such conditions would alter the solu-
tion state of the fibroin before the titra-
tion, two independent experiments were 
performed, each starting with the diluted 
fibroin-CWE solution at pH 6.68-7.12, 
which was then titrated either by the ad-
dition of acid or alkali. The two titration 
curves were then combined to obtain an 

overall potentiometric curve. For com-
parison, diluted CWE solution and pow-
dered degummed fibroin were analysed 
(Figure 2).

The curve for the titration of CWE solu-
tion can be overlapped with the direct 
titration of HCl with NaOH without sig-
nificant differences, thus indicating that 
an aqueous CaCl2-ethanol mixture does 
not generate a significant consumption of 
acid or base. 

Experiments performed in the presence 
of dissolved fibroin or silk fibres exhib-
it a slight change in titration curves be-
tween pH 2.5 and pH 4 when compared 
to titrations of HCl or CWE. This can 
be explained by the neutralisation of 
carboxylic groups from acidic amino 
acid glutamate (2.0 %wt) and aspartate 
(2.0 %wt) [41-43].

Between pH 2 and 7 no indication of 
complex formation between Ca2+ ions 
of CWE and acidic groups of fibroin 
is given by the potentiometric titration 
curves. In this pH range carboxylic side 
groups (aspartic acid 2.0 wt%; glutamic 
acid 2.03 wt%) fully dissociate [38-40]. 
In the case of a distinct complex between 
calcium and carboxylic groups of amino 
acids being formed, an additional po-
tential break should appear in the titra-
tion curves near to the pH range where 
complex formation occurs. The absence 
of such a buffer plateau supports the as-
sumption that the dissolution of fibroin 
in CWE does not involve the formation 
of distinct Ca2+-fibroin complexes [9]. 
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Figure 2. a) Combined titrations curves of CWE solution, fibroin in CWE solution and silk powder in water, and titration curve of HCl 
(0.1 mol L-1) with NaOH (0.1 mol L-1); b) magnified sector of titration curves.
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The major effect of fibroin dissolution in 
CWE is thus based on the cleavage of salt 
bridges and hydrogen bridges at the high 
ionic strength of the solvent. FTIR-ATR 
spectra of the fibroin solution in CWE 
are in agreement with the proposed pres-
ence of rather non-specific interactions 
between the CWE and polar groups of 
fibroin. 

A distinct change in alkali consumption 
between CWE and fibroin-CWE can be 
observed in the pH range 9-11, where 
neutralisation of the phenolic groups of 
tyrosine (13.2 wt% in fibroin) and depro-
tonation of amino groups of basic ami-
no acids (arginine, lysine, histidine) are 
expected to occur [40]. The consumption 
of alkali can be estimated by shifting the 
fibroin-CWE titration curve to overlap 
with the titration curve of CWE at pH 11, 
which then indicates a difference in alkali 
consumption of 1.7 ml. This corresponds 
to an alkali consumption of 0.17 mmoles 
for a titration of 1.5 g of 9.1 wt% fibroin 
CWE solution, which is due to complex 
formation between calcium ions and dis-
solved fibroin above pH 9. At this high 
pH the phenolic groups of tyrosine and 
amino groups of basic amino acids can 
participate in calcium complex forma-
tion. The content of such amino acids 
in fibroin is sufficient to explain the al-
kali consumption through formation of 
Ca2+-amino acid complexes observed.

Viscometry of fibroin solution in CWE
The intrinsic viscosity of the fibroin solu-
tion was determined as 17.7 mPas, which 
is in accordance to the results determined 

for LiBr and CWE [22,44]. Figure 3 pre-
sents the viscosity and reduced viscosity 
as a function of fibroin concentration. 
A concentration dependent increase in 
the viscosity of CWE was observed, and 
an intrinsic viscosity of 0.279 dl g-1 was 
determined. The low dependency of re-
duced viscosity on fibroin concentration 
suggests that no increase in the associa-
tion or formation of protein aggregates 
occurs within the concentration range 
investigated, which is in agreement with 
the results from potentiometric titrations 
and FTIR-ATR measurements. 

Regeneration experiments
A general scheme of the process is given 
in Figure 4. The direct addition of meth-
anol to 9.1 wt% fibroin-CWE solution 
leads to protein coagulation and precip-
itation of a white sticky substance, which 
settles and adheres to the glass walls of 
the vessel (Regenerate 1). Dispersed re-
generate was collected by filtration (Re-

generate 2). A photomicrograph of the 
dried coagulate is shown in Figure 5. 
From the input of fibroin and the weight 
of regenerated protein, an overall mass 
balance for the regeneration process was 
established (Table 1). Calcium analysis 
of the regenerated fibroin samples indi-
cated that Regenerate 1 contained be-
tween 10 wt% and 15 wt% of its calcium 
weight, which is in agreement with the 
overall increase in the mass of regenerate 
collected. The presence of approximately 
15-20 % of CaCO3 % in the regenerated 
fibroin explains the experimental yield 
of 110-121% in total, shown in Table 1. 
The precipitation of aspartate and glu-
tamate in the form of their correspond-
ing calcium salts would lead to 1.3 %wt 
bound Ca, which thus indicates the pres-
ence of substantial amounts of co-precip-
itated, weakly bound calcium chloride.

The Bradford method permits determi-
nation of the protein concentration in 

Table 1. Mass balances for fibroin dissolution and regeneration (2 independent experiments) 
and overall yield of regenerated fibroin.

Experiment Dissolved 
fibroin mass

Regenerate 1
mass Ca2+ content Regenerate 2

mass Yield

No. g g % g %
1 1.04 1.20 15.7 0.0597 121
2 1.01 1.04 9.4 0.0752 110

Table 2. Analysis of residual protein content in supernatant obtained during fibroin 
regeneration, and the amount of protein detected in % of the initial amount used.

Regenerate Sample mass, g Absorbance Protein, µg Total protein, %
9.1 wt% fibroin/CWE 0.3 0.12 27.3 100
Methanol solution 3 0.04 11.2 30.0
Aqueous solution 3 0.02 4.4 7.4

Figure 4. Scheme of the regeneration pro- 
cess. 
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2 1.01 1.04 9.4 0.0752 110

Figure 5. Photomicrograph of Regenerate 1 (scale bar 200 μm).
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solution (Table 2). Coomassie Brilliant 
Blue G250 forms complexes with cation-
ic and apolar side groups of the protein, 
which leads to an increase in absorbance 
at 595 nm and permits determination of 
the protein concentration. Noticeable 
non-linearity of the calibration curve was 
observed, which can be explained by the 
limited solubility of fibroin in the dilut-
ed protein assay and by the formation of 
protein aggregates. 

Substantial amounts of protein were seen 
to remain dissolved in the methanol solu-
tion, which can be explained by protein 
fractionation during the methanol regen-
eration and possible accumulation of low 
molecular weight proteins. Fibroin from 
Bombyx mori consists of three different 
protein components, the high molecular 
mass H-chain, which is bound to the low-
er molecular mass L-chain through di-
sulfide bonds and the smaller P25 protein 
[45, 46]. When the fibroin is dissolved 
in CWE, separation of non-covalently 
bound proteins is expected to occur. Low 
molecular weight proteins are supposed 
to remain dissolved in the regeneration 
solution, thus leading to a corresponding 
response in accordance with the Bradford 
method. 

Regenerate 1 was also characterised by 
determination of the N-content and by 
FTIR-spectroscopy (Table 3, Figure 6). 
The increase in N-content with degum-
ming is in accordance with the results 
given in literature [47]. The removal of 
sericin leads to an increase in N-content 
to 17.4 wt%. In Regenerate 1 the N-con-
tent is reduced, which can be explained 
by the presence of significant amounts of 
calcium of up to 10-20 wt%.

For raw silk, FTIR absorption was ob-
served at a wavenumber of 1400 cm-1, 
which disappeared after degumming 
due to the removal of sericine. No sig-
nificant differences in the FTIR spectra 
were detected between degummed silk 
and regenerated fibroin, which indicates 
that the CWE treatment did not lead to 
substantial chemical modification in the 
primary structure of fibroin. A possible 
explanation for Ca-content in the regen-
erated fibroin could be the presence of 
CaCO3 formed during the regeneration. 
The presence of CaCO3 should be detect-
able in the FTIR spectra through char-
acteristic absorbance at 1440 cm-1 and 
873 cm-1, which was not visible in the 
spectra of the regenerated fibroin [48]. 
This supports the model of a retarded re-
lease of weakly bound CaCl2 during the 
regeneration procedure. The addition of 
methanol as a non-solvent first leads to 
the precipitation of Ca-containing fibroin 
coagulates, which partially persist during 
the following aqueous rinsing steps. This 
result is in agreement with experiments 
published for fibroin regeneration from 
calcium nitrate – methanol solutions, 
where calcium containing domains were 

identified in regenerated fibroin films 
[17].

 Conclusions
The FTIR-ATR analysis and potenti-
ometric titration of the fibroin-CWE 
solution indicate that dissolution occurs 
through formation of an ion-rich hydra-
tion layer and interaction of the concen-
trated calcium solution with charged and 
highly polar groups of the fibroin, rather 
than through formation of well-defined 
Ca2+-complexes. This model is also sup-
ported by the low complex formation 
constants published for Ca2+-complexes 
with major silk constituents, e.g. gly-
cine, alanine, tyrosine and serine [49]. 
In fibroin the share of amino acids with 
carboxylic side groups or basic amino 
groups, which could form more stable 
Ca2+ complexes, is not sufficient to ex-
plain dissolution in CWE through the 
formation of defined complexes [50]. 
The high calcium concentration in CWE 
favours the formation of weak complex-
es. Charge repulsion results from the 
binding of calcium to negatively charged 
amino acids e.g. glutamate and aspar-
tate, which contributes to stabilisation 
of the dissolved state [38]. A schematic 
representation of the weak interactions 
between Ca2+ ions and the fibroin protein 
chain is shown in Figure 7. The structure 
of weak complexes was proposed as op-
posed to the well-known Ca2+ complexes 
e.g. a calcium complex with ethylenedi-
aminetetraacetic acid [51]. The inclusion 
of NH-groups of the peptide chain al-
lows formation of five-membered chelate 
structures. 
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Figure 6. FTIR analysis of raw silk, degummed silk, and Regenerates 1 & 2.
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Table 3 Analysis of nitrogen content in silk 
samples and regenerated silk.

Sample N-content 
(wt% ± s.d.)

Raw silk 16.8 ± 0.01
Degummed silk 17.4 ± 0.11
Regenerate 1 14.9 ± 1.0
Fibroin 18.3 [47]
Sericin 16.5 [47]
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The presence of defined calcium com-
plexes of fibroin in CWE would permit 
coagulation and regeneration through 
a change in solution pH, e.g. towards the 
region of lower complex stability. From 
literature it is known that a reduction in 
pH supports aggregation and fibroin re-
generation; however, it is not feasible to 
achieve an efficient regeneration [25]. 
The dilution of fibroin-CWE with water 
destabilised the ion-rich hydration layer, 
but coagulation and regeneration proceed 
only very slowly and incompletely.

The presence of high amounts of calcium 
in the regenerated fibroin explains the 
undesirable water solubility of freshly 
precipitated fibroin. Sufficient time has 
to be given during the methanol coagula-
tion before rinsing with water. 

Based on the gravimetric analysis and the 
analysis of protein losses in the solution, 
the recovery of fibroin proteins can be es-
timated to be above 90 wt%. Considerable 
protein content was found in the methanol 
supernatant, which can be explained by 
protein fractionation and accumulation of 
low molecular weight proteins. An almost 
complete regeneration is a pre-requisite 
for a technique to be useful in fibroin 
shaping processes, as substantial losses 
would prevent cost efficient application 
in larger scale processes. 

In the next step, the technique presented 
will be modified to regenerate fibroin as 
a coating for fibrous substrates, with the 
aim of forming hybrid fibres e.g. with 
a synthetic polymer core and fibroin sur-
face.
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