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In this study Antheraea pernysilk fibroin (Ap-SF) films were incubated with Protease Type XXI fr@tmeptomyces
griseus at 37 °C, to investigate the degradation behavior in an in vitro model system. The enzyme-resistant
fractions of Ap-SF films and the soluble peptides formed by proteolytic degradation were collected at specified
times, from 1 to 17 days, and analyzed by high performance liquid chromatography, differential scanning
calorimetry, FT-Raman, and FT-IR spectroscopy. Proteolysis resulted in extensive weight loss and progressive
fragmentation of films, especially at long degradation times. A range of soluble peptides was formed by proteolysis.
By high performance-size exclusion chromatography it was found that their average molecular weight changed
with the time of incubation. The chemical analysis of the enzyme-resistant fraction of Ap-SF films at different
times of degradation indicated that the proteolytic attack preferentially occurred in the less ordered Gly rich
sequences and that the contribution of the Ala rich crystalline regions to the composition of biodegraded films
became progressively larger. Accordingly, DSC and spectroscopic results showed an enhancement of the crystalline
character of the biodegraded films. From the behavior of the most important thermal transitions, it was deduced
that thea-helix domains probably represent the most enzyme-resistant fraction. The in vitro approach used in the
present study seems to be a valid tool for studying the rate and mechanism of degradation of Ap-SF films and of
other biopolymers of potential biomedical utility.

1. Introduction which are easily prepared by casting aqueous silk protein

solutions at room temperature, are highly attractive for their

The silk spun by the larvae of both domestic (iBgmbyx
mori) and wild silkworm species (i.e.Antheraea pernyi
Philosamia c. ricinj etc.) is both a renewable fibrous biopolymer

discrete permeability to oxygen and water vapdrike fibers,
films can support cell adhesion and growth, and their use to
manufacture scaffolds for the regeneration of skin, bone, and

and one of the most valuable starting materials for the textile other tissues has been proposett
industry. As a textile fiber, silk by itself is thermo-insulating,  currently, efforts are aimed at adjusting the structure of
well tolerated by the skin, and capable of maintaining an piomaterials to their required functions. Making available novel
optimally moisturized environment. Silk is also a versatile and ¢ompatible and functionalized biomaterials addressing a broad
chemically reactive biopolymer endowed with excellent intrinsic range of biomedical needs is a crucial scientific and techno-
biological properties. Previous studies have demonstrated thaljggical challenge. In this context, the well established range of
silk has an excellent biocompatibility® Moreover, silk can  properties of silk strongly recommends the use of this biopoly-
be easily functionalized, and its structure and morphology can mer as a means to develop innovative biomaterials intended
be modulated to match a wide range of working requirements. for clinical applications. To act as an optimal biomaterial, silk
Because of these reasons, in recent years, the unique chemicaknoyid pe integrated into the regenerating tissue and stay well
mechanical, and biological properties of silk have made this igjerated there for the time needed to perform the required
protein polymer a highly attractive candidate for the develop- fynction. This comment addresses the important issue of the
ment of innovative, knowledge-based multifunctional materials degree of biostability of silk. Altman et &lrecently reviewed
aimed at different end-uses, such as technical textiles andsygies on the degradation behavior of silk sutures and concluded
biomedical devices (i.e., scaffolds for tissue engineering). that silk in fiber form can be considered a slowly degradable
Silk fibers have been studied as the Starting material for material in ViVO, though the rate of degradation may be h|gh|y
preparing various sorts of biomedical devices, such as polymer yariable depending on the properties of the material itself, as

hydroxyapatite composites for bone regenerafianite ropes  well as on the chemical and biochemical environment of the
for the replacement of the anterior cruciate liganfeand novel site of implantation.

sutures and gauzes for treating skin burn wouhggk films, Gaining a clear understanding of the relationship between
structure, processing, and degradability is a prerequisite for
designing silk-based devices for biomedical applications. Studies
on the degradation behavior Bf morisilk fibers214films,3

and porous sheéfsexposed to the action of different proteases
in vitro have recently been reported. It was observed that the
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rate of degradation significantly differed between fibers and dried at 105°C, and weighed. Weight loss was expressed as percentage
regenerated silk materials, like films or porous sheets. The latterof the initial dry weight. Results are the average of duplicate tests.
degraded more quickly, through a mechanism which involved  2.2.2. Amino Acid Analysis. The amino acid composition of the
the preferential attack to the amorphous domé&#i8 Fibers films was determined by acid hydrolysis wié N HCI, at 105°C, for
exhibited a loss of mechanical integrity, accompanied by a 24 h, under vacuum. Free amino acids were analyzed by HPLC (AccQ-
concomitant loss of mass which resulted from both increased 729 Method, Waters). Eluate was detected at 254 nm. Samples were
fragmentation and decrease of silk filament diameter over the @nalyzed in duplicate. The Amino Acid Standard H kit (Pierce) was
time of exposition to the proteolytic enzyrie. used for calibration. _ _ _

These results highlight that in vitro studies greatly contributed 2f'2'3' High F.)erform?nc.e's'zﬁ Exclusion ihromatographyﬂ'?h < of
to improve the understanding of the kinetics and mechanism of performance-size exclusion chromatography (.HP'SEC) analysis o
the enzyme-mediated degradation Bf mori silk fibroin. soluble peptides was performed with a Waters Alliance chromatographic

. ) - system. Freeze-dried soluble Ap-SF peptides were dissolved with 2
Comparatively few studies have been carried out on the \, of ejution buffer (50 mM sodium phosphate buffer, pH 7.2,
degradation behavior of silk fibroin obtained from the wild  containing 0.15 M KCl), filtered, and loaded onto a Protein Pak-60
silkworm A. pernyi Tsukad& studied the structural character-  column (Waters). The injection volume was 5D, and the flow rate
istics of the enzyme-resistant fraction Af pernyisilk fibroin was 0.5 mL/min. Eluate was detected at 254 nm with a Waters 2996
films subjected to proteolytic degradation withchymotrypsin Photodiode Array Detector. All samples were analyzed in duplicate.
and alkaline phosphatase. However, no details were reportedThe molecular weight calibration curve, obtained by using the Gel
on the kinetics and mechanism of the degradation process.Filtration Calibration Kits (Pharmacia Biotech), was used to calculate
Similar toB. mori, A. pernyisilk fibroin can also be considered the cumulative weight fraction distribution of soluble peptiéfes.

a potentially attractive biopolymer for developing biomedical 2.2.4. FT-IR Spectroscopy.The FT-IR spectra of the dried films
applications owing to its good interactions with living célls.  were measured in the ATR mode with a Nexus spectrometer Thermo
The aim of the present study is to investigate the degradation Nicolet, equipped with a ZnSe ATR cell mod. Smart Performer.

behavior ofA. pernyisilk fibroin films exposed to the proteolytic =~ 2.2.5. FT-Raman SpectroscopyThe Raman spectra of the dried
action of a bacterial protease according to an in vitro biodeg- films were measured on a Bruker IFS66 spectrometer equipped with a
radation model already developed Br mori silk fibroin.13 FRA-106 FT-Raman module and a cooled Ge-diode detector. The

Biodegraded silk fibroin films and degradation products were SPectral resolution was 4 cth The excitation source was a Nd
examined by high performance liquid chromatography (HPLC), YAG laser (1064 nm) in the bt_ackscatterlng (I)}Oonflguratlon. The
differential scanning calorimetry (DSC), Fourier Transform Raman spectra were normalized to the alanine bands, because the
infrared (FT-IR) and FT-Raman spectroscopy with the aim to cleaved fragments can be considered not to contain a significant amount
characterize their chemical and physical properties and to of alanine; Raman intensities were calculated as peak heights.

contribute new insight into the kinetics and mechanism of the 2'2.'6' Differential Scanning Calorimetry. D'ﬁerem'al.scannmg
. calorimetry (DSC) measurements were performed with a DSC-30
degradation process.

instrument (Mettler Toledo), from room temperature to 5@) at a
heating rate of 10C/min, on 2-3 mg samples. The open aluminum

2 Materials and Methods cell was swept with Mduring the analysis.

2.1. Materials. 2.1.1. Silk Substrate A. pernyisilk fibroin (Ap- 3. Results and Discussion
SF) films were prepared as described elsewkerghe liquid silk
collected from the posterior portion of the silk gland was gently 3.1. Kinetics of Proteolytic Degradation of Ap-SF Films
dispersed into deionized water until a final concentration of about 0.3 and Chemical Composition of the Enzyme-Resistant Frac-
w9%. The aqueous SF solution was cast on a polyethylene plate, attjon. Upon incubation with protease, the weight of Ap-SF films
ambient temperature. Films were treated with a 50 v% watethanol — progressively decreased over the time period examined (Figure
solution for 30 min, and dried at 8% for 3 h before incubation with 1A). Best fitting of data points was obtained with a third-degree
protease. . polynomial curve R?2 = 0.99) The total weight loss accounted
2.1.2. Enzyme.Protease Type XXI fromStreptomyces griseus  for ghout 70 w% in 17 days. Comparatively similar results were
(Sigma Prod. No. P-0652), dissolved in 50 mM potassium phosphate reported forB. moriSF filmst® and porous sheet8 although

PH 7.5, was used for the in vitro biodegradation tésRrotease activity e yinetics of biodegradation followed different trends. The
was determined according to the Sigma Quality Control Test Procedure’three-dimensional structure of Ap-SF films remained almost

by using casein (Sigma Prod. No. C-7078) as a substrate._One unitIS;p 1 act during the first few days of proteolysis, showing only
defined as the amount of protease needed to hydrolyze casein to produce.. . . . ; .
; . ; Signs of surface erosion. As the incubation time increased the
color equivalent to 1.@mole/min of tyrosine at pH 7.5 at 3T (color fil d tensively d ded and at th d th
by Folin & Ciocalteu’s reagent, Sigma Prod. No. F-9252). ims appeared more extensively degraded and at the en ey
) . ) . were recovered as finely powdered material. The weight loss
2.1.3. In Vitro Degradation System.Ap-SF films were incubated . . . - -
) s e ) . . . of blank Ap-SF films, i.e., incubated in the buffer without
in the following conditions: material-to-liquor ratio 5 mg of SF/mL; i licibl %). Th iqinal film text
enzyme-to-substrate ratio 1 U/mg of SF; temperatur&@iime from protease, was nheg igible=@ w O)'_ 'he origina IT] exture i
1to 17 days. Blank samples were immersed in the buffer alone, without resisted under t e.W(.et test conditions, owing to E € annealing
enzyme. Each test sample contained an equivalent mass o&dilk ( effect of Othe preliminary treatment with 50 v% aqueous
mg). Tests were performed in duplicate. The enzyme solution was methanoF . _ . .
changed for the first time after 2 days and then every 3 days (at least The enzyme-resistant fraction of biodegraded Ap-SF films
80% of the initial enzyme activity was retained after 3 days of Was recovered ar_1d the‘_ Chem|Ca|_ composition was determlned
incubation). At each change, the solid Ap-SF film was rinsed with water (Table 1). The amino acid composition of Ap-SF is characterized
and immersed into a fresh buffered solution of the protease to continueby a large amount of alanirfé. Poly(Ala), sequences are
the biodegradation. The solution containing soluble peptides was pooledreported to form the basic structure of the crystalline regié?.
with washing water and freeze-dried before subsequent analysis. Ala rich regions alternate with Gly rich regions which contain
2.2. Measurements. 2.2.1. Weight LosJ.0 determine the weight ~ a variety of other amino acids the most abundant of which are
loss, Ap-SF films were taken out from the solution, rinsed with water, Ser, Tyr, Asp, Arg, and Trp? Upon proteolytic degradatiorbDV
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Figure 1. (A) Weight of the enzyme-resistant fractions of Ap-SF films and (B) cumulative amount of soluble peptides released into the incubation

bath as a function of the time of degradation with protease.

Table 1. Amino Acid Composition + Associated Error (mol %) of Biodegraded Ap-SF Films

amino acid control? 5 days 11 days 17 days

Ala 38.89 +£ 0.35 39.45 + 0.40 41.24 +£0.39 44.83 +0.49
Gly 29.71 £ 0.31 31.15+ 0.42 30.56 + 0.51 29.24 £ 0.38
Ser 10.56 +£ 0.11 11.04 £ 0.10 11.25 £ 0.08 11.06 + 0.12
Tyr 5.64 + 0.05 5.56 + 0.06 4.85+0.04 4.10 £ 0.04
Asp+Glu 6.85 + 0.07 6.15 + 0.05 5.64 + 0.08 5.36 + 0.05
Lys+His+Arg 4.03 £ 0.03 3.45 £+ 0.07 2.78 £ 0.05 2.56 + 0.05
others 4.33 £ 0.07 3.20 £ 0.08 3.68 +0.07 2.85 + 0.06
weight retention (%) 98.2+0.5 80.7 £ 3.1 472+ 45 31.0+ 0.5

a|ncubated for 17 days with buffer alone.

the amino acid composition of the enzyme-resistant fraction kinetics and mechanism of the proteolytic attack, which
showed significant changes: the Ala percentage increasedpreferentially occurred in the Gly rich domains. These findings
gradually, the Gly and Ser percentages remained almostare not surprising. Although the random coil content in
unchanged, while the percentages of Tyr, acidic, and basic aminomethanot-water treated Ap-SF films is hard to be quantified
acids decreased. These results provide deeper insight into thdy DSC and spectroscopic measurements (see below), th&S\I)f
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Figure 2. (A) HP—SEC profiles of soluble peptides obtained at 5 (a), 11 (b), and 17 (c) days of degradation. (B) Changes in the weight fraction
of soluble peptides, grouped into MW classes, as a function of the time of degradation.

rich sequences are expected to be definitely less ordered than 3.2. Molecular Weight Distribution of Soluble Ap-SF
the poly(Ala), domains.13C cross-polarization magic angle Peptides.Soluble peptides formed by proteolytic degradation
spinning NMR measurements performed on water-methanol of Ap-SF films were recovered and analyzed by+H¥EC. The
treated Ap-SF films showed that the fractions of Ala residues cumulative amount of soluble peptides, expressed as total
in 5-sheet,a-helix, and random coil conformation are 70%, intensity of the chromatographic peaks at 254 nm, increased
20%, and 10%, respectively The -sheet andi-helix structures with the biodegradation time, displaying a trend complementary
are located in the poly(Alasequences, whereas the Ala residues to that of weight loss (Figure 1B). Figure 2A shows a series of
with random coil conformation were assigned to those in the chromatographic profiles of the hydrolysis products obtained
Gly rich domains. All Gly residues were reported to take random at different biodegradation times (5th, 11th, and 17th day). The
coil conformation upon watermethanol treatment; nearly all  pattern is typical of a complex mixture of peptides widely
Tyr residues take the same conformation. As regards Ser, 60%differing in size, with molecular weight (MW) ranging from
of these residues tak@sheet structure, 20%-helix (mainly about 35 to 2 kDa.
in Asp-Ser-Ala sequences) and 20% random coil. Changes in the chromatographic pattern were observed in the
On this basis, it can be affirmed that, not unexpectedly, the peptide mixtures collected at different biodegradation times. To
enzyme could penetrate more easily into the less ordered Glyverify whether these changes had a systematic trend, the weight
rich regions, cleave the sensitive peptide bonds ,and release fredraction of peptides falling within defined MW classes was
soluble peptides. Since the less ordered Gly rich sequences werealculated from the chromatographic peaks and plotted as a
preferentially cleaved, the contribution of Ala to the composition function of the biodegradation time. The histograms of Figure
of degraded films increased, as observed from the data of Table2B show that the fraction of high MW peptides 0 kDa)
1. These features were also confirmed by the spectroscopicincreased sharply with the time of incubation, i.e. increasingly
analysis of the enzyme-resistant fractions. larger peptides were released into the solution when the f&'B?/
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Figure 3. DSC curves of control Ap-SF films treated with buffer alone for 17 days (a), and after incubation with protease for 2 (b), 8 (c), and
14 (d) days.

were in a more advanced biodegradation stage. The fraction ofblank-treated and subjected to biodegradation for different times.
peptides with MW in the 2630 kDa remained almost constant, The whole samples examined displayed a similar thermal
while the other two groups of medium-to-small MW peptides behavior, with an initial broad endotherm«100°C, attributed
(10-20 kDa and <10 kDa) decreased with increasing the to evaporation of moisture (not shown in the figure), followed
contact time between Ap-SF films and protease. by a typical high-temperature pattern which consisted in a weak
The protease used in this work hydrolyzes peptide bonds onand broad endotherm peaking at about 2C§peak 1), and a
the carboxyl side of Glu and Asp (according to Sigma strong endotherm at about 330 (peak 2), preceded by a lower-
specifications). With reference to the gene-derived primary temperature shoulder. The transition at above 3D is
structure of Ap-SP? Glu is mainly located close to the N-and  attributed to melting/decomposition of Ap-SF with unoriented
C-terminuses, while at least one Asp residue falls in every Gly g-sheet crystalline structuf&26The endotherm at 21%, which
rich region which alternates regularly with the Ala rich regions. s often present in solution cast native Ap-SF films annealed in

The presence of several Asp residues along the chain lengthyater-methanol solution, is related to the presence of residual
means that the number of cleavage sites potentially available isy-helix crystalline domain@

quite large and that formati(_)n of mediu_m-to-small size peptides The thermal pattern was not significantly affected by bio-
IS expected from enzymatic hydroly§|s. On the contrary, the degradation. However, the intensity of the main thermal
size of soluble peptides covered a wide MW range; large-size | !

peptides were present at different biodegradation stages; am}ransmons changed in a way that suggested some relationship

. . . . with the hydrolytic action of protease. In fact, as listed in Table
the peptide pattern changed as a function of the biodegradation . . . .
time. For a peptide bond to be broken, it must be accessible to.2’ the intensity of peaks 1 and 2 tended to increase with

the proteasé31°> Several morphological and structural factors increasing the biodegradation time, and the temperature of peak
limited the real accessibility of cleavage sites in the system under? slightly shifted to higher values. With reference to the above-

study. Among them were (a) the compact texture of crystallized reported attributions, it appears that the contribution of the

Ap-SF films, (b) the extent of swelling in the aqueous medium, ¢'Ystalline domains, eithefi-sheet oro-helix, to the thermal
(c) the vicinity of cleavage sites to th-sheet crystalline behavior of Ap-SF films increased with increasing the time of

domains, (d) the three-dimensional arrangement of SF chainsPiodegradation. This agrees with the chemical results previously
in the less ordered domains, and (e) the fraction of cleavaged'scussedv |nd|.cat|ng that the amorphous domains of Ap-SF film
sites exposed to the film surface. As biodegradation progressedVere preferentially degraded by the protease. However, the trend
some of these factors probably became less restrictive, becaus@f the ratio between thaH values of the two thermal transitions
films were more fragmented, restrictions to swelling were (AH/AHq, see Table 2) indicates that algesheet structure
partially removed, and previously unexposed surfaces becameunderwent a certain degradation. In other words, the decrease
accessible to the protease. This may account for the changes if?f AHg/AH, ratio during degradation can be interpreted
soluble peptide properties, as demonstrated by the $#C according to Tsukad¥ the a-helix domain represents the
results. However, it appears very difficult to correlate the fraction more resistant to the enzyme. Actually, the presence
observed changes with specific factors, and to model the of a-helix has been reported to contribute to the chemical
hydrolytic attack of protease toward Ap-SF films, especially stability of fibroin2” At this purpose, it can be recalled that the
because the system was further complicated by the fact thatpresence of the Asp-Ser sequences at the N-terminal of the
soluble peptides themselves became a substrate of proteolytic-helix structure of poly(Ala) domains have been speculated
attack. to strengthen this structure. Therefore, it can be hypothesized
3.3. Thermal Characterization of Biodegraded Ap-SF that these specific Asp residues could be the least probably
Films. Figure 3 shows the DSC thermograms of Ap-SF films attacked by the enzyme. CDV
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Figure 4. FT-IR spectra of control Ap-SF films treated with buffer
alone for 17 days (a), and after incubation with protease for 5 (b), 11
(c), and 17 (d) days.

Table 2. Peak Temperature and Enthalpy of Biodegraded Ap-SF
Films

peak 1 peak 2
sample  AH, (J/g) AH(J/g) temperature (°C)  AHz/AH,
controld 4.19 165.6 347.5 39.5
2 days 5.62 174.7 346.7 31.1
8 days 6.66 185.0 347.1 27.8
14 days 8.03 193.1 349.3 24.1

a|ncubated for 17 days with buffer alone.

3.4. Spectroscopic Characterization of Biodegraded Ap-
SF Films. It has been shown that Ap-SF films cast from aqueous
solution contain variable proportions e@fhelix and random coil
conformations, which can be converted into tffesheet

Taddei et al.

cm! are due to the splitting of amide Il in the antiparallel
[-sheet conformation, without excluding the possibility that the
higher wavenumber band could be due to the Amide Il mode
of the disordered chaift. Also the spectral variations in the
1420-1350 cn1! range (prevalently Ciand H* bending) are
consistent with conformational changes, as previously sug-
gested®32:33 Similar spectral variations were reported in dif-
ferently heated Ap-SF film&

Figure 5 shows the Raman spectra of Ap-SF films blank-
treated and after treatment with protease for 5 and 17 days.
According to our previous Raman studig? the position of
the amide | and Il modes at 1669 and 124230 cnt?, and
the presence of the bands at 1094, 1071, and 965! cm
attributable to vibrations of Ala rich segments of the fibroin
chain3%32reveals that the untreated film had a prevailihgheet
conformation. However, also in this case, it must be observed
that the complex profile of the Amide bands indicates the
presence of other conformations besigesheef*

The trend of the full-width at half-maximum (fwhm) of the
amide | band at 1669 cm shows that the enzymatic treatment
enhanced the crystalline character of the Ap-SF film. It is
interesting to note that the fwhm of the amide | band quickly
decreased until 11 days of degradation, and after that, it
remained nearly constant (Figure 6). This trend can be explained
in terms of the morphology of the Ap-SF film. In the first 11
days, degradation involved the peptide sequences most sensitive
to the proteolytic attack (definitely the amorphous domains and,
on the basis of the DSC results, the most expoSedheet
domains). The degradation of these sequences proceeded until
they were exhausted and after that the fwhm of the Amide |
band did not sensibly decrease since degradation involved the
more crystalline and slow-degradifigsheet domains.

Upon proteolytic degradation other Raman bands showed
significant changes in relative intensity and width. Those
attributed to Tyr at 1615, 1265, 1208, 1173, 853, 829, and 644
cm~1.3435t0 Trp at 1615, 1550, 1011, and 760 cthi® and to
Asp®’ at 1416 cmi! progressively decreased in intensity during
degradation. Weakening of spectral intensity was observed in
the 1406-1300 cnt! range as well, probably due to contribu-
tions arising from both Trp and Asj§:3” Also the band at 1032
cm1 (skeletaC—C)%8 became weaker. For a more quantitative
evaluation, some intensity ratios were identified as marker of

conformation (i.e., the structure present in cocoon fibers) by degradation. Figure 7A reports the trend of the intensity ratio

changing drying temperature and drying f&ter by chemical-
physical treatments, such as heatf®§ and immersion in
water—methanol solution&® Figure 4 shows the IR spectra of

between the bands at 644 ch{(Tyr) and 906 cm? (Ala band,
taken as internal standard because the cleaved fragments can
be considered not to contain a significant amount of alanine).

Ap-SF films blank-treated and exposed to biodegradation for It is interesting to note that, during degradatidss/lsos has

different times in the 18001100 cnt! wavenumber range. The

the same trend as the Tyr content determined by HPLC (see

three main conformationally sensitive amide bands, with peak Table 1); that is, it remained nearly constant until 8 days and

maxima falling at 1696 and 1625 crh(amide 1), 1516 cm!
(amide 1), and 1236 and 1221 crh (amide llI), can be

then noticeably decreased. Moreover, it must be observed that
the Raman spectrum of Tyr presents a doublet at 853 and 829

observed. This spectral pattern is characteristic of Ap-SF films cm™ attributed to Fermi resonance between the ring breathing

with prevailing3-sheet conformatiof? At this purpose, it must

vibration and the overtone of an out-of-plane ring bending

be observed that the complex profile of the amide bands vibration of Tyr3439The value of thegsdlszg intensity ratio is

indicates the presence of other conformations beglegweet

sensitive to the hydrogen-bonding state of the Tyr phenoxyl

Some spectral changes of the enzyme resistant fractionsgroup and has been extensively used as an indicator of Tyr

suggest that the crystalline character of Ap-SF films was

interactions in globular proteins, of their assemblies, and of their

enhanced upon biodegradation. The typical feature confirming degree of exposure to watrlt is worth noting that the ratio

this trend is the increase in relative intensity of the amide III
component at 1221 cm with respect to that at 1236 crh
Actually, Frushour and Koentg have observed that in the IR
spectrum ofs-sheet poly(Ala) obtained by stretching-helical
fibers, the 1220 cm' band is very strong. Moreover, it has been
suggested that in poly(Alajhe bands at about 1220 and 1240

calculated from the spectrum is a mean value, since it averages
the state of the whole Tyr residues present in the protein. 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 thisdlg,g ratio achieves its minimum
value of about 0.3°2 When the Tyr residue is exposed on tEBV
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Figure 5. FT-Raman spectra of control Ap-SF films treated with buffer alone for 17 days (a), and after incubation with protease for 5 (b) and
17 (c) days. The spectra are baseline corrected and normalized to Ala bands.

28
|
24
22

FWHM Amide |

20 (] [ °

18 + T T 1
0 5 10 15 20

Time (days)
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Figure 7. Trend of the leaa/loos (A) and lgs3lls29 (B) Raman intensity
ratios during degradation of Ap-SF films exposed to protease.

that thelgsd/l 29 ratio can markedly exceed the latter value. This
has been interpreted as indicative of a highly hydrophobic local
environment for Tyr residues, a state not represented in any
previously studied globular protein.

The trend of thegsd/lgzg intensity ratio during degradation
(Figure 7B) appears particularly interesting if compared with
the trend oflgs4lgoe As can be easily seen, thgdlsyg ratio
sensibly decreased after 5 days of degradation, i.e., before the
decreases d&s4lgos and Tyr content. This result indicates that,
at this stage, although degradation had not yet caused a decrease
of the Tyr content, it induced a rearrangement of the fibroin
chain characterized by a more “buried” state of Tyr. On the
other hand, at 11 days of degradation, when the Tyr content
begins to decrease (Table 1 and Figure 7B)) ik 520 decrease
can be explained also assuming that a certain amount of
‘exposed’ Tyr residues, initially present in the domains more
accessible to protease, were lost with the peptide fragments
removed by proteolytic cleavage.

The Raman results highlight that the bands assigned to the
amino acid residues comprising the Gly rich sequences became
less intense, confirming that the proteolytic attack preferentially
occurred in the less ordered Gly rich sequences.

4. Conclusions

The results here reported allow to conclude that Ap-SF films
are susceptible to proteolytic attack. Proteolysis resulted in
extensive weight loss and formation of a range of soluble
peptides whose MW changed with the time of incubation. The
chemical analysis of the enzyme resistant Ap-SF films at
different times of degradation indicated that the proteolytic
attack preferentially occurred in the less ordered Gly rich
sequences and that the contribution of the Ala rich crystalline
regions to the composition of biodegraded films became
progressively larger. In confirmation, DSC, and spectroscopic
results showed an enhancement of the crystalline character of

surface of a protein in agueous solution, the phenolic OH group biodegraded films. The thermal findings suggested that the
acts as both a donor and an acceptor of moderate hydrogeru-helix domain probably represented the structural fraction more

bonds and thégsdlszgis approximately 1.2%° This correlation

resistant to the proteolytic attack. The in vitro approach used

was refined on the basis of the results obtained on filamentousin the present study seems a valid tool for studying the

virus capsid¥—*4 and SF with Silk | structuré® which showed

biodegradation rate and mechanism of Ap-SF materials. A Ieﬂgv
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term study of the enzymatic degradation of Ap-SF fibers is in
progress and further improvements of this in vitro approach may
definitely lead to develop a model system suitable for evaluating
the biodegradation behavior of silk biomaterials. In fact,
knowledge of the rate and mechanism, as well as of the effect
of the proteolytic attack is a key factor for designing high-
performing silk-based biomedical devices.
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