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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.
Key words: fibroin, calcium chloride, potentiometry, complex formation, regeneration,
dissolution.

Introduction
Silk fibres have been utilised for high level 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 medicine [4-7]. A distinct advantage results
from the high biocompatibility and processability 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/methanol/water [21] and LiBr [14, 20, 22-26],
NaSCN [27]. Also ionic liquids e.g. 1-allyl-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, considerable protein-protein associations determine the solution behaviour of dissolved
fibroin [30]. In the vast majority of techniques to regenerate fibroin from solution, dialysis is applied to reduce the salt

concentration before fibroin regeneration
is initiated [3]. The coagulation of fibroin
is supported by non-solvents e.g. methanol 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 regeneration process without the involvement 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]. However, this requires a more detailed understanding 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 constants, potentiometric titrations can be
used to analyse complex formation in
solution [33]. To our knowledge, for the
first time an adapted potentiometric titration technique was used for analysis
of the solution state of sericine in CWE.
The results allow us to distinguish between complex formation and non-specific interactions between the Ca2+-ions
and dissolved fibroin. In addition, the
dissolved state was characterised by
FTIR-ATR spectroscopy and viscometry. The fibroin regeneration process was
initiated by direct addition of methanol.

Regenerates were collected and characterised by FTIR and the Ca- and N- content. The results will contribute to an improved 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 Dactyloscopische Artikelen, Haarlem, Holland),
methanol, CaCO3 (Zeller GmbH, Hohenems, Austria), NaCl, H3PO4, NaOH,
hydrochloric acid (Carl Roth GmbH),
acetic acid and L-Aspartic acid (Sigma-Aldrich) were analytical grade chemicals. Coomassie Blue G-250 was supplied 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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spective blank solution depending on the
fibroin solution to be analysed.

The nitrogen content of raw silk yarn, degummed silk and the regenerated fibroin
fractions was determined using a nitrogen analyser. The measurement principle
was based on the Dumas method (Elementar 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, CIELab coordinates of samples stained with
Direct Red 81 (DR 81) and by microscopy (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 dissolution in CWE.
FIBRES & TEXTILES in Eastern Europe 2018, Vol. 26, 6(132)
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Figure 1. FTIR spectra of degummed silk and Regenerate 1, FTIR-ATR analysis of 9.1 wt%
fibroin-CWE solution.

FTIR-ATR spectra of fibroin in CWE shift is observed for amide III, which is
solution were obtained by subtraction detected near 1240 cm-1. The peaks at
of the CWE FTIR spectrum from the fi- 1040 cm-1 and 857 cm-1 can be explained
broin/CWE FTIR spectrum (Figure 1). by small differences in ethanol content in
As the ATR unit was equipped with a dia- the CWE solution, which were not fully
mond crystal, the CWE solution could be compensated during subtraction of the
placed directly on the ATR stage without FTIR spectra.
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overall potentiometric curve. For comparison, diluted CWE solution and powdered degummed fibroin were analysed
(Figure 2).
The curve for the titration of CWE solution can be overlapped with the direct
titration of HCl with NaOH without significant 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 exhibit a slight change in titration curves between 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
viscosity, mPas
(2.0 %wt) [41-43].
Linear Fit of Data1_B
Between
pH dl/g
2 and 7 no indication of
intrinsic
viscosity,
Linear
Fit of Data1_C
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 potential break should appear in the titration curves near to the pH range where
complex formation occurs. The absence
of such a buffer plateau supports the assumption that the dissolution of fibroin
in CWE does not involve the formation
of distinct Ca2+-fibroin complexes [9].
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Figure 3. Viscosity () and reduced viscosity () of fibroin in CWE as function of the
concentration.
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Figure 4. Scheme of the regeneration proFigure 5. Photomicrograph of Regenerate 1 (scale bar 200 μm).
cess.
Figure 4. Scheme of the regeneration process Figure 5. Photomicrograph of Regenerate 1 (scale bar

200 μm).

The major effect of fibroin dissolution in for LiBr and CWE [22,44]. Figure 3 pre- generate 2). A photomicrograph of the
CWE
is thus basedexperiments
on the cleavage of salt sents the viscosity and reduced viscosity dried coagulate is shown in Figure 5.
3.4. Regeneration
1 Massofbalances
for fibroin dissolution
and regeneration
(2 independent
expe
as a function
fibroin concentration.
From the input
of fibroin and the
weight
bridges and hydrogen bridges at the high Table
A general
scheme
of the
process
is given in Figure
4. The direct addition
of methanol
A concentration
dependent
increaseto in9.1 of regenerated protein, an overall mass
ionic
strength
of the
solvent.
FTIR-ATR
the viscosity
of CWE
observed, and
balance for the regeneration process was
spectra of the fibroin solution in CWE and
overall
ofwas
regenerated
fibroin.
wt% fibroin-CWE solution leads to protein coagulation
and yield
precipitation
of a white sticky
are in agreement with the proposed pres- an intrinsic viscosity of 0.279 dl g-1 was established (Table 1). Calcium analysis
The low
dependency
of re- of the regenerated
fibroin samples indience
of rather
interactions
substance,
whichnon-specific
settles and adheres
to the glassdetermined.
walls of the vessel
(Regenerate
1). Dispersed
Experiment
Dissolved
Regenerate 1 Ca2+
Regenerate 2
Yiel
between the CWE and polar groups of duced viscosity on fibroin concentration cated that Regenerate 1 contained besuggests
no increase in the
regenerate was collected by filtration (Regenerate
2).that
A photomicrograph
of associathe dried tween 10 wt% and 15 wt% of its calcium
fibroin.
mass
mass weight, which
content
mass
tion or formation fibroin
of protein
aggregates
is in agreement
with the
coagulate
is
shown
in
Figure
5.
From
the
input
of
fibroin
and
the
weight
of
regenerated
A distinct change in alkali consumption occurs within the concentration range overall increase in the mass of regenerate
which(g)
is in agreement with
presence of approximately
between CWE and fibroin-CWE can be investigated,
No.
(g) collected. The
(%)
(g)
(%)
protein, an overall mass balance for the regeneration process was established (Table 1).
the
results
from
potentiometric
titrations
15-20
%
of
CaCO
observed in the pH range 9-11, where
3 % in the regenerated
and FTIR-ATR
neutralisation
of the
phenolic
groups
of samples
Calcium analysis
of the
regenerated
fibroin
indicated measurements.
that1.04
Regenerate 1 contained
1
1.20 fibroin explains
15.7 the experimental
0.0597yield
121
of 110-121% in total, shown in Table 1.
tyrosine (13.2 wt% in fibroin) and deproRegeneration
between of
10 amino
wt% and
15 wt%
its calcium
which is experiments
in agreement with the overall The precipitation of aspartate and glutonation
groups
of of
basic
ami- weight,
2
1.01
1.04 tamate in the
9.4form of their0.0752
110
the process is given
correspondno acids (arginine, lysine, histidine) are A general scheme of
increase
in
the
mass
of
regenerate
collected.
The
presence
of
approximately
15
–
20
%
of
expected to occur [40]. The consumption in Figure 4. The direct addition of meth- ing calcium salts would lead to 1.3 %wt
of alkali can be estimated by shifting the anol to 9.1 wt% fibroin-CWE solution14 bound Ca, which thus indicates the presfibroin-CWE titration curve to overlap leads to protein coagulation and precip- ence of substantial amounts of co-precipwith the titration curve of CWE at pH 11, itation of a white sticky substance, which itated, weakly bound calcium chloride.
which then indicates a difference in alkali settles and adheres to the glass walls of
consumption of 1.7 ml. This corresponds the vessel (Regenerate 1). Dispersed re- The Bradford method permits determito an alkali consumption of 0.17 mmoles generate was collected by filtration (Re- nation of the protein concentration in
for a titration of 1.5 g of 9.1 wt% fibroin
CWE solution, which is due to complex Table 1. Mass balances for fibroin dissolution and regeneration (2 independent experiments)
formation between calcium ions and dis- and overall yield of regenerated fibroin.
solved fibroin above pH 9. At this high
Dissolved
Regenerate 1
Regenerate 2
pH the phenolic groups of tyrosine and
Experiment
Ca2+ content
Yield
fibroin mass
mass
mass
amino groups of basic amino acids can
No.
g
g
%
g
%
participate in calcium complex forma1
1.04
1.20
15.7
0.0597
121
tion. The content of such amino acids
2
1.01
1.04
9.4
0.0752
110
in fibroin is sufficient to explain the alkali consumption through formation of
Table 2. Analysis of residual protein content in supernatant obtained during fibroin
Ca2+-amino acid complexes observed.
regeneration, and the amount of protein detected in % of the initial amount used.
Viscometry of fibroin solution in CWE
The intrinsic viscosity of the fibroin solution was determined as 17.7 mPas, which
is in accordance to the results determined
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Regenerate

Sample mass, g

Absorbance

Protein, µg

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

9.1 wt% fibroin/CWE

Total protein, %

47
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Figure 6. FTIR analysis of raw silk, degummed silk, and Regenerates 1 & 2.
Table 0.00
3 Analysis of nitrogen content in silk
samples and regenerated silk.
0.02

Sample

N-content
(wt% ± s.d.)
16.8 ± 0.01

Degummed silk

17.4 ± 0.11

Regenerate
0.06 1

14.9 ± 1.0

Fibroin

18.3 [47]

Sericin
0.08

16.5 [47]

Absorbance

0.04
Raw silk

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 degumming 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-content
is reduced, which can be explained
raw silk
degummed
silk of significant amounts of
by
the presence
Regenerate
1 to 10-20 wt%.
calcium
of up

0.10
Regenerate 2
solution
(Table 2). Coomassie Brilliant
Blue G250 forms complexes with cation- For raw silk, FTIR absorption was obic and0.12
apolar side groups of the protein, served at a wavenumber of 1400 cm-1,
which leads to an increase in absorbance which disappeared after degumming
2000
1800
1600
1400
1200
1000
800
600
at 595 nm and permits determination of -1due to the removal of sericine. No sigWavenumber,
cm
the protein concentration. Noticeable nificant differences in the FTIR spectra
non-linearity of the calibration curve was
were detected between degummed silk
observed, which can be explained by the
and regenerated fibroin, which indicates
limited solubility of fibroin in the dilutthat the CWE treatment did not lead to
ed protein assay and by the formation of
substantial chemical modification in the
protein aggregates.
primary structure of fibroin. A possible
Substantial amounts of protein were seen explanation for Ca-content in the regento remain dissolved in the methanol solu- erated fibroin could be the presence of
tion, which can be explained by protein CaCO3 formed during the regeneration.
fractionation during the methanol regen- The presence of CaCO3 should be detecteration and possible accumulation of low able in the FTIR spectra through char-1
molecular weight proteins. Fibroin from acteristic absorbance at 1440 cm and
-1
Bombyx mori consists of three different 873 cm , which was not visible in the
protein components, the high molecular spectra of the regenerated fibroin [48].
mass H-chain, which is bound to the low- This supports the model of a retarded reer molecular mass L-chain through di- lease of weakly bound CaCl2 during the
sulfide bonds and the smaller P25 protein regeneration procedure. The addition of
[45, 46]. When the fibroin is dissolved methanol as a non-solvent first leads to
in CWE, separation of non-covalently the precipitation of Ca-containing fibroin
bound proteins is expected to occur. Low coagulates, which partially persist during
molecular weight proteins are supposed the following aqueous rinsing steps. This
to remain dissolved in the regeneration result is in agreement with experiments
solution, thus leading to a corresponding published for fibroin regeneration from
response in accordance with the Bradford calcium nitrate – methanol solutions,
method.
where calcium containing domains were

48

identified in regenerated fibroin films
[17].

Conclusions
The FTIR-ATR analysis and potentiometric titration of the fibroin-CWE
solution indicate that dissolution occurs
through formation of an ion-rich hydration layer and interaction of the concentrated calcium solution with charged and
highly polar groups of the fibroin, rather
than through formation of well-defined
Ca2+-complexes. This model is also supported by the low complex formation
constants published for Ca2+-complexes
with major silk constituents, e.g. glycine, 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 explain dissolution in CWE through the
formation of defined complexes [50].
The high calcium concentration in CWE
favours the formation of weak complexes. Charge repulsion results from the
binding of calcium to negatively charged
amino acids e.g. glutamate and aspartate, 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 opposed to the well-known Ca2+ complexes
e.g. a calcium complex with ethylenediaminetetraacetic acid [51]. The inclusion
of NH-groups of the peptide chain allows formation of five-membered chelate
structures.
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[51]. The inclusion of NH-groups of the peptide chain allows formation of five-membered
chelate structures.
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Figure 7. Schematic presentation of Ca2+ interaction with fibroin in CWE
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