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27–30 kDa polypeptide fibrohexamer.[6] So 
far most of the studies on self-assembly 
of regenerated silk protein and fiber spin-
ning have focused solely on formation of 
the β-sheet crystalline structure of silk 
fibroin. Excellent tensile strength to the 
silk fiber results from its stable β-sheet 
structure as well as highly organized ori-
entation of those crystalline domains.[7] 
Amphiphilic sequences in fibroin protein 
play a crucial role in the transition of sec-
ondary structures to the micellar folded 
structures,[8] which is governed by various 
factors, such as pH,[9] metallic ions, and 
shear. Among all these determinants, 
shear stress is thought to be most critical 
for transition of silk fibroin chains from 
a random coil conformation to a β-sheet 
structure in aqueous solution.[10] How-

ever, dissolution and reconstitution processes of fibroin protein 
significantly disrupt the native hierarchical structure,[11] which 
cause significant difference between self-assembly mechanisms 
of fibroin proteins in silkworms’ gland and in laboratory.

The role of sericin in modulating the self-assembly of fibroin 
within the gland of silkworm or during spinning is not very 
clear. One of the main reasons for this could be the difficulty 
in extracting sericin protein from silk fibers due to protein deg-
radation during degumming.[12] Isolation of pure native sericin 
protein from silkworm gland is also a major challenge. As 
many as seven different types of sericin proteins are secreted 
within the gland at different regions, with molecular weight 
varying from 24 to 400 kDa.[13] A recent study has demonstrated 
that increasing the concentration of sericin helped in main-
taining the silk I conformation by increasing the required time 
to form the β-sheet crystals.[14] Another study reported the pres-
ence of sericin could decrease crystallization and the mechan-
ical property of the regenerated silk fibroin.[15] When the fibroin 
protein was blended with a hydrophilic polymer, such as hya-
luronic acid, β-sheet crystallization was induced, even without 
methanol treatment or shear force.[16] Crystallinity and tensile 
strength of the regenerated silk filament, fabricated from par-
tially degummed cocoons were higher than completely deg-
ummed regenerated silk.[17] These reports indicate that sericin 
seems to play an imperative role in the structure and mechan-
ical property of fibroin by affecting the conformational transi-
tion of fibroin molecules. Also, sericin does not solidify within 
the gland or spinneret but gradually forms gel. This indicates 
that sericin may act as a macromolecular crowder and modu-
late the secondary conformations and self-assembly of fibroin, 

Macromolecular crowding is known to have a significant impact on the 
aggregation and folding of proteins. In this study, the role of different mac-
romolecular crowders such as polyethylene glycol (PEG 200 and PEG 6000) 
and dextran (dextran 6000 and 70000) on the self-assembly of silk fibroin 
protein is explored. The data show that crowders induce a clear transition 
from random coil to β-sheet secondary conformation in the fibroin as demon-
strated by ThT fluorescence spectroscopy, circular dichroism, and ATR-FTIR 
findings. However, this transition is not observed in case of control sample 
(fibroin without crowders). Excluded volume effects accelerate the kinetics 
of self-association of the fibroin protein. Increasing the molecular weight of 
crowders increases the required time for maximum aggregation. This study 
suggests that treating the fibroin with different macromolecular crowders has 
modulated the propensity of fibroin going into β-sheet conformation.

1. Introduction

Extensive efforts have been made to artificially spin native or 
regenerated silk fibroin protein or recombinant silk proteins by 
dry spinning,[1] wet spinning,[2] microfluidic spinning,[3] and by 
optimizing the post-spinning operations.[4] But even after hun-
dreds of years of efforts, artificially spun silk fiber is still far 
from matching the properties of spun native silk fibers by the 
silkworm.[5]

Bombyx mori silk fiber is composed of two parallel filaments 
of fibroin protein, which are held together by the sericin pro-
tein. Sericins are hydrophilic glycoproteins that account for 
25–30% of the total silkworm cocoon by weight. On the other 
hand, fibroin is a hydrophobic structural protein consists of a 
heavy chain of ≈390  kDa and light chains of ≈26  kDa linked 
by a single disulfide bond and the non-covalently attached 
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other than its lubricating interaction with fibroin inside the silk 
gland.

Macromolecular crowding is a well-known phenomenon in 
cellular biochemistry as the biological macromolecules collec-
tively populate 10–40% of the fluid volume inside the cell cyto-
plasm.[18,19] This volume fraction restricts the volume available 
to other macromolecules of the cytoplasm.[20] Hence, crowded 
microenvironment alters the biological processes including 
protein folding and aggregation, protein self-assembly, and 
conformational transitions[18,21] as compared to those biological 
processes of proteins in dilute solutions, primarily due to the 
phenomenon referred to as the “excluded volume effect.”

Taken together, it would be interesting to determine the effect 
of macromolecular crowders, as an approximate mimic of the 
protein sericin, on the self-assembly process of silk fibroin. A 
study has shown that addition of polyethylene glycol (PEG 600) 
in regenerated fibroin solution did induce a more rapid and 
triggered gelation.[22] However, another study stated that PEG 
600 hindered the structural transition of fibroin solution from 
random coil or α-helix to β-sheet conformation.[23] Dextran is 
another highly water soluble crowder used to modulate folding 
characteristics of some proteins.[24,25] However, its effect on silk 
fibroin self-assembly is still unknown. Thus it would be inter-
esting to determine the effect of these commonly used macro-
molecular crowders on the self-assembly process of silk fibroin 
and the underlying mechanism in the structural transition.

The polymorphic (random coil, silk I, II, and III) behavior of 
silk fibroin opens up a window to modulate its structural tran-
sitions during self-assembly for different functional outcomes. 
Depending on various factors such as coagulants (e.g., alcohol), 
temperature, different processing conditions, etc., fibroin 
protein may form a fibrillar structure akin to amyloid.[26,27] 

A study illustrated the occurrence of amyloids in the spleens 
of five out of seven mice after injecting the regenerated silk 
fibrils to mice,[28] which putatively might occur due to silk 
fibroin self-assembly under the effect of macromolecular crow-
ders in mouse spleen. Thus, it would be interesting to deter-
mine whether presence of these macromolecular crowders can 
induce β-sheet crystallization in silk fibroin resembling amy-
loids-like cross β-sheet crystals or parallel β-sheet crystals.

2. Results

2.1. Turbidity Analysis of Fibroin Incubated 
with Different Crowders

The turbidity analysis of fibroin as a function of the concen-
tration of the different crowders showed distinct fibrillation 
kinetics. Fibroin in the presence of 50, 100, and 150 mg mL−1 
of PEG 200 had the LOGt0 (time in hours required for half 
maximum response) at 11.71, 7.29, and 4.63  h, respectively, 
since incubation for aggregation (Figure  1a). In presence of 
PEG 6000, the silk protein showed LOGt0 values of 19.27, 
10.10, and 6.6  h for 50, 100, and 150  mg  mL−1 concentrations 
of PEG 6000, respectively (Figure  1b). These data thus show 
that increasing the concentration of PEG 200 and 6000 acceler-
ated the aggregation of fibroin (Table  1). Similar experiments 
were also conducted with the different dextran based crow-
ders, i.e., dextran 6000 and 70 000. Fibroin incubated with 
dextran 6000 showed that increasing the crowder concentra-
tion (50, 100, and 150  mg  mL−1) decreases the time required 
for maximum aggregation as observed from the decrease in 
LOGt0 values (17.5, 14.61, and 8.71  h, respectively) (Figure  1c). 

Figure 1.  Turbidity analysis of fibroin solution (10 mg mL−1) incubated with different concentrations (50, 100, and 150 mg mL−1) of a) PEG 200, b) PEG 
6000, c) dextran 6000, and d) dextran 70 000. Absorbance was recorded at 600 nm at regular interval of 2 h.
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Similarly, fibroin incubated with dextran 70 000 at concentra-
tions of 50, 100, and 150 mg mL−1 showed half maxima (LOGt0) 
at 14.11, 10.57, and 7.93 h (Figure 1d), which is less than fibroin 

incubated with dextran 6000. Thus, increasing the crowder con-
centration enhanced the rate of aggregation of fibroin.

2.2. Aggregation Kinetics of Fibroin with Crowders 
Using ThT Fluorescence

In order to confirm the self-association kinetics obtained using 
turbidity analysis, ThT fluorescence assay was carried out. ThT 
data showed that fibroin incubated with PEG 200 crowder showed 
the LOGt0 (time required for half maximum response) at 10.60, 
6.80, and 3.48  h, for 50, 100, and 150  mg  mL−1, respective con-
centration of crowders (Figure 2a). However, with PEG 6000 the 
LOGt0 values were increased to 18.48, 9.93, and 5.6 h, respectively 
for 50, 100, and 150 mg mL−1 concentration, thereby showing a 
similar qualitative trend as the turbidity analysis (Figure  2b). 
Fibroin incubated with 50, 100, and 150 mg mL−1 concentration 
of dextran 6000 showed the half maximum aggregation kinetics 
LOGt0 at 16.90, 13.02, and 7.09 h, respectively (Figure 2c), whereas 
dextran 70 000 showed LOGt0 at 13.57, 9.49, and 6.03  h for 50, 
100, and 150  mg  mL−1 concentration respectively (Figure  2d). 
Therefore the trend obtained from the ThT data was qualitatively 
similar to that obtained by the turbidity analysis.

2.3. Secondary Structure Analysis by CD Spectroscopy

Fibroin incubated with all four crowders, PEG (200, 6000) and 
dextran (6000, 70 000) at 0 min (initial time point) demonstrated 

Figure 2.  Aggregation kinetics of fibroin measured by thioflavin T fluorescence. Aggregation kinetics of fibroin incubated with a) PEG 200, b) PEG 6000, 
c) dextran 6000, and d) dextran 70 000. All spectra were recorded at three different concentration of crowders (50, 100, and 150 mg mL−1) along with 
control (fibroin without crowder, i.e., 0 mg mL−1) at 25 °C.

Table 1.  Turbidity and ThT fluorescence of fibroin incubated with dif-
ferent crowders. LOGt0 represents the time (hours) required for half 
maximum response.

S. No. Sample names and 
concentrations

Turbidity 
analysis(LOGt0)

ThT fluorescence 
(LOGt0)

i Fibroin with PEG 200

a)  50 mg mL−1 11.71 10.60

b)  100 mg mL−1 7.29 6.80

c)  150 mg mL−1 4.63 3.48

ii Fibroin with PEG 6000

d)  50 mg mL−1 19.27 18.48

e)  100 mg mL−1 10.10 9.93

f)  150 mg mL−1 6.6 5.6

iii Fibroin with dextran 6000

g)  50 mg mL−1 17.5 16.9

h)  100 mg mL−1 14.61 13.02

i)  150 mg mL−1 8.71 7.09

iv Fibroin with dextran 70 000

j)  50 mg mL−1 14.11 13.57

k)  100 mg mL−1 10.57 9.49

l)  150 mg mL−1 7.93 6.03
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a peak of random coil conformation similar to the control, 
fibroin without crowder, at 0  min (Figure  3). However, pro-
longed incubation of fibroin with 50, 100, and 150 mg mL−1 con-
centration of PEG 200 showed a transition from random coil to 
β-sheet conformation at 20, 14, and 7 h, respectively (Figure 3a), 
similar to the ThT saturation time points (Figure 2). A similar 
observation was made with the 50, 100, and 150 mg mL−1 PEG 
6000, wherein transition was observed at 35, 20, and 11 h respec-
tively (Figure 3b). However, this transition was not observed in 
case of control (fibroin without PEG) at the same time points 
wherein fibroin retained its random coil conformation.

Fibroin incubated with dextran 6000 and 70 000 (50, 100, 
150  mg  mL−1 concentration) followed the similar trend as 
observed in presence of PEG. All samples with and without 
crowders showed a random coil conformation at 0 min however, 
with further incubation it results into transition from random 
coil to β-sheet conformation except excluding control (fibroin 
without crowder). The 50, 100, and 150 mg mL−1 concentrations 
of dextran 6000 lead to the β-sheet transition at 33, 27, and 15 h 
(Figure 3c), whereas dextran 70 000 (50, 100, and 150 mg mL−1) 
showed β-sheet conformation at 28, 20, and 13 h respectively as 
illustrated in Figure 3d. Thus the CD data, in accordance with 
the turbidity analysis and ThT studies, confirmed the presence 
of fibroin aggregates having β-sheet structure.

2.4. ATIR-FTIR Spectroscopy of Fibroin with Crowders

ATR-FTIR spectroscopy of fibroin was carried out in order to 
probe the secondary structural composition of fibroin in the 

presence of different crowders by monitoring changes in the 
amide I region as illustrated in Table 2. As shown in Figure 4a, 

Table 2.  ATR-FTIR deconvolution data of (i) fibroin with PEG 200, 
(ii) fibroin with PEG 6000, (iii) fibroin with dextran 6000, and (iv) fibroin 
with dextran 70 000 recorded in the amide I region (1600–1700 cm−1).

S. 
No.

Concentrations Initial time point Final time point

Random coil 
[%]

β-Sheet Random coil 
[%]

β-Sheet

i Fibroin with PEG 200

a)  50 mg mL−1 53 0 0 57

b)  100 mg mL−1 50 0 0 61

c)  150 mg mL−1 55 0 0 58

ii Fibroin with PEG 6000

a)  50 mg mL−1 60 0 0 48

b)  100 mg mL−1 53 0 0 55

c)  150 mg mL−1 50 0 0 47

iii Fibroin with dextran 6000

a)  50 mg mL−1 52 0 0 57

b)  100 mg mL−1 54 0 0 53

c)  150 mg mL−1 61 0 0 62

iv Fibroin with dextran 70 000

a)  50 mg mL−1 53 0 0 56

b)  100 mg mL−1 54 0 0 57

c)  150 mg mL−1 53 0 0 57

Figure 3.  CD spectroscopy of fibroin incubated with different concentrations of the crowders at initial and final time points. CD spectra of fibroin 
(10 mg mL−1) incubated with a) PEG 200, b) PEG 6000, c) dextran 6000, and d) dextran 70 000.
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Figure 4.  ATR-FTIR of fibroin incubated with different concentrations of a) PEG 200, b) PEG 6000, c) dextran 6000, and d) dextran 70 000. ATR-FTIR 
of fibroin with 50, 100, and 150 mg mL−1 concentrations of PEG-200 and PEG 6000 at their initial (0 min) and their subsequent final time points were 
conducted. e,f) The total initial and final secondary structural components of all the samples. The different colors of spectra are representing different 
secondary conformations such as: random coil (blue), β-turn (brown), β-sheet (red), and aggregated strands (green).
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© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000113  (6 of 9)

www.advancedsciencenews.com www.mcp-journal.de

the dominant random coil conformation of fibroin with dif-
ferent concentrations (50, 100, and 150  mg  mL−1) of PEG 200 
at the initial time point showed the random coil conformation, 
which is replaced by β-sheet at the final time point. However, 
this transition was not observed in case of control (i.e., fibroin 
without crowders, Figure 5).

Similar observation was made when fibroin was incubated 
with PEG 6000. The representative IR spectra of fibroin at 50, 
100, and 150 mg mL−1 concentrations of PEG 6000 (initial and 
final time points) are shown in Figure  4b. The predominant 
random coil peaks at the initial time points (50, 150 mg mL−1 
PEG 6000 concentrations) are replaced by peaks around 1635–
1639  cm−1 at the final time points indicating formation of 
β-sheet structure.[29] Similar results were obtained when fibroin 
was incubated with dextran 6000 and 70 000. As shown in the 
representative FTIR spectra of fibroin (Figure 4c,d), the domi-
nant random coil conformational peaks of dextran 6000 and 
70 000 at the initial time points were replaced by β-sheet struc-
ture in the final time points.

Taken together the data revealed that the different concentra-
tions (50, 100, and 150  mg  mL−1) of different crowders (PEG 
200, PEG 6000, dextran 6000, and dextran 70 000) showed a 
transition from random coil and β-turns (at initial time points) 
to β-sheet and aggregate strands at their final time points along 
with a significant decrease in the β-turn conformation. How-
ever, in case of fibroin incubated without crowder (control) till 
36  h, which was considered as a maximum aggregation time 
required to achieve the saturation showed the presence of 
random coil without the formation of β-sheet (Figure 5). There-
fore, it can be deduced that the presence of crowders has a sig-
nificant impact on the structural transition of silk fibroin as 
validated by CD finding as well.

2.5. AFM of Fibroin Incubated with Different Crowders

Atomic force microscopy experiments were further performed 
to monitor the effect of the macromolecular crowding agents on 

the morphology of the silk protein fibrils. The AFM image of 
fibroin incubated with PEG 200 at 0  min showed a 0.39, 1.59, 
and 1.66 nm of roughness at 50, 100, and 150 mg mL−1 concen-
tration of crowder. However, with prolonged incubation at their 
respective final time points roughness increased to 13.3, 20.2, 
and 26.7 nm as showed in Figure S2(i) (Supporting Information). 
However, the AFM study of fibroin without addition of crowder 
(control) has showed the roughness of 1.3 and 1.24  nm at ini-
tial (0 min) and final time point (36 h) respectively (Figure S1, 
Supporting Information). Similarly, fibroin incubated with PEG 
6000 showed 0.546, 2.37, and 2.82 nm roughness at 0 min, ini-
tial time point (Figure S2(ii), Supporting Information). However, 
at their respective final time points, all the samples of fibroin 
with PEG 6000 showed increased roughness at all three concen-
trations (50, 100, and 150 mg mL−1) to 17, 18.9, and 20.2 nm as 
demonstrated in Figure S2(ii) (Supporting Information).

AFM images of fibroin incubated with dextran 6000 at 0 min 
(initial time point) demonstrated a roughness value of 1.75, 
3.5, and 0.82  nm at 50, 100, and 150  mg  mL−1 concentrations 
of fibroin with dextran 6000 crowder respectively (Figure S3(i), 
Supporting Information). However, at their respective, final 
time points roughness increased to 13.9, 23.9, and 22.8  nm 
(Figure S3(i), Supporting Information). A similar trend was 
observed when fibroin was incubated with dextran 70 000 
where roughness was increased in each sample from initial 
0  min (Figure S3(ii), Supporting Information) to final time 
points (Figure S3(ii), Supporting Information). Fibroin with 50, 
100, and 150 mg mL−1 concentration of crowder (dextran 70 000) 
showed an increased roughness from 1.69 to 20.5, 1.86 to 12.3, 
and 1.67 to 20.41 nm (from initial to respective final time point).

3. Discussion

B. mori silk fibroin fiber is comprised of two proteins, namely 
20–30% sericin and 70–80% fibroin. Sericin can be classified as 
sericin A, B, and C based on its solubility and origin of secre-
tion in the gland. Sericin A and B consist of serine, threonine, 
glycine, aspartic acid as the predominant amino acids whereas 
sericin C has proline additionally.[30] However, it is not feasible 
to throw light onto the interactions between sericin and fibroin 
during coacervation and self-assembly process of silk fibroin, 
as sericins get denatured during degumming. Identification of 
synthetic crowding agents having defined chemical composi-
tion and molecular weight would help in induction of precisely 
controlled silk fibroin self-assembly. Therefore, the current 
study explored the role of different macromolecular crowders 
(PEG and dextran) on the self-assembly process of silk fibroin.

During aggregation of proteins or protein fragments, spon-
taneous conformational conversion (misfolding) may result in 
the development of a cross β-sheet fold, amyloids, which lead to 
various pathological conditions.[31] Amyloid formation is com-
monly studied in vitro in dilute conditions in presence of buffer 
solutions, but such experimental conditions fail to recapitulate 
the in vivo intracellular environment crowded by various mac-
romolecules. In vitro, macromolecular crowded environment 
is commonly replicated by adding various crowding agents, 
such as hydrophilic and neutral polysaccharides (e.g., Ficoll 
or dextran).[24,32] Studies on various amyloidogenic proteins 

Figure 5.  ATR-FTIR spectra of fibroin without crowders recorded at 
36 h, which is a maximum aggregation time of fibroin in the presence 
of crowders.

Macromol. Chem.  Phys. 2020, 2000113



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000113  (7 of 9)

www.advancedsciencenews.com www.mcp-journal.de

(prion protein, apolipoprotein C-II, Aβ, α-synuclein, hyper-
phosphorylated Tau 244–441, etc.) demonstrated that these 
crowding agents (Ficoll or dextran) enhanced amyloidogenesis, 
as the rate of encounter of amyloid precursors get enhanced 
due to the volume exclusion effect.[33,34] The cross β-sheet sig-
natures can be traced out from the infrared spectral peaks 
between 1611 and 1630 cm−1 range with partially overlapping 
native β-sheet peak region from 1630 to 1643 cm−1.[35]

In the current study, dextran and PEG were used as macro-
molecular crowders for modulating the silk fibroin self-assembly 
process. Dextran is widely accepted as a near-perfect model for 
a macromolecular crowder since its interaction with proteins 
can be described using pure excluded-volume models.[36] On the 
other hand, PEG is a crowding agent whose interactions with 
proteins cannot be described quantitatively in terms of excluded 
volume alone.[37] PEG has been reported to affect the conforma-
tional and aggregation behavior of various structurally different 
proteins, ranging from natively unfolded (e.g., core histones 
and α-synuclein) to folded proteins (e.g., insulin).[38] Hence, we 
hypothesized that the transition from random coil to β-sheet 
conformation in silk fibroin will be favored in their presence.

Our data showed that both types of crowders (dextran and 
PEG based) induce a clear transition from random coil to 
β-sheet conformation, including aggregated β-sheet structure. 
However, this transition was not observed in case of control 
(fibroin without crowder), as demonstrated by CD, ATR-FTIR, 
and ThT fluorescence measurements. It was also observed that 
increasing the concentration of crowders decreased the time 
required for aggregation.

The effect of macromolecular crowders on protein aggre-
gation can be varied in nature.[39] In some cases the excluded 
volume effect exerted by the crowding agents increases the 
local concentration of the aggregating protein units, leading to 
increase in collision frequency and hence enhancing aggrega-
tion kinetics.[40] On the other hand, aggregation may decrease 
in presence of the crowders due to native state stabilization of 
the protein under investigation.[41] Keeping in mind the fact 
that increase in the concentration of the crowding agents also 
results in an increase in the viscosity of the solution, our data 
suggest that indeed the excluded volume plays a major role 
wherein self-association of the fibroin protein units is acceler-
ated. This is further confirmed by the fact that no observable 
gain in secondary structure is obtained (Figure  3) for the dis-
ordered silk fibroin as a function of the crowding agents, sug-
gesting negligible stabilization of protein structure in presence 
of the crowders.

Increased amount of crowding agent would elevate the 
excluded volume. This would in turn lead to an enhancement 
of the kinetics of aggregation. Interestingly, fibroin with higher 
molecular weight crowder (PEG-6000) showed that increasing 
the molecular weight also increases the required time for max-
imum aggregation as compared to PEG 200. The difference 
observed between the effects of these two crowders on fibroin 
may be attributed to the extent of the volume excluded by the 
crowders belonging to the same family but having different 
molecular weights. For the low molecular weight crowder, at 
a given concentration (in g L−1), the density is higher as com-
pared to that of high molar mass. Based on this scenario, 
the low molecular weight crowder, here, PEG 200 exerts an 

appreciably higher excluded volume, the same being reflected 
in the differences in the aggregation rates. However, this 
aspect cannot be generalized as is understood while comparing 
among the dextran based crowding agents, wherein dextran 
70 000 shows a higher rate in aggregation than dextran 6000, in 
spite of the latter exhibiting a higher number density. Indeed, 
predicting the effect of such crowders is not easy as also been 
shown wherein multiple factors come into play including the 
nature (i.e., open chain as in PEG or rigid systems as for the 
dextrans) and shape of the polymer.[42] Shape of the crowder 
is one of the crucial factors accountable for diminution of the 
translational diffusion coefficient and have a direct influence on 
the aggregation of proteins.[43] Another study demonstrated the 
importance of flexibility (i.e., the changing transient shape) in 
the crowding system, however they also stated that charge does 
not play an important role in the macromolecular crowding.[44] 
Zegarra et al.[45] showed that unfolded protein, apoazurin turns 
elongated in the presence of dextran. They revealed that rod-
like shape of the dextran stabilizes an elongated conformation 
and facilitate an anisotropic direction of the depletion force 
between the protein and crowders. Another study has showed 
that stability of proteins may directly influence by the size and 
shape of the crowders.[46] They observed that by increasing the 
crowder concentration, the extent of stability has also been 
increased due to presence of small-sized and rod-shaped (dex-
tran 40) crowder. Increasing the complexity of crowder–protein 
interactions is the fact that macromolecular crowding agents 
have also been shown to exhibit soft interactions with the pro-
tein thereby further affecting the aggregation landscape. Thus, 
the observed effect of the crowders on the aggregation of silk 
fibroin is a combination of all these aforementioned effects.

In a recent paper, Lemetti et al.[47] studied the self-assembly 
of a 84 kDa triblock recombinant protein, which is relevant to 
spidroin silk, in presence of crowding agents. Crowding agents 
reduced the protein concentration at which coacervation takes 
place. Fibroin predominantly contains repetitive hexapeptide 
GAGAGS sequences, as well as GAGAGY and GAGAGVGY 
sequences, which imparts hydrophobicity.[48,49] During gela-
tion and self-assembly of fibroin protein, the above mentioned 
sequences play a critical role in the secondary structure tran-
sitions leading to the formation of anti-parallel β-sheet struc-
ture.[50,51] Interestingly, silk biomaterials occasionally have 
been shown to cause amyloidogenic depositions based on the 
presence of above mentioned secondary conformations, pro-
cessing conditions.[27] Injection of regenerated silk fibrils to 
mice caused deposition of mild to moderate extent of amyloids 
in spleens of five out of seven mice.[28] These studies show that 
although fibroin fibrils are non-pathogenic β-sheet rich protein 
and show reduced the initial lag phase during self-assembly in 
aqueous medium, but in vivo they may lead to amyloidogen-
esis, based on chronic inflammatory microenvironment or 
presence of biological macromolecules.[28] This is of signifi-
cant clinical interest, as silk fibers are dissolved and scaffolds 
for tissue engineering strategies are developed using reconsti-
tuted silk fibroin protein, it may lead to amyloidogenesis at the 
site of the injury in inflammatory milieu. Our findings high-
lighted the absence of amyloidogenic cross β-sheet conforma-
tion in presence of crowders. This indicates that probably the 
native β-sheet containing proteins such as fibroin requires an 
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appreciable structure reorganization during conformational 
change to form cross β-sheet (amyloid) conformation, which 
would not happen in static condition.

Thus, the importance of the current study stems from the 
observation that the crowders, depending on their nature, have 
the potential of bringing about alterations of the fibroin confor-
mation and kinetics of self-association. Thus, our current study 
demonstrates that PEG or dextran at suitable concentrations 
may serve as effective macromolecular crowders in conversion 
of the random coil structure of the fibroin protein to a predomi-
nantly stable β-sheet structure. A recent study[52] used microflu-
idics setup with ion gradients in coaxial flow thereby improving 
the mechanical sheering of silk. However, extensional flow 
alone is not sufficient to create fibers at natural spinning 
speeds and physiological changes such as significant change 
in pH and high metal ion concentrations are required in order 
to improve the spinnability of silk.[52] Therefore, future step 
would be to use macromolecular crowding agents combined 
with microfluidics setup for in vitro mimicking of the natural 
self-assembly of silk fibroin to spin artificial silk filament. Next 
logical step will be to use the mixed crowding scenario by using 
binary and ternary crowder systems.

4. Conclusion

Both the crowders (dextran and PEG) modulated the self-
assembly of silk fibroin and induced a clear transition from 
random coil to β-sheet conformation. Increasing the concentra-
tion of crowders resulted in lesser time needed for aggregation. 
The thioflavin T binding was evident in fibroin incubated with 
PEG or dextran, but AFM data did not show the presence of 
fibrillar structures, typical of amyloid nature of aggregation. We 
could not find existence of amyloidal cross β-sheet structure in 
crowded microenvironment.

5. Experimental Section
Materials: Polyethylene glycol (MW 200 and 6000), lithium bromide 

(LiBr), and sodium carbonate (Na2CO3) were purchased from Merck 
(India). Dextran (MW 6000 and 70 000) was procured from Himedia 
(India). Thioflavin T (purity >97%) was purchased from Sigma-Aldrich 
(USA). B. mori cocoons were procured from Central Silk Technological 
Research Institute (Central Silk Board), Bangalore, Ministry of Textiles, 
Government of India. All the other used chemicals were of analytical grade.

Regenerated Aqueous Solution Preparation of Silk Fibroin from 
Cocoons: Regenerated aqueous fibroin solution from B. mori cocoons 
was prepared as mentioned previously.[31] Degumming of cocoons was 
carried out using 0.02  m Na2CO3 in boiling water in order to remove 
the sericin protein. Degummed silk fibers were thoroughly washed by 
ultrapure deionized water (resistivity ≈18.2 MΩ cm) followed by drying at 
50 °C in an oven. Washed and dried fibroin fibers were further dissolved 
in 9.3 m LiBr at 60 °C for 4 h. The obtained solution after dissolution was 
further dialyzed against the ultrapure deionized water for 48 h to remove 
the LiBr salt.

Preparation of PEG (MW 200, 6000) and Dextran (MW 6000, 70 000) 
Solution: The stock solution of 400 mg mL−1 concentration of PEG (200, 
6000) and dextran (6000, 70 000) was prepared and diluted further in 
milli-Q to acquire the final concentration of 50, 100, and 150 mg mL−1.

Self-Assembly of Silk Fibroin with Different Crowders at 600  nm: The 
stock of 50  mg  mL−1 fibroin solution was diluted with milli-Q water 

to prepare the final 10  mg  mL−1 concentration. Fibroin solution was 
incubated with 50, 100, and 150  mg  mL−1 concentrations of both PEG 
(MW 200, 6000) for 26 and 36  h, respectively. Similar concentrations 
(50, 100, and 150 mg mL−1) were used with dextran (MW 6000, 70 000) 
for 36 h. Samples were incubated at 25 °C and aliquots were collected 
at regular intervals. Fibroin incubated without crowder was used as 
control. The self-assembly kinetics of fibroin with and without crowders 
were analyzed by UV–vis spectrophotometer (UV-2450, SHIMADZU, 
Japan) at 600 nm.

ThT Fluorescence Spectroscopy: The ThT fluorescence emission 
spectra of fibroin with or without crowders were recorded in the range 
of 440–700  nm with excitation at 430  nm at 25  °C using Edinburg 
Spectrofluorimeter (FLS920, Edinburgh Instruments, UK). The excitation 
and emission slit widths were kept at 2 and 5  nm, respectively. The 
stock solution of 1  ×  10−3  m concentration was diluted to obtain the 
final 20 × 10−6 m concentration of ThT and was filtered through 0.22 µm 
filter. All spectra were recorded thrice using a 10 mm path length quartz 
cuvette and were normalized for milli-Q water contribution. Furthermore, 
sigmoidal curve data fitting was carried out with OriginPro 8.5 (Origin 
Lab Corporation, Northampton, MA, USA) using following equation:

1 2 1
1 10LOG 0

Y A A A
t tp= + −

+ − � (1)

where Y is intensity of ThT fluorescence, A2 and A1 are the Y values 
at the top and the bottom of the curve, respectively. LOGt0 is the time 
(in hours) required for half maximum response. The Hill slope or Hill 
coefficient is represented by p.[53,54]

Circular Dichroism Measurements: CD spectroscopy was carried out in 
the far-ultraviolet (UV) range of 190–260 nm at 25 °C using 1 mm path 
length quartz cuvette in Jasco J-815 CD spectrometer (Jasco Corporation, 
Tokyo, Japan). Spectra were recorded in a 0.01 cm cell with a bandwidth 
of 1.0 nm. All spectra were normalized for milli-Q water contribution.[8]

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy: 
ATR-FTIR was carried out in the absorption mode using Perkin-Elmer 
(Spectrum BX Series, MA, USA) instrument. All spectra were recorded 
in the 1700–1600 cm−1 amide I region with DTGS (Deuterated Triglycine 
Sulfate) IR detector. 64 scans per sample were recorded at a resolution 
of 4 cm−1 and was further deconvoluted using OriginPro 8.5 (Origin Lab 
Corporation, Northampton, MA, USA).[55] Baseline correction and area 
normalization were carried out prior to deconvolution.

Atomic Force Microscope Images: AFM (Dimension ICON with ScanAsyst, 
Bruker) of fibroin with and without crowders was performed in tapping 
mode with silicon probe (Tap 300 Al-G, Budget Probes, Sofia, Bulgaria). 
10 µL of each sample was mounted on freshly cleaved mica, washed with 
milli-Q, and air dried further for ≈1 h. The NanoScope Software (Version 
4.1) was used to analyze the roughness of all the samples.
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