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Abstract

Silk fibroin-based biomaterials have developed widely for biomedical applications including soft tissue engineering and

bone implants. Cox
out their functions.

ing the degradation rate is very notable in maintaining the performance of biomaterials in carrying
1s review was focused on the process of biodegradation of silk fibroin and its controllers including

among other factors that influence the degradation process, mechanisms, behavior, the role of ultraviolet (UV) radiation,
and the effect of molecular weight. All studies in this paper provide more in-depth knowledge about the biodegradation of

silk fibroin enzymatically as well as UV radiation effect.
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g. Introduction

Silk is a kind of natural protein fiber produced by members of
the Arachnida class (spider species) and by animals in
Lepidoptera's order like butterflies and consists of fibroin and
sericin [ 1,2,3]. Both are two disparate protein families. Single
silk filaments are arranged fibroin in the microfibrils form.
The silk string are formed from each of these fil ts
derived from silk glands besieged by sericin skin. Silks have
been considerably as biomaterials especially in tissue
engineering such as regenerated silk fibroin [4-15] as well as
degummed silk [16-18]. Various forms of materials made of
fibroin and sericin such as films, hydrogels, particles, and
fibers [19-21] have been developed through several methods
such as electrospinning [22], Electron-beam lithography
[23,24], printing [25-28], and photolithography [29.30]. The
latter method is the most interesting for compatible
biomechanics [31-35].

Silk fiber has been widely used for various human
inter especially in the textile industry. At present, silk
fiber has been developed for biomedical applications because
of its biocompatibility and biodegradability [36-39]. As a
biomaterial, degradation is of particular concem because the
consequences it causes are very detrimental in its
implementation. Its degradation is characterized by changes
in properties including silk to be lighter, the color changes to
yellowish, and its mechanical strength decreases so that it
does not fit the needs.

In biomedical applications, especially in tissue
engineering, degradation is very important to study in order
to asscsétcﬁal performance in carrying out its functions
[40.41]. Silk fibroin has been considerably developed as a
biomedical material in consequence of its biocompatibility,
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flexibility, morphological suitability and mechanical
properties, and excellent environmental stability [42-44].
Because ocsc characteristics, silk fibroin is very
prospective as a biomaterial in tissue engineering [45.46]. The
development of silk fibroin properties is very important in
order to meet various application requirements. Therefore,
researchers have camied ht a variety of studies aimed at
extending the application of silk fibroin from hydrophobic to
hydrophilic material [47.48], as well as from filaments to
films, sheets, and scaffolds [46,49,50].

In carrying out its functions, the performance of fibroin
silk is very limited by its own degradation. Control of the
degradation process of silk fibroin is still an uncertain
problem [51]. However, silk fibroin conditioning in a B-sheet
structure can be considered a major factor in stabilizing silk
fibroin especially in water-containing environments. In terms
of controlling degradation behavior, factors that can be
expected to affect silk fibroin degradation nc be explored
more intensively. Regarding this, Lu[52] has reported that the
stability of silk fibroin from the formation of stable (-sheets
in water has been improved without increasing B-sheets. In
addition, degradation of silk films occurs faster in enzyme
solutions.

2. Silk Fibroin Structure

In protein-based materials, their properties are primarily
determined by various inter-molecular interactions. As a
protein-based material, silk consist two  structural
components, namely amorphous with random coils (Silk I)
and crystals with B-sheets crystals (Silk II) [4, 53]. The
structure of silk I can be obtained by changing the silk I using
potassium phosphate and methanol treatment [54-56]. With
various treatments, silk fibers can be arranged to be stored in
various forms, including fibers, powders, sponges, and
hydrogels. Therefore, silk fibers are very potential to be used
to build structures in varied scales, from nano to macro [4,57].
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Many reseacher have observed the indwelling structure and
related functions of the silk fibroin [58-60]. Based on these
works, various structures are found in silk fibroin-based
materials. Silk fibroin is an immense molecule dominated by
about two thirds of the crystals and one-third is an amomphous
region. T stalline part consists of recurrent amino acids
(-GlyAla-Gly-Ala-Gly-Ser-), creating antiparallel p-sheets
and is the key to the stability and mechanical characteristic of
the silk fibroin [61-63]. Silk fibroin was able to portray a
unique biological function due to their powess to form
structures in nﬁ kinds such as film, porous, fiber, and three-
dimensional. The mechanical properties of the silk are
strongly controlled by their structural which may contain
various features such as nanofibril [64-70], skin-core,
crystallinity, crystal size distribution as well as orientation of
molecular level [71].

The researchers assume that silk as a semi-crystalline
biopolymer with regularly arranged nanocrystal is surrounded
by a formless matrix as depicted in Fig. 1. From that image, it
can be seen that an irregular part called amorphous is richer
with amino acids that surround the region crystal. This
phenomenon shows that different degrees of crystallinity are
produced by a smalaaction ofthe state of the secondary silk
fibroin structure manipulated by the introduction of

hydrophobic side groups [72]. In general, the amorph

arrangement and the antiparallel B-sheet type on the
secondary structure of silk fibers are formed due to the
presence of hydrogen bonds between adjacent peptide chains
[73].
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Fig. 1. Schematic illustration showing primary and secondary structures
in silk fibroin. Reproduced from Ref[74].

3. Degradation behavior of silk fibroin biomaterials

3.1 Factors affecting silk fib: degradation
In our previous review [75] 1t has been reported that silk
fibroin has the potential to be applied as reinforcement in
implantable biomaterials. However, as a natural protein,
proteolytic enzymes can degrade silk fibroin catalytically so
as to reduce silk fibroin properties. The level of degradation
is strongly influenced by various factors including physical,
chemical and biological factors. These factors are strongly
related to molecular weight [36, 76-80] and secondary
structures [36,79.80] from silk fibroin, and processing method
[81-83]. In terms of the relationship between enzyme solution
and degradation, Zuo et al. [84] have reported that in the
solution of the actinomycetes enzyme, regenerated silk
fibroins are degraded faster than natural silk fibers. This
occurs because molecular weight and mechanical properties
decrease during the regeneration process [84].

The degradable process on silk fibroin is influenced by the
enzyme properties. It has been reported by several researchers

[85,86] that the majority of low molecular weight pmtcolyﬂ

enzymes and non-dense structures have better ability to
increase the rate of silk fibroin degradation. This phenomenon
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indicates % the molecular weight and structure of silk
fibroin is closely related to the degradation behavior. In other
words, the structure and molecular weight is a factor that
greatly influences the degradation process. This means that
the non-compact structure and low molecular weight make it
easier for the enzyme to coalesce on the silk surfaca syhich
then forms hydrolysis behavior. Due to the nature of silk
fibroin is degraded by enzymes, controlling the availability
and content of enzymes becomes very important in managing
the degradation rate [87,76,85]. It has also been reported that
degradation behavior can be controlled through chemical
modification [88-90].

In porous fibroin, the degradation behavior is strongly
related to processing conditions [91] and its structural
properties [76,47]. Therefore it should be suspected that both
of these are related to the level ofSurface roughness and
crystallinity distribution [92]. Thus, the degradation behavior
of silk fibroin can be set by controlling crystallinity [93],
molecular weight distribution and porosity [94]. In the case of
silk fibroin that is applied as an implantable biomaterial, it
must be noted that function requirements, mechanical

integration, and physiology are the main considerations in the
control of dg’dation in silk fibroin materials. In this case,
controlling the rate of degradation is very important in

designing  th nction of the implanted biomaterial.
Therefore the degradation rate must be synchronous with the
associated growth rate of body tissue [95,76,53]. Some
researchers [96,76] has reported that in vivo absorption of silk
fibroin is strongly influenced by the location of implants.

Many researchers [97,82] reported that the highest
degradation rate occurred in silk fibroin materials with the
lowest content of f-sheets. Whereas in porous silk material,
samples incubated in a solution of a-chymotrypsin and
collagenase [A at 370C for 15 days experienced a loss of 32%
and 52%, respectively [98]. You et al. [99] reported that the
degree of crosslinking of more than 90% convey the same
degradability as 75% of films with ethanol treatment.
F more, in vivo test for 28 days showed that the decrease
in crosslinking degree from 90% to 78% significantly
increased the degradation ratio 4 wt.% to 18 wt.%,
respectively. They concluded that degradability was strongly
correlated with a crosslinking degree lower than 90%. In other
words, the rate of degradation is efficiently controlled by the
crosslinking process.

3.2 Degradation mechanism

In general, the polymer degradation process occurs in four
steps: (i) the hydration process. The water provided by the
outside media penetrates the polymer which is often
functioned as a matrix and influences|¥/§§{secondary strength
thus encouraging reclaxation and decreasing the glass
transition temperature of the material [100]: (ii) The initial
degradation process is the occurrence of a covalent bond zone
that starts in the hydrated polymer area. This process occurs
after hydrolysis in the polymer matrix which is facilitate

an increase in the carboxylic end group [101], resulting in a
decrease in the molecular weight of the polymer resulting in
loss of mechanical strength; (iii) Development of degradation.
The polymer has a significant mass loss caused by a continued
decline in molecular weight until polymer integrity cannot be
maintained [102]. (iv) Polymer ecrosion that occurs when
polymer molecules break and dissolve in other mediums
[103,104]. Schematic illustration of all processes is shown in
Fig. 2.
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Fig. 2. Schematic illustration of a hydrolytic degradation process in
polymer. [Reproduced from ref. [105]

Lu and coworkers [106] have observed the degradation
process of three silk fiber films that have different crystalline
and structural contents, and are insoluble in enzyme solutions.
They report that the mechanism of degradation is related to
crystal content, crystal structure, and hydrophilic interactions.
The degradation process starts in the hydrophilic group. The
next step is to convert the hydrophaobic crystal group into free
particles which then move into solution. Before this change
occurs, the hydrophobic group is surrounded and mobilized
by the hydrophilic group. Many researchers [52,106,107]
have reported that silk fibers with a crystalline structure (silk
II) degrade more slowly than non-crystalline and silk
structures 1. In this case, the first degradation process occurs
in silk I, which is in crystal structure and non-crystalline
unstable. Degradation occurs in protease XIV solution,
producing 1l crystals with a high crystalline structure
[52,106]. lk fibroin with water-annealed and stretching
treatment, 1t was observed that there was a change in surface
morphology during the degradation process as shown in Fig.
3[1086].

In silk fibroin films with water-annealed, stretching, and
slow drying treatment, the non-crystalline structure is
degraded first, resulting in the termination of the filaments
that envelop the core. Consequently, the formation of nuclei
is free. The phenomenon reported by Lu et al [106]
corroborates the reports of other researchers [108-110] who
have reported that non-hydrophilic crystals degraded earlier
before hydrophobic crystal groups. The process causes
hydrophobic crystals to tum into free particles which should
not be degraded in solution. Schematic illustration of the silk
fibroin degradation mechanism shown in Fig. 4

3.3 Degradation behavior by enzymes

The biodegr: n process and its mechanism are strongly
influenced by physical, chemical and biological factors. The
degradation behavior of silk fibroin is often facilitated by
other object responses [111,112], and does not lead to an
immunogenic response. In many literatures, degradation of
silk fibroin is reported t enzymatically degraded [113-
115,89] because of the dominant role of enzymes in the
degradation process of silk fibroin. Based on this fact, the
enzymatic degradation process can be divided into two steps,
namely enzyme adsorption (2 the substrate surface, and ester
bond hydrolysis [115,89]. Silk fibroin is very sensitive to
degradation by proteolytic enzymes such as carboxylase and
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actinase [114,85,116]. The stages of degradation in this type
can be explained below. In the early stages, different enzymes
absorb silk material to get a zone as a binder on the surface of
the silk material. The next stage is the digestion of silk
material by enzymes [117,114].

Left Right

Fig. 3. Surface morphology of the silk fibroin degraded area in protease
XIV solution for 720 minutes prepared by slow drying (a), water-
annealed (b), and stretching treatment. Morphology with high
magnification is shown in SEM images on the right side. [Reproduced
from ref. 106].
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Fig. 4. Degradation mechanism of silk fibroin. The Non-crystal or
unstable crystal structures were firstly degraded in enzyme solutions,
resulting in the formation of free crystal structure. Then the crystal
structure was dissolved in enzyme solutions [106].

Crystal structure

Each of the different enzymes has a different impaca
silk fibroin degradation behavior. Amorphous regions of silk
fibroin have been successfully degraded through the use of
chymotrypsin in order to obtain silk fibroin proteins with a
high degree of crystallization [114,118]. Soluble silk fibroin
proteins are reported to be degraded by a-chymotrypsin [114].
It was also reported that protease XIV was extensively
degraded on sheets of silk fibroin which indicated that
proteases w potentially degraded from silk fibers.

Several in vitro studies [119,110] of silk degradation
behavior with proteolytic enzymes have been carried out.
They reported that low crystalline protein regions were split
into peptides which facilitated subsequent cell metabolism.
Other researchers [119,120] also reported that the membrane
surface of silk fibroin was degenerated by protease E. Some
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researchers [117.121] has reported that sheets of silk fibroin
immersed in various solutions of proteolytic enzymes showed
that protease XIV and Collagenase 1A were able to degrade
silk fibroin with a crystalline structure Silk II. While the
increase in crystallization is directly proportional to the

ase in time occurring in silk fibroin with the crystalline
structure of Silk I. Also, it has been reported that a-
Chymotrypsin  decreases the crystallinity of silk
[119,122,110], though, it has no serious effect on the
degradation of silk.

3.4. Silk Fibroin Degradation due to UV irradiation

The researchers were very interested in the degradation
process of fibrin due to ultraviolet (UV) radiation. From the
results of the tracking it can be seen that in 1996, Yanagi et
al. [123] have reported the results of their investigation of the
degradation process in silk. They proposed modelingt the
oxidation of fibrin to a-keto-acida. In 2005, Shao et al. prove
that the tyrosine content and the degree of crystallinity
decrease during aging caused by UV [124]. Previously,
Sashina et al. [125] announced their proposal for the
mechanism of tyrosine oxidation which could explain the
yellowing pheréemn of silk. The researchers also reported
the same thing that the polymer chain length was reduced by
the breaking of C-N bonds in the peptide hn According to
them, ozone can also trigger the process of degradation of silk
fibroin in the formation of amino groups and carboxylates
[126].

It has become common knowledge that commonly used
polymers are degraded under the influence of UV. The
polymer response to UV radiation exposure is an important
area of research especially for polymers which use in UV
irradiated environments. This exposure may cause significant
degradation of the polymeric material. The UV radiation
causes photooxidative degradation [127,128] resulting in the
breaking of the polymer chain resulting in deterioration of
mechanical properties [129,130]. Biodegradation of dissolved
silk can be monitored using UV spectroscopy [131,132]. This
tool is also used to measure the yellowish index in samples
ex to UV radiation [133].

n previous studies, it has been reported that electron spin
resonance was used to study the influence of UV light,
including UVA, UVB, and UVC, on spider draglines
[134,135]. It has also been reported that UVA mechanically
corroborated the diurnal spider draglines of Nec. spider [136]
in spite of the fact that its im on energy of mechanical
breaking is not explored. The mfluence of UV light on the
energy of mechanical breaking of the diurnal and nocturnal
spider silk has been explored by Osaki et al [137]. They

rted that UV can strengthen the diurnal draglines of

.clavata, L. blanda, and A. bruennichii. However, UV
mechanically weakens the draglines of Y. sia nocturnal and
N. nautica.

In terms of silk degradation, Koperska et al. [35] have
proposed schematically the Silk degradation pathway by
emphasizing changes in primary structure as shown in Fig. 5.
This scheme was built based on various previous studies.
Hydrolysis and oxidation potentially affect the state of amino
acid chains. The carbonyl and amine groups are formed by the
presence of peptide bonds in the amorphous zone when high
humidity is reached [138]. At a relative humidity of about
65%, hydrophilic silk is naturally bound by water [138,139].
In alkaline conditions, alkali hydrolysis occurs from the end
of the peptide chain and takes place more slowly than the
process in the acidic region [140]. In acid hydrolysis, both
hydrogen bonds and disulfide one are used to disrupt the
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process so that the primary, secondary and tertiary structures
are more irregular.

oxydation

Fig. 5. Silk’s (fibroin's) degradation pathway scheme. Reproduced from
ref. [37].

The effects of daylight on silk can be emulated with
ultraviolet (UV) irradiation. Despitedifferent ways, this
UV irradiation produces the same effect on the structure
and properties of silk [103]. Its resistance to UV is one of
the physicochemical properties that becomes an important
consideration in supporting its application. In addition, its
resistance to UV radiation is one of the physicochemical
properties that becomes an importa onsideration in
supporting its application. Silkworm silk fiber has been
widely used as a biomaterial [4, 141-143]. Osaki et al
[135,136] have made observations on spider silk Nephila
clavata (Nc) using spin electron resonance. The results
show that Nc is more resistant to UV radiation compared
with the Bombyx mori silk fiber.

Rf=0 —

0.16 — |

026 >

N. clavata B. m@ (LMW) (HMW) (HiMark)
Fig. 5. Band densities of (a) Nephila clavata spider silk and Bombyx
mori silkworm silk, and (b) three kinds of molecular-weight. Sample
was examined using SDS PAGE prepared before UV irradiation, and
the silk protein bands in the image are shown by arrows. [146].

The very interesting nature of silk is its bioactive, i.e.,
its ability to integrate with functional parts in the body to
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produce functional materials [144]. Wanpeng Liu et al
[145] have been investigated the UV-reactive silk (-fibroin
doping and its stabilization model using the horseradish
peroxidase (HRP) enzyme and its bioactivities as the effect
of the process of UV-reactive silk (-fibroin
photolithography. The bioactivity of sample attached in
biological molecules to UV with HRP doping model shift
blue after exposure to tetramethylbenzidine during UV-
reactive silk (-fibroin photolithography.

Effect on molecular weight.
a

Rf=0 -

properties. Cell interactions can be increased by diversified
the molecular weight [147,148]. Matsuhira [146] reported
that the density of silkworm bands observed using SDS-
PAGEis decreased with increasing UV@diation times. This
phenomenon shows the occurrence of decomposition due to
the cleavage of protein chain molecules. It was also reported
that the degradation rate was constant as a result of UV
radiation for silkworms larger than N. clavata spider.
Sionkowska andiMlanecka [ 149] have investigated the effects
of UV radiation on regenerated silk fibers lved in water
using UV-Vis spectroscopy. They found a change in the
molecular weight of the silk after it was exposed to UV
radiation as indicated by SDS-PAGE chromatography.

b
=) —

spider silk silkworm silk

4. Conclusion
In order to meet the demands of the application of silk fibroin
as a biomaterial, biodegradability is one of the important
properties that requires in-depth study. Fibroin functions as a
core consisting of f-sheet crystal regions that are highly
organized and are the main element of silk fiber. Silk fibroin
can be deg enzymatically, therefore enzymes are the
main actors in the process mgradation of silk fibers. In the
case of the application of silk fibroin as a biomaterial, §Eis
very important to control the degradation behavior. For
example, the degrafeftion rate of the scaffold must be
controlled so that it matches the rate of tissue growth. The
process of development of degradation varies, depending on
the factors associated with structural and morphological silk
roin. Other factors that play a role are protease inhibitors

0 1 2 3 45 0 1 2 3
Irradiation time of UV rays/ hrs
Fig. 6. Band densities of (a) Nephila

4 5
a'ladialion time of UV rays/ hrs
clavata spider silk, and (b)
Bombyx mori silkworm. The samples prepared after UV irradiation
for various time duration [146].

Matsuhira et al [146] have proved that the weight of Nc
spider silk molecules is more resistant to UV radiation than
silkworm silk. This is thought to be caused by the amino acid
chain and molecular orientation as well as the [(-sheet
structure. In biodegradable polymers like polycaprolactone
(PCL), molecular weight reduction has a prominent effect on
the capability of cell adhesives and proliferation rates by
transform surface roughness and stiffness. It is also shown
that long-term UV radiation can cut off the polymer chains
which can ultimately alter crystallinity and other mechanical

5.

produced by silk itself, and ultraviolet radiation.
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