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a b s t r a c t

This work reports on the first study of thermal transport capacity in the thickness direction (wmm scale)
for spider silk films. Fresh (minimally processed) and hexafluoroisopropanol (HFIP) films of Nephila
clavipes and Latrodectus hesperus major ampullate silk are studied. Detailed Raman spectroscopy reveals
that the fresh films have more crystalline secondary protein structures such as antiparallel b-sheets than
the HFIP films for N. clavipes. For N. clavipes, the randomly distributed antiparallel b-sheets in fresh films
have nearly no effect in improving thermal conductivity in comparison with HFIP films. For L. hesperus,
the films mainly consist of a-helices and random coils while the fresh film has a higher concentration of
a-helices. The higher concentration of a-helices in fresh films gives rise to a higher heat capacity than
HFIP films, while the thermal conductivity shows little effect from the a-helices concentration. Thickened
HFIP films are heated at different temperatures to study the effect of heat treatment on structure and
thermal transport capacity. These experiments demonstrate that a-helices are formed by thermal
treatment and that thermal effusivity increases with the appearance of a-helices in films.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

For over 50 years, spider silk has attracted significant attention
due to its outstanding mechanical properties. For example, with
tensile strengths as high as 1.75 GPa and elongations of 26%e35%
[1e3], some spider silks surpass the toughness of steel. Silk also
behaves like rubber on a weight to weight basis and can be two to
three times as tough as Nylon or Kevlar [4]. In addition to these
superb features, with its biocompatibility and biodegradability,
spider silk offers further advantages over inorganic polymers. As
early as 1901, spider silk was described to be absorbable in the
human body and cause low inflammation. It has also been
substituted for cat-gut sutures and has become a new biomaterial
for other medical applications [5,6].

Taking advantage of its excellent mechanical properties and
biocompatibility, spider silk can be used in tissue engineering.
Although many other artificial polymers were produced and
developed a few decades ago, spider silk outperforms almost all
synthetic materials [7] due to its combination of mechanical
strength and elasticity [8]. Moreover, the biomedical functionality

of this material could be deployed for applications in tissue
replacement [9,10], suture [6,11], drug carrier [9], ligament/tendon
tissue [12], biomaterial scaffold [13,14], and artificial blood vessels
[5].

Compared with other kinds of fibers, the preeminent properties
of spider silk come from its unique internal structure. A spider
produces more than one type of silk, however, dragline silk is the
most widely studied and has more desirable mechanical properties
than others. Dragline silk, synthesized in the major ampullate
glands in the abdomen of a spider, is composed of many parallel
fibrils [15e17]. Spidroins (spider fibroins) are the main component
of a silk fibril, and dragline silk in particular is composed of two
spidroins, major ampullate spidroin 1 (MaSp1) and major ampul-
late spidroin 2 (MaSp2). In major ampullate silk, antiparallel b-
sheets and random coils are the main secondary structures. The
synthesis of dragline silk happens at the tail of the gland within
specialized cells and then the silk proteins are stored in high con-
centration inside of the glands lumens as a liquid crystalline solu-
tion [18]. The liquid silk forms antiparallel b-sheets during
spinning.

One approach to study the structure and properties of spider silk
is to dissolve the silk protein in a solution, make a coating material
to understand how the structure determines the physical proper-
ties, and then manipulate the structure [19]. Transmission electron
microscopy (TEM) [20] has a higher resolution than standard op-
tical microscopy making it very useful to observe the internal
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structure of spider silk film at the nanometer-scale. Fourier trans-
form infrared spectroscopy (FTIR) [20,21] can characterize detailed
chemical bonds in spider silk proteins. Circular dichroism (CD)
spectroscopy [21,22] can analyze the a-helices and the antiparallel
b-sheets conformation of spider silk protein in a solvent.

In addition to the above mentioned techniques, Raman spec-
troscopy is a powerful method to characterize the internal structure
of spider silks and it has been employed in many studies [19]. Most
Raman spectra of different silk samples from various spiders show
two major peaks about amide III (1220e1279 cm�1) and amide I
(1650e1680 cm�1). These represent antiparallel b-sheets, which
silks from silkworm also have. These two peaks have their own
distinct locations when they are in the antiparallel b-sheets and
their Raman wavenumbers shift when they are in random coils.

In spider silks, the intrinsic thermal transport capacity is
strongly determined by molecular weight, structure, crystallinity
and alignment. For example, defects are the main source of
reduction in strength and thermal conductivity. Under the same
measurement condition, better internal structures (e.g., less defect,
higher crystallinity, and better alignment) will lead to higher
thermal transport properties. Therefore, thermal diffusivity and
conductivity can be used as signatures to reflect the protein
structures of spider silks. These thermal transport properties can
complement the structural information determined by other
techniques (e.g., XRD, SEM, FTIR), and provide new perspectives
and understanding of the structure regularity and energy coupling
in spider silk, as well as other synthetic and natural polymers.
Unfortunately, very little research has been done on the thermal
transport capacity in spider silks, thus, there has been very little use
of this property to characterize its structure variation. According to
Huang’s discovery, the observed exceptionally high thermal con-
ductivity of spider silk, from 348.7� 33.4 to 415.9� 33.0W/m$K, is
largely attributed to its extraordinary well-organized and less
defective structures formed from strong self-assembly [23].

This work is focused on films made from native spider silk
protein (major ampullate) that have either been cast directly from
freshly dissected glands or from glands dissolved in hexa-
fluoroisopropanol, HFIP. Two spider species are studied: Nephila
clavipes (golden orb-weaver) and Latrodectus hesperus (Western
black widow). The structure of original samples and heat treated
HFIP films are studied and correlated with the thermophysical
property change, in anticipation of revealing the unique structure
of spider silk films and how energy transport is achieved. Addi-
tionally, the photothermal (PT) technique is used to characterize
the thermophysical properties along the thickness direction of the
films of interest.

2. Sample preparations

To better understand the relationship between thermophysical
properties of spider silk and protein structures from different film
casting methods, two types of samples from two spider species,
N. clavipes and L. hesperus, are prepared in this study. The first type
of sample is major ampullate silk films that are cast on glass slides
directly from freshly dissected major ampullate glands (as “fresh
films” hereafter). For each slide, one pair of major ampullate glands
is dissected from an individual adult female spider in 1X saline-
sodium citrate (SSC) solution. The major ampullate glands are
then moved to a water bath, where the surrounding gland tissue is
carefully removed, leaving just the silk material. The silk material
retains in the gland. The silk mass is then placed on a glass slide and
flattened into a film using a spatula dipped in 50% ethanol to pre-
vent sticking. The film is air-dried. Each L. hesperus fresh film
contains approximately 35 mg of proteinwhile each N. clavipes fresh
film contains approximately 400 mg of protein. N. clavipes fresh
films have more protein because a N. clavipes major ampullate
gland (Fig. 2d, left) is much larger than a L. hesperus major
ampullate gland (Fig. 2c). N. clavipes major ampullate glands and
films are also distinguished by a bright yellow color (Fig. 2d, right
and left, respectively).

The second type of films is made from major ampullate silk
glands dissolved in HFIP (referred to as “HFIP films”). For N. clavipes,
two pairs of major ampullate glands are combined in a microfuge
tube. For L. hesperus, five pairs of major ampullate glands are
combined in another microfuge tube. Each tube of glands is dis-
solved overnight in 1300 mL HFIP, centrifuged to remove insoluble
debris, and the HFIP evaporated to about 500 mL. For each film,
100 mL of HFIP solution is spread onto a glass slide and allowed to
air dry. As with the fresh films, the Nephila HFIP films have a bright
yellow color. The N. clavipes and L. hesperus HFIP films contain
approximately 140 mg and 40 mg of protein, respectively.

To make thicker HFIP films for heat treatment experiments, an
8 mm diameter washer is mounted flatwise on a glass slide. The
HFIP solutions are prepared similarly as above. Specifically, for
N. clavipes, one pair of major ampullate glands is put into a
microfuge tube and for L. hesperus, five pairs of major ampullate
glands are put in another microfuge tube. Each set of glands is
dissolved in approximately 1000 mL of HFIP overnight. After
centrifugation to remove insoluble debris, the HFIP is evaporated
until 300 mL forN. clavipes and 600 mL for L. hesperus. These volumes
are selected to approximate the same protein concentration as the
previous HFIP films. For each species, 100 mL of the HFIP solution is
slowly pipetted onto each glass slide in the middle of the washer

Fig. 1. Raman spectra from 500 cm�1 to 1750 cm�1 for N. clavipes (a) HFIP film (b) fresh film, and for L. hesperus (c) HFIP film and (d) fresh film. This region is tightly related to
internal structures of silk films.
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and allowed to air dry. The result is a thickened HFIP film. For these
thickened HFIP films, the approximate protein amounts are 135 mg
and 120 mg per N. clavipes and L. hesperus films, respectively.

3. Structure characterization using Raman spectroscopy

All spider silk films are first characterized by using Raman
spectroscopy and the representative spectrum of each film is
shown in Fig. 1. Spectra are all recorded at room temperature
(20 �C) and in open air. A confocal Raman spectrometer (Voyage,
B&W Tek, Inc.) installed with a 532 nm excitation laser and a mi-
croscope (Olymoys BX51) is employed for the characterization. A
50�microscope objective is used to focus the laser beam. The beam
is about 8 mm2 at the focal spot. The glass slide is mounted on a
three-dimensional nanostage (Max 311D). The resolution of the
Raman spectrum is 1.05e1.99 cm�1.

3.1. Films of N. clavipes

Fig. 1a and b contain two Raman spectra from 500 cm�1 to
1750 cm�1 forN. clavipes samples. According to previous work [24e
26], most peaks in this range are related to detailed structures of
the spider silk film. To get a sound spectrum, the Raman integration
time is set to 10 s for the N. clavipes films and the laser energy is

8.6� 108W/m2. N. clavipes silk films have a yellow color that causes
a strong background as shown in the Raman spectra. Table 1 lists
the important observed peaks in Fig. 1a and b, and the corre-
sponding chemical bonds in silk proteins are assigned.

In Fig. 1a and b, profiles of both spectra are similar since they are
all extracted frommajor ampullate glands of N. clavipes. The Raman
intensity of the fresh film (Fig. 1b) is higher because it is thicker and
has more protein than the HFIP film (Fig. 1a). The fresh liquid silk
protein from major ampullate glands is viscous and quickly solid-
ifies during sample preparation. Thus, it is hard to make the film
thin. Compared with the fresh liquid silk protein, the silk protein-
HFIP solution is less viscous. It covers a larger area on the glass
slide and forms a thinner film. Furthermore, the fresh film contains
more proteins than the HFIP film. Therefore, these two reasons
likely cause the different intensities of Raman peaks for the fresh
film and the HFIP film despite using the same conditions for the
Raman spectroscopy. The most obvious difference between the
HFIP film and the fresh film is the location of the amide III peak. The
location of this peak differs in the two spectra, indicating the dif-
ference between the structures of these two samples. The broad
amide III peak locates between 1243 cm�1 and 1253 cm�1 in HFIP
film. It may be composed of multiple split peaks, which implies the
existence of both random coils and antiparallel b-sheets. However,
for the fresh film, the clear amide III peak at 1243 cm�1 indicates
antiparallel b-sheets. Theymay be formed in fresh film during quick

Fig. 2. (a) The setup of PT experiment. (b) The mechanism of the PT experiment showing the sample structure. (c) L. hesperus major ampullate gland, scale bar ¼ 1 mm. (d)
N. clavipes major ampullate gland (left image, scale bar ¼ 1 mm) and HFIP film (right image). Note translucence and bright yellow color of the silk. (e) Raw phase shift fraw (purple
squares), real phase shift fre after calibration (red dots), and the fitting curve (black line). The thermal conductivity is determined at 0.270 W/m$K. Theoretical curves with thermal
conductivity of 0.243 W/m$K (green line) and 0.297 W/m$K (blue line) demonstrate the fitting uncertainty. The theoretical fitting agrees well with experimental data. (f)
Normalized amplitude Anor (red dots) and raw amplitude Araw (purple squares) change with the frequency. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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solidification. The difference between these two films could result
from the solvent used in the production of the HFIP film. The
chemical (CF3)2CHOH contains F and O elements, which can form a
stronger hydrogen bond with N element in silk protein and thus
will prevent protein crystals of secondary structures from forming.
Therefore, it explains why fewer antiparallel b-sheets exist in HFIP
film.

3.2. Films of L. hesperus

The same analysis is applied to Raman spectra of L. hesperus
films. Two spectra are shown in Fig. 1c and d and detailed assign-
ments of main peaks are also listed in Table 1. Although the HFIP
film and fresh film have similar amounts of protein, as the
N. clavipes films, the HFIP film is spread over a larger area. There-
fore, the lower concentration of protein in the HFIP film compared
to the fresh film is reflected by theweaker intensity of all peaks. The
HFIP film has a very weak amide III peak at 1263 cm�1 and an amide
I peak at 1656 cm�1. These two locations are characteristic locations
for the amide III and amide I peaks in random coils, respectively. A
relatively weak and broad peak is near 527 cm�1, which is assigned
to alanine (Ala) configuration in a-helices. For the fresh film in
Fig. 1d, it has qualitatively the same structure as the HFIP film
because some locations of peaks of the fresh filmmatch those of the
HFIP film. The amide III peak of fresh film is at 1257 cm�1and amide
I peak is at 1655 cm�1, and both of them represent the random coils.
However, compared with the HFIP film, the fresh film has a rela-
tively strong sharp peak at 527 cm�1, indicating the existence of
more a-helices. Another peak at 932 cm�1 refers to a-helices
appearing as a shoulder in both spectra of fresh and HFIP films.

Some differences exist between these two spectra in Fig. 1c and
d. The peak at 1022 cm�1 for the fresh film (in Fig. 1d) is clear and a
little bit lower than the peak at 1102 cm�1, but for the HFIP film, this
peak (approximately at 1028 cm�1 in Fig. 1c) is weak and is over-
lapped by the one at 1107 cm�1. This peak (1022 cm�1) is assigned
to the in-plane stretching of benzene ring (Phenylalanine). The
fresh film has another strong peak at 851 cm�1, which represents
the fermi resonance of the Tyrosine (Tyr) doublet. Instead, the HFIP
film shows a corresponding peak approximately at 849 cm�1 in
Fig. 1c but its intensity is near the noise level. Both 851 cm�1 and
1022 cm�1 peaks refer to two amino side chains and can be easily
detected in fresh film because the fresh film has more proteins
under the focal spot. Also, more crystals in fresh film help increase
the protein density. For L. hesperus samples, the solvent reduces the
formation of protein secondary structures in HFIP films, resulting in
more random coils than in fresh films.

Both N. clavipes and L. hesperus films have major peaks for
random coils and a-helices mixtures. The a-helices and some other
structural bonds are more clearly found in L. hesperus films than in
N. clavipes films. The difference in structure between L. hesperus
and N. clavipes films may be due to the proportion of MaSp1 to
MaSp2. Both MaSp1 and MaSp2 have poly-alanine regions, which
are expected to contribute to the a-helices. MaSp2, however, con-
tains appreciable amounts of proline, which are less favorable for
alpha helices. Based on amino acid composition data, L. hesperus
major ampullate silk has a higher ratio of MaSp1 to MaSp2
compared to N. clavipes major ampullate silk (5:2 vs. 3:2, respec-
tively) [27e30]. Raman peaks for other functional groups in
random coils are more obvious for L. hesperus film.

4. Thermal energy transport

4.1. Fundamentals of the photothermal technique

The schematic of the Photothermal technique (PT) experimental
setup is shown in Fig. 2a and its principle is shown in Fig. 2b. The
original film sample is first coated with a metallic layer of a suitable
thickness, and then a modulated laser is used to irradiate and heat
the surface of the metallic film. The temperature of the surface rises
as the surface absorbs the laser energy. Thus, when the heating
laser is modulated periodically, a periodic temperature variation
will occur at its surface. This temperature variation will have a
phase shift relative to the modulated laser beam. This phase shift
largely depends on thermophysical properties of underlayers (silk
films in this work). By fitting the phase shift variation against the
modulation frequency, the thermophysical properties of under-
layers can be determined. Details of the PT principles and theo-
retical solution can be found in our previous work [31e34] and
Supporting Information.

In this experiment, all silk films are first covered with a 100 nm
thick Au film by using our sputter coating system (Denton: Desk V).
Au is chosen for the surface coating due to its high thermal con-
ductivity, which improves the thermal conduction between Au and
samples. The optical absorption length of Au for the laser with a
wavelength l ¼ 809 nm is 13.2 nm [35] noting that 100 nm is thick
enough to protect samples from being directly excited by the laser.

The setup of the PT measurement is shown in Fig. 2a. A modu-
lated infrared diode laser (BWTEK BWF-2) with a wavelength of
809 nm irradiates the surface of the Au layer that is on the spider
silk film. The laser beam follows the Gaussian distribution and the
spot size of the laser focused on the sample surface is approxi-
mately 0.7 mm � 1.4 mm [32]. It is modulated in a wide frequency

Table 1
Detailed assignment of major peaks in Raman spectra of N. clavipes and L. hesperus major ampullate silk films [24,25].

Assignment Peak position (cm�1)

N. clavipes L. hesperus

Fresh HFIP Fresh HFIP

Ala 527
a-helices

527
a-helices

Fermi resonance of the Tyr doublet 851 849
a-helices 932

a-helices
932
a-helices

In-plane stretching of benzene ring 1022 1028
Skeletal CaeCb stretching 1102

Random coils
1107
a-helices and Random coils

Amide III 1243
b-sheets

1253
Random coils

1257
Random coils

1263
Random coils

Amide I 1653
a-helices and Random coils

1657
a-helices and Random coils

1655
a-helices and Random coils

1656
a-helices and Random coils

Mass of protein 400 mg 140 mg 35 mg 40 mg
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range from 17 Hz to 20,000 Hz. Its power is about 2.1 W after
modulation. The thermal emission due to temperature variation on
the Au surface is measured by an infrared detector (Judson Tech-
nology: J15D12). A Germanium (Ge) window is placed in front of
the detector to filter the diffuse reflection and only allows the
thermal emission to pass through. The signal from the infrared
detector is transferred to a pre-amplifier and collected by a lock-in
amplifier (Stanford Research: SR830) that is controlled by a PC for
data acquisition.

In the characterization, the experimental setup will inevitably
induce systematic time delay. The PT measurement is run with a
clean silicon wafer with 100 nm gold coating for system time delay
calibration. The Gewindow ismoved away and the detector collects
the scattered laser light. The measured phase shift and amplitude
are both used in phase shift data processing and amplitude-based
data analysis as detailed below.

4.2. Thermophysical properties determination based on phase shift

After the experimental setup is calibrated, the systemphase shift
(fcal) is ruled out by directly subtracting calibration phase shift from
the raw data (fraw) of samples. A program developed in our lab is
used to fit the phase shift to determine the film properties. The
results with the L. hesperusHFIP film (HFIP2) is shown in Fig. 2e. The
purple squares represent the raw data, and the red dots are real
phase shift: fre ¼ fraw � fcal. The black solid line is the best theo-
retical fitting curve for the real phase shift. The thickness of this
HFIP2 film is 2.24 mm in the tested area. Using the knownproperties
of glass substrate, gold and air [35], the calculated effective thermal
conductivity k is 0.270 W/m$K and the heat capacity per unit vol-
ume r$cp is 1.40 � 106 J/K$m3, where r is density and cp the specific
heat. Fig. 2e also shows the experimental uncertainty with 10%
variation in k. It is evident when the k value is changed by 10% from
the best one, significant difference can be observed between the
theoretical calculation and experimental data. Thus, the determined
k and r$cp have an uncertainty better than 10%.

All thicknesses d, fitted effective thermophysical properties k
and r$cp, and thermal effusivity, e, of films for both N. clavipes and
L. hesperus are summarized in Table 2. For N. clavipes, two fresh
films and two HFIP films have similar k around 0.370 W/m$K. The
thickened HFIP2 film (17.34 mm thick) has the largest k among four
samples, which is 0.404 W/m$K. The thickened film is less smooth
and uniform than other types of films. This can be explained by
substances, such as protein crystals, not being well distributed
during solidification. The laser spot is quite small when focused on
the sample surface and that area might have higher content of
substances of thermal conductivity. As revealed before in Fig. 1a

and b, the fresh film has some antiparallel b-sheet crystals that the
HFIP film does not have. Such structure difference gives negligible
difference in thermophysical properties considering the 10%
experimental uncertainty. It is hypothesized that the antiparallel b-
sheet crystal in the fresh film is randomly aligned since it does not
increase the thermal conductivity.

For all L. hesperus samples, the obtained average k and r$cp from
two fresh films are slightly larger than HFIP films. For example, they
are 0.355 W/m$K and 1.78 � 106 J/K$m3 for the fresh2 film, while
for the HFIP2 film, k is about 0.270 W/m$K and r$cp is 1.37 � 106 J/
K$m3. The difference between fresh and HFIP films should be
caused by the different preparation methods. Solubilization of
proteins affects the formation of internal structures when prepar-
ing HFIP films. In agreement with Raman spectra of these two kinds
of samples, the HFIP film has weaker and broader Raman peaks of
structures than the fresh film since the HFIP blocks the formation of
hydrogen bonds in silk protein and then reduces protein crystals of
secondary structures. It is well known that crystals have structures
favoring thermal energy transport that random coils do not. HFIP
films have more random coils than fresh films, so they have a
weaker capability of transferring the heat and thus a lower k. The
conclusion that the HFIP film has a lower thermal conductivity than
the fresh film is not very strong since we do observe one HFIP film
(HFIP1) with a higher thermal conductivity (0.435 W/m$K) than all
other four films. Furthermore, due to a larger quantity of crystals,
fresh films havemore compact structures and thus higher r$cp than
HFIP films. Also, it is known that hydrogen bonds are good at
storing thermal energy. Therefore, the low hydrogen bond con-
centration caused by the HFIP solution in the HFIP film will lower
its heat capacitance.

Comparing the thermophysical properties of N. clavipes and
L. hesperus samples, all films of N. clavipes have similar k, while the
two types of L. hesperus films have different k. The k of fresh films of
L. hesperus is similar to the N. clavipes samples, but the k of HFIP
films of L. hesperus is lower, which can be attributed to their less
crystalline structure. When comparing the heat capacity per unit
volume: r$cp, films of N. clavipes have similar heat capacities.
However, the L. hesperus films are significantly different in that the
heat capacity of HFIP films is lower than fresh films because of the
looser internal structures of HFIP films. Evidently, HFIP solvent has
a large effect on the internal structures that form during solidifi-
cation of L. hesperus films. This could be explained by the thin L.
HFIP films being composed of less concentrated protein than either
fresh or thickened HFIP N. films. With less protein, there is less
opportunity for structure formation. Therefore, L. hesperus HFIP
films have the most random coils, the smallest thermal conduc-
tivity and the lowest heat capacity.

Table 2
Thermophysical properties determination based on phase shift and amplitude.

Sample index d (mm) Phase shift fitting Amplitude fitting

r$cp
(106 J/K$m3)

k
(W/m$k)

e
(W$s1/2/m2$k)

r$cp
(106 J/K$m3)

k
(W/m$k)

e
(W∙s1/2/m2∙k)

N. clavipes (golden orb-weaver)
fresh1 18.58 1.57 0.365 757.0 1.53 0.547 914.8
fresh2 28.19 1.34 0.388 721.0 1.48 0.448 814.3
HFIP1 5.69 1.73 0.343 770.3 1.39 0.359 706.4
HFIP2 17.34 1.57 0.404 796.4 1.38 0.610 917.5
L. hesperus (Western black widow)
fresh1 21.32 1.74 0.306 729.7 2.08 0.396 907.6
fresh2 6.53 1.78 0.355 794.9 1.68 0.397 816.7
HFIP1 3.39 1.14 0.435 704.2 1.20 0.668 895.3
HFIP2 2.24 1.37 0.270 608.2 1.55 0.264 639.7
HFIP3 2.06 1.31 0.280 605.6 1.67 0.270 671.5
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4.3. Thermophysical properties determination based on amplitude

The amplitude of thermal radiation from the Au surface is
another significant parameter we measure for calculating the
thermophysical properties of samples. The k of spider silk will
strongly affect the temperature rise at the Au surface during
heating. If k is larger, the thermal energy in the Au layer will easily
and quickly transfer into the spider silk layer so that the temper-
ature on the Au surface will be lower than that with a lower k
underlayer. We can determine the k of spider silk layer through
fitting the amplitude of thermal radiation from the Au surface
under different frequencies as we do in the phase shift fitting.

This amplitude fitting is a new analysis method that we devel-
oped and applied in this work. In previous studies, the amplitude
data were not used to determine the film properties in the PT
technique due to the fact that the amplitude is easily affected by
many factors, such as the collection angle of the paraboloidal
mirror, surface emissivity, and absorptivity. Fig. 2f shows the raw
(Araw) amplitude data of HFIP2 film of L. hesperus (purple square
dots). The amplitude quickly decreases as the frequency increases.
However, the experimental system will inevitably produce sys-
tematic uncertainty and the amplitude variation of the incident
laser will also affect radiation signals. These systematic and laser
effects can be eliminated by dividing the raw data of the laser
amplitude (Acal) measured in calibration.

Furthermore, the incident laser is modulated by a function
generator during the whole PT experiment. The raw amplitude is
also affected by frequency f. The measured amplitude decreases
quickly as the frequency increases since the heating time is shorter
in each period in the higher frequency range. The sensitivity is thus
lower in the higher frequency range so that the modulation effect
should be considered. The processed result Araw/Acal is further
normalized by multiplying

ffiffiffi
f

p
(the physics discussed below). The

final normalized amplitude, Anor, is shown in Fig. 2f. Opposite to the
raw data, Anor is increasing with the frequency and becomes more
sensitive especially in the high frequency range.

Fig. 2f also shows the fitting result (black curve) of HFIP2 film of
L. hesperus for the normalized amplitude. The same parameters of
other materials used in phase shift fitting are used in this amplitude
fitting, and the fitted k and r$cp for the spider silk film is 0.264 W/
m$K and 1.55 � 106 J/K$m3, respectively. The theoretical fitting
matches the experimental results well. The uncertainty of the
fitting process is also plotted as two other curves with 10% variation
of k. The green curve is the curve with k ¼ 0.238 W/m$K and blue
curve is the curvewith k¼ 0.292W/m$K. The k from the phase shift
and the amplitude fitting methods are very close to each other
while there is only a slight difference between r$cp. Deviations
between the two fitting methods may come from the residual
calculation in the theoretical computing. Fitted results based on
amplitude are summarized in Table 2 for all samples. Briefly, the
amplitude fitting gives the same conclusion as the phase shift
fitting about how the HFIP affects the film structure and thermo-
physical properties. It needs to be pointed out the amplitude fitting
is based on how the normalized amplitude changes with frequency,
and does not use absolute values. It has less accuracy when
compared with the phase shift fitting. Nevertheless, it provides a
reasonable comparison to check the phase shift fitting results.

When the laser irradiates the Au surface of the sample, the
energy input amount depends on the irradiation time and incident
intensity. The total incident energy, DE, arriving at the sample
surface in one heating period is DE ¼ 0.5εI0/f, where I0 is the laser
intensity, and ε the surface absorptivity. DE is proportional to Acal
(scattering signal) measured in calibration. The longer the laser
radiates, the higher the temperature rise. The thermal diffusion
length L ¼

ffiffiffiffiffiffiffiffi
a=f

p
depends on both thermal diffusivity a and

frequency f, so a higher frequency will shorten the diffusion length
and concentrate the absorbed energy into a smaller depth. Ampli-
tude Araw from the lock-in amplifier is the combination of these two
factors,

Araww
zDEffiffiffiffiffiffiffiffi

a=f
p

$r$cp
; (1)

where z is a coefficient related to other factors in the experiment,
including detector sensitivity, surface emissivity, and collection
angle. z is a constant across all the frequencies. The normalized
amplitude Anor, can be expressed by

Anor ¼ zAraw$
ffiffiffi
f

p
Acal

w
zffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k$r$cp
p (2)

It shows that the normalized amplitude is related to effusivity of
the sample: e ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k$r$cp
p

, including that of the spider silk film and
glass substrate.

Data points A (fA ¼ 51 Hz) and B (fB ¼ 10,000 Hz) in Fig. 2f are
selected for further discussion of the amplitude fitting method.
Point A is in the low frequency region and B is in the high frequency
region. Based on the data shown in Fig. 2f, we have Anor,B/
Anor,A ¼ 2.07. The amplitude value at point B is largely determined
by the properties of spider silk since the thermal diffusion length is
very short, mostly constrained within the film thickness. In the low
frequency range, heat transfer has a long diffusion depth, passing
the film, and significantly penetrating into the glass substrate. So
k$r$cp is mostly the property of pure glass slide. To test our results,
the values of density, specific heat and thermal conductivity of
glass from Ref. [35] and spider silk we measured based on
phase shift are used here. The ratio of k$r$cp of glass to that of
the spider silk is 5.6. Thus, based on Eq. (2), we have

Anor;B=Anor;Aw
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkrcpÞspider=ðkrcpÞglass

q
¼ 2.37, which is very close

to the ratio directly calculated from the normalized amplitude:
2.07. This estimation is slightly larger than the experimental figure
because k$r$cp is not the exact value of the pure glass in the low
frequency range. Both spider silk and glass will affect the amplitude
of thermal radiation from the Au surface. In the high frequency
range, glass has a veryweak effect on the surface radiation since the
thermal diffusion length is quite short in the spider silk layer.

4.4. Thermal treatment

Heat treatment can provide an opportunity to transform the
internal structure of spider silk proteins. Previous works showed
that random coils will transform into secondary structures by using
heating process, such as a-helices and antiparallel b-sheets [36]. In
this work, heat treatment is applied to the thickened HFIP films to
study the transformation of protein structures. Films are heated at
20 �C, 40 �C, 60 �C, 80 �C, 95 �C, 120 �C, 140 �C, 160 �C, and 180 �C,
respectively, with one temperature per run. For temperatures below
100 �C, films are placed in a glass jar sealed with a cap in a water
bath. The temperature of the water around the glass container is
maintained for 4 h. For temperature over 100 �C, the sample is
directly heated in an oven. A thermal couple is placed next to the
sample to verify that the heating temperature achieved in the oven
matches the instrument setting. Both N. clavipes and L. hesperus
thickened HFIP films are heated at every temperature. All films
burned at 200 �C. Since the PT experiments are done at room tem-
perature, for consistency between PT and Raman measurements,
Raman spectra are collected after each sample is cooled down at
ambient room temperature for about 1 h, and then the PT technique
is applied to study the sample’s thermophysical properties.
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For the N. clavipes thickened HFIP film, Fig. 3a and b shows
variations of Raman spectra and effusivity with increasing heat
treatment temperatures. Comparing the spectrum in Fig. 1a and the
one of 20 �C in Fig. 3a, we find that the former has more peaks. The
only difference in producing these two kinds of films is the solidi-
fication process; the protein stock and solvents are the same. It may
be caused by the different surface extension. For the HFIP film used
in the previous section, the spider silk solution is dropped on a glass
slide to form a filmwithout restriction, and the surface extension is
the only factor affecting the film shape. However, for the thickened
HFIP film, the solution is pipetted slowly in a fixed washer and the
shape of the film is maintained during drying. The effect of surface
extension should be smaller.

The Raman spectra remain the same for this film at 20 �C and
40 �C as shown in Fig. 3a. The crystallization starts at 60 �C
demonstrated by the shift of peaks. The 1086 cm�1 peak at 20 and
40 �C shifts to 1101 cm�1 at 60 �C. This means the CeC skeletal bond
configuration changes from unordered status to a-helices [37]. It
could be caused by the high thermal energy and the evaporation of
residual HFIP in the film. Heat energy enhances the movement of
molecules andmore hydrogen bonds form between polar groups in
proteins and favor crystal formation. Furthermore, the boiling point
of HFIP is 58.2 �C. Since all film samples are air dried, there should
be a small amount of HFIP in them. When the heating temperature
reaches 60 �C, the hydrogen bond between HFIP and protein breaks
and the HFIP molecules dissipate into the air. The left polar groups
can then connect with others and thus increase the hydrogen
bonding within and among protein molecules. Moreover, the
1641 cm�1 peak at 20 �C and 40 �C shifts to 1662 cm�1 after heat
treatment at 60 �C. This is also caused by the formation of a-helices
[38]. As the temperature continues to increase, peaks become
weaker in the Raman spectrum and the background of the spec-
trum increases. This background of the spectrum is caused by the
yellow color of the film itself and the carbonization of protein at
high temperatures since films are heated in the open air. During
heating, the high thermal energy and the interaction between
proteins and gas molecule may cause the unstableness and the
break of the hydrogen bonds.

Fig. 3b shows the measured effect of heat treatment on effu-
sivity. One film is continuously used in all heating runs and the
thickness of this film is considered to be constant throughout the
experiment. The thickness is about 11.43 mm for the N. clavipes
thickened HFIP film. The thermal effusivity is used to explain the
thermophysical properties of the film in the PT experiment because
the error induced by thickness can be ruled out during the fitting

process. Below 60 �C, the effusivity is about 800W$s1/2/m2$K, and it
starts increasing at 60 �C, the beginning of crystalline formation. A
sharp decrease appears in the effusivity curve at 140 �C. This
temperature is close to the burning point, and silk proteins begin
degrading due to the dehydration and oxidation at such high
temperature. Random coils fragment into small pieces. The
carbonization of proteins also starts at this temperature, with the
film darkening due to some proteins becoming carbon. After the
temperature exceeds 140 �C, the thermal effusivity and conduc-
tivity increase largely because of the increase of carbon content. At
200 �C, the film is completely dark and burned in appearance. r$cp
is expected to be constant since the heating process does not
change the profile of the film before it is burned, so the thermal
conductivity should increase just like the effusivity.

Compared to the equivalent sample from N. clavipes, the
L. hesperus thickened HFIP film shows poor adhesion to the glass
substrate. It easily peels off after heating at 95 �C so only four
Raman spectra and effusivity are recorded for this film. The film
thickness is 10.43 mm for the L. hesperus thickened HFIP film (film
1). Before heating the film, the Raman spectrum only has two
observed peaks at 550 cm�1 and 1089 cm�1, as shown in Fig. 4a.
This characterization is different from the thin L. hesperus HFIP film
described in the previous section. The thin HFIP film contains some
a-helices while the thickened HFIP films mainly contain random
coils before heat treatment. Although the thickened HFIP films have
a higher amount of protein (120 mg), few crystals form in this film.
However, the Raman spectrum of the thickened HFIP film is similar
to that for N. clavipes at 20 �C. This similarity indicates that both
films contain mostly random coils in films and no protein crystal is
observed. In Fig. 4a, no change happens in the Raman spectrum
after heat treatment at 40 �C. However, for the spectrum after 60 �C
treatment, new peaks suddenly appear in the spectrum. Peaks at
528 cm�1, 1101 cm�1 and 1657 cm�1 represent the existence of a-
helices in the film. Those peaks begin to disappear when the
heating temperature continuously increases beyond 60 �C. This can
be explained by the heat treatment enhancing the movement of
molecules and the breaking of hydrogen bonds.

In Fig. 4b, the effusivity of the HFIP film remains nearly constant
before 60 �C and starts increasing largely after that. For the effu-
sivity increase from 60 to 80 �C, although the crystallinity structure
disappears, the temperature increase in heatingwill induce H-bond
breaking among molecular chains. This will reduce the phonon
scattering among molecular chains, and lead to an increased
phonon mean free path. Therefore, the thermal transport capacity
will increase, and the thermal effusivity will increase as well. This

Fig. 3. (a) Raman spectra of the thickened major ampullate HFIP silk film of N. clavipes heated under different temperatures. The observed crystallization happens at 60 �C as peaks
shift to the wavenumber representing a-helices in the Raman spectrum. These Raman peaks weaken and disappear gradually under continued heating processes. (b) The effusivity
with error bars of this film after heat treatment at different temperatures.
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also explains the effusivity increase from 100 to 120 �C for
N. clavipes films shown in Fig. 3b. Another L. hesperus thickened
HFIP film (film 2) is heated from 140 �C. It also shows an obvious
decrease before burning at 160 �C, as with the N. clavipes film.
Random coils in these thickened HFIP films of spiders will trans-
form into a-helices and no b-sheet is observed during heat treat-
ment. The formation of a-helices will increase the thermal
effusivity and conductivity as the heating temperature increases,
but a sharp decrease is observed for these two types of films before
they are burned.

5. Conclusions

This study focused on the thermal transport capacity in the
thickness direction for fresh films and HFIP films cast with major
ampullate liquid silk protein of two spiders, N. clavipes and
L. hesperus. Confocal Raman spectroscopy was conducted to char-
acterize the structures of these samples, and the thermal properties
weremeasured by using the PT technique. The fresh films hadmore
crystalline secondary protein structures such as antiparallel b-
sheets than the HFIP films for N. clavipes, but both films had similar
thermal conductivities. A few randomly distributed antiparallel b-
sheets in the fresh film had nearly no effect on the thermal con-
ductivity. For L. hesperus, the films primarily consisted of a-helices
and random coils. Since the fresh film had a higher concentration of
a-helices than the HFIP film, its thermal conductivity and thermal
capacity were larger than those of HFIP films. However, the effect of
a-helices on thermal conductivity increase is rather weak in com-
parison with its effect on heat capacity. Moreover, the thickened
HFIP films were heated at different temperatures to study the effect
of the heat treatment on the internal structure of spider silk films.
a-helices were formed during the heating process and the thermal
effusivity increased when a-helices appeared in the spectra for
films of both kinds of spiders. Since the internal structures largely
affect thermal conductivities of spider silk films, measuring ther-
mal properties provides an alternative way to looking at the crys-
talline structures of spider silk proteins, their structure regularity,
and energy coupling.
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