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Synopsis

The gelation of mixed solutions of silk fibroin (SF)/syndiotactic-rich poly(vinyl alcohol) (s-
PVA), the thermal analysis of dry-gels, and the various properties of blend films were investigated.
The rate of gelation of a mixed solution was lower than that of each SF or s-PVA solution of the
same concentration. In the DSC thermograph of mixed dry-gel (SF/s-PVA = 2/8 — 8/2) 2 en-
dothermic peaks corresponding to SF (at 288-299°C: decomposition) and s-PVA (at 233-241°C:
melting) were found. Namely, microphase segregation took place. This was confirmed by optical
and electron microscopes. The mechanical properties of blend films did not have additive properties.
The degree of swelling in water of blend films was independent on water temperature or methanol
treatment. The mechanochemical behaviors were barely observed by the pH exchange between pH
2 and 12 only under lower loads. The addition of SF into s-PVA films promoted the permeation
of neutral salts.

INTRODUCTION

Recently the natural polymers with a compatibility to the living body have
been noted as medical materials.! The applications of fibroin (SF) films as
fungible of the skin and enzyme immobilized films, etc., are suggested.”* SF
films are, however, very brittle by themselves. PVA hydrogels are being studied
in place of biological tissues® and used as a matrix for immobilization of mi-
croorganisms, enzymes, and heparin.®® Syndiotactic-rich poly (vinyl alcohol)
(s-PVA) has high water-resistance in comparison with commercial PVA (a-
PVA).? We were able to make the blend films of s-PVA and SF from their
mixed aqueous solutions. The blend films have a sea/island structure with
moderate flexibility /strength. Therefore, they are considered to have wide ap-
plication. Moreover, the blend films are worth noticing from the viewpoint of
phase equilibrium between crystalline polymers. In this article, five properties
(optical, thermal, swelling, mechanochemical, and permeation) of the blend
films have been investigated.

EXPERIMENTAL

Preparation of Samples and Films

Regenerated aqueous silk (Bombyx mort L) was prepared by the way reported
previously through dialysis of the lithium bromide solution.!® The polymer con-
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centration was 1.39 g /dL. s-PVA was derived by the ammonolysis of poly { vinyl
trifluoroacetate) (PVTFA) with diethylenetriamine. PVTFA was prepared by
a bulk polymerization of vinyl trifiuoroacetate (VTFA) at 60°C using benzoyl
peroxide as an initiator. The degree of polymerization { DP) and the content
of syndiotactic diad were 2720 and 56%, respectively. DP was determined
from the intrinsic viscosity in benzene of the acetylated s-PV A using the formula
[7] = 891 X 1072 DP*%2(dL-g!, 30°C).!! The syndiotacticity of the s-PVA
was determined from the infrared spectra.!? s-PVA was dissolved in a sealed
glass tube with water to gain the solution of the polymer concentration of 1.49
g/dL. Both aqueous solutions were carefully mixed at various mixture ratios
avoiding flow-induced crystallization.!®'® Blend films were obtained by casting
the mixed aqueous solutions on glass plates at room temperature. The thickness
of films used for the measurement of infrared (IR ) spectra was 89 um and for
the measurement except IR spectra was 30-40 um.

IR Spectra and Microscopy

The measurements of IR spectra were taken by using a Jasco A-302 infrared
spectrophotometer for an untreated blend film (SF/s-PVA = 1/1, weight ratio),
the blend film annealed at 200°C for 10 min, the blend film immersed in meth-
anol, and the blend film immersed in methanol after annealing at 200°C for
10 min. The structure of films was observed by using a Nikon Optiphot-Pol
polarizing microscope and a Jeol JSM-T220A scanning electron microscope.

Gelation and Thermal Analysis of Dry-Gel

Mixed solutions were held at 20°C and the gelation was investigated. After
drying the gels, the thermal analysis was carried out by using a Rigaku-Denki
DSC 8240B high-efficiency differential scanning calorimeter at a rate of
10°C /min.

Degree of Swelling

For the untreated film, the film annealed at 200°C, and the film immersed
in methanol, the degree of swelling in water was measured at 30-80°C. The
degree of swelling was estimated by dividing the equilibrium swollen length in
water by the original length. The equivalent blend films were used. First, after
the films were kept in water at 30°C for 30 min, the length and width of swollen
films were measured by a cathetometer and the thickness was measured by a
micrometer. Then, the films were kept at 40°C for 30 min and the degree of
swelling was determined. Lastly, the films were kept at 80°C.

Tensile Test

Tensile tests were performed using a Shinko Model TOM /5 tensile tester
at a crosshead speed of 10 mm/min and an original sample length of 20 mm
at 25°C and under the relative humidity of 65%. The films were cut to a width
of 2 mm. The measurement was carried out for the 5 films obtained under same
conditions. The 4 kinds of films, i.e., unannealed, annealed at 200°C for 10
min, immersed in methanol for 1 h and annealed at 200°C for 10 min after
immersion in methanol for 1 h, were used.
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Mechanochemical Behavior

First, blend films (SF/s-PVA = 1/1, 1/2, weight ratio) were swollen in
water at 30°C. The size of original films was ca. 30 mm X 2 mm X 30 gm. The
weights of 1-7 g (in air) were held in water at the ends of swollen films and
the equilibrium lengths were measured. Next, the swollen films were immersed
in water of pH 2 and the length was measured as a function of time. After
reaching to an equilibrium length, the swollen films were immersed in water
of pH 12 and the length was measured as a function of time. After measuring
the length under a load of 1 g, the swollen films were immersed in water at
room temperature. The next day, the experiment was carried out again by using
the swollen films at aload of 2 g,3 g, ..., and lastly 7 g {(SF/s-PVA = 1/1) or
5 g (SF/s-PVA = 1/2).

Permeability of Neutral Salts

Cells consisting of 2 detachable parts made of glass were used for the per-
meability of neutral salts (NaCl, KCl, MgCl,, and MgSO, conc.: 0.17, 0.134,
0.105, and 0.083 mol/L). An unannealed s-PVA casting film, the film annealed
at 200°C, and the blended casting films (SF/s-PVA=1/1,1/2,and 1 /3 weight
ratio) were used. Their films were attached between 2 separated cells (cell I
and cell II) and swollen in water at 30°C. Then, water was poured in cell 1I
(volume: 90 mL) and aqueous solution of neutral salts was poured in cell 1
(266 ml.). Immediately, the conductivity of the water side {cell II) was measured
with time to estimate those concentrations.

RESULTS AND DISCUSSION

IR Spectra

Figure 1 shows the IR spectra for the various films. The absorptions at 1650,
1530, and 1235 cm ™' corresponding to random coils of silk fibroin are found
for as-cast blend films. For the annealed films, their absorptions did not change,
but the absorption at 1140 cm ~* corresponding to the crystallization of PVA
became sharply. For the films treated by methanol, the absorption at 1650 cm ™!
shifted to 1620 cm ~'. This shift is considered to be a random coil / -form tran-
sition. For the film immersed in methanol after annealing, the shift to 1620
cm ! was slight. This is due to the decrease in mobility of sitk fibroin molecules
induced by the crystallization of PVA molecules.

Gelation and Thermal Analysis

Figure 2 shows the relations between the gelation time at 20°C and the
mixed ratio (volume ratio) of both solutions. The gelation time of 1.39 g/dL
for regenerated aqueous silk was about 1 day and for 1.49 g/dL s-PVA aqueous
solution it was within a day. The mixed untreated solution of mixture ratio of
7/3 (SF/s-PVA) had the largest gelation time. For the mixed annealed solution,
the effect of annealing on the gelation time was remarkable in the solution of
higher content of SF. Namely, the conformational change of silk fibroin mol-
ecules is considered to be induced by annealing the solution at high temperature.
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Fig. 1. IR spectra of mixed films of SF/s-PVA = 1/1. (1) as-cast film, (2} annealed at 200°C,
(3) immmersed in methanol, and (4) immersed in methanol after annealing at 200°C.

In the solution of lower SF content, s-PVA molecules contribute chiefly to
gelation. The conformation change of PVA molecules is not induced by an-
nealing since they have only random coil structure in the aqueous solution.

Figure 3 shows the DSC thermograph of dry-gels obtained from the mixed
solutions in Figure 2. SF and s-PVA dry-gels had characteristic endothermic
peaks at 288°C (decomposition of SF) and 241°C (melting point of PVA crys-
tals), respectively, analogous to the results described previously.'*'® In the
blend dry-gel, the former and latter peaks shifted to high and low temperatures,
respectively. The former peak was 299°C for the blend dry-gel of SF/s-PVA
= 2/8 and the latter peak was 233°C for the blend dry-gel of SF/s-PVA = 8/
2. As shown in Figure 3, both the peaks appeared in the DSC thermograph for
the blend dry-gel of SF/s-PVA = 8/2 — 2/8. The decrement of melting tem-
perature with a decrease in PVA content was considered from the decrease in
the crystal size. The relation between the crystal size r (radius of sphere-like
crystal) and melting temperature T)s of s-PVA crystals in blended films is
shown in the following equation®
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Fig. 2. Relations between the gelation time and the mixture ratio of SF/s-PVA solutions at
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where T, is the melting temperature of crystal of pure s-PVA polymer, ¢ is the
surface free energy per unit area, AH, is the heat of fusion per unit volume. In
this paper, the crystal of PVA in the films was postulated as sphere and AH,
= 2000 cal-mol ', and T,, = 540 K were used.” As surface free energy, the
mean surface energy of 4.1 erg-cm 2 for polyethylene was used.'® The relation
between Ty, and the radius r is shown in Figure 4. The crystal size increased
with the increment of T)y. In the blend dry-gel of SF/s-PVA = 9/1, however,
the characteristic endothermic peak of s-PVA was not found at about 233°C.
Moreover, in the blend dry-gel of SF/s-PVA = 1/9, the characteristic peaks
of SF were not found at about 299°C. Namely, in both cases SF and s-PVA
molecules are considered to mix each other satisfactorily.

In the blend films of SF/s-PVA = 1/1, microphase segregation was recog-
nized by an optical microscope. It had a sea/island structure analogous to the
very thin blend films (SF/s-PVA = 14/15) obtained by the frame method®
and the islands had the diameter of ca. 1 um. Both of the sea and island regions
had no polarization. Figure 5 shows the scanning electron micrograph of as-
cast films of SF /s-PVA = 1/2. The sea/island structure was recognized. The
diameter of island was 1-5 um. It was smaller than that of thin film obtained
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Fig. 5. Scanning electron micrograph of as-cast films of SF/s-PVA = 2/1.

by the frame method.!® The aqueous solutions of SF, s-PVA, and blend SF/s-
PVA gel easily. The gelation of blend SF /s-PVA is considered to be the phase
equilibrium among SF crystals, s-PVA crystals, and water.

Swelling

Figure 6 shows the relation between the degree of swelling to the direction
of length or thickness and the temperature for the equivalent blend films. The
degree of swelling was roughly constant independent on water temperature.
The swelling of s-PVA films were dependent on water temperature.?’ Therefore,
the SF regions in the blend films are considered to interfere with the swelling
of s-PVA regions. The solubility of blend films in water was very low (below
2% ) even at 80°C. The degree of swelling to the direction of length was roughly
constant independent of heat and methanol treatments, whereas to the direction
of thickness, it was dependent on the treatments. The degree of swelling to the
direction of thickness for the films annealed at 200°C was lower than that for
the as-cast films or the films immersed in methanol. The effect of the confor-
mational change of SF molecules for random coil to 8-form on the degree of
swelling to the direction of thickness was not recognized.

Young’s Modulus

Figure 7 shows the relation between Young’s modulus and the s-PVA content
for the blended SF/s-PVA of films. The plot is not linear and had the minimum.
If the rule of mixtures is established, Young’s modulus of blend films E are
shown by the following equation,

E:SAEA+SBEB (2)
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where E, and Eg are Young’s moduli of films for A and B elements, respectively,
s4 and sg are the fraction of A and B elements in blended films, respectively.
Young’s modulus of blends deviated from eq. (2). As shown in Figure 5, the
blend films of SF/s-PVA had the sea/island structure. For the materials
with sea/island phase separation, the adhesion at the interface between sea
and island is considered to influence the mechanical properties of blend SF/
s-PVA films.

The mechanical properties of blend SF/s-PVA films were evaluated by the
modified Kerner equation shown as follows?!

E 1+ AB¢,
———— 3
E1 1- B‘P‘bz (3)

where E and E, are Young’s moduli of the composite and matrix, respectively,
and ¢, is the volume fraction of filler phase. A, B, and y are given by the
following equations

_ 7 - 5V1
8- 10m (4)
(Ey/Eq) — 1
P St Ul S 5
(E:/E\) + A )
1_¢m

where v; is Poisson’s ratio, E, is Young’s modulus of filler, and ¢,, is the max-
imum volumetric packing fraction. Figure 8 shows the relations between E and
¢2 at »; = 0.5 and ¢,, = 0.75 for untreated films, ¢,, = 0.6 for films annealed at
200°C, and ¢,, = 0.45 for films immersed in methanol, respectively. Namely,
the fillers are spherical and pack highly at ¢,, = 0.75, randomly at ¢,, = 0.6,
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Fig. 8. Relations between Young’s modulus obtained from eq. (3) and the volume fraction of
filler phase. () ¢, = 0.75 (untreated films), {b) ¢,, = 0.6 (films annealed at 200°C}, (¢): ¢, = 0.45
(films immersed in methanol).
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and as agglomerate at ¢,, = 0.45, respectively. The results were coincided with
microscopic examination.

Mechanochemical Behaviors

Figure 9 shows the change of length with repeated cycles between pH 2 and
12 for the equivalent blend film. The blend film was swollen in water, contracted
at pH 2, and elongated at pH 12. Remarkable elongation and contraction oc-
curred. The repeated exchanges between pH 2 to 12 gave the contraction/
elongation of sawtooth type. The swollen films reached to the equilibrium length
after 30-40 min in each pH solution. Mechanochemical behaviors of synthetic
polymers have been studied since 1950. Kuhn et al.?® observed the mechano-
chemical behaviors for insoluble polyacrylic acid fiber crosslinked partially by
PVA. Moreover, the crosslinked polymethacrylic acid fiber,® the glycerol-
crosslinked poly-L-glutamic acid film,?* etc., have been studied. The results are
analogous to the results shown in Figure 9. Figure 10 shows the relations between
the ratio of the equilibrium length in solution to original length and pH at
various loads (in air, 1-7 g) for the equivalent mixed films. The mechano-
chemical behaviors lowered with the increase in load and disappeared under a
load of 7 g. Namely, the load is higher than the contraction force of polymer
chains. Figure 11 shows the change in mechanochemical behaviors induced by
the load-exchange from 7 to 1 g. The mechanochemical behaviors appeared
again. Figure 12 shows the relations between the ratio of the equilibrium length
in solution to original length and pH for the blend film (SF/s-PVA = 1/2).
Although larger elongation than that for the equivalent mixed film was observed,
the mechanochemical behaviors already disappeared under a load of 5 g.

In the case of mechanochemical behaviors of blend SF/s-PVA films, the
transition from chemical energy to mechanical energy is brought about by the
transfer of protons. The changes of chemical energy to mechanical energy are
given generally by the following equations®

{cm)

Length of film

1 I 1 1 [ 1

0 1 2 3 4 5 6
Time (hr)

Fig. 9. Mechanochemical behavior of equivalent mixed SF/s-PVA films (30.3 mm X 2.0 mm
X 30 pm) at 30°C. Load: 1g (in air).
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where dn is the molar number of hydrogen-ion, R is the gas constant, T is the
absolute temperature, [H];, and [H]; are the concentrations of hydrogen-ion
before and after drawing, f is the strength per unit area, and d{ is the drawn-
length. Equation (7) is shown by the following equation

dW = dnRT In 2 (9)

ay,

where a is the activity. Moreover, the molar number 7 of dissolved hydrogen-
ions is given by the following equation,

n:pr(Ac;-FB) (10)

where x is the volume fraction of SF, V is the volume of film, p is the density
of SF ( = 1.8), « is the fraction of aspartic acid in SF molecules, 3 is the fraction

TABLE I
The Molar Number per Cross Section (cm?) of Hydrogen-Ion, n, Calculated
from Eqgs. (9) and (10)

Sample From Eq. (9) From Eq. (10)

SF/s-PVA = 1/1 3.9 X 10 " mol 1.2 X 107* mol
1/2 2.3 X 1077 mol 9.9 X 107* mol
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of glutamic acid, and M is the molecular weight (= 66; the mean molecular
weight of total amino acid residues in SF). The molar number of dissociated
hydrogen-ions was calculated from egs. {(9) and (10) using the results at a load
of 4g and shown in Table 1. Both values did not coincide. This is considered
due to the parameters assumed and the presence of s-PVA. The maximum
contraction force per unit area induced by mechanochemical action was esti-
mated 3.0 X 10° dyne/cm? for SF/s-PVA = 1/1 film and 2.2 X 10° dyne/cm?
for SF/s-PVA = 1/2 film.

Permeation of Neutral Salts

Figure 13 shows the conductivity change with time in water side under the
permeation of sodium chloride through s-PVA or SF/s-PVA blend films for
aqueous sodium chloride solution /water system. In any films, the conductivity
increased steeply until 50 min and then slowly. The conductivity for blend films
of SF/s-PVA = 1/2 was highest and that of as-cast blend films was higher
than that of as-cast s-PVA film. Namely, SF molecules in the blend films are
considered to play an important role in the permeation of sodium chloride.
Figure 14 shows the relation between the concentration of permeant MgSO,
and time for SF/s-PVA films with various blended ratios which is analogous
to Figure 13. Figure 15 shows the relations between the concentration of per-

104

{us/cm)

Conductivity

1 1 1 {

0 50 100 150
Time (hr)

Fig. 13. Time-dependency of conductivity in water side by permeating sodium chloride through
s-PVA or mixed SF/s-PVA films for aqueous sodium chloride solution/water system at 30°C. O:
As-cast s-PVA film; @: s-PVA film annealed at 200°C; [: mixed films of SF/s-PVA = 1/2; A:

mixed films of SF/s-PVA = 1/3.
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Fig. 14. Concentration of permeant MgSO, plotted as a function of time for mixed SF/s-PVA
films (30°C). O: s-PVA; @: SF/s-PVA = 1/3; A: SF/s-PVA = 1/2;0: SF/s-PVA = 1/1.

meant salts and time for SF/s-PVA = 1/1 film. The permeation rate was KCl
> MgCl, > MgSO0,, that is, it depended on ion size.

Ion permeation through membrane can be analyzed by Donnan’s membrane
equilibrium theory. In this article, the density of stationary electronic charge
in blend film is low and the concentration of permeate salts is higher, that is,
Donnan’s membrane equilibrium is no longer viable. Therefore, we followed
the method brought about by Sugiura?® for the peremeation of KCl through
SF film. The permeation rate of ion m is shown by the following equation*

_ UQdCQ
dt

m

:Km(flcl_f2c2) (11)

where v, is the volume of permeant solution, ¢, and ¢, are the ion concentrations
of permeate and permeant, f; and f, are the activity coefficients of permeate
and permeant, ¢ is time, and K,, is the apparent permeation constant. Moreover,

Uy

6 = et — (—)c2 (12)

where ¢? is the initial concentration of permeate and v, is the volume of per-
meate. From egs. (11) and (12), the following equation is obtained
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The permeation depended on the thickness d and area A of membrane. There-
fore, the permeability was assessed by K,,d/A. Figure 16 shows the relations
between K,,d/A and the concentration of permeant. The permeability of ions
is considered to be influenced by hydration radius of ions {K*: 1.25 A < Mg?*:
3.43 A, C17: 1.20 A < SO%7: 1.90 A).2" For KCI permeation, K,,d/A of SF
film % and SF/s-PVA films was 5 X 1077 and ca. 2 X 107% em? sec 7!, respectively.
This considers that the degree of swelling of latter films was higher than that
of the former.

CONCLUSION

1. In the blend films of SF/s-PVA = 2/8 — 8/2, microphase segregation
was recognized.

2. In the mixed solution of high content of SF, the gelation was interfered
by annealing.
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3. In the blend films, the degree of swelling in water was independent on
temperature and the methanol treatment.

4. The mechanical properties of blend films showed no additive property.

5. In the swollen blend films, the mechanochemical behaviors were barely
induced by the repeated pH exchange between pH 2 and 12 only under
lower loads.

6. The maximum contraction force per unit area induced by mechanochem-
ical action was 2.2 — 3.0 X 10° dyne/cm? for SF/s-PVA = 1/2 — 1/1
films.

7. The addition of SF into s-PVA films promoted the permeation of neutral
salts and the permeabilities of ions are influenced by the hydration radius
of ions.
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