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SYNOPSIS

This article deals with the preparation and characterization of silk fibroin(Bombyx mori)/
cellulose blend films. Following dissolution with a metal complex solution, the average
molecular weight of silk fibroin slightly decreased, while cellulose was almost unaffected.
After coagulation and washing, transparent films were obtained by blending fibroin and
cellulose in all proportions. The crystalline structures of regenerated fibroin and cellulose
were f3-form and cellulose II, respectively, as shown by the characteristic x-ray diffraction
profiles. Density values increased with cellulose content, though less than expected from
a pure additive behavior. Moisture regain increased following the addition of a small amount
of cellulose to silk fibroin. The mechanical properties showed that both strength and elon-
gation at break of silk fibroin films were improved by blending with cellulose. IR spectra
exhibited changes in the skeletal frequences of silk fibroin, suggesting the occurrence of
intermolecular interactions between fibroin and cellulose through hydrogen bond formation.

© 1995 John Wiley & Sons, Inc.

INTRODUCTION

Silk fibroin (Bombyx mori) is a fibrous protein whose
chemical composition is characterized by the pres-
ence of few types of amino acid residues with small
side chains, the sum of the three simplest amino
acids (glycine, alanine, and serine) accounting for
more than 80 mol %. The primary structure arising
from this characteristic amino acid composition
contains many —(gly-ala),— repeats, which form
the highly specific secondary structure, known as
antiparallel 8-sheet structure.!

Besides its textile uses, silk has recently been in-
vestigated as a starting material for the preparation
of naturally based polymeric materials potentially
interesting for applications in the biotechnological
and biomedical fields. Silk fibroin can be prepared
in the form of powder, gel, and film from either fi-
bers, after dissolution with concentrated salt solu-
tions (regenerated fibroin), or liquid silk taken di-
rectly from the mature silk gland (native fibroin).
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Silk membranes have proved to be an excellent sub-
strate for enzyme immobilization,?® thanks to their
good physical and mechanical properties, thermal
stability, microbial resistance, and absence of in-
teractions with the enzyme immobilized. Asakura
et al.? prepared a glucose biosensor by immobilizing
glucose oxidase (GOD) within silk fibroin mem-
branes. A noticeable increase in biosensor sensitivity
has recently been reported concerning GOD im-
mobilized on the surface of nonwoven fabrics by
means of silk fibroin gel.’ Silk fibroin membranes
can be used to separate water from water-methanol
solutions by pervaporation.® The high oxygen per-
meability in the wet state, similar to that of other
synthetic hydrogel membranes currently used to
produce contact lenses, makes silk fibroin attractive
as a biomaterial.”® Moreover, the good in vivo blood
compatibility of silk fibroin has recently been re-
ported.?

Crystallization of silk fibroin films cast from
aqueous solution is promoted by suitable thermal,
mechanical, and chemical treatments, which induce
the conformational transition from random coil to
B structure.’® Fibroin films in the dry state are very
brittle and almost unsuitable for practical use,”!12
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while in the wet state the elongation is considerably
higher,” in such a way that they can be applicable
as biomaterials in the medical fields. The inferior
tensile properties of silk fibroin films can be im-
proved by blending with other natural or synthetic
polymers. Blends of silk fibroin with chitosan,'® so-
dium poly-glutamate,'* sodium alginate'® and poly-
vinyl alcohol'? have been reported. Water absorp-
tion, mechanical properties, and thermal stability
were improved by blending silk fibroin with sodium
alginate.’® Silk fibroin/syndiotactic-rich poly(vinyl
alcohol) blend films showed an increased perme-
ability to neutral salts, the permeability being influ-
enced by the hydration radius of the ions.!?

Among the large number of polymeric materials
potentially suitable for blending with silk fibroin,
we think that natural polymers should be preferred,
due to the favorable impact of naturally based poly-
mer blends in various kinds of applications. Our in-
terest has focused on cellulose, a widespread natural
macromolecule readily available in various forms. It
is characterized by a highly regular chemical struc-
ture, being a homopolymer made of anhydro-3-glu-
cose units, bonded together by 1,4 oxygen bridges.
Like silk fibroin, cellulose exhibits a strong tendency
to crystallization, forming crystals where interchain
hydrogen bridges are the basic interactions respon-
sible for structural stability. The use of both cellulose
and cellulose derivatives for the preparation of dif-
ferent kinds of biomaterials has been reported by
various authors.'®

The aim of this article is to study the conditions
for dissolving and blending fibroin and cellulose ob-
tained from cocoon fibers and cotton linters, re-
spectively. Fine structure, physical properties, me-
chanical behavior, and morphology of the resulting
blend films will be discussed in relation to the
blending ratio.

EXPERIMENTAL

Materials

Silk fibers were obtained from fresh cocoons by al-
kaline degumming with an aqueous solution of olive
oil soap (0.7% w/vol), at 98°C for 60 min. The fibroin
fibers were rinsed with warm deionized water and
dried at room temperature before use.

Cellulose powder (cotton linters) was purchased
from Fluka and used without any preliminary treat-
ment.

Pure and blend films with different blending ra-
tios (80/20, 60/40, 40/60, and 20/80 fibroin/cellulose,

wt/wt) were prepared from fibroin and cellulose,
separately dissolved with a metal complex system
([Cu(NHj3)J(OH),).'” Solutions were spread over a
glass plate and coagulated in an acetone-acetic acid
(4 : 1 vol/vol) bath in order to remove the metal
complex. The films obtained were washed with glyc-
erine-water (7 : 13 vol/vol), then with water and
dried at room temperature. Film thickness ranged
from 10 to 30 um.

Measurements

The intrinsic viscosity [n] of silk fibroin was deter-
mined by means of the SNV 195595 standard
method. Silk fibroin was dissolved with a saturated
LiBr aqueous solution at 60°C for 3 h. After dilution
with water (1 : 1 vol/vol), the viscosity was measured
at 20°C with a capillary viscometer. Intrinsic vis-
cosity [#] was calculated from the relative viscosity,
i.e., the ratio between the flowing time of the polymer
solution and that of the solvent.

The degree of polymerization of cellulose was es-
timated by measuring viscosity with the UNI 8282
1982 standard method. Cellulose was dissolved with
an aqueous solution of cupriethylenediamine (0.5M)
at room temperature. The viscosity of the solution
was measured with a capillary viscometer at 25°C.
The degree of polymerization (DP) was calculated
as follows:

DP = 1.50[#]

The molecular weight of silk fibroin was deter-
mined by size exclusion chromatography with a 1
X 60 cm Superformance (Merck) column packed
with Fractogel TSK HW 65 (Merck). Tris-HCl
buffer 0.02M, pH 8, containing urea 5M and KCI
0.1M, was used as mobile phase at a flow rate of 1
mL/min. Eluates were detected at 276 nm. Silk fi-
broin from both fibers and films was dissolved with
saturated LiSCN, dialyzed against water, and then
against Tris-HCI buffer. The calibration was carried
out with the Gel Filtration Molecular Weight
Marker Kit (Sigma).

Wide-angle x-ray diffraction (WAXD) profiles
were obtained by means of a Siemens D-500 dif-
fractometer with a Siemens FK 60-10, 2000 W Cu
tube at a scanning rate of 0.5 26/min. Samples were
mounted on a rotational specimen carrier; the spec-
imens were spun with a rotational speed of 30 rpm.
The degree of crystallinity was calculated according
to the Hermans’ method.®

Density was measured by the floatation method
under standard conditions of temperature (20°C)



and relative humidity (656% RH) with xylene-carbon
tetrachloride solutions.

Moisture regain was determined at 20°C and 65%
RH after drying at 105°C for 2 h.

Stress—strain measurements were performed in a
standard atmosphere with a Toyo Baldwin Co. ten-
sile testing machine, mod. Tensilon UTM-II, at a
gauge length of 20 mm and strain rate of 8 mm/
min. The maximum load was 270 gf. Each value re-
ported is the average of 20 measurements.

The infrared absorption spectra were obtained
directly on the films with a Perkin-Elmer FT-IR
1725 spectrophotometer.

The morphology of fractured surfaces was ex-
amined by scanning electron microscopy (Cam-
bridge, mod. Stereoscan 100) after gold coating.
Films were fractured in liquid N,.

RESULTS AND DISCUSSION

Preparation of Fibroin/Cellulose Blend Films

Dissolution of fibroin and cellulose fibers requires
swelling of the structure by means of reagents ca-
pable of penetrating between adjacent chains and
breaking hydrogen bonds, thus leading to complete
dispersion of the constituent polymer chains.

The most common solvents for silk fibroin are
concentrated solutions of Li salts (LiSCN, LiBr).!?
LiSCN is usually preferred because the solution is
neutral, is active at room temperature, and is un-
likely to cause peptide bond hydrolysis. Aqueous so-
lutions are obtained by dialysis. Mineral acids, al-
kalies, formic acid, and cupriethylenediamine can
be used for dissolution, though degradation is likely
to occur.

Mineral acids, strong bases, concentrated solu-
tions of inorganic salts (ZnCl,), metal complex so-
lutions (with Cu, Ni, etc.) and nonaqueous systems
containing nitrogen compounds can all be used to
dissolve cellulose.”® Some of these solvents may
cause variable extent of degradation, with depoly-
merization of cellulose chains.

The conventional method for preparing silk fi-
broin films consists of casting aqueous solutions at
room temperature.?! Because aqueous solutions of
cellulose are difficult to obtain, a common solvent
system was chosen that permitted mixing of fibroin
and cellulose solutions and subsequent film prepa-
ration by casting. Jayme and Broschinski!’ sug-
gested the use of various metal complex solutions
to prepare films with cellulose, silk fibroin, and other
proteins. The most interesting results were obtained
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by using the [Cu(NH;)(OH), solvent system
(Cuoxam).

Cuoxam (cuprammonium hydroxide solution) is
one of the most widely used solvents for preparation
of cellulose filaments (Bemberg) and membranes (Cu-
prophane process)!€ on a technical scale, as well as for
viscosimetric determination of the degree of polymer-
ization (DP).?° In the experimental conditions adopted
here, cellulose from cotton linters dissolves very easily,
at room temperature, without significant degradation
of polymer chains, as confirmed by the very slight de-
crease of the DP value (Table I).

Metal complex solutions are known to cause more
or less extensive degradation of silk fibroin.’® We
studied the influence of several parameters, such as
reagent concentration and dissolution conditions,
in order to optimize the procedure for preparing re-
generated silk fibroin films by using Cuoxam. Silk
fibroin dissolves quickly at room temperature. Times
of solution preparation and drying (after casting,
before coagulation) should be kept as short as pos-
sible, in order to avoid the possible degradation by
alkali. Changes in the concentration of ammonia
and copper hydroxide did not have any significant
effect on the chemical structure of fibroin. As ex-
pected, the most critical parameter is NaOH con-
centration. The greater the amount of NaOH, the
higher the rate of dissolution but at the cost of a
pronounced decrease in average molecular weight
(Fig. 1). We found that the minimum NaOH con-
centration necessary to attain fibroin dissolution is
around 0.5-0.6 N. The corresponding intrinsic vis-
cosity value (Table I) is lower than that of the fiber
but acceptable for the integrity of silk fibroin struc-
ture, because such a value is normally attained dur-
ing silk fiber processing on an industrial scale (after
degumming, dyeing, etc.).

After coagulation and washing, pure fibroin and
cellulose films are transparent. The presence of
small bubbles has been observed in fibroin films.

Table I Degree of Polymerization of Cellulose
(DP) and Intrinsic Viscosity of Silk Fibroin [7]
before and after Film Preparation

Cellulose DP
Cotton linters 396
Film 385

Silk fibroin [n] (dl/g)
Fiber 0.72
Film 0.50
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Figure 1l Changes in the molecular weight of silk fibroin
as a function of the NaOH concentration in the solvent
gsystem.

Their formation can be partially limited by degassing
the solution before casting. The same comments ap-
ply also to fibroin/cellulose blends, the films being
transparent at all blending ratios examined, and the
bubbles being more visible at higher fibroin content.

X-Ray Diffraction Curves

The solvent system used for the coagulation bath is
known to induce conformational changes, leading
to crystallization of silk fibroin.!® Crystallization of
cellulose is also promoted, due to dehydration and
subsequent drying. The crystalline structure of pure
films was determined by means of x-ray diffraction
spectroscopy (Fig. 2). After dissolution and regen-
eration in film form [Fig. 2(b)}], silk fibroin crystal-
lizes to 3-sheet structure,? with a major and broad
2 f peak at 20.5°, corresponding to the crystalline
spacing of 4.39 A. The same crystalline structure is
present in the original silk filament [Fig. 2(a)].

The wide-angle x-ray diffraction profile of cotton
linters [Fig. 2(c)] is characterized by the (110), (110),
and (200) reflections, typical of Cellulose I crystal
structure present in native celluloses.?! On regen-
eration from metal complex solution, the cellulose
film exhibits 2 § peaks at 12 and 20°, corresponding
to the (110) and (110) reflections (crystalline spac-
ings of 7.37 and 4.44 A, respectively). This diffraction
pattern is typical of the Cellulose II crystalline
form.?' The overlapping of the major crystalline re-
flections of both fibroin and cellulose in the x-ray
spectra of the blend films did not allow to evaluate
the contribution of each component to the crystal-
line structure.

The degree of crystallinity was calculated from
x-ray spectra by means of the Hermans’ method.!®

The crystallinity of pure fibroin films is about 19%,
a value larger than that reported for silk fibroin films
regenerated by casting from aqueous solution
(13%),® though lower than that of the original silk
filament (22.5%).%% This result confirms that con-
ditions used for film preparation are favorable for
crystallization of silk fibroin. On the contrary, the
degree of crystallinity of pure cellulose films (20%)
is rather low compared to the values reported for
different regenerated cellulosic materials.?®

Density and Moisture Regain

The fine structure of fibroin/cellulose blend films
was further investigated by density measurements.
The density value of pure fibroin films is 1.345 g/
cm?®, slightly lower than that reported for degummed
silk fibers (1.35 g/cm®).22 Pure cellulose films are

(a)
(b)
(c)
(d)
A S Y TN U I N T (Y N Y O
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Figure 2 Wide-angle x-ray diffraction profiles of silk
fibroin fiber (a) and film (b), and of native cellulose (cotton
linters) (¢) and film (d).
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Figure 3 Behavior of density (a) and moisture regain
(b) of fibroin/cellulose blend films as a function of the
blending ratio.

characterized by a density of 1.497 g/cm?®, a value
considerably lower than that of most cellulose fibers
(> 1.54 g/cm®), but close to the lower limit of the
density range reported for viscose rayon and other
kinds of regenerated celluloses (1.50-1.54 g/cm?®).%°
The results of both fibroin and cellulose films are
consistent with the above crystallinity data, showing
a quite high degree of crystallinity for regenerated
silk, while cellulose is prevalently amorphous.

The relation between density and fibroin/cellu-
lose blending ratio is shown in Figure 3(a). Densities
of blend films are intermediate between pure com-
ponents, the values tending to be lower than one
would expect from a mere additive behavior. The
shift from the ideal behavior might suggest the oc-
currence of interactions between the two polymers,
leading to a slight expansion of volume, as shown
by the shape of the curve.

Because density reflects the structure of both
amorphous and crystalline phases of the material,
equilibrium moisture regain measurements were
used as a probe to study the changes in the amor-
phous regions as a function of the blending ratio
[Fig. 3(b)]. The results show that absorption of
moisture increases sharply when 20% cellulose is
added to silk fibroin, beyond which value a plateau
is attained. The raise of equilibrium moisture regain

SILK FIBROIN/CELLULOSE BLEND FILMS 1541

induced by a small amount of cellulose is only partly
attributable to the higher hygroscopicity of the ma-
terial added to silk fibroin. The addition of a prev-
alently amorphous material, as well as the interac-
tion between fibroin and cellulose chains in the
amorphous regions of the blend, might have changed
both structure and behavior of these fiber domains,
resulting in a higher uptake of water molecules. The
behavior of density as a function of the blending
ratio seems to support this hypothesis.

Mechanical Properties

Because polymeric materials, such as membranes,
may be subjected to various kinds of stress during
use, the determination of the mechanical properties
involves not only scientific, but also technological and
practical aspects. The stress-strain curves of pure
and blend films were determined and the values of
tensile strength and elongation at break plotted as a
function of the increasing cellulose content (Fig. 4).

Pure fibroin films are characterized by very low
values of both tensile strength and elongation. The
tensile strength is about 1.5 kg/mm? somewhat
lower than that reported for native silk fibroin
films.”'* This result should be mainly due to the
decrease in molecular weight induced by the solvent
system used in our work to prepare the regenerated
silk fibroin solution. The extremely low value of
elongation is typical of a very brittle material and
is consistent with the results reported by Minoura
et al.,” showing that silk membranes in the dry state
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Figure 4 Tensile properties (tensile strength and elon-
gation at break) of fibroin/cellulose blend films as a func-
tion of the blending ratio.
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Figure 5 IR spectra of pure and blend films. (a) silk
fibroin; (b) 80/20 fibr./cell.; (c) 60/40 fibr./cell.; (d) 40/60
fibr./cell.; (e) 20/80 fibr./cell.; (f) cellulose.

are almost unsuitable for practical uses, due to their
high degree of brittleness.

The addition of cellulose to silk fibroin is effective
in inducing significant changes in the mechanical
properties of the resulting blend films. The behavior
of tensile strength seems to vary according to the
cellulose content, because this parameter increases
almost linearly with the amount of cellulose from
the 80/20 blend upwards. Elongation at break shows
a sharp increase at 60/40 blending ratio, and then
remains constant.

The blend film containing 40% of cellulose is 10
times more extensible than that made of pure fi-
broin. This result might be attributed to various
factors, such as the intrinsic properties of the ma-
terial added to silk fibroin, the higher hygroscopicity
of the blends, the plasticizing effect of the additional
water molecules absorbed, etc. However, the possi-
bility that adjacent fibroin and cellulose chains
might interact with each other in the amorphous
region should be taken into account, in order to ex-
plain the sharp raise of elongation occurring within
a narrow range of blending ratio.!®

The mechanical properties of fibroin/cellulose
blend films are quite interesting from the practical
point of view. Though the ultimate value of rupture
strength holds a certain interest in evaluating the

performance of a polymeric material, the ability of
absorbing stresses by plastic deformation, as well as
the possibility of elongating without breaking, are
often of higher importance. In this context, the ad-
dition of cellulose to silk fibroin can be exploited as
a useful tool for improving mechanical properties of
silk fibroin films. Similar results have been reported
for silk fibroin membranes blended with sodium
alginate'® and sodium polyglutamate.'*

IR spectroscopy

Conformational characterization of pure and blend
films was carried out by means of infrared spec-
troscopy. The IR spectrum of silk fibroin film {Fig.
5(a)] shows the characteristic absorption bands at
1630 cm™! (amide I), 1530 cm™! (amide IT), 1265 cm™
(amide III), and 700 cm™! (amide V), attributed to
the crystalline 8-sheet structure, and the bands at
1660 cm™}, 1540 cm™}, 1235 cm™}, and 650 cm ™, as-
signed to the random coil form.?® The strong inten-
sity of the B-sheet bands confirms that crystalliza-
tion of silk fibroin occurred under the experimental
conditions adopted. The IR spectrum of the cellulose
film [Fig. 5(f)] is typical of cellulose II,%% as ex-
pected from the conditions used for sample prepa-
ration and in agreement with x-ray diffraction re-
sults.

The IR spectra of fibroin/cellulose blend films
[Fig. 5(b—e)] are characterized by the presence of
absorption bands typical of the pure components,
whose intensities are roughly related to the blending
ratio. However, significant changes can be noted in
the spectral region 1250-800 cm™}, which is char-
acteristic of the primary structure of polypeptides.
As concerns silk fibroin, the band at 1015 cm™!
arises from the —(gly—gly)— sequence, while those
at 1000 cm™! and 980 cm ™! are attributed to the
—(gly—ala)— periodic sequence.?” All these ab-

Table II IR Crystallinity Indexes of Silk Fibroin

and Cellulose in Pure and Blend Films

IR Crystallinity Indexes

Fibroin/Cellulose
Blends Fibroin® Cellulose®
100/0 0.66 £ 0.01 —
80/20 0.63 + 0.02 (2.97 + 0.16)
50/50 0.68 + 0.01 0.90 + 0.06
20/80 0.84 = 0.01 0.64 + 0.02
0/100 — 0.54 + 0.04

 Ratio between the absorption bands at 1265 and 1235 cm™.
b Ratio between the absorption bands at 1420 and 900 cm ™,
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Figure 6 Scanning electron microscopy photographs of pure and blend films. (a) silk
fibroin; (b) 80/20 fibr./cell.; (¢) 50/50 fibr./cell.; (d) 20/80 fibr./cell.; (e) cellulose.

sorption bands appear modified by blending with
cellulose. The modification of skeletal frequences
leads us to think that the presence of cellulose prob-
ably induces changes in the interchain alignment of
polypeptide chains. These findings can be attributed
to the occurrence of intermolecular interactions be-
tween the two polymers, mainly due to hydrogen
bonding between hydroxyl groups of cellulose and
amide groups of fibroin.’* Changes observed in the

OH— stretching region (3500-3300 cm™!) seem to
confirm this hypothesis. Further studies are in pro-
gress on this subject.

Both fibroin and cellulose IR spectra present ab-
sorption bands selectively attributed to the crystal-
line and amorphous structures. These bands, at 1265
and 1235 cm™ for fibroin,?® 1420 and 900 cm™! for
cellulose,? have been used to calculate crystallinity
indexes for both polymers in pure and blend films
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(Table II). The results indicate that the crystallinity
of the minor component seems to be selectively en-
hanced by blending. This might be due to the fact
that, during casting, the molecular mobility of the
minor component is affected by the other in such a
way that crystallization is promoted. Referring to
silk fibroin films, it has been reported that the lower
the drying rate, the higher the crystal content.?® We
suppose that the presence of hydrophilic cellulose
molecules optimizes the rate of fibroin crystalliza-
tion. The high crystallinity index calculated for cel-
lulose in the 80/20 fibroin/cellulose blend is probably
affected by a certain degree of uncertainty, due to
overlapping of absorption frequences of both poly-
mers, especially around the 1420 cm ™! region.

Morpholegical characteristics

Cryogenically fractured surfaces of fibroin/cellulose
blend films are shown in Figure 6. The pure fibroin
film [Fig. 6(a)] exhibits a dense and uniform micro-
structure, with a very fine texture. As the cellulose
content increases [Fig. 6(b-d)], the morphology of
fractured surfaces changes from smooth to rough,
assuming a lamellar structure. The latter is typical
of the pure cellulose film [Fig. 6(e)].

The transition from fibroin-like to cellulose-like
morphology is induced as soon as a small amount
of cellulose is added to silk fibroin. The results of
blend morphology are consistent with the above-re-
ported observations concerning the changes in
physical properties and mechanical behavior, oc-
curring when an amount of cellulose ranging from
20 to 40% is added to silk fibroin. In particular, the
less compact morphological structure exhibited by
the 80/20 blend film is in agreement with density
and moisture absorption behavior, which seem to
indicate a higher accessibility of the amorphous re-
gions. It is interesting to note the considerable
swelling of the lamellar phase of the blend films,
compared to that of the pure cellulose film.

CONCLUSIONS

The results reported confirm that cellulose can be
usefully added to silk fibroin for the preparation of
blends by using natural polymers.

The chemical structure of both components is not
significantly affected by the solvent system used.
However, the possibility of using a solvent less deg-
radative towards silk fibroin and with a lower en-
vironmental impact will be investigated. Moreover,

the recycling of waste products from both silk and
cellulose processing cycles is under study.

Blend films are transparent and homogeneous
from the morphological point of view. Physical
properties of the blend films largely depend on the
blending ratio. It is noteworthy that the addition of
cellulose to silk fibroin permits the preparation of
membranes with excellent elastic behavior.

Changes in shape and intensity of IR absorption
frequences characteristic of either silk fibroin or
cellulose have been attributed to the occurrence of
intermolecular interactions between the two poly-
mers within the amorphous regions. These inter-
actions should mainly depend on the ability of both
cellulose and fibroin to establish interchain hydro-
gen bonds.

The authors express their thanks to Dr. Alberto Seves
and his co-workers (Stazione sperimentale per la Cellulosa,
Carta, Fibre Tessili Vegetali e Artificiali) for the x-ray
diffraction analyses, and to Mrs. Silvia Beretta and Miss
Francesca Boniardi (Stazione sperimentale per la Seta)
for FT-IR spectra and fruitful discussion.
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