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ABSTRACT:

This work reports on the first study of thermally induced

effect on energy transport in single filaments of silkworm

(Bombyx mori) fibroin degummed mild (type 1), mod-

erate (type 2), to strong (type 3). After heat treatment

from 140 to 220�C, the thermal diffusivity of silk fibroin

type 1, 2, and 3 increases up to 37.9, 20.9, and 21.5%,

respectively. Our detailed scanning electron microscopy

study confirms that the sample diameter change is

almost negligible before and after heat treatment.

Raman analysis is performed on the original and heat-

treated (at 147�C) samples. After heat treatment at

147�C, the Raman peaks at 1081, 1230, and 1665 cm21

become stronger and narrower, indicating structural

transformation from amorphous to crystalline. A struc-

ture model composed of amorphous, crystalline, and lat-

erally ordered regions is proposed to explain the

structural change by heat treatment. Owing to the close

packing of more adjacent laterally ordered regions, the

number and size of the crystalline regions of Bombyx

mori silk fibroin increase by heat treatment. This struc-

ture change gives the observed significant thermal diffu-

sivity increase by heat treatment. VC 2014 Wiley

Periodicals, Inc. Biopolymers 101: 1029–1037, 2014.
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INTRODUCTION

S
ilkworm silk from Bombyx mori has many advan-

tages, such as comfort, high mechanical strength and

elasticity,1 and has been widely used in textile indus-

try for thousands of years.2 In the past century, this

material also provided important clinical repair

options for many applications, such as suture material.3

With the development of biomedical and biotechnological

engineering, it finds more and more applications in biosen-

sors, drug delivery, etc.2–5 It is well known that silkworm silk

is a fibrous protein composed of two strands of fibroin

coated with a layer of sericin. The sericin layer is usually

removed for making regenerated silk-based devices. The

properties of degummed silk (fibroin) fibers need to be fully

characterized and recognized, and the thermal property is

one of the most important properties.

In past studies, some works studied the changes of silkworm

silk proteins’ structures and mechanical properties by using

thermal treatment,6–8 and other thermal analysis of silk

fibroins is focused on reconstituted silk fibroin (RSF) films,2,9–

11 not the native silks naturally produced by silkworms. For

RSF films, there are various ways to induce structural changes

(from amorphous to crystalline). For temperature-controlled

water vapor annealing, the b-sheets crystallinity can increase
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from 14% (when the water vapor annealing temperature is

4�C) to 57.8–59.6% (when the water vapor annealing tempera-

ture is 90–100�C).12 For heat treatment, the original film is

completely noncrystalline prior to the treatment. When heated

above the glass transition temperature (Tg), the crystallinity

can increase to 43% at 214�C.2 Exposing to chemicals, such as

ethanol and methanol can also affect the crystallization of

b-sheets.2,12,13

The thermal transport properties, like thermal conductivity

and thermal diffusivity, are highly affected by protein’s molecu-

lar weight, alignment, crystallinity, defects, and secondary

structure. So the thermal conductivity/diffusivity can be used

to reflect the overall structural change of the protein fiber

under heat treatment. For silks naturally produced by silk-

worms, due to the fact that the thickness of the single filament

of protein fibers is only a few mm, very limited research about

the thermal transport in these materials has been conducted.

Attempts have been tried to measure the thermal properties in

silkworm silks.14 Silkworm silks show significant thermal

transport improvement under stretching.

In this work, for the first time the effect of heat treatment on

the thermal transport properties of silk fibroin fibers are fully

investigated. For RSF films, many studies showed that when the

samples are heated above the glass transition temperature (Tg),

structural transformation from amorphous to crystalline can be

induced. For RSF films, the glass transition temperature is about

178�C,2,6,15,16 and for native silk fibroin from glands of silk-

worms, it ranges from 160 to 210�C.9,17,18 At the same time,

thermogravimetric studies of silk showed that thermal decom-

position occurs in a broad temperature range beginning at about

197�C.12,19,20 Taking all of these factors into consideration, the

heat treatment temperature is set from �140 to �220�C in our

experiment. Three types of fibroin fibers of Bombyx mori that

are prepared by three kinds of degumming methods are studied.

Raman analysis shows that the peaks at 1081, 1230, and 1665

cm21 become sharper after the heat treatment at 147�C. A

model of laterally ordered regions of the silk fibers is developed

to explain the structural changes induced by the heat treatment.7

EXPERIMENT DETAILS

Sample Preparation
Three types of silk (Bombyx mori) fibroin fibers are prepared

by three kinds of degumming methods. The solutions used in

this work are neutral soap, strongly alkaline electrolyzed water

and Na2CO3 solution.

Type 1 Fiber. A known weight of clean cocoon shells is added

into a 0.2% (W/V) neutral soap solution at a ratio of 1:100

(W/V) and heated at 100�C for 30 min. The neutral soap solu-

tion is removed, replaced with a fresh solution and heated

again at 100�C for 30 min. This process is repeated four times.

The degummed silk fibroin is washed repeatedly with about

40�C deionized water. The degummed silk fibroin fibers are

also washed repeatedly and air-dried at 105�C for 2 h.

Type 2 Fiber. pH 11.50 strongly alkaline electrolyzed water is

used for degumming cocoons. A 2.00 g sample (dry cocoon

shells) is mixed with the electrolyzed water (pH 11.50) in a

flask at a ratio of 1:40 (W/V). The flask is placed in a boiling

water bath (100�C) for 20 min with constant stirring (120

rpm). The degummed silk fibroin fibers from the alkaline elec-

trolyzed water are washed with deionized water and finally air-

dried at 105�C for 2 h.

Type 3 Fiber. A known weight of clean cocoon shells is

immersed in 0.5% (W/V) Na2CO3 at a ratio of 1:20 (W/V)

and then heated for 30 min at 98�C. The resulting degummed

silk is rinsed repeatedly (the washing water was kept) with

40�C deionized water then heated again for 30 min at 98�C in

0.5% Na2CO3. The degummed silk fibroin is washed repeat-

edly with about 40�C deionized water to ensure complete

removal of the sericin surrounding the silk fibroin fiber. After

washing repeatedly with deionized water, the degummed silk

fibroin fibers are air-dried at 105�C for 2 h and then weighed.

Heat Treatment
After initial thermal characterization, silk fibroin fibers are

heated in a bench-top muffle furnace (OMEGALUX LMF-

A550) at about 140, 160, 180, and 220�C for 30 min, respec-

tively. In order to improve the temperature measurement accu-

racy, a separate thermocouple has been placed in the chamber

to monitor the inside temperature. After heat treatment, the

samples are cooled down at room temperature for about 30

min before transferred to a vacuum chamber for thermal prop-

erties characterization.

Thermal Characterization
In this work, the transient electro-thermal (TET) technique is

used to characterize the thermophysical properties of silkworm

silks. The TET technique21 is an effective approach developed

to measure the thermal diffusivity of solid materials, including

conductive, semiconductive or nonconductive one-

dimensional structures. This technique has been used for suc-

cessful thermal characterization of free-standing micrometer-

thick poly (3-hexylthiophene) films,22 thin films composed of

anatase TiO2 nanofibers,23 single-walled carbon nanotubes,21
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micro/submicroscale polyacrylonitrile wires,24 and protein

fibers (silkworm silk).14

A schematic of the TET experiment setup is shown in

Figure 1a. In the measurement, the sample is suspended

between two copper electrodes. Silver paste is applied at the

sample–electrode contact to reduce the thermal and electrical

contact resistances to a negligible level. The whole sample is

housed in a vacuum chamber to reduce the heat transfer to the

air. During measurement, a step current is fed through the sam-

ple to induce joule heating. Because silk fibroin fibers are not

electrically conductive, a very thin gold film (�nm) is coated

outside the sample to make it electrically conductive. The

induced voltage–time (V–t) profile recorded by the oscilloscope

is shown in Figure 1b. Upon this step current joule heating, the

sample will experience a quick temperature increase. How

fast/slow the temperature increases is determined by two com-

peting processes: one is the joule heating, and the other one is

the heat conduction from sample to electrodes. A higher thermal

diffusivity of the sample will lead to a faster temperature evolu-

tion, meaning a shorter time to reach the steady state. Therefore,

the transient voltage/temperature change can be used to deter-

mine the thermal diffusivity. When determining thermal diffu-

sivity of the sample, no real temperature rise is needed. In fact,

only the normalized temperature rise based on the voltage

increase is used. The processes for determining the thermal dif-

fusivity and thermal conductivity are outlined below.

During TET thermal characterization, the surface radiation

effect could be significant if the sample has a very large aspect

FIGURE 1 (a) Schematic of the experimental principle and the step current provided for the TET

technique. (b) The methodology to determine the thermophysical properties based on the resulted

V 2 t profile (silk fibroin fiber Type 2). (c) A typical SEM image for silk fibroin fiber (Type 2). (d)

Comparison between the theoretical fitting and experimental data for the normalized temperature

rise versus time (silk fibroin fiber Type 2, before heat treatment).

Increase in Energy Transport in Silks 1031

Biopolymers



ratio (L/D, L: sample length, D: sample diameter), especially

for samples of low thermal conductivity. By converting the sur-

face radiation and gas conduction to body cooling source, the

heat transfer governing equation for the sample is:

1

a
@h x; tð Þ
@t

5
@2h x; tð Þ
@x2
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1
1
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16errT0
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where h 5 T – T0, and T0 the temperature of the environment

(vacuum chamber). For rest parameters, a, R0, r, and er are

the thermal diffusivity, electrical resistance, the Stefan–Boltz-

mann constant and the effective emissivity of the sample,

respectively. I is the current fed through the sample. k is the

thermal conductivity of the fiber. Ac is the cross-sectional area,

and equals to pD2/4 (D: sample’s diameter). This equation is

derived based on h� T0, which holds for most situations in

our experiment. Defining f 52ð16errT0
3=DÞ � L2=p2k and

with aeff 5a (1 – f), the normalized temperature rise (averaged

over the sample) T� can be expressed as
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Numeric calculations have been conducted to confirm the

accuracy of the above solution. So we have

a5aeff 2
1

qcp

16errT0
3

D

L2

p2
(3)

where qcp is volume-based specific heat. The normalized tem-

perature rise T�exp based on the experimental data can be calcu-

lated asT�exp 5ðVwire 2V0Þ=ðV12V0Þ, where V0 and V1 are the

initial and final voltages across the sample (shown in Figure

1b). In our work, after . is obtained, different trial values of aeff

are used to calculate the theoretical T* using Eq. (2) and fit the

experimental results (T�exp ). The value giving the best fit of

T�exp is taken as the effective thermal diffusivity of the sample.

Then Eq. (3) is used to calculate the real thermal diffusivity of

the sample. For the radiation effect, in our previous work, we

have already determined the value of effective emissivity er,

which is 0.92.

This determined thermal diffusivity (a) in Eq. (3) has the

gold effect. The thermal transport effect caused by the coated

layer can be subtracted using the Wiedemann–Franz law with

negligible uncertainty. The real thermal diffusivity (a) of the

sample finally is determined as:21

areal 5a2
LLorenz TL

RAðqcpÞ
(4)

It can be obtained from calibration, noncontact photo-

thermal technique or measuring the density and specific heat

separately. LLorenz is the Lorenz number. Our previous study of

gold films on glass fiber has revealed that the film has nano-

crystalline structure. Its Lorenz number is 7.44 3 1028 W X
K22, significantly larger than the bulk value.25 To further

understand the effect of the gold film on the silkworm silk, we

have coated a silkworm silk with gold film of different thick-

ness and studied how the effective thermal diffusivity varies

against the gold film thickness. Combining Eqs. (3) and (4),

we have determined the Lorenz number as 2.10 3 1028 W X
K22. It is much smaller compared with the result for gold film

on glass fibers since electron tunneling and hopping effect hap-

pens between gold films and silks. The hopping conduction

increases the electron transport and electrical conductivity in

the thin gold film, though there may be some tiny cracks in the

gold film. Therefore, the Lorenz number on the silkworm silk

is reduced and this number is used to subtract the gold effect

in this work. Details of this gold film effect measurement will

be published in our other work.

RESULTS AND DISCUSSION

TET Measurement and Uncertainty
To offer a general idea about the experimental procedure, here

we discuss how to use the TET technique to characterize the

thermal properties of a specific silk fibroin fiber (Type 2). After

fixed on two copper bases with silver paste (Figure 1c), the

fiber is coated with a thin layer of gold (about 40 nm) to make

it electrically conductive. Then the sample is placed in a vac-

uum chamber, which is pumped down to about 1–3 mTorr. At

this pressure, the gas conduction is negligible. A step DC cur-

rent (0.7 mA) is fed through the sample to induce joule heat-

ing. The voltage evolution in one heating period (Figure 1b) is

recorded by an oscilloscope. The voltage related to the temper-

ature increases gradually to a constant indicating the tempera-

ture evolution from transient state to steady state. Based on the

voltage evolution, the normalized temperature rise of the sam-

ple is calculated. Different trial values of aeff are used to fit the

normalized temperature rise. The value giving the best fit is

taken as the effective thermal diffusivity of the sample. For silk

fibroin fiber sample (Type 2, before heat treatment), fitting of

the experimental data is shown in Figure 1d. Its length is 0.61

mm, and the suspended sample is shown in Figure 1c. Its effec-

tive thermal diffusivity is determined at 8.24 3 1027 m2 s21,

which includes the influence of the gold coating layer and radi-

ation. For comparison, two curves of different aeff values are

also plotted in Figure 1d, one is 1.06aeff and the other is

0.94aeff. It can be seen that by varying aeff by 6%, the theoreti-

cal calculation deviates from the experimental data obviously.

So the fitting uncertainty is about 66%. Since the sample

finally reaches the steady state, the overall temperature rise is

1032 Liu et al.
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the difference between the final temperature of the steady state

and the initial temperature. The overall temperature rise in

one heating period in Figure 1b can be calculated by DT5I2

RL =ð12kA Þ (detailed in work by Guo et al.21), where I is DC

current, R the average resistance, k thermal conductivity, and L

and A the length and cross-sectional area of the sample. For

the fiber sample Type 2, the temperature rise is about 17.4�C

in one heating period. Moreover, the temperature rise in the

sample will not affect the properties of the silk since the DC

square wave current is specially designed. It is long enough for

the silk to reach the steady state when the current is on. Also

the off-period is long for the sample to return to the initial

temperature when the current is off. The DC current is applied

for a very short time about 0.3 s as shown in Figure 1b for

each heating cycle. In each measurement, the same heating

circle is repeated 4–5 times to minimize possible experimental

error/uncertainty and the whole measurement can be finished

within several seconds.

After initial characterization, the sample is heated in the fur-

nace at a certain temperature (about 140, 160, 180, and 220�C)

for 30 min, cooled at the room temperature (about 22�C) for

30 min, and then placed in the vacuum chamber and charac-

terized again. A scanning electron microscope (SEM) is used

to study the dimensions (length and diameter) of the sample

before and after heat treatment. Details about the experimental

conditions and measurement results for silk fibroin fiber sam-

ple (type 2) are summarized in Table I. In this table, the effec-

tive emissivity and volume based specific heat (qcp) are the

values we obtained from our previous work. According to Eqs.

(3) and (4), after subtracting the gold and radiation effects, the

real thermal diffusivity of the original silk fibroin fiber sample

(Type 2) is 4.88 3 1027 m2 s21. Because the simple relation-

ship between the thermal diffusivity and thermal conductivity

can be expressed by k 5 aqcp, the silk’s thermal conductivity is

determined at 0.66 W m21 K21. This high thermal conductiv-

ity is due to silk’s highly ordered crystalline structures. For

sheep wool, its thermal conductivity is only about 0.04–0.08 W

m21 K21. The thermal conductivity of human hair is about

0.24 W m21 K21 based on our studies.

Effect of Heat Treatment

The experimental results for silk fibroin fiber samples Types 1,

2, and 3 are shown in Table II and Figure 2 in detail. Because

all of these samples are air-dried at 105�C for 2 h during initial

preparation, so the thermal diffusivity and electrical resistance

at 105�C (the first point of each curve in Figure 2) stand for

the properties of the original samples before heat treatment. It

is observed that the difference in the original thermal

Table I Details of Experimental Parameters and Results for Silk

Fibroin Fiber Sample (Type 2) Characterized by Using the TET

and Calibration Technique

Sample Type 2

Length (mm) 0.61

Average diameter (mm) 12.02

Cross-sectional area (mm2) 113

DC current (mA) 0.7

Effective emissivity 0.92

Average resistance before heat treatment (X) 87.59

areal1radiation1gold (31027 m2 s21) 8.24

areal1 radiation (31027 m2 s21) 5.38

areal (31027 m2 s21) 4.88

qcp (3106 J m23 K21) 1.35

Real thermal conductivity (W m21 K21) 0.66

Table II Details of Experimental Results for Silk Fibroin Fiber Samples Types 1, 2, and 3

Silk fibroin samples Temperature (�C) areal (31027 m2 s21) Thermal diffusivity improvement Rstart (X) Rend (X)

Type 1 105.0 4.77 0.0% 141.87 146.00

143.3 5.79 21.4% 113.30 115.74

166.4 6.58 37.9% 109.39 111.36

189.8 5.72 19.9% 124.56 126.90

Type 2 105.0 4.88 0.0% 87.59 89.18

140.1 5.77 18.2% 85.53 87.00

160.7 5.84 19.7% 84.81 86.19

187.2 5.80 18.9% 79.67 80.82

209.8 5.90 20.9% 69.23 70.27

Type 3 105.0 4.18 0.0% 174.37 179.93

142.2 4.57 9.3% 161.26 166.25

166.7 4.54 8.6% 143.44 147.69

190.6 5.08 21.5% 133.97 137.68

220.0 4.85 16.0% 118.53 121.74
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diffusivity among these samples is very small. These three dif-

ferent degumming methods do not result in significant ther-

mal property difference between samples. From Figure 2a, it is

apparent that, after heat treatment, the thermal diffusivity of

Types 1, 2, and 3 silks has been significantly improved by

37.9% (heated at 166.4�C), 20.9% (heated at 209.8�C), and

21.5% (heated at 190.6�C), respectively. The increasing trend

of these curves is similar. For Type 1 silk, it is very difficult to

heat it at temperatures larger than 190�C without dramatically

increasing the sample resistance to megaohm (electronically

nonconductive). The thermal expansion of the fiber breaks the

continuity of the gold film, and adhesion of the gold film is

also weakened during heat treatment. This leads to an increase

of the overall resistance, or just makes the sample not electri-

cally conductive. For these three types of samples, a saturation

point for thermal diffusivity increase is observed. The satura-

tion point of thermal diffusivity increase is about 166, 140, and

190�C for Types 1, 2, and 3, respectively. After this point, fur-

ther heat treatment at higher temperatures gives little thermal

diffusivity increase or even decrease. In our experiment, a

slight decrease of the electrical resistance after heat treatment is

observed. Its effect on the overall thermal measurement has

been subtracted precisely according to Eq. (4).

Sample Structural Change by Heat Treatment
In the past, thermomechanical analysis (TMA) has been

applied to monitor the thermal expansion and contraction

properties of silks.7 The thermomechanical analysis curve of

Bombyx mori silk fiber showed that, from room temperature to

120�C, the sample experienced a small contraction of about

0.7%. From 120 to 170�C, the sample length remained almost

unchanged. Above 170�C, it began to expand slightly at a con-

stant rate. The difference of the sample length at room temper-

ature and 220�C is negligibly small.7 We used SEM to check

the diameter of the samples at the same location before and

after heat treatment (at about 220�C). Figure 3 shows compari-

son of the diameter change of these samples. In fact, several

locations are checked for each sample. For Type 1 sample, its

average diameter increased by 0.44% after heat treatment at

220�C. For Type 2, the average diameter decreased by 1.29%.

For Type 3, the average diameter increased by 0.19%. The sam-

ple dimension change by the heat treatment is very small and

negligible considering the size measurement uncertainty under

SEM. So it is reasonable to use the original diameter and length

when calculating the cross-sectional area and subtracting gold

and radiation effects during data processing for thermal diffu-

sivity characterization.

For RSF films, Fourier transform infrared spectroscopy

(FTIR) and Fourier self-deconvoluted (FSD) curve fitting are

usually used to characterize the structural change (from amor-

phous to crystalline region) and calculate the crystalline degree

induced by heat treatment, temperature-controlled water

vapor annealing or exposure to chemicals.2,12,13 Because the

FTIR available to us has a spot size of 5 mm, it is too large for

the diameter of the single silk fibroin fiber (about 10–20 mm).

The signal is too weak to obtain effective FTIR spectrum. So in

this work, Raman spectroscopy is performed for the same pur-

pose. Raman spectra of the silk fibroin fibers before (105�C)

and after (147 and 179�C) heat treatment are studied by using

a confocal Raman spectrometer (Voyage, BWTek) coupled

with an Olympus BX51 microscope. It employs a 532 nm

green laser with 20 mW power as the excitation light source.

The beam is focused with a 503 objective which gives a laser

power about 8 mW on the sample. During the analysis, it is

observed that the Raman intensity of samples heated at 179�C

is very weak, thus cannot be effectively used to compare with

that of original samples and samples heated at 147�C. The sit-

uation becomes even worse after the samples are heated above

179�C, and the laser can easily burn them.

Figure 4 shows the Raman study results before and after

heat treatment at 147�C. There are several main peaks in the

Raman spectrum which are related to b-sheets: Peaks 1 at 1081

cm21 (vCC skeletal stretching, b-sheet); Peak 2 at 1230 cm21

(amide III, b-sheet, d CH2 tw); and Peak 3 at 1665 cm21

(amide I, vC5O in b-sheets).26 All these three peaks for three

types of fibers become sharper and narrower after heat treat-

ment. In order to quantitatively study the peaks, the Raman

peak linewidth: full width at half maximum (FWHM) is eval-

uated by using peak fitting. The difference of FWHM (FWHM

before heat treatment minus that after heat treatment) for

FIGURE 2 The real thermal diffusivity with 5% error bars of silk

fibroin fiber samples Types 1, 2, and 3 before (105�C) and after heat

treatment.
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Peaks 1, 2, and 3 (Types 1, 2, and 3) is shown in Figure 4

(inset). Overall, Type 3 silk has the smallest linewidth reduc-

tion for the three peaks. For Types 1 and 2 silks, their linewidth

reduction is small and close to each other at Peaks 1 and 2. At

Peak 3, the linewidth is significantly reduced, around 9 cm21

or larger. So the change in linewidth of Peak 3 (amide I,

vC@O in b-sheets) is coherent with the thermal diffusivity

increase observed in Figure 2a. After the heat treatment at

around 140�C, Types 1 and 2 samples have a large thermal dif-

fusivity increase while Type 3 has a much smaller one. It is

apparent that, after the heat treatment at 147�C, these peaks

become stronger and sharper, which means the b-sheets

FIGURE 3 (a), (c), and (e) are SEM images of original (before heat treatment) silk fibroin fiber

samples, Types 1, 2, and 3, respectively. (b), (d), and (f) are SEM images of heat treated (�220�C)

samples, Types 1, 2, and 3, respectively.
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(crystallinity degree) may be increased or the orientation of

b-sheets with respect to the fiber axis is improved. Due to the

fact that the laser used in this experiment is not polarized, so

the chance for the latter mechanism is small.

A research group has done a full test (thermomechanical

analysis, dynamic mechanical properties, X-ray diffraction and

the refractive indices) of the structural changes of silk (Bombyx

mori and Antheraea pernyi) fibers induced by heat treatment.7

Though based on the x-ray diffraction curves, the crystalline

structure of Bombyx mori silk fibers stayed unchanged after

heat treatment. The isotropic refractive index (niso), which is

related to the crystallinity of the fiber, did show a linear increase

in the temperature range examined. A structure model, which

is composed of amorphous, crystalline and laterally ordered

regions, has been proposed to explain the structural changes

induced by heat treatment. It is concluded in that work that,

due to the close packing of the more adjacent laterally ordered

regions, the number and size of the crystalline regions of

Bombyx mori silk fibroin was increased by heat treatment.

For silk fibroin fibers naturally produced by silkworms, the

crystallinity is approximately as high as 62–65%.27 For RSF

films of Bombyx mori, the crystallinity can be increased to 43%

by heat treatment at 214�C, to 56% by exposing in methanol at

room temperature for 4 days, and to 57.8–59.6% by water

vapor annealing at 90–100�C.2,12 It is apparent that, naturally

produced fibroin fibers have the highest crystallinity. It is highly

possible that, even being treated by various methods, the trans-

formation from amorphous to crystalline structure though

exists, but such transition should be very limited. Some referen-

ces2,28,29 also point out that, the X-ray diffraction analysis tends

to be inaccurate at low crystalline fraction because many of the

formed crystals are too small or imperfect to measurably con-

tribute to the overall coherent scattering in the X-ray diffraction

pattern. Although the X-ray diffraction did not detect the crys-

talline structural change of Bombyx mori silk fibers after heat

treatment as reported in previous work, our Raman analysis

did reveal that the peaks at 1081, 1230, and 1665 cm21

becomes stronger and sharper. So we conclude that our

observed thermal diffusivity increase by heat treatment is attrib-

uted to the following fact. Due to the close packing of the more

adjacent laterally ordered regions, the number and size of the

crystalline regions of Bombyx mori silk fibroin is increased by

heat treatment. It is well known that the crystal phase is

expected to have a higher thermal conductivity than the amor-

phous one.30–33 Based on the fact that how difficult it is to

characterize the tiny structural change precisely and how dra-

matically the thermal property changes by even small structural

change, it leads to an important point that, thermal property

characterization can be used to reflect the overall structural

change of the protein fibers under various treatments. Addi-

tionally, we speculate that the heating treatment can induce

breaking of the random H-bond in the nonrepetitive coil struc-

tures. It may reduce the phonon scattering among molecular

chains and lead to an increased phonon mean free path. There-

fore, the thermal transport capacity will increase, and the ther-

mal diffusivity will increase as well.

Silkworm silk has a good ability of absorbing water. For RSF

film, it generally contains 5–10% (w/w) water without humid-

ity treatment.10,15 For silk fiber naturally produced by silk-

worms, it has about 5% water.9 When the temperature is lower

than 100�C, which is the atmospheric boiling point of water,

water may contribute significantly to the fluctuation of the

thermal properties of different samples. For our silk fibroin

fiber samples, the last step in original sample preparation is air

drying them at 105�C for 2 h. Under this circumstance, the

water effect on the thermal properties is suppressed signifi-

cantly. In order to have a sense of the water effect on the sam-

ples, we characterized three groups of Type 1 samples (no heat

treatment) using the TET technique, then soaked them in water

for 30 min, air-dried them at room temperature for 30 min,

and characterized them again. For Type 1 sample 1, the effective

thermal diffusivity (includes gold and radiation effect)

decreased by 9.31%; for Type 1 sample 2, increased by 10.97%;

for Type 1 sample 3, increased by 1.25%. The changes of the

effective thermal diffusivity do not have any trend, and could

be induced by the gold film structure change by soaking and

drying. The small water concentration change in the sample

FIGURE 4 Raman analysis of silk fibroin fiber samples Types 1, 2,

and 3 before (105�C) and after (147�C) heat treatment. The inset

shows the difference of linewidth of Peaks 1, 2, and 3 before and

after heat treatment.
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has little effect on the thermal diffusivity. Therefore we con-

clude that the thermal diffusivity increase observed in Figure 2

is induced by the structure change/crystallinity increase rather

than limited loss of the little water concentration in the silk.

CONCLUSION
In this work, the thermal transport capacity change induced by

heat treatment in the axial direction of single filaments of silk

(Bombyx mori) fibroin was investigated for the first time. The

measured thermal diffusivity of the original silk fibroin fiber

ranges from 4.18 3 1027 to 4.88 3 1027 m2 s21. After heat

treatment (from about 140�C to about 220�C), the thermal dif-

fusivity of silk fibroin type 1, 2, and 3 increased by as high as

37.9%, 20.9%, and 21.5%, respectively. The SEM study revealed

little change in the sample’s dimension before and after heat

treatment. This is consistent with the thermomechanical analy-

sis curve from literature. Raman analysis revealed that after

heat treatment at 147�C, the peaks at 1081, 1230, and 1665

cm21 become stronger and narrower. This suggests structural

transformation from amorphous to crystalline. A structure

model that includes amorphous, crystalline and laterally

ordered regions was proposed to explain the structural changes

induced by heat treatment. Due to the close packing of the

more adjacent laterally ordered regions, the number and size of

the crystalline regions of Bombyx mori silk fibroin increased by

heat treatment. As a result, the thermal diffusivity of the sam-

ples was significantly improved. Because of the high sensitivity

of thermal property change by the structural change of silk-

worm silks, thermal characterization provides a very compelling

way to uncover the overall structural change (crystalline degree

or b-sheets content) of protein fibers.
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