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APPENDICES

Appendix A Determination the Functional Group of Polycarhbazole and Silk
Fibroin Hydrogel by Fourier Transform Infrared Spectroscopy

Polycarbazole (PCZ) was synthesized via the oxidative polymerization of
carbazole to obtain synthesized PCZ (Gupta et a1, 2010). The synthesized PCZ was
dedoped by immersing in an ammonium hydroxide solution to neutralize PCZ, and
then doped with the various mole ratios of hydrochloric acid. The mole ratio of
hydrochloric acid per carbazole repeating unit (NncfNpcz) were 1:1, 10:1, 1001,
200:1, and 300:1. Optical grade KBr was used as the background material. The
poiymers were first characterized for the functional groups by the FTIR spectrometer
(Thermo Nicolet, Nexus 670) in the transmission mode with 64 scans at a resolution
ofd cm'L

% Transmittance (a.u.)
e

T . T T
4000 3000 2000 1000

Wavenumber (cm")

Figure AL The FTIR spectra of: (a) dedoped PCZ; (b) doped 11 PCZ; (c) doped
10:1 PCZ; (d) doped 100:1 PCZ; (&) doped 200:1 PCZ; and (f) doped 300:1 PCZ.
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The FTIR spectra of dedoped PCZ and doped PCZ with hydrochloric acid are
shown for comparison in Figure Al. The peak at 3400 cm-1 refers to the N-F
stretching of heteroaromatics, where the others FT-IRpeaksrepresentthe C=C
stretching of the aromatic compound at 1600-1625 cm'%, the C-N stretching of
substitutions at 1400-1490 cm'%, the C-Fl in plane bending at 1200-1235 ¢cm'1, the C-
H deformation of trisubstituted benzene ring at 800-875 cm'% the C-H out-of-plane
bending at 700-750 cm-1 (Gupta et al., 2010, Raj et al., 2010). With increasing
amount of dopant beyond NncfNpczto 100:1, the peak intensity of the N-H stretching
is reduced.

Table Al The FTIR assignments of polycarbazole

Wavenumber (cm?] Assignment Peaks References
3300-3400 N-H stretching Raj etal., 2010
1600-1625 C=C stretching Guptaetal., 2010
1400-1490 C-N stretching Raj et al., 2010
1200-1235 C-H in plane bending Raj et al., 2010

800-875 C-H stretching Guptaetal., 2010
700-750 C-H out-of-plane bending Raj etal., 2010

For the pure silk fibroin (SF) and crosslinked SF hydrogel, samples were
freeze-dried hefore grinding with optical grade KBr, compressed into pellets, and
characterized with the FTIR spectrometer (Thermo Nicolet, Nexus 760) in the
absorption mode with 64 scans at a resolution of 4 cm'L



65

——— Pure SF
Crosslinked SF
—_ —_“‘-‘\\ e B S /\,Vv/v )
- a4 praSL
(“. \\\\/// 4 \\/\/
)
O
[
ol
E
E
n
o
@
| 5N
-
Q\Q
PR R S A E S i .
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'l)

Figure A2 The FTIR spectra of pure SF and crosslinked SF.

Figure A2 shows the FTIR spectra of pure SF and crosslinked SF with
giutaraldehyde (GTA). The characteristic peaks represent the N-H stretching at 3200-
3300 ¢cm'L the amide | at 1625-1700 cm'], the amide Il at 1520-1550 cm'L the C-H
stretching and the C-H bending at 2900 and 1450 cm'1, respectively. The crosslinked
SF gel samples shows an intense peak at 1240-1300 cm-1representing the amide Il
due to the transformation of random coils to the P-sheet structure (Kim et ai, 2004,
Matsumoto et ai, 2006, eskae?ai, 2009, Lu et al., 2011).
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Table A2 The FTIR assignments of pure SF and crosslinked SF gels

Wavenumber (cm)
3200-3300
2900-3000
1625-1700

1520-1550

1450-1500
1240-1300

Assignment peaks
N-H stretching
C-H stretching
Amide |
(C=0 stretching)
Amide |l
(N-FI bending, C-FI stretching)
C-H hending
Amide HI
(C-N stretching, c=0 bending)

References
Luetai 2011
Matsumoto et al., 2006
Kim et al., 2004
Weskaet a i,2009
Kim et al., 2004
Weskae/ al.,2009
Matsumoto et ai, 2006
Kim etai, 2004
Weskaet a i,2009



67

Appendix B Thermal Properties of Polycarbazole and Silk Fibroin Hydrogel

The thermal behavior of polymers was determined by the thermogravimetric
analyzer (Thermo, TGA Q 50). The characterization was carried out by weighting a
powder sample of 4-5 mg and placed it in a platinum pan, and then heated it under
nitrogen flow with the heating rate 10°c/min from 30 to 900 °C.

There are two transition temperatures for the dedoped PCZ (De_PCZ) and the
doped 100:1 PCZ. The first transition (400-600 C) can be assigned to the
elimination of dopants and the second transition (700-800 °C) can be referred to the
decomposition of the polymeric chain (Ahthagiref al., 2004).

105
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1:1 PCZ
10:1 PCZ
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- 200:1 PCZ

L] L} Al
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Temperature (°C)

Figure B1 The TGA thermograms of De PCZ and doped PCZ with various amount
of doping levels.
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Table B1 The summary of degradation temperature and percent weight loss in TGA
thermograms of DePCZ and doped PCZ at various doping levels

Sample T(i (°C) % Weight loss
2 07 i -
Doped 11 PCZ ?ﬁ‘éﬁ 1558%13
Doped 10:1 PCZ ?j;‘jﬁ 149148
Doped 100:1 PCZ ?éggf ﬁ;i
Doped 200:1 PCZ ?Z?gé 15%6203
Doped 300:1 PCZ ?ﬁ;g :33;2

There are two transitions for pure SF and crosslinked SF gels (4, 5%v/v SF
solution crosslinkedwith0.0l, 0.05, 0.1, 0.5, and [%v/v glutaraldehyde (GTA)
respectively. The first transition (80-120 °C) refers to the loss of moisture and low
temperature volatile species in the samples (Motta et al., 2003). The second
transition (270-500 °C) refers to the breakdown of the side chain group of amino acid
residue and the silk fibroin degradation (Weska et al, 2009). The TGA thermograms
of the pure SF and crosslinked SF show that the decomposition temperature does not
change significantly, while % weight loss slightly decreases with increasing amount
0f GTA as the crosslinking agent.
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Figure B2 The TGA thermograms of pure SF and crosslinked 4%v/v SF solution
with 0.01, 0.05, 0.1, 0.5, and 1%v/v of GTA.
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Figure B3 The TGA thermograms of pure SF and crosslinked 5%v/v SF solution
with 0.01, 0.05, 0.1,0.5, and 1%v/v of GTA.
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Table B2 The summary of degradation temperature and percent weight loss in TGA
thermograms of pure SF and crosslinked SF solution with various amounts of GTA

Sample Td( % Weight loss
Pure SF 275.69 55.07
0.01%v/v GTA in 4%v/v SF 270.39 54.89
0.05%v/v GTA in 4%v/v SF 271.60 54.80
0.1%v/v GTA in 4%vlv SF 270.82 54.00
0.5%v/v GTA in 4%vlv SF 216.71 54.00
1.0%v/v GTA in 4%v/v SF 271.79 52.86
0.01%v/v GTA in 5%v/v SF 271.34 52.88
0.05%v/v GTA in 5%v/v SF 267.83 54,95
0.1%v/v GTA in 5%v/v SF 27156 54.88
0.5%vlv GTA in 5%vlv SF 275.17 51.05

1.0%v/v GTA in 5%v/v SF 213.88 51.45
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Appendix ¢ - The Electrical Conductivity Measurement of Polycarbazole

The electrical conductivity was measured by using the two-point probe meter
connected to a voltage supplier (Keithley, Model 6517a) whose constant voltage can
be varied and the current is measured. The regime, where responsive current is
linearly proportional to the applied voltage is called the linear Ohmic regime; it can
be identified by plotting the applied voltage against the current. The voltage and the
current in the regime were converted to the electrical conductivity by the following
equation:

a=llp = 1R X) = I[RSXVxt)

where a is the specific conductivity (S/cm)

p is the specific resistivity (0.cm)

Rsis the sheet resistance (Q/sq)

tis the thickness of sample pellet (cm)

V is the applied voltage (V)

| is the measured current (A)

K is the geometric correction factor of the two-point probe meter

(K=4.29 X 1(T4).

All sample thicknesses were measured by using a thickness gauge.

Figure Cl shows the electrical conductivity of dedoped and doped PCZ with
various mole ratios of the dopant. The result shows the increase in the electrical
conductivity with increasing amount of dopant. The maximum value of electrical
conductivity is 3.72x1 Os s/cm, at NhcP Npcz to be 100:1. At a higher doping level
the electrical conductivity is reduced.
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Figure Cl The electrical conductivity of various doping level of polycarbazole.
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Table C| Determination the electrical conductivity (S/cm) of dedoped and doped

PCZ

Sample

Dedoped PCZ
Doped 11 PCZ
Doped 10:1 PCZ
Doped 100:1 PCZ
Doped 200:1 PCZ
Doped 300:1 PCZ

Electrical conductivity Standard deviation

(Slcm)
2.53%10"7 9.24x10'9
3.28*1 07 1.02X10'V
3.96x10"% 1.26x1 Os
3.72*10'5 3.26x1 07
3.48X10-3 8.50x107
4.28* 10 4.90x10"7
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Appendix D Density Determination of Polycarbazole

The densities of dedoped and doped 100:1 polycarbazole were determined by
the gas pycnometer (Quantachrome, Ultrapycnometer-1000) with a small cell size
(7.0699 cm3. The polymer was firstly vacuum-dried for 24 h and then weighted
around 1 g at ambient temperature, then loaded into the sample cell. Helium gas was
used to purge the sample cell. Density measurements were carried out 10 times for
the each sample.

Table D1 Density data of dedoped polycarbazole measured at 27 °C

Run Density (g/lem3)

1 0851

2 0.852

3 0.854

4 0.856

d 0.855

: 0.853

[ 0.850

: 0.855

Y 0.850
10 0.856

Average density 0.854 glems

Standard deviation 0.002 g/cms



Table D2 Density data of doped 100 :1 polycarbazole measured at 27 ¢

Run Density (g/cm3
1 1.335
2 1.338
3 1.329
4 1.333
5 1.327
6 1.325
! 1.326
8 1.342
9 1.324
10 1.324
Average density 1.330 glems

Standard deviation 0.006 g/cms
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Appendix E Scanning Electron Micrographs of Polycarbazole, Silk Fibroin
Hydrogels and Silk Fibroin/Polycarbazole Hydrogels

Scanning electron microscope (Hitachi, S4800) was used to determine the
morphological structure.

S4800:10.0kV x18.0k SE(M)

54800 10:0kV. X18.0k SE(M)

(b)

Figure EI  SEM photographs of: (a) dedoped polycarbazole; (b) doped 100 1
polycarbazole at magnification of 18000.
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$4800 10.0kV 11.1mm x10.0k SE(U) !

(d)
Figure E2 SEM photographs of dispersion of polycarbazole (PCZ) particle in silk
fibroin hygrogel: (a) o vol.%; (b) c.001 VvolL.%; (c) 0.01 vol.%; and (d) 0.1 vol.% of

PCZ particles.
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Appendix F Electromechanical Properties Measurement of Crosslinked Silk
Fibroin Hydrogels with Various Amounts of Glutaraldehyde

The electromechanical properties of crosslinked silk fibroin hydrogels were
measured by the melt rheometer (Rheometric Scientific, ARES), fixed with a
custom-built copper parallel plate fixture with the diameter of 25 mm. DC voltage
was applied with a DC power supply (Instek, GFG 8216A), which can deliver the
electric field up to 4 kv/mm. A digital multimeter (Tektronix, CDM 250) was used
to monitor the voltage input. The samples were prepared in the sandwich
configuration of polyimide-silk fibroin hydrogel-polyimide to prevent the shortening
of the circuit. In these experiments, the dynamic strain sweep tests were first carried
out to determine appropriate strains by measured the dynamic modulus (G in linear
viscoelastic regime.The following figures, Figure, FI, F2, F3, F4, and F5, show
linear viscoelastic regimes of 4 Y%v/v silk fibroin solution crosslinked with 0.01,
0.05 0.1, 05 and 1.0 %viv glutaraldehyde, respectively, without electric field
strength (0 v/mm). Whereas, Figure, Fe, F7, Fs, F9, and F10 show linear
viscoelastic regimes of 5 %uv/v silk fibroin solution crosslinked with 0.01, 0.05, 0.1,
0.5, and 1.0 %v/v glutaraldehyde, respectively, without electric field strength (0
Vimm).
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Figure FI Strain sweep test of 0.01 %v/v glutaraldehyde crosslinked(4 %vlv silk
fibroin solution) at frequency 1 rad/s and 100 radfs, electric field o v/mm, sample
thickness 1.102 rain, 300 K.
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Figure F2 Strain sweep test of 0.05 %v/v glutaraldehyde crosslinked(4 %viv silk
fibroin solution) at frequency 1 rad/s and 100 rad/s, electric field O v/mm, sample
thickness 1.109 mm, 300 K



80

1e+6 r
O 1radls
O 100 rad/s
1e+5 1 ©09%00000,
0000900 5
O
— le+4 -
© oo
& o
b O
1e+3 - © 5
o o]
1e+2 4 ®oo
(ol o]
1e+1 T . — -
.001 01 N 1 10 100
% Strain

Figure F3 Strain sweep test of 0.1 %v/v glutaraldehyde crosslinked(4 %vlv silk
fibroin solution) at frequency 1 rad/s and 100 radfs, electric field o v/mm, sample

thickness 1.068 mm, 300 K.
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Figure F4 Strain sweep test of 0.5 %v/v glutaraldehyde crosslinked(4 %viv silk
fibroin solution) at frequency 1 rad/s and 100 rad/s, electric field 0 v/imm, sample

thickness 1.066 mm, 300 K.
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Figure F5 Strain sweep test of 1.0 %v/v glutaraldehyde crosslinked(4 %v/v silk
fibroin solution) at frequency 1 rad/s and 100 radfs, electric field o v/mm, sample

thickness 1.078 mm, 300 K.
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Figure F6 Strain sweep test of 0.01 %viv glutaraldehyde crosslinked(5 %viv silk
fibroin solution) at frequency 1 rad/s and 100 rad/s, electric field 0 v/mm, sample

thickness 1.029 mm, 300 K.
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Figure F7 Strain sweep test of 0.05 %v/v glutaraldehyde crosslinked(5 %v/v silk
fibroin solution) at frequency « rad/s and 100 rad/s, electric field o vimra, sample

thickness 1.308 mm, 300 K.
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Figure F8 Strain sweep test of 0.1 %viv glutaraldehyde crosslinked(> %viv silk
fibroin solution) at frequency 1 rad/s and 100 rad/s, electric field 0 v/imm, sample

thickness 1.250 mm, 300 K.
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Figure F9 Strain sweep test of 0.5 %vlv glutaraldehyde crosslinked(5 %v/v silk
fibroin solution) at frequency 1 rad/s and 100 rad/s, electric field o v/imm, sample
thickness 1.033 mm, 300 K.
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Figure F10 Strain sweep test of 1.0 %vlv glutaraldehyde crosslinked(5 %v/v silk
fibroin solution) at frequency 1 rad/s and 100 rad/s, electric field O v/mm, sample
thickness 1.189 mm, 300 K.
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Figure GL Frequency sweep test of 0.01 %v/v glutaraldehyde crosslinked (4 %viv
silk Fibroin solution) at strain 0.03 %, sample thickness 1.102 mm, temperature 300

K.

i
e+
4e+5
3e+h

2e+5

1e+5

b
i
e+
de+4
Je+4

2e+4

01

S 9T O

o o

000000000000
aglage et
NGK zvza10VA
gé 1 H 5
A A A I,
5 522
1 10 100

Frequency (rad/s)

1000

<=<=>> oo

At0Vimm
At 25 Vimm
At50 Vimm
At 100 Vimm
At200 Vimm
At400 Vimm
At 600 Vimm
At800 Vimm
At 1000 V/imm

Figure G2 Frequency sweep test of 0.05 %v/v glutaraldehyde crosslinked (4 %viv
silk fibroin solution) at strain 0.05 %, sample thickness 1.109 mm, temperature 300

K.
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Figure G3 Frequency sweep test of 0. %vlv glutaraldehyde crosslinked (4 %viv
silk fibroin solution) at strain 0.06 %, sample thickness 1.068 mm, temperature 300
K.
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Figure G4 Frequency sweep test of 0.5 %viv glutaraldehyde crosslinked (4 %viv
silk fibroin solution) at strain 0.10 %, sample thickness 1.066 mm, temperature 300

K
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Figure G5 Frequency sweep test of 1.0 %vlv glutaraldehyde crosslinked (4 %viv
silk fibroin solution) at strain 0.10 %, sample thickness 1.078 mm, temperature 300
K.
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Figure G6 Frequency sweep test of 0.01 %v/v glutaraldehyde crosslinked (5 %v/v
silk fibroin solution) at strain 0.10 %, sample thickness 1.029 mm, temperature 300

K.
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Figure G7 Frequency sweep test of 0.05 %v/v glutaraldehyde crosslinked (5 %vlv

silk fibroin solution) at strain 0.10 %, sample thickness 1.308 mm, temperature 300
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Figure G8 Frequency sweep test of 0.1 %v/v glutaraldehyde crosslinked (5 %v/v
silk fibroin solution) at strain 0.15 %, sample thickness 1.250 mm, temperature 300
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Figure GO Frequency sweep test of 0.5 %vlv glutaraldehyde crosslinked (5 %viv
silk fibroin solution) at strain 0.15 %, sample thickness 1.033 mm, temperature 300

K.
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Figure G10 Frequency sweep test of 1.0 %v/v glutaraldehyde crosslinked (5 %v/v
silk fibroin solution) at strain 0.15 %, sample thickness 1.198 mm, temperature 300

K.
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Appendix H Effect of Electric Field on the Storage Modulus Response (AG')
aHndthe|Storage Modulus Sensitivity (AG/G'0) of Crosslinked Silk Fibroin
ydrogels
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Figure HI The storage modulus response (AGJ and the storage modulus sensitivity
(AG'G'0) versus electric field strength of 0.01 %vlv glutaraldehyde crosslinked (4
%vlv silk fibroin solution) at strain 0.03 %, frequency 100 rad/s, sample thickness
1.102 mm, temperature 300 K.
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Figure H2 The storage modulus response (AG") and the storage modulus sensitivity
(AGTG'0) versus electric field strength of 0.05 %v/v glutaraldehyde crosslinked (4
%vlv silk fibroin solution) at strain 0.05 %, frequency 100 rad/s, sample thickness
1.109 mm, temperature 300 K
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Figure H3 The storage modulus response (AG') and the storage modulus sensitivity
(AG'G'0) versus electric field strength of 0.1 %v/v glutaraldehyde crosslinked (4
%vlv silk fibroin solution) at strain 0.06 %, frequency 100 rad/s, sample thickness
1.068 mm, temperature 300 K.
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Figure H4 The storage modulus response (AG’) and the storage modulus sensitivity
(AG'G'0) versus electric field strength of 0.5 %v/v glutaraldehyde crosslinked (4
%vlv silk fibroin solution) at strain 0.10 %, frequency 100 rad/s, sample thickness
1.066 mm, temperature 300 K.
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Figure H5 The storage modulus response (AG') and the storage modulus sensitivity
(AG'G'0) versus electric field strength of 1.0 %vlv glutaraldehyde crosslinked (4
%vlv silk fibroin solution) at strain 0.10 %, frequency 100 rad/s, sample thickness

1.078 mm, temperature 300 K.
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Figure H6 The storage modulus response (AG') and the storage modulus sensitivity
(AG'G'o) versus electric field strength of 0.01 %v/v glutaraldehyde crosslinked (5
%vlv silk fibroin solution) at strain 0.10 %, frequency 100 rad/s, sample thickness

1.029 mm, temperature 300 K.
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Figure H7 The storage modulus response (AG') and the storage modulus sensitivity
(AG'G'0) versus electric field strength of 0.05 %v/v glutaraldehyde crosslinked (5
%vlv silk fibroin solution) at strain 0.10 %, frequency 100 rad/s, sample thickness
1.308 mm, temperature 300 K.
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Figure H8 The storage modulus response (AG') and the storage modulus sensitivity
(AG'G'0) versus electric field strength of 0.1 %v/v glutaraldehyde crosslinked (5
%viv silk fibroin solution) at strain 0.15 %, frequency 100 rad/s, sample thickness
1.250 mm, temperature 300 K.
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Figure H9 The storage modulus response (AG') and the storage modulus sensitivity
(AG/G'o) versus electric field strength of 0.5 %v/v glutaraldehyde crosslinked (5
%vlv silk fibroin solution) at strain 0.15 %, frequency 100 rad/s, sample thickness
1.033 mm, temperature 300 K.
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Figure H10 The storage modulus response (AG) and the storage modulus
sensitivity (AGYG'0) versus electric field strength of 1.0 %v/v glutaraldehyde
crosslinked (5 %vl/v silk fibroin solution) at strain 0.15 %, frequency 100 radfs,
sample thickness 1.198 mm, temperature 300 K.
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Table HI Comparison of the storage modulus responses and the storage modulus sensitivities of crosslinked silk fibroin (SF) hydrogels

Materials

4 %vlv SF
solution

5%v/v SF
solution

Glutaraldehyde
(%viv)

0.01
0.05
0.10
0.50
1.00
0.01
0.05
0.10
0.50
1.00

Electric field
strength
(V/ram)

1000

Frequency  Temperature

(rady

100

(K)

300

Storage
modulus
response
(AG) (Pa)
3.08 X103
3.28 X103
3.18 X103
3.15 X103
3.45 X103
2.70 X103
2.63 X103
2.54 X 103
2.49 X103
2.55 X 103

Initial
storage
modulus

(G'o) (Pa)
4.12 X 104
5.05 X104
8.18 X 104
9.00 X 104
9.93 X 104
1.10 X 103
1.19 X103
1.33 X103
1.35 X 103
1.38 X 103

Storage
modulus
sensitivity
(AGT7 Glo)
148
6.50
3.89
3.50
341
245
221
191
1.87
1.85
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Appendix | Electromechanical Properties Measurements of Silk Fibroin/
Polycarbazole Composites

The electromechanical properties of the composite hydrogels were carried out
by melt rheometer (Rheometric Scientific, ARES). It was fitted with a custom-built
copper parallel plates fixture, diameter 25 mm. A DC voltage was applied by DC
power supply (Instek, GFG 8216A), which can deliver electric field strength to 600
vimm. A digital multimeter was used to monitor the voltage input. Dynamic strain
sweep test was first carried out to determine appropriate strains by measured G' in
viscoelastic regime. The following figures, Figure 11, 12, 13, 14, 15 and 16, showed
linear viscoelastic regimes of the silk fibroin/polycarbazole hydrogels with various
polycarbazole concentrations, respectively.
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Figure Il Strain sweep test of silk fibroin/polycarbazole (0.001 %v/v of
polycarbazole) hydrogel at frequency 1rad/s and 100 rad/s, electric field 0 v/imm,
sample thickness 1.251 mm, temperature 300 K.
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Figure 12 Strain sweep test of silk fibroin/polycarbazole (0.005 %viv of
polycarbazole) hydrogel at frequency 1 rad/s and 100 rad/s, electric field 0 v/imm,
sample thickness 1.678 mm, temperature 300 K.
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Figure 13  Strain sweep test of silk fibroin/polycarbazole (0.01 %viv of
polycarbazole) hydrogel at frequency 1 rad/s and 100 rad/s, electric field 0 v/mm,
sample thickness 1.432 mm, temperature 300 K.
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Figure 14  Strain sweep test of silk fibroin/polycarbazole (0.05 %viv of
polycarhazole) hydrogel at frequency 1 rad/s and 100 rad/s, electric field 0 v/imm,
sample thickness 1.668 mm, temperature 300 K.
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Figure 15  Strain sweep test of silk fibroin/polycarbazole (0.1 %v/v of
polycarbazole) hydrogel at frequency 1rad/s and 100 rad/s, electric field 0 v/mm,
sample thickness 1.235 mm, temperature 300 K.
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Figure 16  Strain sweep test of silk fibroin/polycarbazole (0.5 %v/v of
polycarbazole) hydrogel at frequency 1rad/s and 100 rad/s, electric field 0 v/mm,
sample thickness 1.379 mm, temperature 300 K.
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Appendix J Frequency Sweep Test of Silk Fibroin/Polycarbazole Composites;
Various Electric Fields
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Figure J1 Frequency sweep test of silk fibroin/polycarbazole (0.001 %viv of
polycarbazole) hydrogel at strain 0.15 %, sample thickness 1.251 mm, temperature
300 K.
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Figure J2 The storage modulus response (AG') and the storage modulus sensitivity
(AG'G'0) versus electric field strength of silk fibroin/polycarbazole (0.001 %v/v of
polycarbazole) hydrogel at strain 0.15 %, frequency 100 rad/s, sample thickness
1.251 mm, temperature 300 K.
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Figure J3  Frequency sweep test of silk fibroin/polycarbazole (0.005 %v/v of
polycarbazole) hydrogel at strain 0.15 %, sample thickness 1.678 mm, temperature
300 K.
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Figure J4 The storage modulus response (AG') and the storage modulus sensitivity
(AG'G') versus electric field strength of silk fibroin/polycarbazole (0.005 %v/v of
polycarbazole) hydrogel at strain 0.15 %, frequency 100 rad/s, sample thickness
1.678 mm, temperature 300 K.
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Figure J5 Frequency sweep test of silk fibroin/polycarbazole (0.01 %v/v of
polycarbazole) hydrogel at strain 0.15 %, sample thickness 1.432 mm, temperature
300 K.
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Figure J6 The storage modulus response (AG) and the storage modulus sensitivity
(AG'G'0) versus electric field strength of silk fibroin/polycarbazole (0.0 %vlv of
polycarbazole) hydrogel at strain 0.15 %, frequency 100 rad/s, sample thickness
1.432 mm, temperature 300 K.
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Figure J7  Frequency sweep test of silk fibroin/polycarbazole (0.05 %vlv of
polycarbazole) hydrogel at strain 0.15 %, sample thickness 1.668 mm, temperature

300 K.
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Figure J8 The storage modulus response (AG') and the storage modulus sensitivity
(AG'G'0) versus electric field strength of silk fibroin/polycarbazole (0.05 %vlv of
polycarbazole) hydrogel at strain 0.15 %, frequency 100 rad/s, sample thickness
1.668 mm, temperature 300 K.



103

26+5 O AI0OVm

5383 s A

THI L Rt
g ?E%%%%MH”“”
%mmm%“”
w1 ppppiiiiiEeEiEs

u 1 il TR Y

Frequency (rad/s)
Figure J9  Frequency sweep test of silk fibroin/polycarbazole (0.1 %v/v of
polycarbazole) hydrogel at strain 0.15 %, sample thickness 1.235 mm, temperature
300 K.
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Figure J10 The storage modulus response (AG') and the storage modulus sensitivity
(AG'/G'0) versus electric field strength of silk fibroin/polycarbazole (0.1 %v/v of
polycarbzole) hydrogel at strain 0.15 %, frequency 100 rad/s, sample thickness 1.235
mm, temperature 300 K.
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Figure JII Frequency sweep test of silk fibroin/polycarbazole (0.5 %viv of
polycarbazole) hydrogel at strain 0.15 %, sample thickness 1.379 mm, temperature

300 K.
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Figure J12 The storage modulus response (AG) and the storage modulus sensitivity
(AGVG'0) versus electric field strength of silk fibroin/polycarbazole (0.5 %viv of
polycarbazole) hydrogel at strain 0.15 %, frequency 100 rad/s, sample thickness

1.251 mm, temperature 300 K.



Table J1 The storage modulus responses and the storage modulus sensitivities of silk fibroin/polycarbazole (SF/PCZ) composites

Electric field Storage Initial Storage
. PCZ Frequency Temperature  modulus storage.  modulus
Material strength s
(%viv) imm) (radls) (K) response  modulus  sensitivity
(AG) (Pa)  (G'o) (Pa) (AGT Gl)
SFIPCZ 0 242 X105 4.12 X 104 587
SFIPCZ  0.001 162 X10s 588 X 104 2.75
SFIPCZ  0.005 9.36 X104 523 X104 1.79
SFIPCZ 001 600 100 300 9.72 X104  6.09 X 104 1.60
SFIPCZ 0.05 102 X105  6.83 X 104 1.50
SFIPCZ 0.1 172 X104 6.81 X104 133
SFIPCZ 0.5 6.66 X 104  6.87 X 104 0.97
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Appendix K Electromechanical Properties Measurements of Silk Fibroin/
Dedoped Polycarbazole Composites

The electromechanical properties of the composite hydrogels were carried out
by melt rheometer (Rheometric Scientific, ARES). It was fitted with a custom-built
copper parallel plates fixture, diameter 25 mm. A DC voltage was applied by DC
power supply (Instek, GFG 8216A), which can deliver electric field strength to 600
vimm. A digital multimeter was used to monitor the voltage input. Dynamic strain
sweep test was first carried out to determine appropriate strains by measured G' in
viscoelastic regime. The following figures, Figure K1, K2, and K3, showed linear
viscoelastic regimes of the silk fibroin/polycarbazole hydrogels with various
polycarbazole concentrations, respectively.
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Figure KL Strain sweep test of silk fibroin/dedoped polycarbazole (0.001 %v/v of
polycarbazole) hydrogel at frequency 1rad/s and 100 rad/s, electric field 0 vimm,

sample thickness 1.353 mm, temperature 300 K.
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Figure K2 Strain sweep test of silk fibroin/dedoped polycarbazole (0.0L %v/v of
polycarbazole) hydrogel at frequency 1 rad/s and 100 rad/s, electric field 0 v/imm,
sample thickness 1.424 mm, temperature 300 K.
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Figure K3 Strain sweep test of silk fibroin/dedoped polycarbazole (0.1 %v/v of
polycarbazole) hydrogel at frequency 1 rad/s and 100 rad/s, electric field 0 v/mm,
sample thickness 1.383 mm, temperature 300 K.
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Appendix L Frequency Sweep Test of Silk Fibroin/Dedoped Polycarbazole
Composites; Various Electric Fields
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Figure LI Frequency sweep test of silk fibroin/dedoped polycarbazole (0.001 %v/v
of polycarbazole) hydrogel at strain 0.1 %, sample thickness 1.353 mm, temperature
300 K.
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Figure L2 The storage modulus response (AG') and the storage modulus sensitivity
(AG'G'0) versus electric field strength of silk fibroin/dedoped polycarbazole (0.001
%vlv of polycarbazole) hydrogel at strain 0.1 %, frequency 100 rad/s, sample
thickness 1.353 mm, temperature 300 K.
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Figure L3 Frequency sweep test of silk fibroin/dedoped polycarbazole (0.01 %v/v of
polycarbazole) hydrogel at strain 0.1 %, sample thickness 1.424 mm, temperature
300 K.
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Figure L4 The storage modulus response (AGY and the storage modulus sensitivity
(AGYG'0) versus electric field strength of silk fibroin/dedoped polycarbazole (0.01
%viv of polycarbazole) hydrogel at strain 0.1 %, frequency 100 rad/s, sample
thickness 1.424 mm, temperature 300 K,
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Figure L5 Frequency sweep test of silk fibroin/dedoped polycarbazole (0.1 %v/v of
polycarbazole) hydrogel at strain 0.1 %, sample thickness 1.383 mm, temperature

300 K.
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Figure L6 The storage modulus response (AG') and the storage modulus sensitivity
(AG/G'o) versus electric field strength of silk fibroin/dedoped polycarbazole (0.1
%viv of polycarbazole) hydrogel at strain 0.1 %, frequency 100 rad/s, sample
thickness 1.383 mm, temperature 300 K.



Table LI The storage modulus responses and the storage modulus sensitivities of silk fibroin/dedoped polycarbazole (SF/De_PCZ)

composite

Material

SF/De_PCZ
SFIDe_PCZ
SFIDe_PCZ
SF/De_PCZ

PCZ
(%viv)

0.001
0.01
0.1

Electric field
strength

m)

(Vim

600

Frequency Temperature

(rad/s)

100

(K)

300

Storage
modulus
response
(AG') (Pa)
2.42 X103
1.37 X 103
111 X103
7,36 X 104

Initial
storage
modulus

(G'o) (Pa)
4.12 X104
4,71 X104
577 X 104
594 X104

Storage
modulus
sensitivity
(AGV G'o)
5.87
2.90
192
1.24
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Appendix M Dielectric Constant of Crosslinked Silk Fibroin Hydrogels, Silk
Fibroin/Polycarbazole Hydrogels, and Silk Fibroin/Dedoped Polycarbazole

Hydrogels

The dielectric constant values were measure by an LCR meter (HP, model
4284A) connected to the melt rheometer (Rheometric Scientific, ARES) with parallel
plate fixture in diameter of 25 mm and the thickness of the samples of about 1 mm.
The sample was sandwiched in between polyimide sheets. The top and bottom sides
of parallel plate fixture were coated with a silver adhesive to improve electrical
contact between specimens and the electrodes. The measurements were carried out at
temperature 0f 300 K

600
—O— 0.01%vN GTA
500 —A— 0.05%vN GTA
400 —0-— 0.1 %v/vGTA

—7— 0.5 %vivGTA
300 B —O— 1%VvivGTA
/

100

I s
i = E=

50

40 . r . A i . A A Ak
le+1 1e+2 16+3 le+4 1g+5 1leth

Frequency(Hz)

Figure M Relative dielectric constant (er) versus frequency of crosslinked 4 %v/v
silk fibroin solution with various amount of glutaraldehyde (GTA) at temperature of
300 K.
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Figure M2 Relative dielectric constant (sr) versus frequency of crosslinked 5 %vlv
silk fibroin solution with various amount of glutaraldehyde (GTA) at temperature of
300 K.

Table M| Comparison of the relative dielectric constant values of crosslinked silk
fibroin (SF) hydrogels

| Glutaraldehyde Relative dielelctric Relative diele'ctric
Materials 4ul) constant (£']) constant (£'])
at 0=20 Hz at =40 x 105Hz
001 86.42 344,33
0.05 18.11 199.26
43?|Y1/t ivoﬁF 01 7443 18231
05 67.95 163.32
1.0 60.64 123.66
0.01 68.70 155.90
0.05 60.42 136.65
SSm/tYOiF 01 57.43 119.33
05 44,46 78.28
1.0 42.30 68.28
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Figure M3  Relative dielectric constant (er) versus frequency of silk
fibroin/polycarbazole (SF/PCZ) hydrogels with various polycarbazole (PCZ)
concentration at temperature of 300 K.

Table M2 The relative dielectric constant values of silk fibroin/polycarbazole
(SF/PCZ) hydrogels

PCZ Relative dielectric constant  Relative dielectric constant

(%oviv) e al M= 20 Hz (e Al 0-4.0 X 105H:
SFIPCZ 0.001 77.95 277.46
SFIPCZ 0.005 68.72 266.52
SFIPCZ 0.01 59.94 260.76
SFIPCZ 0.05 54.67 255.12
SFIPCZ 0.10 42,34 242 42
SFIPCZ 0.50 37.42 235.89
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Figure M4 Relative dielectric constant (sr) versus frequency of silk fibroin/de
doped polycarhazole (SF/De PCZ) hydrogels with various dedoped polycarbazole
(DeJPCZ) concentration at temperature of 300 K.

Table M3 The relative dielectric constant values of silk fibroin/dedoped
polycarbazole (SF/De_PCZ) hydrogels

e Relative dielectric
Material (‘;)C\iv) cons?a?rllilt(lé/'er)da:ie Igcirlz% Hz constant (¢1) a
(0=40 x 10sHz
SF/De PCZ 0.001 84.73 225.10
SF/De PCZ 001 66.36 206.73

SF/De_PCZ 0.1 54.52 194.89
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Appendix N Deflection responses of pure silk fibroin hydrogel and silk
fibroin/polycarbazole (SF/PCZ) hydrogels
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Figure N1 Deflection angle (0) and dielectrophoresis force (Fd) versus electric field
strength of pure silk fibroin hydrogel (sample width 3 mm, sample thickness 1.25
mm, sample weight 0.0855 ).
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Figure N2 Deflection angle (0) and dielectrophoresis force (Fd) versus electric field
strength of SF/PCZ (0.001 %viv of PCZ) hydrogel (sample width 3 mm, sample
thickness 1.12 mm, and sample weight 0.0941 g).
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Figure N3 Deflection angle (0) and dielectrophoresis force (Fd) versus electric field
strength of SF/PCZ (0.005 %v/v of PCZ) hydrogel (sample width 3 mm, sample
thickness 1.61 mm, and sample weight 0.1187 g).
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Figure N4 Deflection angle (0) and dielectrophoresis force (Fd) versus electric field
strength of SF/PCZ (0.01 %vlv of PCZ) hydrogel (sample width 3 mm, sample
thickness 1.22 mm, and sample weight 0.0779 g).
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Figure N5 Deflection angle (9) and dielectrophoresis force (Fd) versus electric field
strength of SF/PCZ (0.05 %v/v of PCZ) hydrogel (sample width 3 mm, sample
thickness 1.20 mm, and sample weight 0.0602 g).
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Figure Ns Deflection angle (0) and dielectrophoresis force (Fd) versus electric field
strength of SFIPCZ (0.1 %viv of PCZ) hydrogel (sample width 3 mm, sample
thickness 1.40 mm, and sample weight 0.1224 g).
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Figure N7 Deflection angle (0) and dielectrophoresis force (F) versus electric field
strength of SFIPCZ (0.5 %viv of PCZ) hydrogel (sample width 3 mm, sample

thickness 1.25 mm, and sample weight 0.1197 g).

Table N1 Deflection angles, deflection distances, and dielectrophoresis forces of

silk fibroin/polycarbazole (SF/PCZ) composites at electric field strength of 500

vimm.
Materials

SFIPCZ
SFIPCZ
SFIPCZ
SFIPCZ
SFIPCZ
SFIPCZ
SFIPCZ

PCZ
(%viv)

0
0.001
0.005
0.01
0.05
0.1
0.5

Deflection angle

0 ()

50.78
26.17
23.54
22.15
18.17
23.31
18.18

8.00
5.11
453
411
2.79
4.44
3.70

Deflection
distance (mm)

Dielectrophoresis

force (Fd) (mN)

9.19
2.32
3.95
1.67
1.93
2.92
151
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