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Silkworm silk protein ﬁbroin is widely exploited to develop novel silk-based biomaterials due to its stable b-sheet
structure, providing high crystallinity and tensile strength. The polymorphic behaviour of silk ﬁbroin provides a
window to modulate its structural transitions during self-assembly for different functional outcomes. Most studies
are therefore mainly focused on formation of well-developed b-sheet structure and self-assembly of silk ﬁbroin
which are regulated by many parameters. Glyoxal, a highly reactive a-oxoaldehyde, reacts with different proteins
to form advanced glycation end products (AGEs) following Maillard-like reaction. Considering the signiﬁcance
of protein modiﬁcation by glyoxal-derived AGEs, in the present study the effect of glyoxal (250, 500 and
1000 lM) on the structure of silk ﬁbroin has been investigated. CD and ﬂuorescence studies reveal that higher
concentrations of the a-oxoaldehyde induce considerable alterations of secondary and tertiary structure of the
protein leading to aggregation following incubation with for 3 weeks. The aggregates exhibit ﬁbrillar morphology
with amyloidal nature as evident from SEM, FTIR and XRD experiments. The ﬁndings highlight that glycationinduced modiﬁcation can be a possible approach for modulating the conformation of the silk protein which may be
relevant in connection to clinical, biomedical or synthetic biology based applications.
Advanced glycation end product; amyloid aggregation; glyoxal; silk ﬁbroin

1. Introduction
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Bombyx mori silk is composed of ﬁbroin protein
coated with sericin protein. Sericins are a group of
adhesive glycoproteins that account for 25–30% of
the total silkworm cocoon by weight, expressed in the
middle silk gland of the silkworm. Silk ﬁbroin, on the
other hand, is a hydrophobic structural protein consisting of heavy chain of *390 kDa and light chains
of *26 kDa linked by disulphide bond. It is a block
copolymer rich in hydrophobic b-sheet-forming
blocks linked by small hydrophilic linker segments or
spacers. The crystalline regions are primarily composed of glycine-X repeats, where X is alanine, serine, threonine or valine. Within these domains lie
subdomains that are rich in glycine, alanine, serine
and tyrosine. The result is a hydrophobic protein that
self assembles to form strong and resilient materials.
The dominance of the b-sheet-forming regimes within
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the ﬁbroin structure imparts the protein-based materials high mechanical strength and toughness.
Due to its stable b-sheet structure, silk ﬁbroin has
high crystallinity as well as high molecular orientation, thereby providing excellent tensile strength,
which is the main structural component of silk ﬁber.
Most studies are therefore mainly focused on formation of the well-developed b-sheet structure of silk
ﬁbroin. Subsequently, it was discovered that such
structural characteristics of silk ﬁbroin were regulated
by many complicated parameters, including, (a) repetition of a regular amino acid sequence, (b) concentration process of ﬁbroin solution in gland and
solidiﬁcation, (c) shear stress in gland and drawing
process, etc. Among these factors, shear stress is
critical for silk ﬁbroin to transition from a random coil
conformation to a b-sheet structure in aqueous solution. It is generally accepted that silk ﬁbroin molecules aggregate and crystallize by themselves without
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formation of a class of compounds known as Advanced
Glycation End Products (AGE) (ﬁgure 1), leading to
cross-linking and aggregation of proteins, associated
with protein oxidation and carbonylation (Cohen and
Wu 1994; Giardino et al. 1994).
The a-dicarbonyl group of compounds, namely,
glyoxal, methylglyoxal and 3-deoxoglucosone are
several times more reactive compared to glucose or
fructose and more potent in inducing protein glycation
(Ahmed et al. 2005). These are formed from glucose
or fructose (by degradation or auto-oxidation of the
parent sugars) as well as various metabolic pathways
(e.g. glycolytic pathway) as bi-products and their
levels are subsequently elevated in various neurodegenerative and lifestyle disorders (Thornalley et al.
1999).
The a-oxoaldehyde, methylglyoxal has been reported to react with arginine and/ lysine residues of several
proteins, resulting in either protein cross-linking and
aggregation or formation of non-cross-linking AGE
adducts (e.g. hydroimidazolones, argpyrimidine, carboxyethyllysine, etc.) (Oliveira et al. 2011; Oliviera
et al. 2013; Lee et al. 2009; Banerjee and Chakraborti
2017; Banerjee 2017a, b; Banerjee et al. 2016). Like
methylglyoxal, glyoxal is another reactive oxoaldehyde, which has been reported to interact with several
proteins, namely, a-crystallin (Kumar et al. 2004),
bovine serum albumin (Mikulikova et al. 2005), asynuclein (Lee et al. 2009), myoglobin (Banerjee
2017a, b) and hemoglobin (Iram et al. 2013a, b; Banerjee 2018), predominantly modifying lysine and
arginine residues of proteins to form several AGE
adducts, such as carboxymethyllysine, carboxymethylarginine, dihydroxyimidazolidines and hydroimidazolones. As mentioned earlier, the presence of several
reactive amino acids in silk ﬁbroin allows chemical
(amino acid) modiﬁcation to be an attractive strategy
for tailoring the protein to desired bio-medical application. Arginine residues in silk ﬁbroin have been
reacted with 1,2-cyclohexandione under basic aqueous
conditions to form an uncharged imidazolidinone product (Gotoh et al. 1996).
Considering AGE-induced amino acid modiﬁcation
and high reactivity of a-dicarbonyl compounds, in the
present study the effect of glyoxal on silk ﬁbroin has
been investigated by various biophysical techniques.
Glyoxal-induced structural changes of ﬁbroin and the
potential use of non-enzymatic glycation as a possible
approach and additive to other reported chemical-induced cross-linking strategies in future has been discussed based on the experimental results and
observations.
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methanol treatment under shear condition (Huang
et al. 2007; Ohgo et al. 2008; Roessle et al. 2004).
The polymorphic (silk I, II and III) behaviour of silk
ﬁbroin provides a window to modulate its structural
transitions during self-assembly for different functional outcomes. The transition from random coil to
silk I (S-shaped zigzag/crankshaft or repeated b-turn
type II structure) to silk II (b-sheet), and silk III
(threefold polyglycine II-like helix) structure during
self-assembly process in silk ﬁbroin can be governed
by various factors such as shear (Wang et al. 2008),
pH (Terry et al. 2004), temperature (Motta et al.
2002), light (Tsuboi et al. 2001), organic solvents
(Baimark and Srihanam 2009), ionic liquids (Silva
et al. 2013), electrogelation (Lu et al. 2011), etc.
The ability to further tune the surface chemistry of silk
materials is desirable to control the interaction between
silk and living systems. Biomaterial surface chemistry is
known to inﬂuence a variety of cell responses ranging
from changes in surface adhesion to activation of biochemical pathways regulating cellular proliferation,
differentiation and survival. The presence of several
reactive amino acids in silk ﬁbroin allows chemical
modiﬁcation strategies to be utilized to tailor the protein
for a desired application. The different types of chemical
modiﬁcations include coupling reactions (e.g. carbodiimide or glutaraldehyde-induced coupling), amino acid
modiﬁcations (e.g. arginine, tyrosine) or grafting reactions (e.g. tyrosinase-catalyzed). Chemically-modiﬁed
silk ﬁbroin has several biomedical applications, e.g., in
the ﬁeld of tissue engineering, as blood-contacting
material, improving drug delivery, etc. These chemical
modiﬁcations have been shown to alter important silk
material features such as hydrophobicity, b-sheet content, solution behaviour and materials morphology; thus
expanding the utility of this protein family in a range of
biomaterial needs. Additional chemical modiﬁcations to
alter cell interactions and functions on silk-based biomaterials are being explored to demonstrate the versatility and utility of these approaches to optimize silkbased biomaterials for a range of needs, especially in the
ﬁeld of regenerative medicine.
Post-translational modiﬁcations of proteins are
associated with various neurodegenerative diseases and
lifestyle/metabolic disorders (e.g. Alzheimer’s,
Parkinson, diabetic retinopathy and cardiomyopathy
etc.). Among different post-translational modiﬁcations,
non-enzymatic glycation of proteins is particularly
important as it leads to protein crosslinking and
aggregation, conformational changes, etc (GhoshMoulick et al. 2007). Chemical reaction of sugars or adicarbonyls with proteins (Maillard reaction) leads to
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Figure 1. Non-enzymatic glycation (Maillard reaction).
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2.1 Materials

2.4 Tryptophan ﬂuorescence study

A

Glyoxal and Thioﬂavin-T (purity[97%) were purchased from Sigma-Aldrich (USA). Sodium carbonate
(Na2CO3) and lithium bromide (LiBr) were provided
by Merck (Mumbai, India). Bombyx mori cocoons were
procured from Central Silk Technological Research
Institute (Central Silk Board), Bangalore, Ministry of
Textiles, Government of India. All other used chemicals were of analytical grade.
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1000 lM) for 7 and 21 days, respectively. Fibroin
incubated without glyoxal was used as control under
identical conditions. Following incubation, different
experiments were performed as follows.

2. Materials and methods
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Tryptophan ﬂuorescence spectra of samples were
monitored in Edinburg Spectroﬂuorimeter (FLS920,
Edinburgh Instruments, U.K.) after excitation at
295 nm using 3 ml quartz cuvette of path length 1 cm.

2.2 Isolation of regenerated aqueous solution
of ﬁbroin from cocoons
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Fibroin solution was prepared following method
described earlier (Kar et al. 2013; Sah and Pramanik
2011). Bombyx mori cocoons were degummed twice
with 0.02 M Na2CO3 for 20 min each in boiling water
to take out sericin. The degummed silk ﬁbers were
washed thoroughly with deionized water and dried
overnight at 50°C in an oven. Silk ﬁbers (degummed)
were then dissolved in 9.3 M solution of LiBr. The
resulted protein solution was further dialyzed against
ultrapure deionized water for 48 hrs to remove the LiBr
salt and stored at 4°C. The ﬁnal obtained concentration
of regenerated ﬁbroin solution was 5 wt %.

2.3 In vitro reaction set up of silk ﬁbroin
with glyoxal

Stock solution of ﬁbroin with 50 mg/ml (*5% w/v)
concentration was diluted with deionized water to
obtain a ﬁnal concentration of 1 mg/ml. The protein
was incubated at 4°C under aseptic conditions with
different concentrations of glyoxal (250, 500 and

2.5 CD study
CD spectra of samples were recorded in the far-UV and
near-UV range in a Jasco J-815 CD spectropolarimeter
(Jasco Corporation, Tokyo, Japan) with a quartz cuvette of path length of 0.1 cm. All spectra were corrected for water contribution and recoded in triplicates.
2.6 Thioﬂavin T (ThT) ﬂuorescence study
ThT ﬂuorescence spectra of protein samples were
monitored in Edinburg Spectroﬂuorimeter (FLS920,
Edinburgh Instruments, U.K.). Emission spectra were
recorded in the range of 440 to 700 nm with excitation
at 430 nm. The slit widths for excitation and emission
were kept at 2 and 5 nm, respectively. The ﬁnal concentration of ThT used was 20 lM.

2.7 Attenuated total reﬂectance-Fourier
transforms infrared (ATR-FTIR) spectroscopy
ATR-FTIR spectra of samples (incubated with or
without glyoxal) were recorded in the absorbance
mode using Perkin-Elmer (Spectrum BX Series, MA,

Sauradipta Banerjee

USA) instrument. All spectra were recorded in the
1700 to 1600 cm-1 amide I region with DTGS
(Deuterated Triglycine Sulfate) IR detector. 50 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)
(Luby-Phelps 2000).

2.8 X-ray diffraction (XRD)
Control and glyoxal-treated ﬁbroin samples were air
dried on glass slides and subjected to XRD analysis in
a Rigaku X-ray powder diffractometer equipped with
Cu anode (Cu-Ka radiation k = 1.54186 Å). The
samples were scanned from 0° to 40° at 30 kV.

A

2.9 Scanning electron microscopy (SEM)

exposure of tryptophan residues of ﬁbroin to a more
polar environment on glyoxal treatment (Ghosh et al.
2013; Luthra and Balasubramanian 1993), which is
most pronounced at the highest concentration of glyoxal (1000 lM). Enhancement in tryptophan ﬂuorescence intensity may be indicative of gradual unfolding
of ﬁbroin on glyoxal treatment which may lead to the
exposure of buried aromatic moieties (Banerjee et al.
2016; Bag et al. 2017).
Figure 2C shows the CD spectra of control ﬁbroin
(trace a) and ﬁbroin incubated with 250, 500 and
1000 lM glyoxal for 7 days (traces b–d). While control ﬁbroin exhibits a spectral pattern corresponding to
random coil structure, glyoxal-treated samples also
show a similar structure, except decrease in negative
ellipticity as shown in the ﬁgure. The change in
elliticity was most pronounced at the higher concentrations of glyoxal (500 and 1000 lM). Figure 2D
shows CD spectra of control ﬁbroin (trace a) and
ﬁbroin incubated with 250, 500 and 1000 lM glyoxal
for 21 days (traces b–d). Interestingly, while control
and 250 lM glyoxal-treated ﬁbroin exhibits a dominantly random coil conformation, 500 and 1000 lM
glyoxal-treated protein samples reveal a considerable
alteration in secondary structure in the form of b-sheet
(characteristic minima around 217 nm) after 21 days
incubation. Glycation-induced b-sheet formation has
been reported to be associated with protein aggregation
in several studies (GhoshMoulick et al. 2007; Iram
et al. 2013a, b; Ghosh et al. 2013; Banerjee and
Chakraborti 2016). This is because b-sheet generally
provides a better environment for intermolecular
interactions required for aggregation (Creighton 1993).
In comparison with control or 250 lM glyoxal-treated
ﬁbroin (traces a, b), 500 or 1000 lM glyoxal-treated
ﬁbroin (traces c, d) exhibit signiﬁcant differences in
CD spectra in the near-UV range lining the aromatic
region following incubation for 21 days (ﬁgure 2E).
The observation indicates that incubation with higher
concentrations of glyoxal for longer time period induce
considerable alteration of tertiary structure of silk
ﬁbroin.
Following CD spectroscopy, further studies were carried out to detect possible presence of aggregated species
in the 21 days glyoxal-incubated ﬁbroin samples.
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Air-dried samples were gold coated and imaged in a
scanning electron microscope (QUANTA 200) at low
vacuum with different magniﬁcations.

2.10 Differential scanning calorimetric (DSC)
study
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The melting proﬁles of ﬁbroin and glyoxal-treated
ﬁbroin were compared in a Jade DSC (Perkin Elmer).
The thermograms were obtained by heating the protein
samples at a rate of 10°C/min. To avoid oxidative
degradation, the sample and reference pans were
purged with nitrogen gas at a constant ﬂow rate of
48 ml /min.

3. Results and discussion

R

3.1 Spectroscopic studies

Tryptophan ﬂuorescence spectra of 7 and 21 days
incubation samples are shown in ﬁgure 2A, B. As
shown in ﬁgure 2A, glyoxal-treated (250, 500 and
1000 lM) ﬁbroin samples exhibit higher ﬂuorescence
emission compared to control protein, indicating
change in microenvironment of tryptophan residues.
However, at a higher incubation time (21 days),
increase in ﬂuorescence emission of glyoxal-treated
samples was associated with red shift of ﬂuorescence
maxima (kmax) (ﬁgure 2B). The results indicated

3.2 ThT ﬂuorescence
Intermolecular b-sheet structure is normally associated with amyloid aggregation of proteins. The
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Figure 2. Spectroscopic studies. Tryptophan ﬂuorescence of control ﬁbroin (a) and ﬁbroin incubated with 250, 500 and
1000 lM glyoxal (b–d) for 7 days (A) and 21 days (B). The spectra were recorded after excitation at 295 nm. Far-UV CD
spectra of control ﬁbroin (a) and ﬁbroin incubated with 250, 500 and 1000 lM glyoxal (b–d) for 7 days (C) and 21 days (D).
Near-UV CD spectra of control ﬁbroin (a) and ﬁbroin incubated with 250, 500 and 1000 lM glyoxal (b–d) for 21 days (E).
All spectra were corrected for water contribution and recoded in triplicates.

cationic benzothiazole dye ThT is a speciﬁc ﬂuorescent marker for intermolecular cross b-sheets
and is often used for detection and characterization
of amyloid aggregation (Oliviera et al. 2013; Iram
et al. 2013a, b). Presence of amyloid cross b-sheet
structure in control and glyoxal-incubated (21 days)
samples was detected by measuring ThT ﬂuorescence spectroﬂuorimetrically (ﬁgure 3). As shown

in the ﬁgure, signiﬁcant ﬂuorescence emission was
obtained for 500 and 1000 lM glyoxal-treated
ﬁbroin (traces c, d) in comparison with control or
250 lM glyoxal-treated samples (traces a, b).
The strong binding afﬁnity of ThT suggests the
possible presence of intermolecular cross b-sheet
structure in 21 days glyoxal-treated (500 and
1000 lM) ﬁbroin samples.
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Figure 3. ThT ﬂuorescence study. ThT ﬂuorescence spectra of control ﬁbroin (a) and ﬁbroin incubated with 250, 500
and 1000 lM glyoxal (b–d) for 21 days. Emission spectra
were recorded in the range of 440 to 700 nm with excitation
at 430 nm. The ﬁnal concentration of ThT used was 20 lM.

3.3 ATR-FTIR spectroscopy
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ATR-FTIR spectral analysis in the amide I region
(1700–1600 cm-1) was further deconvoluted to validate
the secondary structural composition in control and
21 days glyoxal-treated ﬁbroin samples. The results are
shown in ﬁgure 4. Peaks in the range of 1616 to
1637 cm-1 are characteristic of b-sheet conformation.

Peaks in the range of 1638–1655 cm-1 are characteristic
of the random coil conformation while those for a-helical structure lie in the range of 1656 to 1662 cm-1 (Hu
et al. 2006). The peaks in the range 1611–1630 cm-1
indicate presence of intermolecular cross b structure,
characteristic of amyloid nature of aggregation (Lara
et al. 2012). Accordingly, control ﬁbroin exhibited random coil conformation in absence of glyoxal (ﬁgure 4A). The spectral pattern of 250 lM glyoxal-treated
ﬁbroin was more or less identical to that of control
protein corresponding to similar structure (ﬁgure 4B).
However, spectral analysis of 500 or 1000 lM glyoxaltreated samples revealed presence of b-sheet structure
(characterized by peaks at/around 1635 cm-1 and
1620 cm-1) absent in either control or 250 lM glyoxaltreated protein (ﬁgure 4C, D). While the peak around
1635 cm-1 indicated b-pleated sheet, the one around
1620 cm-1 represented amyloid cross b-sheet structure.
Thus our FTIR results further indicate induction of
amyloidal structure (aggregation) in glyoxal (500 or
1000 lM)-treated ﬁbroin after 21 days incubation and
support our ThT ﬂuorescence studies.
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Figure 4. ATR-FTIR spectroscopy. ATR-FTIR spectra of control ﬁbroin (A) and ﬁbroin incubated with 250, 500 and
1000 lM glyoxal for 21 days (B–D) recorded in the amide I region. The spectra were deconvoluted using OriginPro 8.5.
Baseline correction and area normalization was carried out prior to deconvolution.
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3.4 XRD studies
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Figure 5. XRD analysis. XRD pattern of control ﬁbroin (A) and 1000 lM glyoxal-treated ﬁbroin (21 days) (B) obtained in
the scan range of 0°–40°.

further strengthens the ﬁndings obtained by other
experimental methods.
3.5 SEM studies

A

XRD is a powerful technique for detecting the presence
of amyloid cross-b structure and is used for determining the nature of protein aggregation (Iram and Naeem
2013; Naeem and Amani 2013). Based on the results
obtained from ATR-FTIR spectroscopy and ThT ﬂuorescence studies, we have carried out XRD to further
validate and conﬁrm the presence of amyloid nature of
aggregation in glyoxal-treated ﬁbroin. XRD patterns of
control and 1000 lM glyoxal-treated ﬁbroin are shown
in ﬁgure 5A and B, respectively. XRD pattern of
control ﬁbroin exhibited a broad peak around 20°
corresponding to amorphous structure (Sah and Pramanik 2011). However, glyoxal-treated ﬁbroin showed
diffraction peaks at 9.1° and 20.7°, corresponding to bsheet crystalline spacing of 9.7 Å (medium) and 4.3 A
(very strong), respectively, indicating crystalline
d-spacing of silk II structure (Weska et al. 2009).
The result therefore conﬁrms the amyloid nature of
aggregation in 21 days glyoxal-treated ﬁbroin and
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SEM imaging is widely used for visualising and
studying the ultrastructure of protein aggregates (Iram
and Naeem 2013; Iram et al. 2013a, b; Borana et al.
2014). While SEM imaging of control ﬁbroin did not
visibly show the presence of any distinguishable
aggregated species (ﬁgure 6A), 500 or 1000 lM glyoxal-treated ﬁbroin revealed the presence of ﬁbrillar
aggregates (ﬁgure 6B, C). Hemoglobin has been
reported to form amorphous aggregates when incubated with 70% glyoxal for 4 h and ﬁbrils when
incubated with 30% glyoxal for 20 days (Iram et al.
2013a, b). In an earlier study, prolonged glycation of
lysozyme induced globular and amorphous protein
aggregates (Ghosh et al. 2013). Thus it appears that
formation of ﬁbrillar or amorphous protein aggregates

Figure 6. Detection of aggregate morphology of glyoxal-treated ﬁbroin (21 days) by SEM imaging. SEM images of control
ﬁbroin (A), 500 lM glyoxal-treated ﬁbroin (B) and 1000 lM glyoxal-treated ﬁbroin (C).
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mostly depend on the nature and concentration of
glycating/modifying agent as well as conditions of
in vitro reaction.
3.6 Comparison of thermal stability by DSC
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DSC thermograms of control and 1000 lM glyoxaltreated aggregated ﬁbroin (21 days incubation) are
shown in ﬁgure 7.
As shown in the ﬁgure, comparison of the melting
proﬁles indicated that glyoxal-incubated ﬁbroin
exhibited signiﬁcantly higher Tm value (above 300°C)
(ﬁgure 7B) than control ﬁbroin (ﬁgure 7A), suggesting
higher thermal stability of aggregated ﬁbrillar structure
compared to control ﬁbroin.
Thus the present study reveals that higher concentrations glyoxal (500, 1000 lM) induces aggregation of the silk protein ﬁbroin after 21 days of
incubation. However, aggregation of protein was not

evident at lower glyoxal concentration (250 lM) or
shorter time period (7 days). Aggregated ﬁbroin
showed ﬁbrillar morphology exhibiting amyloidal
features. Amyloid aggregation of proteins is generally associated with several pathological complications and neurodegenerative disorders. Amyloid
plaques and ﬁbrils have been reported in the brain of
Alzheimer’s disease patients (Vitek et al. 1994) and
islets of Langerhans of diabetic patients (Kapurniotu
et al. 1998), respectively.
On the other hand, the functional utility of amyloid
aggregates in biology has been reported in some recent
studies. Amyloid-based biological materials include
super-adhesives, tough encapsulants, pigment stabilizers and stiff neuronal interconnects; these and other
functions were recently reviewed by Smith and
Scheibel (2010). Thus, nature is able to take advantage
of the superior mechanical strength, high aspect ratio
and resistance to chemical degradation of the spontaneously assembled intermolecular b-sheet aggregates.
Smith et al. reported that the mechanical properties of
insulin derived b-sheet aggregates were of higher
strength and stiffness values comparable to other
excellent structural materials such as silk and steel
(Smith et al. 2006).
The current study on a-dicarbonyl induced modiﬁcation of silk ﬁbroin highlights that non-enzymatic
glycation can be a promising approach of modulating
the structure of silk protein. Glyoxal-induced structural
transition of the protein from random coil to characteristic b-sheet can be relevant in terms of clinical
implications as well as synthetic biology based applications and biotechnology, as illustrated earlier.
Based on the experimental results obtained from the
present study, effect of other reactive dicarbonyls (e.g.
methylglyoxal, deoxyglucosone, etc.) or glycating
agents on the silk protein may be investigated; particularly to clarify whether glycation can be a generalised
approach to induce structural transition speciﬁcally
with respect to aggregation and b-sheet formation.
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Figure 7. DSC study. Thermograms showing melting
proﬁles of (A) ﬁbroin without glyoxal and (B) ﬁbroin
incubated with 1000 lM glyoxal for 21 days.
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