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Preface

Silk is a biomaterial composed of two proteins: fibroin and sericin. Fibroin is a fibrous and
hydrophobic proteintepresents about #&0% of silk filament, while sericin, a globular and
hydrophilic protein, rages from 20 to 30%.

For years, fibroinhas beenemployed as a biocompatible and biodegradable material in
medicine surgery, tissue engineering, and drug dgliv@onversely, sericim textile waste
product,o n Iregentlyh as be e al u eplopeftiesrof biotompatibility, controllable
biodegradability and not immunogenicigijowing its usen pharmaceutical, biomedical and
cosmetic fieldsln detail, sericin exhibits antioxidant, atyirosinase, antelastase, and anti
inflammatory activities that make it a promising bioactive protein. This intrinsic biological
activity and good features as an inert excipient are exploitable for the formulations of drug
delivery systems. To date, the potential of sericin for the design and development of
nanosystems has not been completely investigated. In fact, nanoparticles based on silk sericin
fal oned can not be p-chendcal ingtability, idfluenced by exiredme p hy
pH, high water solubility antbw temperature; for these reasons|mast always needs to be
combined with other polymers for the development of drug delivery systems.

Overall, sericin can ndie considered only a waste product of the textile industry, but & high
addedvalue ingredient to be used in a plethora of cosmetiesmeceutical, and

pharmaceutical products.



Introduction

1. The silk: general aspects

Silk is a protein fibre of animal origin produced by spiders of the Arachnida dleghi{a
clavipes and Araneus diadematasd insects that belong to the Lepidoptera ditler

Spider silk is used for many vital functions like protecting eggs, for dragline formation and
capture nets that can withstand high impaat&l trap insect§2]. However, it is not
commonly employed in biomedical and pmaceutical fields due to the smaller yield and
wilder nature of spiders compared to the silkworm and the lack of commercially established
supply chains, as occurs in sericult{8¢

One the most extensively characterized and utilized silks for textile and biomedical use is
from the domesticated silkwornBombyx mori It belong to the Bombycidae family
(mulberry) and together with the Saturniidae family @¢moulberry) are the only two members

to produce silk with commercial importance.

The classification of silkworms in the mulberry or nmmilberry family originates mainly

from the eating habits of insects. The silkworms of the mulberry family are now completely
domesticated and require human care for their growth and reproduction, which does not occur
naturally. On the contrary, those not from the mulberry family are spdwédivte wild in
different geographical regionand this isnvhy the silk extracted from them has very different
characteristics from specimen to specirfdn

Bombyx moriproduces a massive amount of silk proteins during the final stage of larval
development. Two kinds of silk proteins have been distinguished as coayponents of the

silk cocoon: the fibroin and the sericin, closely linked but different in terms of structure and
properties.

The production of cocoon lasts about three days and occurs from outside in, where two fibroin
coreybres(5-10 nm wide)are cated by the amorphous gHike sericin(Figure 1) to form

the silk threads, whose size ranges from 900 to 15(Q8]m.
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Figure 1: Scanning electron microscope (SEM) image of the silk fibre, which contains fibroin
and sericin. Scale bar: 16m (x 1,500). Reproduced frorsoft Matter Crivelli, B.;
Perteghella, S Bari, E; Sorrenti, M; Tripodo, G; Chlapanidas, T; Torre M.Silk
nanoparticles: from inert supports to bioactive natural carriers for drug delivénp46557
(2018), with permission from Royal Society of Chemistry

As a biological structural material, the cocoon has a hierarchical structure that we assume has
been ogmized through evolutionary pressures over millions of years to provide the optimum
protection for the silkworm pupaéhey are exposed to a wide range of threats such as
physical attack from animals, birds or insects, or more subtle threats such ag barcter
simply harsh environmental conditiof§. Also, a minority norsericin like component made

of fats and waxes (0.4 to 0.8%), inorganic salts (0.7%), sugars, mineral salts, pigment (0.2%)
and othe impurities are present in the cocdaih [8].

The natural silk synthesized by the silkworm and spun in ¢ fof a silk cocoon is
originally synthesized in the silk glands, a paired organ consisting of modified labial/salivary
glands located at the two lateral sides under the alimentary canal. Each gland is a tube made
of the glandular epithelium with two roved cells surrounding the lumen. The cells are huge
polyploid cells with an extremely ramified nucleus containing various nucleoli. Nuclear
ramification develops gradually during the larva growth and reaches evident size in the fourth
and fifth instars. Raification considerably enlarges the nuclear surface and facilitates the
transfer of materials related to the silk production between the nucleus and the cytoplasm. In



agreement with its morphology and function, the silk gland can be divided into a gosteri
middle, and anterior region (Figure 2).

The posterior part is long about 15 cm and is composed of about 500 secretory cells
responsible for the synthesis of the silk fibroin. The middle region of the silk gland in the
lumen of which silk proteinsra stored until spinning is about 7 cm long and contains about
300 secretory cells producing silk sericin. It is subdivided into four areas: anterior, anterior
middle, posteriomiddle, and posterior. Each area differs due to the density and morphology
of the material contained in secretory vesicles, and each of them secretes three different types
of sericin in the lumen. Besides, the middle region of the silk glands acts also as the reservoir
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Figure 2: Bombyx morisilk gland (a), stained with light green 1%. Anterior (ASG), middle
(MSG), and posterior sil{PSG). MSG and its areas: anterior (1), antematdle (2a),
posteriormiddle (2b), and posterior (3). Head (H). Panels (b), (c), and (d) showed the
anterior, niddle, and posterior regions, respectively, stained with haematoxylin and eosin.
Cytoplasm (Cy), nucleus (arrows), and lumen (Lu). Reproduced BmWMed Research
International Kunz, R. I.; Brancalhdo, R.M.C; Ribeiro, L. de F. C; Natali, M.RSilkworm
Sericin: Properties and Biomedical Applicatignk9 pages (2016), Article ID 8175701 (Open
Access)



for the maturation of fibroin. Finally, the anterior part is a thin duct about 2 cm long
composed of about 250 cells; it is not secretory and acts as a@dssaonvey the silk
substances to a single structure near the head called tispisiting organ (or the spinneret)

[9].

Silk glands secrete one fibroin and three layers of sericin from each posterior and middle
region as separate filaments called brins. T lirins are held together by the sericin, which
hardens on exposure to air and such combined brins form a single filament callgd@Jime

The life cycle of the silkworm is divided into different stages of metamorphosis (Ryure

Cocoons ready for Pupae in cocoon Silkworm spinning
making silk fibres

Figure 3. Production cycle oBombyx morsilk by the silkworm. Reproduced frollaterials
and Design Ude, A. U.; Eshkoor, RA.; Zulkifili, R.; Ariffin, A. K.; Dzuraidah, A.W.;
Azhari, C. H.,, Bombyx mori silk fibreand its composite: A review of contemporary
developments7, 298305 (2014), with permission from Elsevier

The first stage of silk production is the laying of silkworm eggs. In this péhedemale
silkworm deposits from 300 to 400 eggs at a timea controlled environment and dies
immediately afterward$On the other hand, the male silkworm lives only a short period after
that.In the second stage, the eggs are incubated for about ten days until they hatch into larvae
(caterpillars). The third age is the feeding period: the larvae are fed, for a period of four to

six weeks, with mulberry leaves so that they can store enough nutrients until the caterpillar is



formed. As soon as the silkworm stops eating, it is ready to spin a silk cocoon that the
caterpillar weaves wrapping the silk fibres around itself.

In just three days cocoons weighing a few grams are maaesiafyle continuous silk strand

with a length varying betwee®00-1500 m. After the formation of cocoons, the silkworms
lose their skinfor the last time and then turn into pupae (or chrysalis). Each cocoon has an
ellipsoidal shape with a lesser thickness at both ends, where it comes into contact with an
alkaline secretion from the silkworm, thereby allowing the insect to emerge as aanoth
complete the metamorphogisl .

Two species of silkworm exist called pure or hybrid: the first one is born from the mating of
moths of the same race, while the "hybrid" insects can be traced back to the crossbreeds.
Besides,Bombyx moriis classified according to voltinism: the raceslezhlmonovoltine,
bivoltine and polyvoltine complete the biological cycle respectively once, twice or several
times a year. Voltinism is a hereditary character but modifiable through external factors, such
as temperature, or artificial factors, such as dbahtreatments; in this way, it is possible to
develop more than one annual generation also in monovoltine species, hence increasing the
silk production yield.

Nowadays, about 20Bombyx morstrains have been identified by the ClRIit of Research

of Apiculture and Sericulture, Padua, Italy (CRA®I), one of the most important silkworm
germplasm banks in Europe. The strains differ in various characteristics such as cocoon
shape, colour, volae, total weight, the amount of silk produced and some functional
capabilities, which constitute a useful element for silkworm classificafigule 4.

Most of the commercial varieties of silkworm cocoons are white and are composed of
approximately 75%w/w silk fibroin fibre and 25%w/w sericin. To develop a new use for
sericin, sericirrich varieties of silkworm cocoons have been developed, producing more than
40% sericin or even spinning only sericin protein without fibroin. In the last case, thetamoun
of sericin in the cocoon accounts for over 90% of the cocoon and the small amounts of

pigmentwax, inorganic salts, carbohydrates and other impurities.



Figure 4: White and colouredombyx moricocoons. Modified fronMaterials Science and
Engineering C 61Cao, T.T.; Zhang, Y.Q., Processing and characterization of silk sericin
from Bombyx mori and its application in biomaterials and biomedicifd§952 (2016),
with permission from Elsevier

Diverse chemical composition of cocoons thatild often influence the biological activities

of silk proteins: e.qg., the colour of cocoons reflects the presenaeyong proportions lutein,
carotenoids and polyphenols, molecules commonly known for their biological properties
(ROSscavenging, antiyrosinase, anielastase, and antiflammatory).[12]

Many of these compoundterive from the silkworm larvaeating mulberry leavegfter the
digestion and absorption by the silkworm, these secondary metabolites run directly into the
bloodstream and finally reach the silk glands to appear in the sericin layer of the cocoon shell.
Lastly, sericin layers of theocoon contain visible and nensible pigments, mainly including
flavonoids or their glycosides, especially in the light yellow Daizo coclbdras been found

that flavonoids with a similar structure can protect against bacteria and pests and allow the

pupa to metamorphose and develop smoothly in the co@&on

1.1 The silk fibroin

Bombyx morisilk fibroin is the major component of silkworm silk fibres (2% w/w),
which consists of polypeptide chains with a molecular weight in the range eé35Z0RDa.

The primary structure of fibroin is composed of repetitive glycine (Gly) and serine (Ser)
sequences iGlyi Seii Glyi Alai Glyi Alai) of hydrophobic heavy chains {¢hain, 391.6
kDa) and norrepetitive hydrophilic light chains ¢chain, Mw: 27.7 kDa) with terminal C

and N groups. The two chains are linked by a unique disulfide bond between thescygfein

of the L-chain and the cysteine-2D (the 28 residue from the carboxierminal domain) of



the Hchain. Also, the glycoprotein fibrohexamerin (P25, Mw: 25.2 kDa), which is non
covalently linked to thehains mentioned aboyis present in the strugte of the silk fibroin

and provides integrity to the entire structure. The molar ratio-ofi&in, L-chain and P25 in

silk is 6:6:1[13] [4]. The hydropilic L-chain comprises of alanine (Ala), serine (Ser), glycine
(Gly) to 14%, 10%, 9%, respectively, and acetylateeteishinal Ser residues. The
hydrophobic Hchain includes 45.9% Gly, 30.3% Ala, 12.1% Ser, 5.3% tyrosine (Tyr), and
1.8% valine (Val)14]. The repetitive hydrophobic amino acid domains iboin fold and
bond together via hydrogen bond&gn der Waals forces, ard/drophobic interactions, to
form an antiparallelb-sheet crystalline structurésSigure 5).

fibroin protein coat

sericin

[-sheet crystalline domain degumming amorphous domain

N-terminus heavy-chain C-terminus

hydrophobic
hydrophilic repetitive domain
repetitive domain

Figure 5: Schematic representation of the silk. (A) The raw silk fibre consists of two fibroin
filaments coated together by sericin. After the degumminggssydhe sericin is removed and
the fibroin fibres are dissolved in solution; (B) illustration lofsheet crystalline and
amorphous domain structure; (C) representation of the silk fibroin keeauy constituted of
hydrophobic and hydrophilic repetitiveohains. Each hydrophobic subdomain consists of
different repeating units of hexapeptidé&lyi Seii Glyi Alai Glyi Alai ). Reproduced frond
Funct Biomater. Jao, D; Mou, X.; Hu, X, Tissue Regeneration: A Silk Road.(3), (2016)
(Open Access)



These crystalline domains are highly organized at the microscopic level and act as
crosslinking points in the less ordered, poorly oriented amorphous matrix, which comprises of
random coils,b-turns, and/orU-helix structures and is formed of nogpetitie domains,
forming a resultant moleculayshnet structure. Thgshnet, the sengrystalline structure
could be considered to be the fundamental architecture of the silk. The $hsimept
interactions, the high degree of order, and high densibyaoysillites are believed to absorb
impact pressure and distribute it throughout the entibeoin network, and so, confer
excellent mechanical strength to the silk network.

The secondary structure of the silk fibroin is organized into three crystalline nuadield

silk 1, 11, and 1ll. Of thesethesilk | is the solidstate structure of silk fibroin stored in the
middle silk glands after drying without any external forces. It is a soluble form which remains
stable and nonviscous up to high concentrationawittprecipitating, this presumably being
essential for secretion of mature silk fibres. By contrast to liquid silk, Nuclear Magnetic
Resonance spectra showed that in the stlite silk | is composed of randerpil domains
together with regions with a wellefined ordered structurgs]. Contrarily, during the
spinning, the fibroin structure changes from dissolved;dedsred silk | to solidied, highly
ordered and insoluble in water silk 1l, which featurdssheet crystalline structuf&5]. Silk

fibroin possesses the intrinsic capacity to switch from one secondary structure to another and
often this event is promoted by different processes: the treatment with alcohols, including
ethanol and methanol, the applicatiof physical shear, the exposure to the water annealing
process, electromagnetic fields or autoclaving treatment can lead to the transition of
conformation of the silk fibroin in its silk Il secondary structyB. The possibility of
controlling the internal secondary structure of silk is a method for successfully adjusting it
external properties, such as mechanical strength, solubility, and biodegradability.

Lastly, silk 11l is a solid form of silk fibroin that features mostly trifold helical chain

conformation and is found on the air/water interfgd.

1.2 The silk sericin

Bombyx morsilk sericin is a group of hydrophilic glycoproteins with a molecular weight that
ranges from 20 to 400 kDa, depending on the extraction methods, temperature, pH, and
processing time. Sericin comprises of 25 to 30% of the@waveight and similar to fibroin,

it is made of 18 types of amino acids, although there are large differences in the amino acids
comprising of two proteins. As mentioned above, the silk fibroin is mainly composed-of non



polar amino acids while the aminoid content of silk sericin is just the opposite; the majority

is represented by polar amino acids including Ser, glutamic acid (Glu), aspartic acid (Asp),
threonine (Thr), and Tyjl17]. Of course, the chemical composition of the sericin protein is
slightly different dependigp on the silkworm variety.

Sericin is insoluble in cold water; however, itrsadly hydrolyzed, and the long protein
molecules break down into smaller fractions, which are easily dispersed or solubilized in hot
water.

Based on histochemistry and cheatiphysical evidence, silk sericin is generally considered

to be composed of three layers that externally cover the fibroin filaments: an outermost layer
(OL), one middle (ML), and one innermost layer (IL), which coincides with the one closest to
the fibran fibre (Figure 6). OL, ML, and IL layers represent 15%, 10.5% and 4.5% of the

total silk protein, respectively18]

OL 15 %

ML 10.5 %

IL 4.5 %

Figure 6: Schematic illustration dhyered sericin in a commercial white silk cocoon

The solubility of the sericin which composes the outermost layer of the cocoon resulted in
greater sizes in boiling water (at 120 °C for 2 h) than that of more internal sericin, which can
be solubilized usg an alkaline solution 0.2% of sodium carbonate-((&) after boiling for

30 min [8]. This result depends on th different amino acid composition between sericin
layers[19]. As confirmation, a sty conducted by Wang et collaborators has revealed that
the number of hydrophobic amino acids gradually increased, while the hydrophilic amino
acids gradually decreasgming from the outside to the inside of sericin layers. Tata
suggested that theader a sericin layer is to the silk fibroin fibres, the more similar its amino
acid composition is to that of the fibroin fibre.

Moreover, the use of different degumming conditions let gets three sericin fractions that are

coloured differently when exposdd the cochineal, a dye obtained from the homonymous

10



insect belonging to the Coccoidea family, especially from the females dbddabsy/lopius
Dactylopius coccuandKermes vermilicspecies[18]

Fibroin and sericin showed a different absorption capacity towards the dye, composed of
picric and carminic acid. Fibroin can selectively absorb picric acid ialkedine solution
assuming a yellow colour. Sericin, on the other hand, thanks to its marked absorbent
properties, can simultaneously absorb picric acid and carminic and since the red colour covers
the yellow colour, the fibres take on a red colour. Afiter degumming process and treatment
with the dye, the fibres appeared yellow suggesting that the sericin had been completely
removed. As can be seen in Figure 7, the treatment with water at 100 °C has promoted the
removal of the only outermost sericin layas the fibres still show eelativdy intense red

colour. Treatment with water at 120 °C causes the elimination of an additional layer of
sericin and thereby fibres assume one pinker colouring, while the treatment wi@ONat

100 °C hasvholly remowed the sericin and fibres turn yellow.

100 °C H,0 120 °C H,0 100 °C Na,CO,

Figure 7. Silk fibres after the cochineal dyeing test. Modified fréxdvanced Materials
ResearchWang, Y-J; Zhang ¥Q, Threelayered sericins around the silk fibroin fibéom
Bombyx mori cocoon and their amino acid composjtsols. 175176, 158163 (2011), with
permission from Trans Tech Publications
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Depending on the solubility, sericin can be classified into three fractions: A, B daH[G]

[10] The first is in the outermost layer of the cocpand it is the more soluble fraction in
warm water, which contains approximately 17.2% nitroggh Ser, Thr, Gly, and Asps

more abundant amino acids. In the intermediate layer, sericin B with 16.8% of nitrogen is
found and it is composed of the samelgr amino acids as sericin A but in a minor
percentage. The amount of polar amino and neutral amino acids decreased (39.34, 38.62 and
23.82% mol in the outer, middle, and inner layers, respectively), with the decrease of the most
prominent serine 28.00,557 and 13.32%mol in the outer, middle, and inner layers,
respectively, while the serine content in the silk fibroin was 7.65% [B]ol Lastly, the
fraction of sericin C is adjacent to fibroiand it is insoluble in hot water and contains a lower
content of nitrogen, 16.6%. In addition to the amino acids found in sericins A and B, fraction
C also contains prolin@ro).

Considering the molecular weight, Takasu etwarkers have identified the three sericin
layers as A (250 kDa), M (400 kDa), and P (150 kbased in place of synthesis in the
anterior, middle, and posterior area of the middle silk gland oBtimabyx mori20] [21].

These sericinsra encoded by three different genes called Serl, Ser2 an{P3E§33].

Serl was the first discovered gene, localized in chromosome 11, locus Src. It is a 24 kb
singlecopy gene, partially cloned and sequenced, which codes for four main mRNAs of 10.5,
9.0, 4.0 and 2.8 kb, respectively dyernative splicing[24]

Serl has nine exons containing a highly conserved repeating unit of 114 bp, which codes for a
peptide of 38 amino acids. The expression of sericin genes, mainly Serl, is regulated in space
and developnmet. During the fifth stage of larval development, Serl is transcribed only in 150
cells of the posterior middle silk gland. Of these 150 cells, 42 are specialized in processing a
pathway resulting in the production of the 2.8 kb Serl mRR3J.

The middle silk gland cells also express another sericin gene (Ser2), which is about 12 kb
long and composed of 13 exons. It encodes for two proteinsigeddoy alternative splicing

with molecular weights of 230 kDa and 120 k[24].

Ser2 gene proved to be more complex and variable than any other known gemegesitod
proteins. Its gene organization remembered that of the Serl gene, especially the similar size of
the first two exons encoding the signal peptid26]. At the beginning of silkworm
development, this gene is expressed in all the middle silk gland cells but, as development
proceeds, expression becomes restricted to only the anterior cellsioldwggcal effect of this
topological and temporal regulation of the mode of expression of these two genes is the
continuous secretion and layering of the different sericins around the silk fibroin thread.
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The last gene involved in sericin synthesis, Sgede, was discovered by Takasu et
colleagues. It also is located in chromosome 11, locug Saad with a size of about 3.5 bp
contains 3 exons and encodes a simple transcript of 4.5 kb. The Ser3 gene is expressed in the
anterior part of the middle silland after day 5 of the fifth instf21].

The amino acid compositions of the 400 and 150 kDa sericin are similar to each other, but
that of the 250 kDa component was different. Tdédéasuggests differences in the coding
gene and prope#s of the 250 kDa sericin from the other two. In detail, sericin A is shown to
be the product of Ser3, while Sericin M and sericin P are considered to be the alternatively
spliced products of the Ser 1 gene.

In 2013, Dong et colleagues identified otheotpms of unknown function in thBombyx

mori silk, among them, a large protein BGIBMGA011896 expressed by the novel sericin gene
designed as Ser4. It is approximately 40 kb long and, as Serl, Ser2, and Ser3 genes, localized
on chromosome 11. Ser4 contai3¥ exons and 33 introns subjected to the six alternative
splicing processes to synthesize serifoiar proteins with sizes 26080 kDa localized into

the inner and middle sericin layer.

Quantitative reatime PCR was performed to investigate the expression profile of the Ser4
gene in the silk gland. The Ser4 is highly transcripted in the middle and posterior area of the
middle silk gland. Compared with the Ser2 gene, during differentl@j@wental stages, the

Ser4 transcriptional activity gradually reduced from the third instar to the moulting fourth
instar and then disappeared in the fifth indiar]

Also, the genes MSG3, MSGS4 and MSGSb have been inctied in the sericin expression.
MSGS3, MSGS4 and MSGS codify mRNA long 3500, 2950 e 450 nucleotides,
respectively, but their structures have not yet been fully clarified.

Structurally, sericin is a globular protein consisting of randmih andb-sheetdomains. Wu

and collaborators discovered that the sericin is characterized by a higher percentage of
randomcoil regions (56.8%) compared to the-sheet conformation (43.2%]28],
corresponding to the amorphous and crystalline regions of the protein, respectively. Changes
from randomcoil structure tob-sheetsquickly occur in response to mechanical stretching
properties, moisture absorption, and temperature, where tkgelstlansition occurs. The
formation ofb-sheet is favoured in the dehydrated state and can be induced by adding cross
linking agents or by treating with organic solve{29]. In hot water, 5860 °C or higher,

protein adopts its soluble form, but at lower temperatures, the solubiligducedand the

randomcoil structure is converted intpsheets, resulting in the formation of a ¢8].
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1.3 The silk sericin extraction and recycling

In the textile sector, silk processing from cocoons to the finished clothing articles consists of a
series of steps which include: reeling, weaving, degumming, dyeing or printing, and finishing.
Among these, degumming is the key process during whichirsesicemoved from fibroin
because it is a waste product and silk fibres gain the softness, whitenesstiactive shiny

aspect highly appreciated by the consumers.

Since alnatural and acquired impurities, other than sericin, such as waxes, pigmnents
mineral substances, constitute onlyiry fraction and are easily removable, the degumming
process can be considered mainly as a breakdown of the peptide bonds of sericin, both with
hydrolytic and enzymatic methadsand its subsequent separation frofbbroin by
solubilization or dispersion in water.

Fibroin and sericin, as components of raw silk, differ considerably in their chemical
composition and accessibility into the cocoon. While the former is vi@geluble owing to

its highly oriented and csfalline fibrous structure, the latter, as a polymer present on the
surface, is more easily accessible to degumming processes. Furthermore, the typical chemical
composition of sericin rich in polar amino acids gives the protein a great solubility in @aqueou
solutions containing soap, alkali, synthetic detergents, or organic EBO¢E31]

Despite what has been mentioned so far, recycling sefteinraeling and processing silk has
long been difficult due to the complexity of recovery, high cost and low efficiency. For this
reason, amextensive analysis of the extraction conditiansiraw silk refining processes are
important because theseonditions could influence the final properties of sericin.
particular the degumming conditions should be carefully controlled because sericin is highly
susceptible to heaf32] Various parameterssuch as the types of chemicals and their
concentrations, the temperature, and the treatment time will involve the degumming rate,
molecular weight distribution, and even the amino acid composition of sericin. Firely, t
extraction efficiencyis also relevant because it will determine the economic value of the
sericin extraction method33]

To date, there are several methods of silk degumming and raw silk refining, divided into

chemical, physical, and enzymatic processes (Figuf8]§R4] [35]
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Figure 8: Silk degumming methodsnd recovery of the silk fibroin and sericin proteins

In the traditional process of degumming in silk manufacturing, chemical extraction with soaps
and detergents is now the most widely adopted industrial technique since it causes no fibre
degradation and is a relatively simple process compared to its retnoesizymes, heat or
pressure[30] One of the conventional soatkaline degumming processes expected the
boiling of cocoons at atmospheric pressure in a3 solution, resulting in the complete
removal of sericin.

Yun et coworkers suggested that the optimal conditions for Angheraea mylittasericin
extraction required treatment with 0.02 M &z and a boiling time of 60 min. These

parameters resulted in optimal conditions to extract protein from cocoons glitliblds and
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minimum degradation. In detail, sdifferent extraction methods recapped in Table 1 were

compared to extract sericin froAmtheraea mylittaocoons

Degumming method Temperature (°C) Time
Soapalkaline
100 1lh
NaCO;(0.02% wiv);Marseilles soap (0.03% wi/v)
Hot water 120 1h
Urea (8 M) 80 10 min
Urea (8M) / mercaptoethandb% v/v) 80 10 min
NaCl (1% wiv) 25 15h
NaCO;s (0.01-0.06 M) 100 15120 min

Table I Summary of degumming methods used in the stashducted by Yun et colleagues.
Modified from International Journal of Biological Macromolecule¥un, H.; Oh, H, Kim,
M. K.; Kwak, H. W.; Lee, J. Y.; Um, I. C,; Vootla, S. K.; Lee, K. Bxtraction conditions of
Antheraea mylitta sericin with high yiedand minimum molecular weight degradati&?,
59-65 (2013), with permission from Elsevier

After the extraction, the solutions were filtered to remove the remaining cocoon pieces.
Subsequently, the cocoon pieces were washed several times with wannmdweatkat 50 °C

for threedays, and conditioned at room temperature for 12 h before being observed by the
SEM micrographs (Figure 9). Finally, to quantify how much sericin could be removed from
Antheraea mylittacocoons by each extraction method, theooms were weighed before and
after the extraction to determine the degumming ratio (%) as Y/ Wo] x 100, where W

andWs arethe initial weight and the final weight of the cocoon pieces, respectively.

Before degumming, the fibroin filaments were kept together by the sericin visible in the upper
layer (arrow) of the cocoosurface (Figure ). After the soapalkaline degumming, the
surface of the cocoon fibre became clean, and the two brins of fibeym separated. This
result suggestethe extraction of sericin from the cocoon of 10QFigure 9 B) with the
highest extraction rate (19.5 + 1.90%, mean value * standard deviation). Contrary, in the SEM

images of theAntheraea mylittacocoon after the exction process using theotwater
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(Figure 9 C) and uremercaptoethanol (Figure 9 D), the residues of sericin (indicated by

arrows) were visible due to the low degumming ratio.

Figure 9: SEM micrographs of théntheraea mylittacocoon fibres before (A) and after
different extraction methods, including sealgaline (B), hotwater (C), urea
mercaptoethanol (D), NaCl (E) and 2&&s (F). Scale bar: 106m (A, B, F); 50mm (C, D,

E). Reproduce froninternational Journal ofBiological MacromoleculesYun, H.; Oh, H;

Kim, M. K.; Kwak, H. W.,; Lee, J. Y.; Um, I. C.; Vootla, S. K.; Lee, K. HExtraction
conditions of Antheraea mylitta sericin with high yields and minimum molecular weight
degradation 52, 5965 (2013), with pernsision from Elsevier

Interestingly, the sericin that was located between the two brins of fibroin was removed

although the degumming was not completee Hegumming ratios of thentheraea mylitta

cocoons subjected to these two methods were less than 9.0%.
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The addition osodium chloride (NaCl) can increase the ionic strength of the sericin solution
facilitating its dissolution. However, this was not enough to get a drgumming, as
striations on the surface of the fibre suggestethen SEM micrograpt{Figure 9 E).The
degumming ratio for the cocoon was 13%2.0% (mean value = standard deviation) when
0.02 M NaCGQs was utilized for the extraction at 100°C for 30 min.

Figure 9 F illustrates the SEM image of the cocoon after the sodium carbonate degumming.
The surface of the cocoon fibre was not as clean as theaficdme method, but the two

brins of fibroin could be observed, and neither a stratified surface ouessud sericin could

be observed, indicating a relatively high degumming efficiency.

Because the N&Os extraction has the best yield among the other examined extraction
methods, Yun et collaborators found its optimal conditions. To do this, they dewcided
examine the time of sodium carbonate degumming treatment and the sodium carbonate
concentration to determine their effect on the extraction ratio and amino acid composition of
the sericin.

After 60 min of extraction, the degumming ratio reached a gla(&5.5+ 1.0%, mean value

+ standard deviatiorgt the NaCOz concentration 0.02 M and did not significantly increase
further (Figure 10, panel A). Regarding the molecular weight distribution, high performance
size exclusion chromatography (FBEC) analgis identified a peak at 7 mL of elution
volume, which corresponds to 200 kDa, and broadband between 9 and 17 mL of elution
volume, which coincides to 3050 kDa. When the extraction time increased, the intensity
related to the 200 kDa band decreased ¥alg degradation of the sericin. However, the
degumming ratio did not change significantly after 60 min of extraction, indicating that there
is some degradation of t#ntheraea mylittasericin by sodium carbonate when the extraction
time is extended (Figure 10, panel B).

Also, the increase of sodium carbonate concentration caused a reduction of the sericin
molecular weight. Therefore, sericin molecules that have relatively low molecular weights
will be continuously degraded into more low molecular weights and finally removed from the

dialysis tube.
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Figure 10 Effect of the NaCOs concentration on the degumming ratio of #etheraea
mylitta cocoon (A) and the molecular weight distribution of the extracted sericin (B). The
extraction time was set at 60 min. Adapted fronternational Journal of Biological
MacromoleculesYun, H.; (h, H; Kim, M. K.; Kwak, H. W.; Lee, J. Y.; Um, |. C.; Vootla, S.
K.; Lee, K. H., Extraction conditions of Antheraea mylitta sericin with high yields and
minimum molecular weight degradatids2, 5965 (2013), with permission from Elsevier

To stay the samdegumming ratio, prolonged extraction time over 60 min and th€®a
concentration higher than 0.02 M can significatively decrease the final j@ald.

Althoughthe sericin degumming in a solution of 28&s; has been adopted many times, this
method mé&es it challengingto recover higkquality silk sericin for further studies or
applications, owing to the purification steps needed to remove the chemical impurities.
Moreover, the degumming process causes a large amount of sericin degradation and
hydrolysis, reducing itsatural weight with an unavoidable loss of some functional activities.
Degumming by boiling cocoons in the water at room temperature or increased pressure by
autoclaving (HTHP) (120 °C for 2 h) remains the physical method of extraction mostly used
in the laboratory. In both cases, impurities are not introducddaining sericin aqueous
solutions that can be used immediately for further applications. However, this degumming
procedure is not usually applied in the silk industries because the treatmemiaagpand
causes significant fibroin damage without complete elimination of all the sericin layers from
the silk fibres[31]

SEM images published by Genes et colleagues confirmed that the hot water treatment of

Bombyx morcocoons preserved the primary structure and composition of the sericin enabling
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its use in the development of biomateriaifowever,it did not allow the removal oéll

protein layes from the silk fibres (Figure 11 {B6]

The sericin C remainednothe surface of the fibres becauselitsheet domains make it
slightly soluble in water compared to sericin A and B and more strongly linked with the
hydrophobic structure of fibroirsericin extracted by boiling cocoons in the water at 120 °C
showed a ield of 21.99 + 0.96% (mean value + standard deviation) and a range of molecular
weight between 100 kDa and 200 kDa. Contrary, the chemical treatment of the cocoon with
NaCOs (0.5% w/h) at 120 °Cbroke all protein interactions, making the wapermeation
inside the protein easier and complete elimination of sericin, as shown in Figure 11 a. While
achieving the highest yield of 30.04 £ 0.83% (mean value + standard deviatie@ONa
degumming process produced the hydrolysis of sericin chaintwgteudosing potential
properties, due to the reduction of its molecular weight below the 100 kDa.

As sericin isordinarly present in silk industry wastewater, the recovery of sericin is also a

critical environmental issue to be investigatgy]

Figure 11 Surface morphology of cocoons degummed in 0.5% w/ACRasolution (a) or
hot water (b). Scale bar: Ifin (x 2,500). Reproduce fromternational Journal of Chemical
Engineering and Applications&imenes, M. L.; Silva, V. R.; ira M. G. A.; Silva, M. G. C;
Scheer A. P.,High Molecular Sericin from Bombyx moiCocoons: Extraction and
Recovering by Ultrafiltration 5 (3), (2014), with permission from International Journal of
Chemical Engineering and Applications
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In the second part of the work conducted ®Byneneset collaborators, the ultrafiltration
method resulted in an alternative degumming process useful to recovery and recycling sericin
by-products. The degummed sericin in water was submitted at the ultrafiltration process to
obtain retentate fractions of g@n enriched of high molecular weights (above 100 kDa) using

a membrane of filtration with a caiff of 50 kDa.[36]

Along this same research line, Wu et colleagues announced the ultrafiltration in combination
with nanofiltration as the most potent example of membrane separation technology for

recovery of sericin from thprocessing waste of silk floss (Figure 12).
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Figure 12 Schematic diagram for the recovery of the sericin by -ulirad nandiltration

from the alkaline eluent waste that generated from the processing fibsdsland the fening
solution. Sericin was degummed with SAEW (pH= 11dbpbtain the refined silkoss and

the refining solution of sericin proteins. After ultrafiltration of the alkaline eluent, the sericin
retentate with a range of high molecular mass sericin polypeptides was collected and
concentrated by using the rotary evaporation. Contranfilttege, contained lower molecular
mass sericin oligopeptides and free amino acwass directly passed through the
nanofiltration membranelhe retentate contasal sericin amino acids (SAA) and the filtrate
(pure water) that could be-tesed for preparip the alkaline eluent. Finally, the retentate was
concentrated to a 20% (w/v) SAA by rotary evaporation to use for the synthesis of the sericin
based surfactanReproduced fronRSC AdvancedVu, M. H.; Zhang, Y Q., Nanofiltration
recovery of sericin from silk processing waste and synthesis of a lauroyl dSesidol
surfactant and its characteristicgl, 4140, (2014), with permission from Royal Society of
Chemistry
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In the study, the sericin was degummed in the styoalialine electrolyzed water (SAEW,

pH 11.5), defined by Cao et colleagues as an environmentally friendly and pefhegon
degumming agent that allows highly efficient, loast recovery of silk protein, compared to

the traditional neutral soap meth¢as8]

The work aimed to improve the processing technology used traditionally in the industrial
production of silk fibres and to produadriendly environmental silk proteibased surfactant

to facilitate efficient recovery and use of sericin from wastewater. This way represented an
alternative to the recycling of water and reducingsneere environmentabllution resulting

from the stongly alkaline waste that contains the sericin released from the traditional
procedure[39] Despite the advantages above, this method also faces the common problem of
high cost and low processing efficacy, and achieving industitealle recovery could require
further development.

Silva et colleagues focused the attention on evaluating diffesdrdaction processes (in hot
water or NaCQOs solution) and the purification of silk with ultrafiltration to recovering
Bombyx morsericin with high molecular weighi40]

Statistical analysis showed a significant effect of the temperature on the extraction efficiency
(p < 0.05).In detail, the extraction with high temperature, above 120 °C and without chemical
additives, provided an extraction yield betweén52+ 0.4% and 24.0 £ 0.5% (mean value +
standard deviation). Among the different extraction conditions taken into consideration in the
study, the degumming conduced with sodium carbonate (5.0 mg/mL) at 120 °C remained
though the best with the maximum edtion yield (30.1 £ 0.9%, mean value + standard
deviation), in accordance to what published by Gimenes et colleagues {88114

The extraction yield is strongly correlated to the degradation grade of the sericin, as
confirmed by molecular weight profiles of sampld$P-SEC showed peaks of sericin
extracted with pure ater at high temperature between 200 kDa and 100 kDa and sericin
peptides fractions lower than 100 kDa comparisonthe sericinsolution extracted with
sodium carbonate displayed molecular weights lower than 50 kDa, thereby indicating higher
hydrolysis of sericin than that caused by the autoclave treatment.

The rheological profile revealed that an increase of sericin concentmatwater solution is
responsible for the behaviour from the Newtonian to the Pseudosplastic fluid. This behaviour
is due to the increase of interactions between hydroxyl groups of the polar amino acids,
allowing the gelling of the aqueous sericin solution

The concentrations of sericin purified by the ultrafiltration system were fixed at 0.1 and 1.0

mg/mL to evaluate the effect of the sericin mass variable in the permeate flux. Polysulfone
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membrane was used with eofff 50 kDa, feed flow of 1.0 and 2.0rhin, and transmembrane
pressures were set to 0.03, 0.05, 0.07, 0.09, 0.12, and 0.12 MPa.

The feed flow rate showed a significant effect on the permeate flux for transmembrane
pressure above 0.03 MPa € 0.05), while the protein concentration showed dtesis
significance for all ranges of transmembrane pressure considered.

For the feed flow of 1.0 L/min and 2.0 L/min, the créissv velocities estimated were 0.1

m/s and 0.2 m/s, respectively. However, the amount of sericin near the membrane surface for
the feed flow 2.0 L/min was higher than 1.0 L/min, what could have increased the resistive
effects and promoted the slight increase of the permeate flux.

The authoralso investigatethe dependence of the permeate flux to transmembrane pressure,
for ead concentration fixed & feed flow of 1.0 L/min. The data evidenced that the highest
permeate flux for sericin solution of 0.1 mg/mL was 104.6 + 9.7 ¥chtand 42.0 + 6.1 kg

m? h! (mean value + standard deviation) to transmembrane pressure oMME@L&nd 0.07,
respectively.

Regarding the molecular weight distribution, the retentate flow had a large number of
molecules with high molecular weight, above 200 kbecontrastthe permeate flow showed

two main groups of molecules: one first with molecular weight 200 kDa, dueetmitial
process there did not appear to be resistance on the surface of the membrane, and a second
sizeabé molecular group of molecules lower than 50 kDa.

In recent yearsvarious studies have dealt with the removal of sericin by using proteolytic
enzymes.[30] [41] [42] Being slk degumming is a high resouro®nsuming process dn
ecologically questionable for the high environmental impact of effluents, the development of
an effective extraction process based on enzymes as active agents would entail savings in
terms of water, energy, chemicals, and effluent treatment. This ceutthle possible by the
milder treatment conditions, the recycling of processing water, the recovery of valuable by
products such as sericin peptides, and the lower impact of effluents on the environment.
Several acidic, neutral, and alkaline proteaseg theen utilized for the manufacturing of silk
protein powder in enterprises. However, some scientific studies define alkaline proteases as
better than acidic and neutral ones in terms of uniform sericin removal, retention of textile
properties, and improveent of surface smoothness handle, and lustre of silk.

Regarding this, Vaithanomsat colleague demonstrated that the optimal conditions for a
commercial serine protease hydrolyze silk fibres were in the basic environment (pH: 8.0

9.0) with a temperature comprised between 55 and 60 °C, as shown by the data of response

surface methaalogy (Figure 13). The same response surface curves showed a strong
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correlation between the enzymatic concentratima the degree of hydrolysip € 0.05)
(Figure 13). Wherthe enzyme concentration raised, the hydrolysis level was consistently
increased;on the ontrary, the rate of reaction would seem to be slightly dependent on
reaction time. The degree of hydrolysigived at the highest value of about 84%tained
from the most optimum hydrolysis condition, which corresponded to eheyme

concentratn 1% w/w (M@nzyme/ MGsubstraty @Nd reaction time for sericin hydrolysis of 60
min. [43]
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Figure 13 Response surface curves of the degree of hydrolysis (%) in correlation with the
enzyme concentration (% w/w) and tinmeii) (left figure), pH and temperature (right figure)
Reproduced from Separation and Purification Technolqgy Vaithanomsat, P.;

Kitpreechavanich, V.Sericin separation from silk degumming wastewabér (2), 129133
(2008), with permission from Elsevier

In 2003 Freddi et covorkers studied the effectiveness of alkaline (38745C 897H),
neutral (3273C), and acid (EC 3.4 23.18) proteases as degumming agents for the raw silk
fabric (crépe)[30]
Briefly, silk was extracted by using an alkaline $win containing Marseille soap (10
mg/mL) and NeCOs (1 mg/mL), setting the temperature at 98 °C for 1 h. After the
degumming process, silk was rinsed with warm distilled water, dried at room temperature
and finally extracted with petroleum ether to remove residual fatty acids, before being
immersed in a Wffer solution (TrisHCI or citric acidNa phosphate) containing the enzyme
in different dosages (0.65 U/g fabric). In this phase, the time of treatment was set between 5
and 240 min to study the kinetics of sericin removal.
While the soagalkaline extration displayed the complete removal of sericin with the
degumming loss corresponded to 27% w/w, the maximal content of protein removed in 1 h
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with enzymatic treatment was 17.6%, 24%, and 19% w/w for-83(24U/g fabric), GC 897

H (1 U/g fabric), and 32%C (0.1 U/g fabric), respectivelyt is worth noting that the acid
protease EC 3.4 23.18 displayed a very low degumming loss (7.6% w/w, 60 U/g fabric) still
after 3 h of treatment.

These results may seem disappointing because none of the proteaseshesstudy allowed

the attainment of the complete loss of the sericin from fibroin fibres under the experimental
conditions adopted. However, the crépe fabric is one of the most difficult substrates to treat,
owing to the presence of highly twisted we#irns and this often requires a high content of
alkalis also during standard chemical degumming.

Likely, other factors besides the lack of hydrolytic power of proteases played a role in
lowering the extent of degumming. This hypothesis seemed to bermedfifrom the
morphological characteristics of the sampigkich got very close to the desired degumming
loss.In detail, the morphological analysis showed that sericin was eliminated from the warp
yarns of the crépe fabric (Figure 14 a), but not fromhilghly twisted weft yarns, which still
exhibited the presence of sericin deposits within the most internal parts of the close fibre
texture(Figurel4 bhd).

Figure 14 SEM images of warp yarns (a) and weft yarnsdjbof the crépe fabric after
enzymatic degumming. Scale bar: 1@t (a); 10mm (b,c), 3nm (d). Reproduced from
Journal of Biotechnologykreddi, G.; Mossotti, R.; Innocenti, RDegumming of silk fabric
with several protease406, 101112 (2003), with permission from Elsevier
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It is interesting to note that the deposits were mainly located at the cross over points between
warp and weft yarns and/or in the more internal parts of the weft yarns.

These data confirmed that proteases failedetaove sericin from the highly twistadeft

yarns altogetherSince the ability of these enzymes to hydrolgeeicin is undisputed, the
observed behaviour can be attributed to other factors, such as the lackaotegunet
mechanical agitation in the ledrale degumming system adopted in the study, limiting the
penetration of enzymes into the close the textiivgedt yarns.

Finally, the kind of enzyme used, enzyme dosage and treatment time can change the
chromatographic pattern of soluble sericin peptides.

After 1 h of the alkaline and neutral proteases treatment (dosage: 2 U/g fabrHSEEP
profiles revealec mixture of sericin peptides ranging from 5 to 20 kDa (Figure 15) contrary

to the native sericin which covers a much wider molecular weight range from 40 to 400 kDa.
The molecular weight distribution of sericinHpyoducts is mostly dependent on thecsfe
mechanism of action of proteases, that is, the selective cleavage of target peptide bonds along
the protein chains resulting in the formation of a range of small size soluble peptides.

In particular, the sericin treated with the neutral protease-82%Bowed higher molecular
weights than those hydrolyzed usithge two alkaline proteases 33Z4and GC 897H. This
characteristic can be attributed to the different degree specificity of the proteases for the
substrate, that is, to the chemical structifrthe target cleavage site.

Despite the observations emerged in work published by Freddi et colleagues, in the silk
processingthe degumming system must be optimized with the aim to-sgatbe process for

its implementation on industrial equipment.

Paticular attention will have to be given to the investigation of the mechanical agitation
effect on the degumming efficiency of proteases. This parameter is likely to enhance enzyme
penetration within the closest parts of the fabric texture and to maikésemoval more

effective without causing significant damage to the textile goods.
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Figure 15 HP-SEC chromatograms of soluble sericin peptides obtained by enzymatic
degumming using the alkaline (334 GC 897H) and the neutral (3273) proteases.
Enzyme dosage: 2 U/g fabric, time of treatment. 1 h. Modified fréournal of
Biotechnology Freddj G.; Mossotti, R.; Innocenti, RQegumming of silk fabric with several
proteases106, 101112 (2003), with permission from Elsevier

As a consequence of complete sericin elimination, the quality of silk goods in terms of
handle, appearance and tengiteperties is expected to increase, due to the lower extent of
chemical and physical stresses to which silk is subjected to during enzymatic processing, as
compared to the traditional chemical process.

In 2020 Eomet collaborators proposed a convenient method to extract fibroin and sericin
from Bombyx morisilk cocoons using an ultrasound system and -gredie enzymatic
treatment[42]

The work aimed to simplify the degumming process of the silk, instead of useng t
traditional conditions of high salt and temperature, and produce low molecular weight silk

peptide evaluating their inhibitory effect on solar ultravidghetuced skin inflammation.
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In brief, Bombyx morsilk cocoons 1% (w/v) were dissolved in NaOHwmn at 25 °C. For
ultrasound system power, amplitude, and pulse were sébQoW, 80%, and 20 s/20 s,
respectively, maintaining annchanged temperature. After ultrasonication, silk was titrated
with hydrochloric acid (HCI) to the final pH of 7.0 and treated with pancreatin, protease,
papain or bromelain enzymes (0.5% w/v) at 25 °C for 48 h. Finally, the inactivation of the
enzyme waperformed by heating at 100 °C for 10 min.

Despite the use of 8 M ureaM lithium bromide 050% w/v calcium chloride represents one

of the most widely used methods for silkk degumming, from an economic standpoint this
practice is not suitable for magsoduction of silk given theow-efficiency of extraction|8]

To overcome this problem, in work published by Eetncoworkers ultrasonic treatment was
applied to the NaOH solution containing fibroin and sericin using concentrations of the salt
corresponded to 0.1 N and 0.25 N.

The maximum yield of soluble silk protein was about 60% w/w and was reached aftdr 4 h
0.1 N NaOH and after 2 h at 0.25 N NaOH; at the same salt concentrations, the yield of
extraction did not exceed 50% within 9 h without the acoustic wave employment. In fact,
ultrasoundassisted extraction in the low alkaline solution can increaseiprooatent and
decrease extraction time. This is possible thanks to the ultrasonic cavitation, which improves
the extraction efficiency by reducing the size of the treated material and increasing its surface
area of contact with the solvent.

Electrophoresis SD8AGE was performed to determine the molecular weight distribution of
soluble silk protein, enzymes, and hydrolyzed silk peptide after extraction using ultrasound
(Figure 16).

Silk protein showed a wide range of molecular weights withenintense bands over 15 kDa,
attributable to the heavy fibroin chain.

Because the signal from each enzyme was not clearly observed, the bands from- enzyme
treated samples related to the well 6, 7, 8 and 9 were considered to be those of silk peptide. In
particular, pancreatin and fungal protease showed a lower capacity to hydrolyze silk peptide
than papain and bromelain, as suggested by the appearance of bands related to molecular
weights above 25 kDa.

On the other hand, ultrasound treatment after enzygament of silk peptides was not
useful for the production of low molecular weight silk molecules.

After 24 h of the reaction of silk cocoons with papain, in the case of ultrasonic treatment in a
neutral phasegel permeation chromatograptayalysis (GE) did not revealsignificant

changes in molecular weight distribution of silk peptide.
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Figure 16. Electrophoresis SBDBAGE of silk peptide treated with different enzymes (0.5%
w/v). M: marker; 1: soluble silk protein extracted loyrasonication; 2: papain; 3: bromelain;
4: pancreatin; 5: protease; 6: 1+2; 7: 1+3; 8: 1+4; 9: Mdtage was set t&@0-120 V.
Reproduced fronltrasonicsi SonochemistryEom, S. J.; Lee, N. H.; Kang, M. C.; Kim, Y.
H., Lim, T. G.

Song, K. M., Silk peptide production from whole silkworm cocoon using ultrasound and
enzymatic treatment and its suppression of solar ultraviobiced skin inflammatiqrél,
104803 (2020), with permission from Elsevier

Contrary, in 0.1 N NaOH solution, as the ultrasoureghtiment time became longer, the
extracted silk peptide showed a wide range of molecular weightl@R4kDa) and high
molecular weight of silk proteins were extracted owing to ultrasonic waves.

To explore the potential antiflammatory activity of silk pptide on the skin, Eom et
colleagues investigated their effect on inflammatory signalling pathways usingnsiuved
mouse epidermal JB6 P+ cells.

Only the silk peptide produced by ultrasonication and following papain treatment showed
inhibition of sUV-induced expression of COXin a dosedependent manner. Moreover, the
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same silk peptide significantly reduced PGioduction, a product of the COX enzymes

which plays arucialrole in UV-induced skin inflammation.

Years ago, Wu et eworkersdeveloped another extraction procedure to recover sericin from
wastewater by using a chilled ethanol precipitation method. The extraction yield was
gradually enhanced as the ethanol concentration was increased, but the a@itioacth

being effective ath simple did not sound economical and eftendly when applied to an
industrial scale[28]

In a past study, silk sericin was also successfully whdlly removed from raw silk by
heating the cocoons to 110 °C in a wdatath inside an infrared dyeing machine. Infrared
heating is becoming popular in industries as a degumming method, thanks to the easy control
of the heating temperature, its convenient application with substantial savings in terms of
energy consumption a®mpared to the conventional hitggmperature higipressure process.

[44]

The higher yield obtained with infrared heating was attributed mainly to the fact that the
process consisted of radiation heating, where the energy was transferred directly to the
material in the form of electromagnetic waves. The radiation caused thetovagdtave like

an abrading agent, easing tbericin separation from the silk in addition to increasing its
solubility in water via heat. This could also explain the lower degree of protein degradation
observed in this methofB5]

In 2017 Lo et Chao studied a more ddgendly and green degumming than conventional
textile industry processes of extraction to remove sericin from raw silk fibres.

The goal of the research was to propose 8ercritical fluid as an alternative technique of
extraction which could preserve the high quality of silk fibres and to overcome the main
limits of traditional degumming processes, including the high amount of wasted energy, the
production of high tempenates as well amanychemicals released in the industrial effluents
with consequent impact on the environm§hb)

Briefly, Bombyx moriraw silk was prdreated with acetic, citric or tartaric acid solution
maintaining pH below the isoelectric point of the silk proteinshiarge them positively In

this way, the carboxylic group of the organic acid can replace the hydrogen bonds of the
proteins helping to destabilize their amino acid structure.

After 6-8 h, silk was removed from the bath and moved to the supercritical carbon dioxide
containers adding a surfactant between glycol type nonionic surfactant, lipidation glycol type
nonionic surfactant, lauryl alcohol, sodium lauryl sulfate. The additb the surfactant

creates a hydrophilic site under supercritical carbon dioxide conditions and once processed,
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the sericin can be removed from the fibroin quite easily in a pure water bath. In the
supercritical carbon dioxide containers, the temperatuess set between 95 °C and 127 °C,

CQO; levels were kept between 150 and 400 atm and the processing time between 45 and 70
min.

Figure 17 displays the morphology of silk fibres after conventional degumming by the
NaCQO:s solution (panel b) and by the supatical CO, fluid (panel ¢) extraction compared to

the untreated silk fibres (panel a). The latter appeared still bonded together with the sticky
coating protein; contrary, sericin was eliminated with success from the surface of fibroin

fibres by the superitical CO, treatment.

10 kV-Image  MAR 04 2017 16:25|
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Figure 17. Commercial grade silk fibres before degumming (a) and after degumming with
NaCOs (b) and supercritical C&Xluid (c), respectively. Scale bar: (a) &fn (x 300); (b,c)
100mm (x 600). Modified fromJournal of Materials Science and Chemical Engineerlomy

C. H.; Chao, Y.Degumming of Silk Fibers by GQupercritical Fluid 5, 1:8 (2017) (Open
access)

Lastly, the colour dyeing ability testing was performed to identify tlesgnce of sericin on
untreated and degummed silk samples, respectively. Three shade acid dyes were used: red
2G-T, yellow 2RNT and Navy blue RN deep, heated to 90 °C for-30 min. For each

dyed fabric sample, reflectance (%) was measured after dgeprgssing the colour strength

of dyed fabric by its colour strength (K/S) (data listed in Table 2).

Before the degumming process, the simultaneous presence of silk proteins was responsible for
the evident retention of the dye by the fibres with colowengjth values almost two times
higher than degummed silk fabric.

The removal of sericin using either method makes it difficult for the silk fibres to retain the

dye However the test did not show significant differences in the dying process of silk fibres
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when comparing the sample group using the supercriticaln@hod to the conventional

scouring process. Thigsultstays consistent with all three colours of dyes tested.

Type of dye
Silk fabric treatment
Red 2GT Yellow 2RN-T Navy blue RN-T
Untreated 20.3 15.0 15.6
NaCOs degumming 6.6 4.4 4.0
supercritical CQ 8.2 6.5 6.8
process

Table 2 Colour strength (K/S) of untreated and degummed silk fabrics as a function of the
type of dye. Modified fromJournal of Materials Science and Chemical Engineering, C.

H.; Chao, Y.,Degumming of Silk Fibers by CO2 Supercritical Fluld 18 (2017) ((®en
access)

In 2020 Zhao and Zhang demonstrated that type of degumming process strongly
influenced the chemical/physical composition and biological activities of layered silk sericin
(the outetlayer sericin, inneftayer sericin, and wholsericin) [19]

In work, three environmentriendly degumming methods were chosamtluding hot water,
HTHP water, and calcium hydroxide (CH) aqueous solution, and sericin layers were obtained
according to the scheme of Figure 18.

Previously, Zhao et colleagues evidenced that CH aqueous solution could be used as a new
type of ecefriendly degumming agerné6]. The calcium ion that existed in the degumming
solution transforms into calcium salt precipitate after being neutralized with sulfuric or
phosphoric acid, which not only can rapidly separate and purify sericin but also can recover
calcium salt as a feri#ler to avert environmental pollution and waste of bioresources.

The authors founthat after removing the outéayer sericin in boiling water, the remaining
innerlayer sericin could be easily degummed completely through HTHP water degumming.
Regardinghe effect of the degumming process on the integrity of sericin layersP3GE&E

showed a wide range of molecular weights of sericin samples (Figure 19).
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Figure 18 Flow chart of the preparation process for the olager sericin (OL)jnnerlayer

sericin (IL), and whole sericin (WS) extracted by using boiling water, HTHP water, and CH
aqueous solution, respectively. After 60 min of cocoon boiling in water, the degumming
sericin solution was concentrated, filtered, and spirégd at 110°C to obtain OL sericin

powder. The innelayered sericin was extracted by the second degumming &CLEOHP

water for 2 h, concentrated, and spdhied. The whole sericin was removed after it had been

boiled (20 min x 2) in a 0.025%a (OH) solution.Once neutralized with sulfuric acid, the

calcium sulphate precipitate was removed via centrifugatiott WS sericin was sprajried.
Regarding the terminology, the &édRaw sil k coc
after boiling water degumming, whl e t he 06Si |l k Fi broin fibreso
has been thoroughly removed. Modified framurnal of Cleaner Productignzhao, Z. L.;

Zhang, Y. Q.,Greener degumming production of layered sericin peptides from a silkworm
cocoon and their plsfcochemical characteristics and bioactivities in vjt@61, 121080

(2020), with permission from Elsevier
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Figure 19 Electrophoresis SDBAGE (running gel: 15 %) of the outkyered sericin (OL),
innerlayered sericin (IL), and whole sericin (WS). Modified frahournal of Cleaner
Production Zhao, Z. L.; Zhang, Y. QGreener degumming production of layered sericin
peptides from a silkworm cocoon and their physicochemical characteristics and bioactivities
in vitro, 261, 121080 (2020), with permission from Elsevier

The OL derived from boiling water for silKk
and a higher proportion of hydrophilic amino acids such as Glu, Ser, and Lysine (Lys) than IL
extracted in the water at 12€. Overall, he number of hydrophilic amo acids gradually
decreases while the nguolar amino acid content (Gly, Ala) gradually increases going from
the outside to the inside of sericin lay€fable 3)

This result ign agreement with what published Wang et colleaguas 2011 [18] Glu, Ser,

and Lys percentage camit decreased from 5.91 to 3.81% w/w, 28.36 to 2%.8@w, 4.85 to

3.69% w/w, respectively going from OL to IL, while SF presentesl highest content of
hydrophobic amino acids, such as Gly (38.57% w/w) and Ala (29.41% (Wable 3) A

wide band of IL molecular weight from 20 kDa to over 1KDa suggested that the
polypeptide chain of the inndayer sericin was moderately degradddespite above
mentioned, WS exhibited tHeroadest molecular weight profile with bands distributed from

10 kDa to 30 kDa, which illustrates the highest degradation grade of the sericin caused by the
CH solution degumming treatment.
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Amino acid oL IL WS SF
Asp 12.26 12.35 11.74 1.35
Glu 5.91 3.81 4.52 1.26
Cys 9.18 6.81 7.02 0.62
Ser 28.36 27.39 29.26 8.84
Gly 10.55 11.56 11.32 38.57
His 0.34 0.35 0.28 0.02
Arg 4.32 4.82 5.77 0.66
Thr 6.70 9.22 8.08 1.73
Ala 3.64 4.17 3.68 29.41
Pro 4.03 4.36 4.15 2.28
Tyr 4.58 5.16 4.67 9.04
Val 2.53 3.22 3.09 2.42
Met 0.28 0.24 0.27 0.36
lle 0.69 0.94 0.75 0.85
Leu 1.03 1.21 1.09 0.64
Phe 0.72 0.71 0.59 1.31
Lys 4.85 3.69 3.74 0.64
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Table 3. The amino acid contendf the outeflayer sericin (OL), innetayer sericin (IL),
whole sericin (WS) and silk fibroin (SF). Data are expressed in % w/w. Modified from
Journal of Cleaner Productiqrzhao, Z. L.; Zhang, Y. QGreener degumming production of
layered sericin pepties from a silkworm cocoon and their physicochemical characteristics
and bioactivities in vitrp261, 121080 (2020), with permission from Elsevier

FTIR spectra evidenced structural differences in the three kinds of sericin powders (Figure
20). All sericins showed two characteristic peaks: the firstveagattributable to the amide |

and it was localized in the range of 1654, 1654, and 1650'dm OL, WS and IL,
respectively (C=0 stretching vibrations), and the second one appeared in the range of 1600 to
1500 cmt and belongdto amide Il (mainly caused by bending vibrations of4iel bonds).

The amide Il signal recorded to 1538 “trindicates that OL rd WS sericin layers are
composed primarily of random coil conformations. Contrary, the iay&r sericin closed

silk fibroin filament contains a higher amount bfsheet domains than OL and WS,




responsible in the ami defalow wapeaunked @51%dipi f t
Moreover, the thermal analysis confirmed that the protection provided by the fibroin offered
high thermal stability to the inndayer sericin.

Finally, a small peak near 1245 ¢nthat belongs to amide Il (mainly produced byNC
stretching vibrations and-N bending vibrations) was registered, corresponded to the random

coil and theb- sheet structures.
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Figure 20: FTIR spectra of the outdayered sericin (OL), inndayered sgcin (IL), and
whole sericin (WS). Modified frondournal of Cleaner Productigrzhao, Z. L.; Zhang, Y.

Q., Greener degumming production of layered sericin peptides from a silkworm cocoon and
their physicochemical characteristics and bioactivities in vitté1, 121080 (2020), with
permission from Elsevier

Thein vitro antioxidant activity reached a steashate and no longer increased already to the
sericin concentration 7 mg/mL, indicating that the inhibition degree reached saturation. The
boiling water degumming process resulted in best to preserve the antioxigaert gfoOL
sample compared to that of IL and WS sericins. Furthermore, OL showed also the highest
antibacterial activity againdEscherichia coliand Staphylococcus aureusvhich is almost

twice that of IL. Thisresultis probably due to the presence amtbacterial agents (e.g.
protease inhibitods which are concentrated in the external layer of the sericin. The alkaline

conditions of CH solution during the degumming process, however, may reduce the activity
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of antibacterial substances in WBurthermore, OL and WS samples both have a stronger
antrtyrosinase and-glucosidase properties than the intagrer sericin.

These results revealed that the type of degumming process strongly ingltren@eological
activity of layered sericin and its potential for applications in different fields, such as

biomaterials, cosmeticfynctional health food, and biopharmaceuticals.

1.4 Circular economy measures to apply on the silk manufacturing waste

One of the most relevant trends on the international scene is the search for innovative
solutions to dispose of processing waste, both for environmental and economic reasons, even
going as far as to make the waste of one production the raw material afracotiating what

today is called the circular economy (CHE)/]

According to the Ellen MacArthur Foundation, CE is a generic term to define an economy
designed to be able to regenerate itself. In a circular economy, W dfomaterials are of

two types: biological ones, capable of being reintegrated into the biosphere, and technical
ones, destined to be revalued without entering the biosgX8te.

The CE is, therefore, an economic system planned to reuse materials in subsequent production
cycles, minimizing waste. The linear takekedispose economic model is based on the
accessibility of a large number of resources and energy and is ingtgdess suited to the

reality in which we operate. Initiatives in support of efficiency, which work to reduce
resources and fossil energy consumed per unit of production, alone can delay the crisis of the
economic model but are not sufficient to solve pneblems given by the finite nature of the
stocks.

The transition from the linear model to a circular model is, therefore, necessary, which knows
how to seize every opportunity to limit the supply of matter and input energy and to minimize
waste and losse paying attention to the prevention of negative environmental externalities
and the realization of new social and territorial value.

In such a vision, taking into account all the phases, from design, production, consumption,
waste and end of life destition concepts need to be-egamined to preserve the value of
resources, keeping them into the production and use cycle as long as possible (Figure 21).
[49]
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Figure 21 Principles of the circular economy system. Modified fréthen MacArthur
Foundation Intelligent Assets: Unlocking the Circular Economy Poten#a outline of the
circular economyl8-19 (2016), with permission frofllen MacArthur Foundation

The textile and clothing industry is one of thst significah manufacturing sectors with a

total share of over 4% in world commodity tradel and globally worth above $ 400 billion in
terms of nominal sales. Being one of the most important industrial sectors, it turns out to be
also one of the most polluting.

Textile manufacturing causes as primary environmental burdens energy and chemicals
consumption, water retirement, solid waste production and direct emissions of carbon dioxide.
In the international context, silk is produced by over sixty countries in the world. Between
these, Asia plays a primary role with 90% of mulberry silkworm production, while Western
Europe (ltaly, Germany, France, Switzerland, and the United Kingdom)y,J&p&na, and

India represent the main destinations of raw silk yarns. Furthermore, Italy, France, Germany
and Switzerland have important silk process expertise related to the development and
manufacturing of highhpriced pieces, intended for Italian cansers or export to the United
States or Asia.

In particular, in northern lItaly, the area around Como is notorious for the agglomeration of
companies with expertise involved in silk products design, in the textile manufacture, dyeing,

designing and printim of highlevel silk products[50]
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In 2015 a survey of the Voluntary Cosmetic Registration Progf@A revealed that on 177

silk powder formulations on thearket, more than half contains silk seridiil] Those silk
ingredients are used at concentrations up to 1.4% in-eaywoducts for face powders, up
0.1% for silk sericin hydrolysed powder, or in other cosmetic products also at higher
concentrations[50] These results in about 5 000 tons of sericin used only in the USA, and
only for cosmetics every year. These volumes are usualgoaedmanufactured in the
pharmaceutical productiostarting from lowquality cocoons or short silk fibres restrained
from the textile supply chain using higield performing processes which, however, can
damage the quality of both fibroin and sericin.

Industrial degumming process for textile is moreidagnd efficient than the one dedicated to
sericin extraction for cosmetic applicatioris expects the use of substances, such as soaps,
alkalis, acids, surfactanthallengingo dispose of remove silk sericinarbetter way[52]

By this process, large amounts of sericin are produced and discharged into wastewater as pure
waste, achieving effluents with a high content of organic matter ¢gQDal to about 30,000
50,000 mg/l. COD over 2,000 mg/L, TSS over 1,000 mg/L) leading to the production of
nitrogenous substances and odours in wastewatgr.

Chemical/biochemical oxygen demand (COD and BQBspectively), and total suspended
solids (TSS) are important indexes in the control of the total content of pollution and the
management of the water environment. In particular, COD measures the amouggen

used for the oxidation of organic and inorganic substances contained in a water sample
following treatment with compounds with strong oxidizing power. A high COD value of a
discharge involves a reduction of the dissolved oxygen in the receiving bady and
therefore a reduction in seblurification capacity and to support aquatic life forfd2] [53]

In 2008 Vaithanomsat and Kitpreechavanich proposed the ultrafiltration as afmieswdly
procedure to recover higluality sericin protein from wastewat¢43]

Initially, high content of BODb (4840 mg/L), COD (8870 mg/L) and nitrogen (0.11%) was
found in the degumming waste solution fr@ambyx morsilk processing obtained from the
conventional Thai silk degumming process.

After the passage through the ultrafiltration system, the degummatiososhowed the
decrease in COD, BOfand total solid of the solution from 8870 to 260 mg/L, 4840 to 158
mg/L and 1.06% to 0.01%, respectively, indicating the quality improvement of degumming
product. Furthermore, the reduction in total nitrogen andepratontents, from 0.11% to
0.01% and from 0.69% to 0.06% w/w, respectively, suggested the recuperation of sericin

from waste solution.
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The tangential filtration method can process until 50 L/h of sericm wastewater
consuming half the energy consuiopt (16 kWh), and an 80% reduction of production cost
compared with the traditional lyophilization equipment used in the pharma ind6giry

Contrary to the Direct Flow Filtration, aldon o wn aen ddda efaidl t rati on,
feed stream perpendicular to the membrane face, the Tangential Flow Filtration (or crossflow
filtration) provides that the flow flows tangentially concerning the filter surface, preventing
the buildup of molecules at the surface that can cause fouling and obtaining higher yields of
extraction. The one portion that passes through the membrane is calledtpeminda the
remainder (retentate) is retained by the filter membrane and recirculates back to the feed
reservoir.

In the silk district of Como, around 2,000 tons of silk are produced every®ear 400 tons

of sericinis discharged into wastewat¢s5]

Sericin waste can be used to replace-had produced materials for biomedical,
pharmaceutical and cosmetic applications as losgthey are processed, upgraded and
characterized to be compliant with those sectors manufacturing practices. The sericin
extraction, recovery and reuse is possible through the correct treatment of wastewater
resulting in significant environmental, econonand social benefits, according to the CE
model (Figure 22)[9]
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Figure 22 Manufacturing, consumption, and recycling of fibroin and sericin starting from
silkworm cocoons
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Industrial symbiosis is one of the circular economy proposals which aims to favour an
efficient use of resources in the production chain, through the exchange among different
actors and/or sectors of waste streams which can enter new production cycles as input
material. This concerns benefits on the environment and economy for both the teymbio
actors, as far as the deriving economic benefit for silk textile manufacturers, as suppliers, is
higher than the processing costs.

In this context, the endser company (pharma) can use recovered sericin as input to its
production processes instead rafv material (be it raw silk sericin or another excipient),
benefiting from saving costs for buying the input material (recovered sericin cost is lower
than the one of the raw protein, about U 20C
to unused egjpment for sericirextraction.

The supplier (silk textile manufacturers) company can obtain a reduction of economic and
environmental impacts: othe one hand, it makes revenues by selling recovered sericin, on
the other hand, it reduces the processogiof wastewater treatment.

Surprisingly, as reported in the literature, it is estimated that about 1 million tons of cocoons
produced worldwide approximately 400 000 tons of dry cocoons are generated, that have 50
000 tons of recoverable sericin. Now, assuming that only 10% of Wohs®es are compliant

with cosmetics applications, this sericin protein should be recovered and recycled, involving
relevant environmental, economic and social benefits for both manufacturers and customers.
To date, there are two reasons why those voluaresnot recovered for cosmetics and
pharmaceutical use: firstly, the quality of the silk protein fraction could be related to the
degumming method, which leads to high sericin degradation, limiting its effectiveness in
cosmetics applications. In many cas¢éhe degumming process causes the reduction of the
molecular weight of sericin, thereby increasing its solubility and dissolution kinetics. In the
literature, it is reported that sericin degummed by autoclave process shows many biological
activities, intuding antioxidant, amntageing, whitening, antibacterial, amiflammatory.
Moreover, it has been employed in tissue engineering and for the production of micro and
nancadelivery systemg56] [12] [9] Secondly, the discharged sericioh wastewater has to

be treated to remove sericin from the solutiorve3al technologies can be used for this
activity, including lyophilization, spragrying and ultrafiltration, but all of them require

additional consumption of energy and the provision of equiprEsit.
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2. Silk protein employment as biomaterials

In the raw silk silkworm fibre, sericin acts as a glue protein thanks to its hydrophilic
properties and allows the fibroin nucleus toHs#d together, lubricating and promoting the
biological process of winding the thread in the formation of the cocoon.

However, fibroin and sericin cannot be employed together, both in the textile and for
biomedical and pharmaceutical purposes. Indeedhantéxtile industry, sericin is removed
from the fibroin to guarantetle high quality of the silk fibredn contrastjn the biomedical

and pharmaceutical field, the silk applications in its native form are limited by the decreased
biocompatibility due to the simultaneous presence of sericin and fibroin.

For the reasons mentioned abotlee degumming process constitutes the essential starting
point for procedures, on the laboratory or industrial scale, which exploit these proteins fo

textile or biomedical use.

2.1 Properties and use of silk fibroin

Silk is one of the most abundant naturally derived polymers. For thousands of years since the
first discovery in Chinese and Indus civilizations nearly 2500 BC, silk has been known as a
luxurious raw material in the textile industry. Owing to the development and spreading of
sericulture, where silkworms are reared and fed with mulberry leaves to collect silk fibres
from their cocoons, silk fabrics have been produced on a large scals &ath Asian
countries ever since. This luxurious textile material led to the establishment of the Silk Road,
the great trading route that connected a part of Asia with Europe, India, and Afsica.

From a materials science perspective, silkworm silk possesses excellent mechanical
properties, such as remarkable strength and toughness, offering unlimited opportunities for
the fabrication, functionalization and processing of robust biomatefidlRegarding the
stiffness, silkworm silk is superior to commonly used polymeric degradable biomaterials such
as collagen and polylactic acid (PLA) and the toughness of silk fibres is greater thestthe
synthetic materials, including Kevlar and nylon fibres (Tablg14)]

Thanks to its dyeability, elongation, breathability, and comitoprovides in warm or cold
weather, silk has been historically considered as one of the best quality naturaEfenss.

year more than 120,000 tons of silks are produced globally, and the main manufacturers are
found in China, India, and Japdh5]
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Stiffness Strength Extensibility Toughness

Materials
(GPa) (Mpa) (%) (MJ m®)
B. mori silk 512 500 19 70
(with sericin)
B. mori silk 1517 610690 4-16 70-78
(no sericin)
N. clavipes silk 11-13 875972 17-18 111-160

N. clavipes silk

(285 kDa 21 508 15 -
recombinant)

Bone 20 160 3 4
Collagen 0.00180.046 0.97.4 24-68 -
Elastin 0.001 2 150 2
Resilin 0.002 3 190 4
Synthetic rubbel 0.001 50 850 100
PLA 1.2.3.0 2850 2-6 1-3
Nylon fiber 5 950 18 80
Kevlar 49 fiber 130 3600 2.7 50

Table 4 Comparison of tensile mechanical properties between silks and other natural and
synthetic materials. Adopted fro@hemical Society Reviewsluang, W.; Ling, S.; Li, C,;
Omenetto F. G.; Kaplan, D. L., Silkworm sitbased materials and devices generated using

bionanotechnology, 47 (17), 648504 (2018), with permission from Royal Society of
Chemistry

Years ago, the Food and Drug Administration (FDA) had recognized silk fibia a
candidate for pharmaceutical and biomedical utility due to its biocompatilmbtytrollable
biodegradability, noimmunogenicity, and minimal inflammation in host tissue. Owing to
their hierarchical structure and different range of attractive priegersilk fibroinbased
materials are good candidates for more advanced applications other than their traditional use
in the textile industry, including electronics and optoelectronics, optics and photonics
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implantable yet degradable medical devicemglwith a broader range of utility in different
device applicationd14] Regarding the past and actual use of silk fiodzaised biomateris,

the routine clinical use of silk suture is noted for wound ligation, silk fabrics for the treatment
of dermatological pathologies, silk surgical mesh for abdominal wall reconstruction and
investigative plastic surgery applications, and also humarcalitiials of silk fibroirbased

film for wound healingor the tympanic membrane reconstructiftb]. For these purposes,

silk fibroin is often used alone or in combination with other materials, such as chitosan,
alginate, carboxymethyl cellulose, gelatin and antibacterial agents like heavy metals and
antibiotics.[57] [58] [59]

Tissue engineeringsia branch of the regenerative medicine that takes care of the design of
scaffolds to rebuild, engineer or repair aged or damaged human organs or/and tissues without
having to resort to transplantation or prosthesis. Regarding this, the cells are hdreested
patients by biopsyand they are grown in 2Bulture under aseptic conditions. Then, the cells
are expandedah vitro and seeded onto 38caffolds/matrices, which may be natural, synthetic

or blends and are fabricated in various material fosngichas hydrogels, porous sponges,
nanofibrous mats, micro/nanoparticlesnd micro/nanopatterned surfaceSubsequently,

these cells are grown in an appropriate culture medium in the presence of bioactive factors to
proliferate and differentiate into the desl tissue for implantation (Figure 28)or longterm
culture, the matrices are grown in bioreactors to support and maintain the cultures in sterile
conditions before being transplanted to restore the damaged itissu®. To guarantee a
favourable tisge regeneration, it is important to design appropriate scafi@@jshat provide
morphology, structural support and chemical/mechanical signals to the cells, and the
interactions between cells and scaffolds have to support appropriate tissue ffb62]

To make this possible, the biocompatibility of materials is key to support cellular activities,
improve tissue regeneration without local or systemic inflammation or immune responses in
the host[60] An acceptable structure and high surface area are required to promote a high
number of cell interactions while supporting oxygen/nutrient transport. Also, biodegradability
or absorption oftie scaffold material is significant, where the degradation rate of the scaffold
should match the rate of tissue regeneration to improve the transfer of functions from the
artificial matrices to the native extracellular matrix (ECM) on a toeeendent basiduring

tissue regeneration.
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Figure 23 Principles of tissue engineering. Reproduced frAdvanced Drug Delivery
Reviews Gholipourmalekabadi, M.; Sapru, S.; SamadikuchaksafaegReis, R. L.; Kaplan,
D. L.; Kundu, S. C.Silk fibroin for skin injury repair: Where do things stand2019), DOI:
doi.org/101016/|.addr.2019.09.008ith permission from Elsevier

Thereby, designing scaffolds, which mimic the structure and biological functions of native
ECM and induces a suitable environment for regulating cell activities, is the main objective.
To obtain suclscaffolds, synthetic or natural polymer materials have been utilized to meet the
above needs, each with their benefits and limitatigkihough there are no universal
biomaterials that meet scaffolding requirements for all types of tissues, silk fitsoan a
constituent part of natural tissues is a good candidate for many applications in tissue
engineering. [63] Regarding that, native fibres and regenerated silk fibroin solutions have
already been processed with different approaches to obtain several systems, including films,
spongeqd64], microparticleg65] [66], nanoparticle§67] [68], nonwoven mats[69], tubes

[70], nanofibers, and hydrogdlsl] (Figure 24).
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Figure 24 Examples of silk fibroirbased systems for various biomedical and pharmaceutical
applications

Silk fibroin-based films seded with osteoblasts promoted thevitro bone tissue growth, as
reported by Sofia et emorkers. When the films were chemically linked with the peptide
arginyl glycyl aspartic acid, the interactions between cells and integrin proteins of the ECM
were adanced as well as the induction of bone formation was significantly enhattedn
increase of alkaline phosphatase levels;ragulation of bonespecific transcripts, and
calcification levels over 4 weeks. Similar responses were not observed whematingnoed
hormone was immobilized and also assayed with osteoblasts. This data confirmed the utility
of a silk fibroin matrix to offer many active sites for selective chemical couplings for bone
tissue engineering72]

Silk fibroin being amechanically robust biomaterial resulted as a good candidate for the
development of a wire rope matrix for the development of autologjssgseengineered
anterior cruciate |igamen3s using a patiento
In 2011 regenerated silk fibroimased 3Bscaffold was proposed by Chlapanidas et
colleagues as a new product fadvanced cartilag¢herapy. Silk fibroin resulted in an
excellent biocompatible and biodegradable polymer for tissue engineering purposes because it
promotes together with the inteaticular adipose stromal vascular fraction (SVF) the
adhesion and proliferation of chondytes with correct scaffold colonizatiof74]

Furthermore, silk fibroin nomvoven mats were selected to createadaquag tridimensional
microenvironment for SVF delivery in the subcutaneous tissue before diabetes induction in
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mice. After the implantation of pancreatiendocrine cells encapsulated in alginate beads
(alginatePECs) on th&VFsoaked silk fibroin nomvoven mats (silkSVF), all animals were

in good health with an increase of weight in time, demonstrating thaSs#k created a
microenvironment which suppis vascular growth and subsequently #wdocrine cell
survival and engraftment. The si®/F system stimulated neovascularization and contributed

in providing nutrients to the implanted cells allowing the systemic availability of the produced
insulin. Onthe contrary, coadministration of SVF and pancreatic cells after diabetes induction
led to poor prognosis of the treated mié&)]

Previously, Mobini et colleagues investigated the mechanical resistance Bdrtiie/x mori
silkhased composite materiednstituted of 3Bsilk fibres embedded in a porous matrix of
fibroin as reinforcementjeveloped for bone tissue engineeriTé]

This freezedried porous scaffold presented an enhanced mechanical strength to endure
compressive forces. The compressive moduli and stress significantly increased thanks to the
reinforcing nature of the fibres. Moreover, the porous scaffolds supportachratnt,
proliferation, and differentiation of human mesenchymal stem cells (hM&@siré 25.

To obtain a porous scaffold with uncompromised mechanical strength is quite challenging.
Initially, to understand the effects of scaffoddchitecture and biomechanics, Correia et
collaborators performed a study to optimize silk scaffolds in terms of architecture and
stiffness. The group seeded scaffolds with human adipose-tissived stem cells (hASCSs)

to assess cell proliferation andffdrentiation, matrix production, and calcification. The
porous silk fibroinbased scaffolds were made using the conventional fidwheg and sait
leaching methods with the use of different solvents to obtain various pore sizes and structures
(lamellar and spherical pores).

To quicken the bone formation, it was determined that the porous lamellar scaffold with size
from 400 to 600 was the optimal bone tissue formation due to increased adipose activity,

equilibrium modulus, and calcium depositipne]
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Figure 25 hMSCs attachment and morphology on fibroin scaffolds and fibre/fibroin
composite scaffolds. Reproduced fralournal of Biomedical Materials Research Part A
Mobini, S.; Hoyer, B.; SolatHashjin, M. Lode, A.; Nasim Nosoudi, N.;
Samadikuchaksaraei, A; Gelinsky, NFabrication and characterization of regenerated silk
scaffolds reinforced with natural silk fibers for bone tissue engineetidpA (8), 23922404
(2013), with permission from Society For Biomaterials

2.1.1 Silk fibroin as a biomaterial with potential for drug delivery

Design and synthesis of efficient drug delivery systems are of vital importance for medicine
and healthare.Nanocarrietbased systems (e.ganoparticlesvith a size ranged from 1 and

100 nm) have generated great interest in drug delivery since they provide new opportunities to
overcome the limitations of conventional delivery methods with regards to the duetysas

poor aqueous solubility, low bioavailability and nonspecific distribution in the body, as well

asto enhancelrug efficiency.
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Silk fibroin is a naturally occurring protein polymer with several unique properties that make
it a suitable material fancorporation and delivery of a wide range of therapeutic agénis

and bioactive molecules, including gefié8], small molecules, and biological drugs.

At the same time, itself acts bioactive macromolecule having many intrinsic biological
properties, sth as antioxidant, anthflammatory, antibacterial activities, and low
immunogenicity[3]

To avoid bacterial or viral contamination, sterilization is a critical step for the production of
drug delivery products. However, differestandardsterilization methods are not compatible
with most biodegradable synthetic polymers, such as poly (ectitycolic acid) (PLGA) or
proteinbased (e.g., collagen) matrices, because they have low thermal stability. For example,
collagen scaffolds undergo denaturation with autoclaving, and partial denaturation and cross
linking with dry heat sterilization. Plsycal sterilization methods, such @®r b irradiations

could also result in instability and deterioration of PLGA, and eliakeg and/or chain
scission of both PLGA and collagé&ased matrices.

These limitations associated with sterilization of tl@ymeric matrix material can create
significant obstacles for a pharmaceutical product, in addition to the increase of
manufacturing costs.

Conversely, silk fibroin has good resistance to the microbial contamination, ductility and
adaptability to various production processes, high compatibility with the main sterilization
methods, presumably due to its high thermal stability (glass tranttioperature: Tg 190

200 °C, decomposition temperature €d220300°Cf or si de c heCiforthe and
peptide backbone) deriving from the presence of hydrogen bonds and the significant
percentage of crystalline domains that need high energies to be desttéyed.

These characteristics have increased the interest of the scientific world gofizmain,
making it an optimal molecule in the study of controlled release systems of drugs.

For developing micro and nanostructured drug systémeschoice of an appropriate method

of preparation turns to be essential to obtain a stable formulation of fibased
nanoparticles.

Unfortunately, it is not possible to control all the variables of the process. Regarding this,
many intrinsic factorsan affect the preparation of fiborebbased nanosystems, such as the
high molecular weight and protein conformation, which results to be difficult to manage and
control.

In the literature, the desolvation method is reported as the most commonly expleitemtim

to obtain fibroin nanoparticles. The desolvation process consists of reducing fibroin chain
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solubility, thanks to the presence of organic solvents such as ethanol, acetone, dimethyl
sulfoxide and methanol, leading to phase separation. The additiandefolvation agent
induces the conformation change from silk | (soluble in water) to silk Il (insoluble in water)
of the fibroin, causing the aggregation of the nanoparticles by coaceryaapn.

This approach was adopted from aaliftn research group to prepare fibroin nanosystems
loaded with two hydrophobic drugs (celecoxib and curcumin) for the treatment of
osteoarticular diseases (Figure 26)this case, acetone was chosen as the desolvation agent,
in which powders of celecdxi or curcumin werepreviously solubilized in different
concentrations[68] Obtained nanoparticles showed mean diameter of about 110 nm,
characterized by a defined distrilarti as shown in Figure 27.

In the same yeaPerteghella et collaborators used the desolvation method to load paclitaxel
(PTX) as an anticancer drug into SFNs by using an exogenous appfidashmethod
allowed the reduction of fibroin loss during the production process, obtaining a process yield
higher than 80% w/wNanometric SFNs showed the spherical shape and smooth surface.
These morphological characteristics walgo maintaine@fter ranoparticle drying, although

the lyophilization contributed to the aggregation of the same. The encapsulation of PTX into
fibroin nanoparticles resulted in success reducing its toxicity while retaining the
pharmacological effect, without any relevarduetion of itsin vitro effectiveness67]

Previously, Chen et collaborators developed silk fibroin nanoparticles of sizes from 270 to
520 nm loaded witiPTX adding a pclitaxel solution in ethanol to a regenerated fibroin
solution kept under light stirring. The authors observed that the release time of the drug from
the loaded nanoparticleswd be up to two weeks long when the loading was approximately
3.0%.[7]

With a similar method, Wu etolleaguegrepared fibroin nanoparticles loaded with the same
anticancer agent, with a mean diameter of 130 {80] The incorporated paclitaxel
maintained its pharmacological activityh vivo studies on the mouse model of carcinoma
evidencedahat the locoregional dekry of these nanoparticlggomotedsuperior antitumor
efficacy by delaying the growth of the tumour and reducing its weight compared with
systemic administration.

Furthermore Rahmaniet colleagues identified silk fibroin nanoparticles as a high loading
carrier system for the anticancer therapy based on the administratidtuofduracil (5FU).

[81]
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Figure 26. Preparation of silk fibroin nanoparticles (SNFs) loaded with celecoxib
(SFNs/CXB) and curcumin (SFNs/CUR) by desolvation method

Nanoparticle
formulation Size (nm) Mode d1o dso d90
SFNs 118.1£1.0 74523 642+12 883+06 200297

SFNs/CXB5 112.8+42 679+£28 53.1%£22 756%39 211.7+124
SFNs/CXB 11 1144x15 70129 62718 779%28 2064+89
SFNs/CUR 1.5 113214 922+38 71317 912%05 177369

Figure 27: Morphological investigation and particle size distribution of unloaded (SFNs) and
silk fibroin nanoparticles loaded with celecoxib and curcumin at different loading
(SFNs/CXB5, SFNs/CXB11l and SFNs/CUR.5). Scale bar: 500 nm. NTA data are
reported ashe mean value * standard deviation. Reproduced ftomopean Journal of
Pharmaceutics and BiopharmaceuticBarbara Crivelli, B.; Bari, E.; Perteghella, S.;
Catenacci, L.; Sorrenti, M.; Mocchi, M.; Farago, S.; Tripodo, G.; Pvedo, A.; Torre, M.

L., Sik fibroin nanoparticles for celecoxib and curcumin delivery: R&@8venging and anti
inflammatory activities in an in vitro model of osteoarthritis37, 3745 (2019), with
permission from Elsevier
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5-FU is a uracil nucleotide analogue usually used for tteatment of different human
cancers, including stomach, colon, rectum and breast cancers. However, a high dosage of the
drug is required to satisfy an adequate treatment, causing toxicity in the gastrointestinal tract
and myelotoxicity.

Regarding this,SFNs, obtained by nanoprecipitation, showed an efficieRrt)5loading
capacity, promoting a sustained release profile.

FTIR spectrum confirmed three peculiar peaks of silk fibroin localized at 1654.92, 1535.34,
and 1238.3 cm, attributable to the amide | (C=0 stretching), amide HH{Mending) and
amide Ill (GN and NH groups), respectively. The wavenumber location of the absorption
bands of amides | indicated a predominant of randoihdomains in the silk proteitn the
spectrum of U loaded SFNSs, the characteristic peaks of the antitumor drug were observed,
confirming its internalization into the nanoparticles, and the peak in the region 638000

cm® could confirm the hydrogen bonds between drug and fibroin. €Thesds, for the
formulation of the drug to polymer ratio of 1:1, were responsible for the fibroin
conformational change from randesoil to b-sheets domains, thus increasing th€&lb
loading in the nanosystems.

In 2014, the research growjirected by Pérez and colleagues investigated silk fibroin (RL
FNPs) as the carrier for the controlled release of resvetatrah experimental model of
inflammatory bowel disease in raj82]

The nanoprecipitation method was chosen to prepare nanoparticlesmeithan diameter of

64 nm. The absorption of the resveratrol onto the surface of the particles motivated the
increase of the particle size.

Despite the resveratrol having very low solubility (63 mg/L) in aqueous media, RL
FNPs released the drug with @rolonged kinetics profile over 80 h. In these same
nanoparticles, silk fibroin and resveratrol showesdyaergistic antinflammatory effect on

rats, in comparison with the administration of unloaded nanoparticles or resveratrol alone.
Perteghella et cworkers investigated the pharmaceutical potential of a novel carrier
carrier delivery system based on extracellular vehicles (gksjuced by mesenchymal stem
cells(MSCs) loaded of silk/curcumin nanoparticlg3]

Nanosystems showed a hydrodynamic diameter of about 100 nm and a round shape not
altered by the encapsulation of curcun®tudies of ellular uptake confirmed the presence of
nanopatrticles in the cytosol around the nuclear membrane without cytotoxic effects on the
MSCs.Moreover, the confocal analysis revealed the sixedization & drug and silk fibroin

into cells suggesting the efficient internalization of curcumin into nanopatrticles.
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Interestingly, the confocal microscopy confirmed thdamalization of curcumin, silk fibroin

and MSCEVs, underlining the ability of MSCs to eapr silk/curcumin nanopatrticles and to
release EVs as the carr@rcarrier system.

This combined biologicalechnological approach represents an innovative class of
nanosystems, combining the favourable effects of both regenerative cell therapies and
phamaceutical nanotechnology, avoiding the use of viable replicating stem cells.

Fibroin nanoparticles have also been used for the encapsulation of protein and peptide drugs,
in particular growth factors, which are often characterized by lowlif@aldnd limited tissue
penetration. For example, Yan et collaborators developed fibanmoparticles have been
covalently conjugated with insulin with crebsking reagent glutaraldehyde. Tlie vitro

half-life of the conjugates was about 2.5 times higher than that of the native insulin,
demonstrating their possible development as new bjogate for the delivery system of
enzymatic and polypeptide drug84]

2.2 Silk sericin for pharmaceutical, biomedical, and cosmetic applications

Despite silk sericin has historically been considered a waste product of the textile industry, it
has recently been revalued as a biocompatible andaudbdvalue material for biomedical,
pharmaceutal and cosmetic purposes (Figure 28).

Considering that proteins can be used as biomaterials or biomedical products, the
immunological response is commonly evaluated as an inflammatory reaction, with the
expression or release of cytokinespecially interleukirlb (IL-1b) andtumour necrosis
factora (TNF{ ), bothin vitro andin vivo. [9]

In 2009, Aramwitet colleagues monitored levels of these two-ipfammatory cytokines
induced by sericin in micéA dosedependent relationship betwedre trelease of cytokines by

both mouse monocyte and alveolar macrophage cell lines and the sericin concentragon in th
culture medium was observed. In particular, macrophages produced a higher level of
inflammatory mediators compared to monocytes, inferring that the levels of cytokines
triggered by sericin constituted an acute rather than a chronic inflammatory respoase.
data werealso confirmedn vivo assay using sericibased cream applied topically on wounds

on the back of rats, with a significargduction of the expression of TNFand IL-I' in the

tissue so to accelerate the overall wound healing in treatedabs. In this way, sericin

promoted wound healing without activating the inflammatory resp¢8sk.
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Moreover, it has been reported that sericin is immunologically inert betadisenot induce

in vitro the short and longterm expression and release of the-jftammatory cytokine
TNFFU from RAW 264.7 murine cel | sthesi@uataneausar vy,
presence of the two silk proteins caused for synergistic effect with lipopolysaccharides the
significant release of TN f r om macr ophages. Therefore,
the two silk proteins, if used individually, do nioigger the inflammatory response but that

the adverse events are only related to the combined use of fibroin and sericin. Hence, it is
necessary to purify the two proteiosrrectly, through a careful degumming process, before

using themin vivo. [34]

Excipient for
Drug Delivery

3Dscaffold  Micro/nanosystems

Cosmetics

Moisturing Whitening
Anti-wrinkles

Wound dressing Anti-UV light

Anti-oxidant Anti-hyperlipidemic

Mitogenic cffect Anti-elastase  Anti-tyronase
Medium Active
Supplement Pharmaceutical

4

Figure 28 Possible employment of silk sericin. Silk sericin is employed as an excipient for
the development of -B scaffold and drug delivery systems, in the cosmetics, as a
moisturizing, whitening, and amntrinkle agent and as a pharmaceutical ingredient.
Moreover thanks to its mitogenic effect, it can be used as a supplement of thefsegum
culture medium. Reproduced fromoyal Society of Chemist§oft Matter Crivelli, B;
Perteghella, S; Bari, E; Sorrenti, M; Tripodo, G; Chlapanidas, T; Torre Nilk
nanogarticles: from inert supports to bioactive natural carriers for drug delivery546557
(2018), with permission from Royal Society of Chemistry
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A study performed by Chlapanidascollaborators revealed that sericin extracted by different
strains of silkworms possessed timevitro antiproliferative activity on human peripheral
blood mononuclear cells (hPBMCs) stimulated with hemagglutinin (PHA). In the same work,
sericin reduce the interferorgamma (IFN' ) levels, without having effects on the release of
interleukin 10 (IL:10) and TNK . [12] These antinflammatory properties of sericin can be
exploited both for dermatological and attmoral purposes.

In 2014, the same Italian research group demonstrated that sericin microspheres loaded with
the racemic flavanone naringenin (NR@g¢re more potent compared to the NRG alone in
inhibitingthe TNFU r el ease on -stimgatep kPBMCH86E c har i de

This study represented a starting point for the development of new topical formulations based
on silk sericin for the gatment of middlestage psoriasis. Interestingly, thanks to its occlusive
effect, sericin may improve skin barrier function, thereby preventing water loss from the
upper layer of the skin for improvement of the disease in a short time.

Bari et coworkers @monstrated that the silk sericin, due to its wound healing potential, in
addition to being a carrier used for microcapsule fabrication, can improve the regeneration of
the Chlorella Vulgaris (Chl) and Arthrospira Platensis(Art) microalgae. In work, five
formulations based on algal extracts (Chl and Art) or silk sericin (Ser) or their combination
(Chl, Art, Ser, ChiSer, ArtSer) were prepared by using a solvEae extraction method.

[87]

All formulations resulted in cytocompatibland thein vitro scratch test showed that all
samples tested were effective in promoting the wound healing process. In detail, the addition
of sericin to Chl formulation improved the ability of alga to close the wound, unlik&drt
sample.

After a skin lesion, a woundelling process, which consists of extraordinarily organized and
coordinated events, including inflammation, proliferation and remodelling, is started to
restore tissue integrity and functions. This healing process requires the recruitment and
activity of dfferent cell types, such as native immune response cells, endothelial progenitor

cells, keratinocytes and fibroblasts (Figure 283]
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Figure 29 Schematic representation of wound healing phases. (A) After the injury, bleeding
occurs as a consequence of blood vessels damage and cell debris are released. Without skin
protection, bacteria penetrate the wound. (B) A clot, made of platelets andfitibeg is

formed to stop bleeding. (C) Platelets release cytokines and growth factors to activate the
immune response (D) Keratinocytes and fibroblasts start the wound repair by deposition of
collagen and the angiogenesis leads to the formation of nemd bkessels. Reproduce from
International Journal of Biological MacromoleculeBari, E.; Perteghella, S.; Farago, S.;
Torre, M. L., Association of silk sericin and platelet lysate: Premises for the formulation of
wound healing active medicatiqrisl9, 3747 (2018), with permission fro Elsevier

In detail, reepithelialization involves not only the proliferation of keratinocytes but also their
migration after injury in a few hours, for a complete restoration of epithelial continuity.

Silk sericin was reently reported to promote this migration when used as a supplement in cell
culture medium in wound healing scratch assays. This affects the trigger of cellular pathways
which lead to €Jun protein activation, which has aucial role in wound healing and
keratinocyte migration34]

The capacity of sericin to promote collagen formation in wounds and thereby accelerate the
re-epithelialization of open woundsdso representa potential start point for the treatment of

burns.
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Indeed, to prevent the infection of wounds, the aim is tiagid closure, also leading to quick
reparation of the damaged tissue with fewer functional and aesthetical side[88gcts

For this goal, a wound treatment seribimsed cream was tested clinically for seededree

burns by Aramwit et group. Over the whole period, until complete wound healing was
obtained, the presence of sericin significantly enhanced thpthrekalization process and
reduced the time required for the complete healing process. The serum albumin level in the
group treated with the protein was significantly higher than that in control and correlated with
wound size reduction, suggesting thade factors could be related.

Other desirable features of sericin were the antibacterial activity, moisturizing action, and
enhanced oxygen permeability, all of which are crucial parameters for normal and rapid
wound healing34]. Sericin also has a remarkable antioxidant activity, which is mainly due to
the presence of hydroxyl functional groups in its amino acid sequence, mainly from Ser, Tyr,
and Thr (Figure 30)90]. This activity appears to be correlated with ahistase and anti

tyrosinase activities, which accentuate its-avrinkle and whitening effect, respective[§1]
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Figure 30 Mechanisms of sericin anbixidative activity. ROS: reactive oxygen species; 1:
enhancement of antioxidant enzymes: superoxide dismutase, glutathione peroxidase; 2: ROS
scavenging; 3: chelation of transition metals; 4: prevention of lipids peroxidatidn a
inflammation; 5: inhibition of UVinduced apoptosis and sunburn effects on the skin; 6:
increasing of the level of NAD+: improved detoxification via oxidation. Reproduce from
Biotechnology Advancesamboni, L.; Gauthier, M.; Guang Yang, G.; Wang, 8k sericin:

A versatile material for tissue engineering and drug deliv@88y 18551867 (2015)
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Specifically, the aidic aminocomposition of sericin allows the elimination of free Radical
Oxygen Species (ROS) and advances the activity of antioxidantmeszyincluding
superoxide dismutase and glutathione peroxidase. Also, Ser and Thr amino acids, with their
hydroxyl groups chelate the trace elements such as iron, zinc and copper that generally
catalyse oxidation reactions. Other amino acids, such as wda Gly, have shown a
cytoprotective effect on hepatocytes or renal tubular cells against many types of damage
induced by the oxidative stre$29]

Dash et al. investigated the free radical scavenging and photoprotector potential of sericin
from Antheraea mylittaagainst ultraviolet light B (UVB) in irradiated human keratinocytes.

The analysis in flow cytometry revealed that the fpeatment with sgcin inhibited apoptosis

of cells exposed to UVB rays, by suppressing the expression-@ipootic protein Baithe
up-regulation of bcl2, and the activation of caspa®eBy reducing oxidative damage, silk
sericin thereby protected skin keratinocyfesm UVB-induced apoptosis, sunburns, and
tumorigenesis.

In addition to the amino acid composition, the accumulation of natural pigments typically
flavonoids and carotenoids in cocoons determine the antioxidant role of 9&2¢if12] [93]

[94]

Flavonoids are a class of polyphenolic compounds having significant human health benefits.
Some of the flavooids polymerize to form tannins, secondary metabolites synthesized by
plants in hydrolysable or condensed form. The latter corresponds to that of proanthocyanidins,
present in flowers, nuts, fruits, bark, and seeds of different plants, as a defencebagjiinst

and abiotic stressorfo5] [96] Another example of flavonoids is the quercetin, which is a
flavonol, primarily found m fruits and vegetables, and epigallocatechin gallate, categorized as
catechin, present in tea. Various biological effects have been attributed to polyphenols,
including antioxidant, ardiyrosinase, antelastase, anthflammatory, antimicrobial and anti
cancer, and antliabetic property[97] Notably, the antelastase activity of sericin and
flavonoids may help slow down the degradation of the elastin in tissue, which is generally
caused by the excesEprotease activity that follows tissue damdg§ég]

In a study conducted by Takechi etworkers, the antioxidative activity was measured in
white and yellowgreen sericing99] According to the authors, the flavonoids present in the
sericin layers are responsible to the higher free radical scavenging activity of-gedlew
sericin than that of white sericin, as indicated h{-diphenyt2-picrylhydrazyl (DPPH),
chemiluminescence, oxygen radical absorbance capacity methods. By contrast, the electron

spin resonance revealed that white sericin is better probably because the antioxidant potential
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of flavonoid pigments can not livolved in the elimination of hydroxyl radicals, detected by
this technique. Therefore, the results confirmed that all sericins have an excellent antioxidant
property against various free radicals.

Aramwit et colleagues demonstrated that the -gmbsinase activity of sericin wasore
significant when obtained from cocoons with flavonoids and carotendittsvever, the
potential was also present in cocoons submitted to the pigment extraction processy showin
that sericin itself has the intrinsic capacity to inhibit one of the key enzymes of skin ageing.
[100]

The antioxidant properties of sericin, together wishbiehaviour similar to dietary fibre, could

play a beneficial action for the prevention of colorectal cancer at the intestinal level, in
agreement with as reported by Kaewkorn and colleag[ig¥l] Indeed, the authors
investigated the effects of sericin on the proliferation and apoptosis of colon cancer cells and
evidenced a reduction of the oxidative stress, inflammatory response afd TNFr oduct i on
Also, a protective effect of seiitin ethanolinduced hepatic and gastric injury in mice was
observed The treated animals showed higher alcohol elimination in urine, and this lowers
concentration in serum. The sericin recovered the cellular morphology and preserved the
mitochondria intgrity in gastric mucosa, probably based on its antioxidant potgitiadl].
Previously, studies hawaiggested that a diet supplemented with sericin may be beneficial to
human health in preventing cardiovascular and metabolic disease. In particular, the oral
administration of sericin increased insulin secretion on a murine MAa@a)] Interestingly,

the favourable effect of sericin is not only limited to the decreasing action in blood glucose
levels but also the improvement of diabetes complications. Other stumiesshown the
antihyperlipidemic effect of sericin. Indeed, when administered orally to rats raised on a diet
rich in lipids, sericin decreased the lipid blood levels, increased the glucose tolerance as well
as the adiponectin blood levels, thereby regudaglucose and fatty acid cataboligi04]

The use of silk sericin in cosmetics is widespread. Here, the free radical scavenging activity
of sericin is combined with its antlastase (antivrinkle) and antityrosinase(whitening)
properties[12]

In cosmetic applications, such as creams and shampoos, silk sericin is used apiant exci
with remarkable moisturizing, elastic, aatjeing, and arllV light effect. These properties
aremairly due to its amino acids with hydrophilic side groups, which have a great capacity to
absorb water.

Regarding this, thé vivo moisturizing effect of sericin was studied on human skin. It has

been found that the protein action was to increase levels of hydroxyproline and hydration of
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the epidermal celld105] The increase in hydration wadrdiuted to the occlusive effect of
sericin, which prevented the transepidermal water loss, responsible for skin dryness.
Furthermore,sericin is presented as a potential alternative therapy as an adjunct in the
treatment of dry skin in an animal modelaibpic dermatitig106]. Interestingly, adding 1%

of sericinto the diet for 10 weeks caused an enhancement in epidermal hydration, promoting
the increase of total filaggrin and the reduction of molecules responsible for its degradation.
In the tissue engineering field, the amorphous structure, wide moleculart westgtbution,

and high water solubility make sericin a fragile material difficult to fabricate and unsuitable
for many medical applications, especially when excellent mechanical properties are required.
Accordingly, diverse strategies have been apptedmprove the physical properties of
sericinrbased materials, especially when the protein is extracted by the alkaline or autoclaving
degumming method from cocoons. Fortunately, the polar side chains of sericin with hydroxyl,
carboxyl, and amino groups npait the easy crostinking, copolymerization, and blending of

the protein with other polymers to yield improved biodegradable matg&dl]s.

An example reported in ¢h literature regards bidimensional fiims and tridimensional
scaffolds obtained by blending sericin with gelatin and cliogsng with glutaraldehyde.

[107] Improved mechanical strength was achieved via the incorporation of gelatin, while the
protein produced a homogeneous morphology and porosity in the scaffolds, which also
preseted high swellability. Moreover, low immunogenicity of sericin in the matrices was
observed through TNE r el eas e, suggesting the potenti
material for tissue engineering applications.

Interestingly, silk sericin addition toell culture media improves cell proliferation, showing a
mitogenic effect on different lines of mammalian c4¢88] and cryeprotective properties.
However, it is important to underline that the mechanisms by which this occurs have not yet
been fully clarified.

In 2005, Terada et eworkers found that the molecular weight has a relewale.[108] Silk

sericin at the high molecular weight (S&r 50-200 kD3 showed mitogenic effects lower
than that having a molecular weight ranged from 5 to 100 kDagBer

SerB successfully promoted the proliferation of hybridoma cells in various sagmmedia,

with a mitogenic effect independent from the medidie sane authorslso demonstrated

that SetB improved the established T lymphocyte cell line (CT2)Lproliferation, under
interleukine2 starvation conditions.

Overall, even if sericin can not substitute fetal bovine serum or platelet lysate tetomg

cell cultures, as it lacks the hormones and growth factors that are fundamental to support cell
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proliferation, it has all the characteristics to be suitable as a cell culture supplement. Those
include, other than the mitogenic features, alsc-@itant and ati-apoptotic ones.

Finally, in the cryopreservation field, sericin has been employed in the preparation of freezing
media for both mammalian and insect cells. Indeed, sericin proteins are rich in amino acids,
which are welknown to be cryoprotective anti-freeze proteins.

About that, Wu and colleagues investigated which fractions to the high or low molecular
weight of protein could have a cryoprotective actid®9] The research group isolated small
peptides (SMAFP) capable of absorbing at the surface of the ice crystals, with a molecular
weight of 1009,50 Da and a sequence composed of Ser, Thr, Pro, Val, Asn amino acids.
Molecular models suggested that the intecanst between SMAFP and ice crystals could be
partially attributed to the hydrogen bonds established between the Thr and Asp residues and
the ice water atoms, to the hydrophobic interactions between the hydrophobic lateral chains of
Pro and Val and to théan der Waals and electrostatic forces.

3. Technologies for the characterization of silkbased materials

Analytical characterization ensures the identity, purity, structural and conformational
integrity as well as theactivity of a protein. The precise amino acid sequence, molecular
weight distribution, charge variances, structural changes, and aggregaggnale among
thecritical components of thorough characterization of a protein molecule.

Nowadays, thanks tits biocompatibility, biodegradability, excellent mechanical properties
and ease of processing, silk has been applied in many new applicatibizgeichnology,

such as wound dressing, tissue engineering, and targeted drug d¢liv6ty.

It is essentialto be able to determine the composition, purity gradel stability of the
protein in the considered pharmaceutical fotonguarantee the quality, therapeutic efficacy,
and safety of silbased materials

In this framework, thermal analysis and spectrophotometric methods, supported by
chromatographic, particle size analysis, and microscopic techniques, resulted in pertinent to
evaluate the possible interconversion and interactions between the variousnatitios of

the fibroin and sericin (e.g. from the most stable crystalline structures to the metastable
amorphous ones), the morphology and the particle size ebadkd micro and nanosystems.
About that, this chapter provides an overview of the best knapplicative techniques

concerning the characterization of silk proteins.
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3.1 Thermal Analysis

When a transition occurs from one physical state to another, there is always absorption and
emission of energy in quantity proportional to the weight of timepda. The variation causes

a thermic effect, exothermic or endothermic, and always takes place at a precise temperature
or characteristic temperature intervals.

To measure the thermal effects quantitatively and to record the temperature at which they
occur, it is possible to characterize a material about its identity and physical structure.

To clarify the structure and identity of a substance, the most commonly used techniques of
thermal analysis are differential scanning calorimetry (DSC) and thermogriidranalysis

(TGA).

The principle of the DSC consists of subjecting the sample under examination and an inert
reference sample to gradual heating during a controlled temperature program. At the
transition phenomenon, a finite amount of energy is suppt® the sample under
examination to maintain it at the same temperature as the inert sample. Each endothermic or
exothermic modification of the sample causes an imbalance in the system, which is instantly
corrected to restore temperature equality. Thetetal energy needed to restore balance
represents the direct measurement of the thermal energy developed or absorbed for the
transition.

The amount of energy transferred or absorbed during the transitions (dH / dt) is recorded as a
function of temperate, where dH is the rate of heat absorbed at constant pressure and dt is
the rate of temperature chanfEl1]

When a sample is subjected to a thermic event, the total heat capacity of the system is
altered; the latent heat assocthtgith the melting or crystallization is registered as a peak,
while a change in heat capacity (e.g. a glass transition) is registered as a shift in the baseline.
Conventionally, in a DSC graph, endothermic events are represented by downward oriented
peaks while crystallization exotherms by upward peaks. The area under the curve for a
thermal event is proportional to the energy involved in the process; therefore, it is possible to
reconstruct a qualitative and quantitative analysis of solid, semisolid,liqunid state
materials by DSC instrument calibration with reference samples withdeg&ted melting

points, heats of fusion and heat capacities.

Moreover, differential scanning calorimetry represents an analytical approach for polymorph
screening[112] A sample can exist in two polymorphic forms: amorphous and crystalline,

the former less stable than the latter. Amorphous solids are characterized by-rargjmrt
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order than the longange order typical of crystalline samples, in ethimolecules in a crystal
reticulation are repeated along with the three crystallographic directions. By heating
crystalline samples, a firsirder transition occurs due to the destruction of this order at the
melting, registered in DSC graphs as an erglotiic eventto which thermic (Tn) and
enthalpic PHm) parametersre associatedontrary, after heating an amorphous sample, this
shows a secondrder transition caused by a change in the physical state from glassy to
rubbery, which results inorrespondence to the glass transition. In the DSC graph, this effect
corresponds as a deflection in the baseline that can be recognized by a temperaturg (T
which corresponds to the midpoint of the temperature range over which glass transgsn tak
place. The glass transition usually occurs in semicrystalline or completely amorphous solids.
[113]

Unli ke DSC, TGA is an analytical technique
and itsfraction of volatile components by monitoring the weight change that occurs as a
sample is heated at a constant rgt&2] However, since many changes in physical structure
induced by temperature occur without there beinghange in weight (melting, glass
transition), its application is limited.

For this reason, TGA is often considered as a supporting technique to investigate thermal
events recorded in DSC curves. The thermogravimetric analysis is particularly advantageous
for the characterization of solvated samples, where endothermic effects due to thermal
desolvation in DSC graphs appear as mass losses in TGA curves. In this way, the solvent
content of a sample and the solvent stoichiometry can be established, and thestabylize

the interaction forces between solvent and crystal packing.

Higher will be the bond forces in the crystal structure, and higher will be the energy used to
rupture them, thereby reflecting in an increase of temperature of the desolvatioal therm
events associated.

Moreover, the evaluation of the water content through TGA measurement is useful to
investigate wateprotein interactions, that are important considering the function of water as

a plasticiser in the structural flexibility of silk qieins. Typically, a high water amount
promotes the mobility of the molecules in a material. The water content is also correlated to
the glass transition temperature, that DSC graphs record at a lower temperature with the
increasing of water content in teample.

In the case of silk sericin frolAntheraea assamensisyo principal exddothermic DSC peaks

were observed (Figure 31).
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Figure 31 DSC spectrum of sericin extracted froAntheraeaassamensissilkworms.
Modified from Global Journal ofBio-Science & Biotechnologyutta, S.; Bharali, R.; Devi,
R.; Devi, D., Purification and characterization of glue like sericin protein from a wild
silkworm Antheraea assamensis Helf2r229233 (2012), with permission from Society For
Science and Nature

The first one (at 65.5C) was attributable to the melting point, while the second one (at 363.2
°C) appeared consequently to the decomposition of the protein.

Generally, this latter peak shifts to lower temperatures when the proteins have lower thermal
stability, as observed féxntheraeamylittaandBombyx morsericins[114]

Comparing DSC thermographs Bobmbyx morandEri (Philosamia ricini) silks, Prasong et
colleagues found differencefl15] Themal properties od domesticated sBombyx mori

took place in a single step. In detail, two endothermic peaks were observedai®334°C
corresponded to the silk fibore with and without sericin, respectively. Conversely, the
Philosamia ricinisilk suffered at least two thermal decomposition stages with endothermic
peaks at about 240, 320, 385, and 460and 240, 340, 390, and 460 in the presence or
absence of sericin, respectively. Interestingly, the removal of sericin from fibres improved the

structural stability in both silks. This illustrates that the process of sericin removing can

64



induce the secondary structure change of silk from ranclmhto b-sheet domains with a

more stable crystal formation.

In the same temperature range of #mdothermic effects recorded in DSC curves, two
distinct mass losses were observed. The first one was attributable to the absorbed water
evaporation for the two samples at below 130 and the second one over 2@ was due to
thermal decomposition of s®les.

Catenacci et colleagues revealed a differential weight loss of fibroin and sericin in DTG
curves, which report the maximum temperature of each mass lossFetefibroin, the
thermal decomposition peak was localized at 300 while for sericin thedecomposition

takes place earlier at about 28D, due to the different way of breaking intermolecular bonds.
The more stable-sheet conformation of fibroin than to the amorphous one of sericin justifies
the difference in thermal stability between th@ tsilk proteins.

Finally, thermal analysis is a useful tool to study the thermal and structural characteristics of
the treated material with respect t to the native one to verify if the degumming process affects
the thermal decomposition behavioDSC aralysis performed on degummed silk fibroin by
chemical method showed a lemslered state for the fibroin resulted from the treatment. In
detail, even if the thermal profile was approximately the same as the raw fibroin, the
temperature of the endothermieabmposition peak was registered at a lower temperature,
and a glass transition effect, due to a higher content of amorphous regions in the conformation
of the protein, wasbserved[113]

An exothermic effect could accompany this glass transition for the crystallization induced by
the heating of amorphous portions which present the melting/decomposition at a higher

temperaturel116]

3.2 Chromatographic techniques

Chromatographic methods include techniques devoted to the separation of various compounds

as a step before their characterization. Their advantages are related to their high power of
separation of substances, and the easy and simple manipulation, altheyghave as a
handicap t he nons pe écufyin method eptindizatiorjlb’/hs and t he

I n the foll owing paragraph, several types of
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3.2.1 Hydrophilic interaction liquid, reversed phase, and size exclusiarhromatography
methods, and electrophoresis SDBAGE

The chromatography is a term used for a wide variety of techniques in which a mixture of
substances is fractionated by passing through some types of porous matrices.

In liquid-phase chromatography tecfues, the components of the mixture can be associated
with one of two alternative phases: a mobile and stationary phase. The former consists of the
mobile solvent in which the protein is dissolved and the latter is the matrix through which the
solvent moes. The materials that make up the stationary phase contain sites to which proteins
in solution can bind. Following the interactions between proteingherstationary phase, in

the chromatographic column, the displacement of the molecules is delayeg, Henhigher

the affinity of a given molecule with the stationary phase, the slower its passage through the
column. Because different proteins of the mixture have different affinities for the matrix, they
are delayed differently. The proteins that hawe lowest affinity for the column appear in the

first emerging fraction4118]

To separate compounds, normal or reveqsealse liquid chromatography can be used. In
normalphase liquid chromagraphy (NPLC), the stationary phase is more polar compared

to the mobile phase. The retention increases as the polarity of the mobile phase decreases, and
thereby hydrophilic analytes are more strongly retained tharpalam ones. The opposite
situationoccurs in reversedhase liquid chromatography (RE). NP-LC has been widely

used to separate various compounds, from nonpolar to highly polar compounds.

In the last years, the resolution of many chromatography procedures has been amplified with
the deelopment of higkperformance liquid chromatography (HPLC).

Hydrophilic interaction liquid chromatography (HILIC) is an alternative HPLC mode for the
separation of polar compounds. For historical reasons, it has been reported that HILIC is a
variant of nomal phase liquid chromatographgithoughthe separation mechanism used in
HILIC is more complicated than that in NFC. Like NP-LC, HILIC utilizes traditional polar
stationary phases such as silica, amino or cyano, but the mobile phase used is dinoita to
employed in the RIEC analysis[119]

Since the stationary phase is hydrophilic in this technique, molecules with hydrophilic
properties contained within the mobile phase will hatgga affinity for the stationary phase,

and therefore will adsorb to the column packing. Contrary, hydrophobic molecules experience
less of an affinity for the column packing and will pass through to be eluted and detected first.

Overall, the retention @momenon in HILIC mode simultaneously depends on different types
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of intermolecular interactions between the solute and the stationary phase, the solute and the

mobile phase, and the stationary and mobile phases, listed in Figure 32.

. . L Energy Example
Type of interaction Characterization -1
[kJ-mol™] system
formed between hydrogen of the protodonor
Hydrogen group and atom being hydrogen acceptor, can be @-17) Q) .%“70
bonding formed within the same molecule, as well as ?"E“'S:f;' 2
Chemical between two different oy
interactions
Donor — acceptor occurs between pairs of electron donor (Lewis L ’
: x L -(4-17) ) .
nteractions base) and acceptor (Lewis acid) gﬁ
Ce
ion acts on electrically neutral molecule; leads to ‘“ ’;
—di -(4-17 N ——
lon — dipole a multicomponents ( ) ,go!‘e
T — tforce between two electrically neutral particles, @-17) *w*'%‘
1pote — dipote but having determined dipole moments O Chiowcdinh
(CHCLY
Physical
interactions
Dipole-induced torces between the molecule possesses clear ~(4-17) %, -,
dipole dipole moment and non-polar molecule
Acelone
(C3HgQ) e
Temporary two electrically neutral particles, if they come 2 ',N :
dipole-induced close together, will attract on the electrostatic -(4-17) ""'".l b-u i
dipole forces way 8" l;
weak forces of attraction between the fragments
Intermolecular interactions of individual molecules, declining rapidly with Q-4
(Van der Waals forces) increasing distance between the interacting -
particles, do not lead to permanent connections
Hvdrohobic i . forces operating in the aquatic environment 4 + e 'g-
ArOphoBIC MlcrACon:s: between molecules with low affinity for water §
Octane S
CHg)

Figure 32 Examples of interactions between the analyte, stationary phase, and mobile phase.
Reproduced fromAnalytical and Bioanalytical ChemistryBuszewski, B.; Noga, S.,
Hydrophilic interaction liquid chromatography (HILIG) a powerful separation technique

402, 231247 (2012) (Open Access)

Reverseepbhase chromatography (RPC) is a technique using alkyl chains covalently bonded
to the stationary phase particles to create a hydrophobic stationary phase, which has a stronger

affinity for hydrophobic or less polaompounds. As a result, hydrophobic molecules in the
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polar mobile phase tend to adsorb to the hydrophobic stationary phase, and hydrophilic
molecules in the mobile phase will pass through the column and are eluted first. Hydrophobic
molecules can be eluddrom the column by decreasing the polarity of the mobile phase using

an organic (nopolar) solvent, which reduces hydrophobic interactions. The more
hydrophobic the molecule, the more strongly it will bind to the stationary phase, and the
higher the cocentration of organic solvent that will be required to elute the moldd2e]

RPC can be used for the separation of a wide variety of molecules. Howeveg, Fnore
commonly used for separation of proteins, because the organic solvents used in RPC can
quickly raise the protein denaturation.

The concepof sizebased separations by chromatography was first speculated by Synge and
Tiselius, based on the observation that small molecules could be excluded from the small
pores of =zeolites as a function ofcobnedéyi r mol
J. W. McBain to describe this property of zeolites, was subsequently used to describe the
technique commonly known today as seelusion chromatography.

While numerous technigues have been developed to check protein aggregation, SEC has been
predominantly favoured for routine and validated analyses because of both its speed and
reproducibility.[121] [117]

The SEC chromatography separates proteins, peptides,igadugleotides based on size and
molecular weight. Molecules move through a bed of porous beads, diffusing into the beads to
greater or lesser degrees. Smaller molecules diffuse further into the pores of the beads and
therefore move through the bed morevdly, while larger molecules enter less or not at all

and thus move through the bed more quickly. Both molecular weight anddihteasional

shape contribute to the degree of retention (Figure 33).

For SEC analyses, UV continues to be the predominant mbdietection. Also, mass
spectrometry (MS) is used as the method for obtaining molecular weight information.
However, there are challenges to interfacing SEC with MS due to principally to the ion
suppression and contamination of the mass spectrometezdcaystheincompatibility of

mobile phases containing high concentrations of nonvolatile salts.
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Figure 33 Schematic illustration of the protein separation by-sieusion chromatography

To overcome this obstacle, SEBMS techniques have been developed using denaturing mobile

phases containing organic solvents andpairing reagent§121]

The most direct information regarding the condition of the historical silk textiles elasi&d

modern products could be obtained from the evaluation of the molecular weight distribution

of t he

ybroin

pol ymer

lble i ynlgr @ sh.e

mai n

compone

Normally, the degree of degradation of silk fabrics was measured by the loss of its mechanical

resistance, colour, and crystalline structure. However, today these have been replaced by more

advanced analytical methods, including the sodium dddsalphate polyacrylamide gel

electrophoresis (SDBAGE) to measure the molecular weight of silk subyri® [46], and

the SEC[30].
Si | k

anal ysi s

conducted

by

SEC

i s,

however,

the sample preparation method or more precisely the choice of the solvent, which in some

cases could lead to degedion and/or aggregation of silk proteins.

Regarding this, Pawcenet colleagues conducted a study to optimize the procedures of silk

preparation and separatiém achieve an accurate and reproducible analysis of the molecular

weight distribution of silk fibroin, also for highly degraded sam{lEs0]

Two sets of artificially aged fibroinasnples were prepared with and without sodium chloride

in solutionto explore the infience of preparation conditiansibroin was degummed in the

LiBr solution and then dialyzed to remove the salt, which destroys stacks chromatographic
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columns and preventgproducible analyses. Contrary, ABaCl agueous solutions of silk
fibroin improved the quality of chromatograms.

Another effective technique widely used for the splitting up of proteins is electrophoresis. The
electrophoretic separation of proteins usually carried out with polyacrylamide gel
electrophoresis (PAGE), in which the proteins migrate under the influence of an applied
current through a gel composed of polymerized acrylamide as a molecular sieve. Separations
are usually carried out using sooh dodecyl sulfate (SDS) as the detergent, which negatively
charged proteins to migrate them towards the positively charged pole, located bottom of the
gel.

The relative movement of proteins through the polyacrylamide gel depends on the charge
density ofthe molecules. The higher is the charge density, the greater is the force with which
the protein migrates through the gel, the faster its migration speed. However, in addition to
charge density, sizend shape also playcucial role in protein separation. Polyacrylamide
forms a sieve: the proteins with higher molecular weight migrate more slowly compared to
those with the lower weightTypically, 56% polyacrylamide gel can be useful for the
separation of proteins having a malr weight between 60 and 250 kDa, wHil215%
polyacrylamide gel separates low molecular weight proteins (between 10 and 5(L&BR)

Unlike chromatographic techniques, electrophoresis-BBSE is not a quantitative analysis,

but only qualitative used to evaluate the molecular mass distribution of proteins. In particular,
for silk proteins a unique and continuous band is usually observed, revealing the wide
distribution of molecular weigbt

Zhang et ceworkers treated degummed silk fibroin with four kinds of calcaicohol
solutions and performed SBEFAGE to determine the corresponding molecular weights of
treated fibroins.

The regenerated silk fibroins treated with calcium nitrate itharel and ethanol solutions
showed molecular weights between %Da and over 170 kDa. The calcium
chloride/methanol solution fibroins ranged from about 140 to over 170 kDa, while proteins in
ethanol ranged from about 100 to nearly 300 kDa. The bands tugher molecular weight
suggested that the calcium chloride dissolved in the ethanol was the best solvent that
protected the integrity of the fibroin secondary structure provocating with less obvious
damage compared to the other solvejits]

Bombyx morisilk sericin extracted by woven fabrjgresented a wider molecular weight
distribution ranging from 6.5 to 205 kDa than standard sericin43.&%Da). This large

difference of the molecular mass distribution has a significant effect on protein solubility.
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While standard sericin is found to beore readily soluble in cold water, woven silk fabric can
only be solubilized in hot water at the temperature of 9QTZ2]

Interestingly, many experimental parameters, including the source of extraction, processing,
degumming, and drying can lead to physicochemical stress in the silk proteins, withaatrelev

effect on their polymerization grade and the molecular weight distribution.

3.3 Spectroscopic techniques

Spectroscopic techniques give information on the interaction of electromagnetic radiation
with a sample, thereby resulting in absorption that depends on the excitation wavelength.
Therefore, a wavelength spectrum with absorption/emission peaks that depiiedmaterial

is produced. These techniques, in general, are useful to characterize materials, including also

nanomaterials, since spectra are peculiar of each maf&#a].

3.3.1 Fourier transformed infrared spectroscopy

Fourier transformed infrared spectroscqpyIR) is a spectroscopic technique basedthe
measurement of vibrational transitions between diverse excitation states of molgd@4és.

The infrared radiation can be transferred to molecules with dipoles that oscillate with the
same frequency of the incident IR light.

Therelative masses of the atoms, the force constant of bonds (single, double, triple) and the
geometry of the atoms, including intra and intermolecular environment, strongly affect both
the vibrational frequency and the wavelength of absorption.

When an infared photon is absorbed by the molecule, the latter passes from its fundamental
vibrational state to an excited vibrational state. The vibrations can be of two types:
deformation of the bond angle (bending) and stretching of the bond (stretching), with a
consequent increase or decrease in the interatomic distance. As a rule, the absorption strength
increases with increasing polarity of the vibrating bonds.

FTIR is a rapid and cheap technique which al
each moleule since they are a combination of the vibrational state of each atom. Among the
main advantages of the FTIR, which guarantees higher performance, there is the high
availability of energy which translates into a significantly better signal to noise thatio
traditional infrared spectroscopy. Moreover, the analysis times are significantly reduced.
However, one of the main disadvantages of this technique is sample preparation. Dried

samples are required, although some apparatus are prepared for ligpldssamthis last

71



case, a high concentration of the compounds to analyerpscted Furthermore, in many
casesa technique optimization is regstedto reduce the interference of the sample with
water molecules, which strongly absorb and risk hidirgabsorbance peaks characteristic of
the material analyzed.

Concerning nanomedicines experimentation, many authors used FTIR Yomcdhe
attachment of biomolecules onto nanomaterials surface or to verify the presence of a loaded
drug into nanoparticles, since FTIR results in a band pattern as a function of the involved
chemical groupd117]

In this framework, FTIR spectroscopy can be used to study the characteristic absorption bands
and molecular conformation of both fibroin and seri¢iri.3] Moreover, the shape, intensity

and vibration frequencies of FTIR bands are often indicative of structural modifications into
the protein caused by specific experimental conditions (temperature, pH, ionic force).
According to Interational Union of Pure and Applied Chemistry (IUPAQ), a typical
infrared spectrum, we find the wavenumber {}rof the incident photon on the abscissa axis
and on the ordinate axis the transmittance value.

In FTIR spectrum three spectral regions banidentified: the fainfrared (below 400 cr,
mid-infrared (from 400 to 4000 c®), and the neainfrared region (from 4000 to 13000
cm'y).

Among these regions, the most studied for the identification of a substance is inéranedtl

region, whch in turn can be subdivided into four zones based on the absorption frequency of
the principal functional groups. The main significant bands are attributable to -the X
stretching (e.g. @, C-H and NH) in the region between 40500 cn, to the tripe bond
stretching whose band is localized between 25000 cm' (Ct C at 23062050 cmt, Ct N at
23002200 cm'), andC=C and GO stretching absorption in the spectral zone between 2000
and 1500 cm.

The spectrum region between 1500 and 650 cns ¢ &inigdrpeird rediord |, because
characterized by a complex absorption, principally due to the presence of overlap bending
vibrations [125]

For silk proteins, the characteristic absorption bands of amides fall into the spectral zone
between 650 and 4000 ¢mIn detail, two absorption peaks at 3520 and 3400' cm
characterize the amides |, attributable to thanmetric and antisymmetric stretching

vibrations of the NH group.
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In the case of amides Il, the absorption vibrations of the same group are localized in the
interval between 3500 and 3060 ¢ndepending orthe concentration and physical state of

the sample.

The absorption of the C=0 of the amides is registered at lower wavenumbers compared to the
traditional carbonyl, as a result of the resonance effect.

Both for the primary and secondary amides, the absorption frequency changes if the sample is
analy®d in solidstate or in diluted solution depending on the presence and nature of
intramolecular hydrogen bonds. For sediite samples, the amide | bands can be slightly
shifted to lower wavenumbers (3350 and 3180 craspectively).

The amide | vibratin peak is near 1620 chincreasing up to 1690 chin solution, whereas

that of the amide 1l from 1640 to 1680 ¢mContrarily, the frequency of the carbonyl of
amides I, registered at 163680 cmt, is independent of the physical state, because the
formation of intramolecular hydrogen bonds is not possible.

Regarding the bending vibration peaks, that of thel Bmide | is localized in the spectral

area between 1650 and 1580 trihe same band in the amide 1l is localized between 1570
and 1510 cm. It is attributable to the interaction between theédNbending and the @l
stretching in the @N-H group. Finally, another characteristic band of this group of molecules

is the stretching vibration of-8 at 1400 crt. [113]

These absorption bands in the specific regions of amides | and Il can be taken as a reference
to investigate the structural conformations of both silk proteins. In fact, the position in the
FTIR spectrum and intensity of the amidoeaks are demonstrative of the molecular
conformation and bonds in the protein chains.

Following what is reported in the literatyribroin is in liquid watersoluble form and is
regarded as silk I. On the other hand, the degummed silk fibres coinsisbluble fibroin

(silk I1), and thereby, requires more treatments to be transformed back to silk I. The product
of this process is commonly called regenerated fibroin. A typical protocol for producing

regenerated fibroin from the silkworm cocoons is swarized inFigure 34
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Bombyx mori
raw silk

1. Degumming process
- Dissolve in 0.5% Na,CO,
100°C, 1 h
- Wash thrice with water
- Airdry

Degummed fibroin
(insoluble silk IT)

2. Fibroin extraction process
- Dissolve in CaCl,:Ca(NO,),
Fibroin : Salt ratio 1:4 w/w
60-90°C
- Dialyze to remove salt
- Lyophilization

Regenerated fibroin
(soluble silk I)

Figure 34: Schematic illustration of silk fiboroin degumming and extraction processes to
convert protein from silk Il to silk | conformation. Reproduced fr@mug Delivery, Duy
Toan Pham, D. T.; Tiyaboonchai, WEjbroin nanoparticles: a promising drugelivery
system27 (1), 431448 (2020) (Open Access)

The methods could be slightly different in different studiesvever, the sodium carbonate is
one of the most used as the degumming agent and the chaotropic salt solution (LiBr2pr CacCl
as the silk Hto-silk | transforming agen{126]

Silk 1, found mostly in the silkworm silk glands, has the lowest crystallinity with a ri@mnti
number of random coils ara-helices. These domains form a-zigg amorphous structure
belonging to the orthorhombic system, which makes silk | thermodynamically unstable and
soluble in the aqueous solution. On the other hand, silk I, found mosgtlg isilk fibres, has

the highest crystallinity with mostly antiparalldd-sheet domains and belongs to the

monoclinic crystal system[127] Noticeably, theseb-sheet motifs have an asymmetrical
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structure and concern silk thermodynamically stable, watémnsoluble with a high thermal

and mechanical resistance.

Lastly, silk 1ll, found in films formed naturally from the airater interface of fibroin aqueous
solution, is a unique crystalline polymorph of fibroin with eeifold helical crystal structure.

It possesses a crystallinity between silk | and silk 1l, which makes it metastable (e.g. it is less
stable than silk Il but more compared to silk126]

Guang et colleagues evidenced the niagheet structure of fibroin when itas blended with
chitosan in 3Bporous composite scaffolds designed for wound dressing.

Fibroin scaffold exhibited weak peaks at 3286camising from thentra and intermolecular
hydrogen bonding interaction between hydroxyl and amino groups.

Thefibroin absorption peaks of amide I, II, and 1ll were at 1625 ¢@~O stretching), 1517

cm! (C-N stretching), and 1230 c¢i(N-H bending), respectively (Figure 35). These bands
together with the absorption band at 1521cdemonstrated the high conteof b-sheet
domains in fibroin and confirmed that it is in its stable silk Il conformation in the scaffold.
Moreover,the infrared spectrum of the composite scaffold displayed all the characteristic
peaks from chitosan and fibroin, indicating that chitosas successfully coated to fibroin
scaffold (Figure 35)[59]

The amide | band shifts to higher wavenumbers (48388 cm') when fibroin is inSilk |
conformation; so this band can be recognized as a reference band to study the conformation

transition of fibroin from silk | to silk 11[66]
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Figure 35 Comparison of FTIR spectra of (a) chitosan, (b) fibroin/chitosan composite
scaffold, and (c) fibroin scaffold. Reproduced fralournal of Applied Polymer Science
Guang, S.; An, Y., Ke, F.; Zhao, D.; Shen, Y.; Xu, Ehjtosan/silk fibroin composite
scaffolds for wound dressing32, 42503 (2015) (Open Access)

The sericin, unlike fibroin, is mainly characterized by an amorphous conformation composed
of mainlyrandomc oi | and o-sheeydorpaans.t i al | 'y D

In FTIR spectra of formulations containirsgricin, alone or in association withlorella
vulgaris (Chl-Ser) or Arthrospira platensis(Art-Ser) microalgae extracts, sericin showed
typical bands at 1638 ¢t 1520 cm', and 1241 crdue to amide I, Il, and lll, respectively
(Figure 36)[87]
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