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Chemical and Physical Properties of Sulfated Silk Fabrics
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Silk fabrics were treated with chlorosulphonic acid in pyridine for different times. The amount of sulfur bound

to silk increased during the fir@ h of reaction and then reached a plateau. The amino acidic pattern of sulfated
silk remained essentially unchanged for short reaction tirsgs I{). Longer reaction times resulted in drastic
changes in the concentration of Asp, Glu, and Tyr. Surface morphology and texture of silk fabrics changed upon
sulfation. Warp and weft yarns became progressively thinner, and deposits of foreign material appeared on the
fiber surface. Changes were more evident at longer reaction tim2$). Spectroscopic analyses performed by
FT-IR and FT-Raman showed the appearance of new bands attributable to various vibrations of sulfated groups.
The IR bands at 1049 and 1014 thdue to organic sulfate salts, were particularly intense. Bands assigned to
alkyl sulfates and sulfonamides appeared in the £30B0 cnT! range. Organic covalent sulfates displayed a
weak but distinct IR band at 1385 cf Both IR and Raman spectra revealed that silk fibroin mainly bound
sulfates through the hydroxyl groups of Ser and Tyr, while involvement of amines could not be proved. Changes
observed in the amide | and Il range indicated an increase of the degree of molecular disorder of sulfated silk.
Accordingly, thelgsdlgzo intensity ratio between the two Tyr bands at 8880 cnt?! increased from 1.41 to

1.52, indicating a more exposed state of Tyr residues in sulfated silk. TGA, DSC, and TG analyses showed that
sulfated silk attained a higher thermal stability. A thermal transition attributable to sulfated silk fibroin fractions
appeared at about 26 in the DSC thermograms.

1. Introduction regeneratiof, wire ropes for the substitution of the anterior
o o cruciate ligameng,protective gauzes for the treatment of skin
The raw silk fibers produced by ttigombyx morsilkworm burns with improved blood compatibilifyand non-woven fibers

species are composed of inner filaments of a fibrous protein, o, dermo-epidermal tissue regeneratfdilk films, which can

fibroin, embedded in an outer coating formed by another protein e easily prepared by casting an aqueous silk fibroin solution
(i.e., sericin). As a fiber, silk is a precious starting material for 4 \5om temperature, are highly attractive for their permeability
the textile |ndustry. Degummed (|.e.., seqcm-depnved silk) 'S to oxygen and water vapor and for the ability to support adhesion
also a versatile and chemically reactive biopolymer possessing,,q growth of rodent fibroblasts and several types of normal

a range of _exce_llent properties. It_ displays a very good ability adult human cells, including keratinocytes, fibroblasts, osteo-
to be functionalized and to have its structure and morphology blasts endothelialy cells, and astrocyte ' '

modulated to match a wide range of functions. For these reasons, ) )
Incorporation of sulfate and sulfonate groups into polymers

in recent years, the unique chemical, mechanical, physiological, . ' : i ) =
and biological properties of silk have made this protein polymer 1S known to impart anti-coagulant and anti-thrombogenic activity

highly attractive for developing innovative, knowledge-based ON them. Gotoh et &f investigated the anti-HIV and anti-
multifunctional materials for different end-uses, which mainly C€oagulant activity of sulfated silk fibroin peptides and addressed
fall within the scope of biomedical devices (i.e., scaffolds for their application as AIDS-preventing compounds. They found
tissue engineering)According to the literature, silk fibroin has  that sulfated silk fibroin peptides, obtained from degummed silk
demonstrated an excellent biocompatibifity.As a biomaterial, ~ fibers by treatment with chlorosulphonic acid in pyridine, were
it is easily tolerated, integrated into the regenerating tissue, andable to completely block virus binding to cells in vitro and also
only slowly resorbed with time. Silk threads have been used to abolish cell-to-cell transmission and cell-free virus infection.
for years and are still used as surgical stitches. Because of itsThe anti-HIV activity, which was associated to low cytotoxicity
ability to promote cell adhesion and growth, silk fibroin has and weak anti-coagulant activity, allowed authors to propose
been the object of an increasing interest as a potential biomaterialsulfated silk fibroin peptides as an anti-AIDS component for
forming the core or coating the surfaces of scaffolds aimed at vaginal anti-HIV formulations. More recently, Tamada et’al®
tissue engineering/regeneration/repair purposes. Silk fibers havestudied the sulfation of silk fibroin and sericin with sulfuric
been proposed for the preparation of various kinds of medical acid or chlorosulphonic acid in pyridine and focused attention
devices, such as polymehydroxyapatite composites for bone  on the anti-coagulant properties of sulfated peptides. Silk fibroin
peptides sulfated with sulfuric acid exhibited anti-coagulant
* To whom correspondence should be addressed. 39 02 2665990. activity, while unmodified silk fibroin did not” However, the

Fafbﬁﬁi,ﬁﬁﬁ%&ﬁghg‘mm': freddi@ssisetalt activity was 40-fold lower than that of heparin, a natural anti-
* Stazione Sperimentale per la Seta. coagulant widely applied in medicine, owing to the much lower
8 Organization of National Institute of Agrobiological Sciences. content of sulfate groups. When sulfated silk fibroin peptides
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were prepared by reaction with chlorosulphonic acid in pyridine, — °*
the efficiency of sulfation increased very much, and the anti-
coagulant activity increased as well, indicating that it strongly
depends on the amount of sulfate groups incorporated into the
proteini®

The biological properties and medical utility of sulfated
polymers!® including the carbohydrate hepafhare well-
established. With reference to sulfated proteins and their role

in leaving systems, Moofé reported that many proteins 0 ﬂ

0,12

SIC Weight Ratio

0,04

expressed in various mammalian cells and tissues undergo post-
translational sulfation of the Tyr side chain (O-sulfation) and f i
that most proteins comprising O-sulfated Tyr residues are | keY.
secretory and trans-membrane proteins. Although the biological 0 1 2 3 4
functions of this class of biopolymers is still poorly understood, Time ()

it has emerged that sulfation clearly plays a key role in pretein Fi_gure 1. Time depend_enc_e of s_ul_fur content in silk fabrics sulfated
protein interactions (i.e., optimal receptdigand interactions, with chlorosulphonic acid in pyridine. The sulfur content was ex-

Ivti . d Vi g f Il pressed as a ratio between the intensity of sulfur and the intensity of
proteolytic processing, and proteolytic activation of extracellular c4rhon fines. Results are the average of at least three spectra. The

proteins). insert shows a typical EDX spectrum with Ko lines for carbon (0.28

In view of widening the biomedical utility of silk as a  keV), oxygen (0.52 keV), and sulfur (2.31 keV).
biomaterial, it is of interest to explore various chemical
modification approaches able to complement the intrinsic tive amino acid composition was determined by external standard
outstanding properties of silk and to enhance its end-use calibration (Amino Acid Standard H, Pierce).
performance. For example, effective antimicrobially active silk 2.3, Mechanical PropertiesMechanical properties were determined
fibers were obtained by pretreating silk with tannic acid or according to the UNI-EN-ISO 2062 standard method by means of an
ethylenediaminotetraacetic dianhydride, followed by formation Instron tensile testing machine model 4501, at a 50 mm gauge length
of metal complexes with silver, copper, and coBalSilk and 50 mm/min crossbhar rate. Measurements were performed under
fibroin—lactose conjugates behaved as a scaffold for hepatocytestandard conditions of temperature (2I) and humidity (65%). Values
attachment? Covalent decoration of silk films with integrin  of breaking strength and elongation at break were the average of 10
recognition sequences (RGD) resulted in a stimulation of individual measurements.

osteoblast based mineralization in vitfoThe purpose of this 2.4. Scanning Electron Microscopy (SEM)Surface morphology
study is to explore whether sulfation can be used as a tool 0 of sjlk fabrics was examined by means of scanning electron microscopy
produce functional silk substrates applicable in the medical field. (SEm), using a Jeol microscope JSM-6380LV. Samples were observed
Sulfated silk fibroin peptides prepared by Tamidd&were small at 10 keV acceleration voltage, after gold coating under reduced argon
in size and water soluble because sulfation was carried out for astmosphere with a Med 020 Coating System (BAL-TEC). EDX spectra
several hours, until the silk fiber was almost completely were acquired on carbon coated samples at 20 keV with a EDS 2004
disintegrated. Conversely, our aim is to prepare sulfated silk x-ray detector (IXRF Systems, Inc.) connected to the Jeol microscope
fibers by keeping the intrinsic fiber properties and texture JSM-6380LV.

unchanged. To this purpose, short reaction times were selected, 55 1R Spectroscopy.R spectra of the finely cut samples were

and fibers were sulfated with chlorosulphonic acid in pyridine, easured on a Jasco FT-IR 300E spectrophotometer using KBr pellets

which is known to enhance the yield of sulfatiSrSusceptibility (about 0.5% w/w). The spectral resolution was 4 &rThe spectra of
of the reactive sites of silk fibroin to form sulfate salts was he same sample recorded on different KBr pellets were practically

investigated. Surface morphology, physical structure, and .gincident.
thermal behavior of sulfated silk substrates were characterized
by means of different analytical techniques (SEM, FT-IR,
Raman, DSC, TMA, and TG).

2.6. FT-Raman SpectroscopyRaman spectra were recorded on a
Bruker IFS66 spectrometer equipped with a FRA-106 FT-Raman
module and a cooled Ge-diode detector. The excitation source was a
Nd®**/YAG laser (1064 nm) in the backscattering (2B6onfiguration.

2. Materials and Methods The focused laser beam diameter was about 400 the spectral
resolution was 4 cmi, and the laser power at the sample was about

2.1. Materials. Reagent grade pyridine (Cat. No. 166-05316) and 150 mW. Raman spectra were recorded on several different points of
chlorosulphonic acid (Cat. No. 038-2922) were purchased from Wako the specimens to check for homogeneity. The spectra were practically
Pure Chemical Industries, Ltd. and were used without further purifica- coincident, indicating that the samples were compositionally homoge-
tion. TheB. morisilk fabric (Habutae, ca. 75 gAnwas treated in a neous.
glass flask with a solution prepared by adding 2.5 mL of chlorosul- 3 7. Thermomechanical Analysis (TMA).TMA was carried out

phonic acid to 15 mL of pyridine. The reaction system was gradually using a Rigaku Denki instrument at a heating rate of@in. TMA
heated to 80C in a thermostatically controlled bath and kept at constant ¢ | scale was+500 um.

temperature for different times {# h). At the end of the reaction,
samples were washed with isopropanol, then with acetone 4t 5&r
1 h to remove reagents, and finally with tap water. Samples were kept
under standard atmosphere (20, 65% relative humidity) before | i ]
subsequent analysis. samplgs. The open aluminum cell was swept with dpyddring the

2.2. Amino Acid Analysis. The amino acid composition of silk ~ analysis.
fabrics was determined after acid hydrolysisiwé N HCI, at 105°C 2.9. Thermogravimetric Analysis (TG). TG was performed with
for 24 h, under vacuum. Free amino acids were analyzed by HPLC a TGA Q500 instrument (TA Instruments), from room temperature to
(AccQ-Tag Method, Waters), at a flow rate of 1 mL/min. Eluate was 550°C, at a heating rate of 2C/min, on 3 mg samples. The cell was
detected at 254 nm. Samples were analyzed in duplicate. The quantitaswept with N during the analysis. CDV

2.8. Differential Scanning Calorimetry (DSC).DSC measurements
were performed with a DSC-10 instrument (Rigaku Denki), from room
temperature to 500C, at a heating rate of 18C/min, on 2-3 mg
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Table 1. Amino Acid Composition (umol/mg) of Control and Sulfated Silk Fabrics Treated for Different Times
AA control (umol/mg + SD) S12 (umol/mg + SD) S22 (umol/mg + SD) S32 (umol/mg + SD) S42 (umol/mg + SD)

Asp 194 +5 213+ 1 201 +5 64 +5 71+1
Ser 1529 + 33 1524 + 4 1524 £ 5 1830 + 126 1610 + 74
Glu 117 £ 2 125+1 120+ 4 51+4 45+3
Gly 5926 + 175 5791 + 27 5876 + 83 6250 + 384 7140 + 254
His 74+ 8 78+ 3 81+2 63+1 78+9
Arg 77+3 71+1 77+3 92+5 76 + 2
Thr 128 +3 123+ 2 125+ 4 129+ 7 88+7
Ala 3542 + 7 3698 + 1 3639 + 36 3769 + 202 4217 + 143
Pro 64+1 65+ 1 64 + 2 78 +7 85+ 1
Cys n.d. n.d. n.d. n.d. n.d.

Tyr 772 £ 30 740 £ 2 749 £+ 12 572 + 43 244 +7
Val 308 +£3 294 + 22 304 +£2 277 £19 223 +9
Met 7+1 11+1 n.d. n.d. n.d.

Lys 40+ 1 42+ 1 39+1 39+3 34+£2
lle 87+1 88+ 1 86+ 1 99+ 7 75+4
Leu 72+1 73+1 70+1 48 + 3 58 +2
Phe 101+ 4 9 +1 101+1 83+8 89+3

2 Reaction time with chlorosulphonic acid in pyridine: S1 =1h; S2=2h; S3=3h; and S4 =4 h.

3. Results and Discussion

7000

3.1. Chemical and Mechanical CharacterizationReitz et
al2* first reported the sulfation of silk fibroin with chlorosul-
phonic acid in pyridine. They studied the chemistry of the
reaction, with emphasis on the identification of the amino acid
side groups taking part in the reaction, and were able to
demonstrate that aliphatic and phenolic hydroxyl, thiol, amine,
guanidyl, and indole groups were transformed into sulfates and
sulfamates. Sulfation of silk fabric under the conditions detailed

6000
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in the Materials and Methods resulted in an increase in weight —-Gly
attributable to the introduction of sulfate groups into the fiber ™ L ERe
matrix. However, the calculation of the weight gain was not 0 - e Ser
considered a suitable method to evaluate the yield of reaction 0 1 2 3 4 5
because it is well-known that silk fibroin may undergo more or Time (h)

less extensive degradation by cleavage of peptide bonds and

release of soluble peptidésThe SEM-EDX technique was 1000

therefore adopted to follow the extent of sulfation of silk as a

function of the reaction time. The graph of Figure 1 shows that g

the amount of sulfur bound to silk fibers increased steadily
during the fir$ 2 h and then tended to a plateau for longer
reaction times. These results indicate that a reaction time of 2
h is suitable to attain a relatively high degree of sulfation. Longer
treatment times may lead to a further increase of sulfur content,™ “®

but the risk of extensive fiber degradation becomes very high

600

[AA] (umol/mg)

because the pyridirechlorosulphonic acid reaction system is 200 S Tyr
able to hydrolyze silk fibroifi8 % Acid

Amino acid analysis was used as a probe to detect changes | , , +°‘her5v
in the chemical structure of sulfated silk fibroin. Table 1 lists 0 1 2 3 4 5
the amino acid composition of sulfated silk samples, while Time (h)

Figure 2 shows the trend of amino acids as a function of the Figure 2. Behavior of amino acids as a function of the time of
reaction time, from 1d 4 h (samples S1, S2, S3, and S4, sulfation (data from Table 1).

respectively). The amino acidic pattern of samples S1 and S2

is closely similar to that of the control sample. With increasing probably responsible for the loss of some amino acids and
the reaction time up to 4 h, the concentration of Gly, Ala, and, consequent enrichment of others. It is also interesting to note
to lower extent, Ser tended to increase. On the other hand, allthat the amino acid chromatograms of samples S3 and S4
the other amino acids, especially Tyr and acidic ones (Asp, Glu), displayed additional nonidentified peaks attributable to sulfur
decreased. These results indicate that silk fibroin underwentadducts and/or degradation products, which may account for
severe hydrolytic degradation at longer reaction times. In the observed changes in the amino acid composition.
particular, amorphous amino acid sequences comprising acidic The effect of sulfation on the mechanical properties of silk
and phenolic amino acid residues, as well as other amino acidsfibers is shown in Figure 3. The chemical treatment induced a
with bulky and polar side chains, were probably more prone to decrease of both strength and elongation at break. The average
degradation under the reaction conditions adopted. Cleavage ofloss of strength ranged from 20 to 35% aftemr2d of reaction
peptide bonds and solubilization of peptide fragments were time, respectively. The average loss of elasticity was about %5[%/
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Figure 3. Mechanical properties of sulfated silk fibers.

This level of tensile performance can still be considered reaction times. These bands are reported in Table 2 together
compatible with end-use requirements where silk is not subjectedwith their tentative assignments. Among them, the new strong
to strong and/or prolonged stresses. Longer reaction times (i.e.,absorptions appearing at 1049 and 1014 tare attributed to

>2 h) resulted in a dramatic loss of tensile performance. The vibrations of organic sulfate sak&:28 Sulfation also resulted
accumulated chemical and tensile results confirm that short in a progressive increase in intensity and broadening of the bands
reaction times£2 h) are the best choice in terms of both degree in the 1306-1180 cnT?! range, wherev, SO, of alkyl sulfate

of sulfation and chemical and mechanical integrity of silk fibers. salts26:27 1,50, of sulfonamide282° and vsSO, of organic

3.2. Morphological Characterization. Morphological prop- covalent sulfate®8 fall and overlap the amide Il band of silk.
erties of silk fabrics after sulfation were analyzed by SEM. Moreover, in the spectrum of sample S3, a new band appeared
Figure 4 shows the pictures of untreated and sulfated silk fabricsat 1385 cm?, attributable to thev,SO, mode of organic
with different degrees of sulfation. The series of low magnifica- covalent sulfated?3°
tion pictures clearly indicate that the texture of the fabric was  The IR spectra showed that some conformational changes
drastically changed by the treatment. Both warp and weft yarns occurred by the effect of sulfation. The amide | component at
became progressively thinner and more compact as though thel645 cnt? increased in intensity with respect to that at 1703
silk fibroin filaments forming the individual yarns were glued cm~1. Accordingly, the intensity of the amide Il component at
to each other. As a consequence, voids began appearing at th&540 cnt?! increased with respect to that at 1514 ¢niThis
yarn crossover. Pictures at higher magnification showed the trend is consistent with an increase of the degree of disorder in
presence of foreign materials on the fiber surface. In some casessulfated silk fibers. In fact, it has been reported tBatmori
deposits showed a regular shape as though they were of minerasilk in the random coil conformation displays amide | and Il
origin (sample S2). The longer the reaction time, the higher modes at about 1650 and 1540 cihyrespectively?! It must be
the amount of foreign materials. The results of the morphological observed that the intensity of the IR amide | band at about 1645
characterization supplement the chemical and mechanicalcm~! might have been enhanced by the presence of different
analyses, indicating that short treatment times are safer for bothamounts of water absorbed by the samples. Nevertheless, the
maintaining the intrinsic chemical structure of silk and keeping trends of amide Il in IR and amide Ill in Raman led us to
the texture of the fabric unchanged. Moreover, the results conclude that sulfation caused an increase of the degree of
indicate that the cleaning procedure after sulfation needs furtherdisorder of silk fibers.
improvement to remove any undesired foreign material that Raman spectroscopy results are consistent with the previous
might compromise the subsequent utilization of sulfated silk IR findings. Figure 6 compares the Raman spectra of untreated
substrates in biomedical applications. In fact, the presence ofand sulfated silk (sample S3). With reference to our previous
foreign deposits may lead to adverse interactions with the Raman studies oB. morisilk fibroin in film and fiber forms3?
biological environment, such as unwanted deposition of proteins the position of the amide | (1665 cr¥) and amide Ill (1264
and/or thrombus formation. and 1229 cm!) modes confirms the prevailing-sheet con-

3.3. FT-IR and Raman Spectroscopy Analyseg-igure 5 formation of both untreated and sulfated silk. However, the
shows the IR spectra of sulfated silk fabrics. The spectrum of change in the relative intensity of the two amide 11l components,
untreated silk, reported for comparison purposes, is characterizedwith that at 1229 cm! decreasing with respect to that at 1264
by a well-defined strong peak at 1703 cthin the amide | range, cm~1, indicates that the degree of molecular disorder increased
attributed to the antiparall@l-sheet conformation, and a broad upon sulfation. ActuallyB. morisilk fibroin in the random coil
band centered at about 1645 tiin the amide Il region, a  conformation displays an amide Il band at 1265 @1
distinct maximum at 1514 cnt was superimposed to a broad As compared to IR, the Raman spectra underwent minor
band centered at about 1540 ¢inTwo amide Ill bands were  changes upon sulfation. Nevertheless, new bands due to sulfate
observed at 1260 and 1228 cinThe degree of crystallinity, — groups were detectable at 575 and 622 trgattributable to
expressed as the intensity ratio of the two amide Il bands, was dSO; according to IR assignments reported in Table 2) and
similar to that reported by Bhat and Nadigfeior B. mori silk between 1100 and 1000 c# where four bands in the shoulder
(l126dl1228 = 0.63 from Figure 5). These spectral features, form can be identified. Those at 1065, 1055, and 1025%cm
together with the position of the amide V band at 695&m can be attributed ta’sSO, of different sulfate residues, in
revealed that silk fibers in the fabric have a prevalgsheet agreement with the spectrum of hepaid/while that at 1015
structure. cm1 is attributable tovCO of organic sulfated salt$:2®

Upon sulfation, new bands attributable to various sulfated Moreover, the band at 1158 cih(vCC, vCOH)* increased in
groups appeared and became progressively stronger at increasinigitensity and shifted to 1164 crh because of the pOSSibEDV
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Untreated (200x) Untreated (1500x)
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S2 (200x) S2 (1500x)

S4 (200x) S4 (1500x)

Figure 4. SEM pictures of untreated and sulfated silk fabrics. Reaction time with chlorosulphonic acid in pyridine: S1 =1 h; S2 =2 h; and S4
=4 h. Low (200x) and high (1500x) views are shown for each sample.

contribution of thevsSO, mode of sulfonamide®. The corre- covalently bound through the hydroxyl group of tyrosine (Tyr)
spondingrasSO, mode of sulfonamides, which is quite variable and serine (Ser). Interestingly, no bands attributable to foreign
in intensity and often hardly detectable, could contribute to the materials (inorganic salts) were detected. It is worth noting that
strengthening and broadening of the set of bands centered athe IR band at 1385 cm may be considered indicative of the
about 1320 cm!.% formation of organic covalent sulfates with a high extent of
The IR and Raman spectral features clearly point out the sulfation, likely attributable to cross-linking of fibroin chains,
formation of organic sulfate salts by reaction of silk fibroin with  which could explain the formation of an insoluble fraction during

chlorosulphonic acid in pyridine. The sulfate groups were the sulfation reaction as reported by Tam&tahe invoIvementCDV
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Figure 5. FT-IR spectra of untreated (a) and sulfated silk fabrics.
Reaction time with chlorosulphonic acid in pyridine: (b) S1 =1 h; (c)
S2=2h;and (d) S3=3h.

Table 2. Wavenumbers (cm~1) and Assignments of the IR Bands
Attributable to Sulfate Groups in Sulfated Silk Samples (See
Figure 3)

wavenumbers (cm—1) assignments refs

577

618 0S0O3 27, 28, 31

650

668

750 sh? 1sS-0-C 27,28

866 VasS-0-C 27,31

1014 vCO organic sulfate salts 28,29

1049 vsSO, aromatic sulfate salts 27,28

1128 sha vsSO; primary alkyl sulfate salts 27

1180—1300 vasSO3 alkyl sulfate salts 27,28
vasSO> sulfonamides 27,30
vsSO> organic covalent sulfates 31

1385° vasSO> organic covalent sulfates 27, 31

ash = shoulder. » Detectable only in the spectrum of the sample S3
(reaction time = 3 h).

1665

1229

Raman Intensity

T T T T T

T
1600 1400 1200 1000 800 600
Wavenumber/cm-1

Figure 6. FT-Raman spectra of silk fabrics untreated (a) and sulfated
by reaction with chlorosulphonic acid in pyridine for 3 h (b).
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Table 3. Temperatures of the Main Thermal Transition Detected
by TMA, DSC, and TG on Control and Sulfated Silk Fabrics

TMA (T (°C)) DSC (T (°C)) TG (T (°C))
control 300 314 327
S1a ~260 324 331
S22 310 250—266 326 ~260 337
S32 308 248—-272 330 ~260 327

a Reaction time with chlorosulphonic acid in pyridine: S1=1h; S2 =
2 h;and S3=3h.

SO, groups, and did not display the bands in the 11800
cm! range, attributable to vibrations of organic sulfate salts.
Therefore, the materials characterized in our work are signifi-
cantly different from those obtained by Tamdda.

The loss of intensity of a series of Raman bands, including
amide | and Il bands, those at 1403 th{d.{C(CHs)2]), 977
cm~1 (pCHgz), 882 cnt! (oCH,), which are related to vibrations
of CH groups® and the doublet at 85830 cn1! due to Tyr
residues (Fermi resonance between the ring breathing vibration
and the overtone of an out-of-plane ring bending vibratf§n),
suggests that silk degradation probably occurred upon sulfation.
The intensity ratio between the two Tyr bands at-8880 cn1?
(Issdlg30) is sensitive to the hydrogen bonding state of the Tyr
phenoxyl group and has been extensively used as an indicator
of Tyr interactions in globular proteins, their assemblies, and
their degree of exposure to waférin fact, if the Tyr residue
is buried, the phenolic OH group acts as a strong hydrogen bond
donor to an electronegative acceptor (such as carboxyl oxygen),
and thelgsg/l g3o ratio achieves its minimum value of about 873.
When the Tyr residue is on the surface of a protein in aqueous
solution (exposed), the phenolic OH group acts as both a donor
and an acceptor of moderate strength hydrogen bonddggahd
lgs0is approximately 1.257 When the phenoxyl oxygen is the
acceptor of a strong hydrogen bond from an electropositive
group (such as a lysyl N§t group) and does not participate in
significant hydrogen bond donatiotgsy/ls3p approaches the
presumed maximum value of 25This correlation was refined
on the basis of the results on filamentous virus cag&idsand
silk fibroin in the silk | form?? for which an Igsd/lg30 ratio
exceeding the latter value was found. This feature was inter-
preted as indicative of a highly hydrophobic local environment
for Tyr residues, a state not represented in any previously studied
globular protein. Actually, the value of the intensity ratio reflects
the average environment experienced by all the Tyr residues
present in the protein. THesd/lg3pintensity ratio increased from
1.41 to 1.52 upon sulfation, suggesting a change toward a more
exposed state of Tyr residues in sulfated fibroin. This feature
is in agreement with a more disordered conformation detected
by both IR and Raman spectroscopy.

3.4. Thermal Properties.Various analytical techniques were
used to investigate the thermal behavior of sulfated silk fibers
(i.e., TMA, DSC, and TG). The temperature of the most
significant thermal events recorded by TMA, DSC, and TG are
listed in Table 3, which summarizes the main finding obtained
in this part of the study. In particular, the values of the
temperature obtained from TMA analysis refer to the onset of
the final abrupt extension leading to fiber breakfAdefore

of the amine groups of basic amino acid residues in the reactionthis event, both reference and sulfated fibers behaved similarly,
is not easily detectable. Nevertheless, the increased intensityshowing a gradual contraction of about 0.6% from room

of the Raman band at 1164 cinmay reasonably account for

sulfation of amines as well.

The IR spectra reported by Tama8lavere significantly

temperature to 158C, followed by a progressive extension until
about 25C°C, during which the initial fiber length was recovered
(curves not shown). Sulfation resulted in an upward shift of

different from those reported in this paper. The former showed the limit temperature of fiber breakage, suggesting a slight but

only a strong band near 1200 cin generically attributed to

significant contribution of the treatment to the thermomechare'ﬁg{/
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Figure 7. DSC thermograms of untreated (a) and sulfated silk fabrics.
Reaction time with chlorosulphonic acid in pyridine: (b) S1 =1 h; (c)
S2=2h;and (d) S3=3 h.

stability of silk fibers. Similar results were reported for silk
treated with alkafi* or grafted with vinyl monomer&—47

DSC curves of sulfated silks are shown in Figure 7. Values
of the peak temperature of the main thermal transitions occurring
in the range from 200C until thermal degradation are listed in
Table 3. The high temperature peak300 °C) is attributed to
the thermal degradation of silk fibroin with an orieniggheet
structure®® Following sulfation, this peak shifted to a higher
temperature of about 5 °C. The reference sample did not

10

327°C

08

06

[~ == =] Weight (%)

Deriv. Weight (%/°C)

[~==—]Weight (%)

40

300 400 500

Temperature (°C)

100 200

337°C

80

o6
60

o4

[-===1Weight (%)

Deriv. Weight (%/°C)
[~~——~1Weight (%)

40

300 500

Temperature (°C)

100 200

Taddei et al.

show any trace of thermal transitions at lower temperature, while
sulfated silks displayed a broad endothermic event falling at
about 260°C, which assumed a clear bimodal shape with
increasing the extent of sulfation. Actually, the precise attribution
of this transition is a very difficult task. The observation that
the intensity is directly related to the extent of sulfation suggests
that it might involve fiber domains comprising the sulfated
amino acid residues, which were probably destabilized and
became more sensitive to the thermal treatment. In fact, an
increase of the degree of molecular disorder of sulfated silk
fibers was clearly evidenced by IR and Raman spectroscopy
analyses. Breakage of the cross-links formed into the silk fibroin
matrix by action of covalently bound sulfates might have
contributed to the thermal transition at around 260as well.
DSC results were essentially confirmed by TG analysis
(Figure 8). The kinetics of weight loss as a function of
temperature revealed the presence of two subsequent degradation
phenomena, a broad and weaker one occurring at abolt260
and a strong one at above 3WO. The latter, which corresponds
to the DSC thermal degradation peak, moved to higher tem-
peratures upon sulfation. This feature confirms that the most
ordered and crystalline fiber domains, into which the sulfate
groups could hardly penetrate, gained an intrinsically higher
thermal stability as though the sulfated silk fibroin fractions in
which they are embedded exerted a protective effect against
heat.

4. Conclusion

Silk fabrics treated with chlorosulphonic acid in pyridine
bound different amounts of sulfate mainly through the hydroxyl
groups of Ser and Tyr. The amount of bound sulfur increased
during the firs 2 h of reaction and then remained almost
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Figure 8. TG curves of silk fabrics untreated (a) and sulfated with chlorosulphonic acid in pyridine: (b) S1 =1 h; (c) S2 =2 h; and (d) S3 =

3 h. Broken line: weight loss and solid line: first derivative.
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constant. Chemical degradation, as well as strong changes in (13) Sofia, S.; McCarthy, M. B.; Gronowicz, G.; Kaplan, D. L. Func-

surface morphology and texture of silk fabrics, appeared at
reaction times longer than 2 h. Details about the chemistry of
the reaction and the effect of sulfation on the structure and
physical properties of silk were provided by amino acid analysis,

FT-IR and FT-Raman spectroscopy, and thermal analyses.
Interestingly, sulfated silks attained a significantly higher thermal

stability.

The accumulated results indicate that long treatment times
(>2 h) should be avoided because the amount of bound sulfur
does not increase too much while the risk of extensive fiber
degradation becomes very high because the pyriectihéoro-
sulphonic acid reaction system is able to hydrolyze silk fibroin.
In fact, an essential requirement for further application of
sulfated silk fabrics is to maintain the physieahemical
structure and texture of silk as much as possible.

The results obtained in this study will form a frame of
knowledge for further biological investigations aimed at dem-
onstrating the biomedical utility of sulfated silk. The recognized
biomedical utility of sulfated polymers seems to suggest a
possible exploitation of sulfation as a tool to produce functional
silk substrates applicable in the medical field.
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