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Silk, which has excellent mechanical properties and is lightweight, serves as a structural material in natural
systems. However, the structural and functional applications of silk in artificial systems have been limited
due to the difficulty in controlling its properties. In this study, we demonstrate the tunable thermal
diffusivity of silk-based assemblies (films) based on secondary structural control and subsequent cross-
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linking. We found that the thermal diffusivity of the silk film is increased by the formation of B-sheet

structures and dityrosine between Tyr residues adjacent to the B-sheet structures. Our results
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rsc.li/rsc-advances biopolymer-based materials.

Introduction

Control over molecular self-assembly and resultant structures
for materials application is an important goal for
nanoarchitechtonics."? Bio(macro)molecules such as proteins
(or peptides), nucleic acids, and saccharides have been
considered as excellent components as the self-assembling
nanomaterials.*® Owing to their excellent mechanical proper-
ties, biodegradability, and biocompatibility, natural silk fibrous
materials produced by silkworms and spiders have attracted
considerable attention over the past several decades.®® Their
unique properties have enabled their application in various
biomedical materials.’** In particular, silk fibroin (SF),
a natural protein obtained from silkworm cocoons (Bombyx
mori (B. mori)) can be used as a cost-effective raw material for
various material forms, such as films, sponges, and hydrogels,
based on their structural controllability and processability.*
Additionally, changing the secondary structure of SF from
amorphous to antiparallel B-sheets using organic solvents (i.e.,
methanol and ethanol)**** or via water-vapor annealing’® has
been reported to result in the formation of an anti-parallel B-
sheet structure, which enables further control over its charac-
teristics. For example, the repetitive Gly Ala-Gly Ala-Gly Xaa
peptide unit (Xaa: Ser, Tyr, or Ala), one of the main components
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demonstrate the applicability of silk proteins as material components for thermally conductive

of SF, provides stable structures because of the aforementioned
B-sheet formation, resulting in unique mechanical, thermal,
optical, and dielectric properties superior to those of traditional
fibrous materials."”*® Recently, SF-based materials have become
even more attractive as thermally conductive materials due to
the potentially excellent thermal properties of structurally
controlled SF, although silk-based textiles have been used as
thermal insulators for thousands of years.'*?°

With advances in electronic devices, heat management has
become a significant problem. Traditionally, the utilization of
metal or inorganic heat sinks has been effective for such devices
and thermal interface materials, which serve as heat transfer
media between the heat source and sink, have been essential to
guarantee reliable heat dissipation from the devices. Further-
more, recent considerable interest in thin and flexible elec-
tronic devices requires the development of flexible thermally
conductive materials for stable electronic paper and wearable
devices. Organic polymers, which generally have soft and
moldable properties, are promising as flexible thermally
conductive materials; however, the low thermal conductivity of
bulk polymer films renders them inferior to metals and
ceramics in material applications where effective thermal
management is required.”>* The development of polymeric
materials with high thermal conductivity remains a challenge.
Recent studies have revealed that bulk films comprising struc-
turally regular biopolymers, such as nanocellulose, filamentous
viruses, and designed tandem-repeat proteins, are promising
thermally conductive materials.*®>*>3-3¢

The chemical cross-linking of SF materials has recently been
used in addition to physical cross-linking, through the forma-
tion of crystalline antiparallel B-sheets, to improve and/or
pioneer physicochemical properties and functions. With rela-
tively high amounts of Tyr residues in SF (Tyr: 5.3 mol% Gly:
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45.9 mol%, Ala: 30.3 mol%, Ser: 12.1 mol%, and Val:
1.8 mol%),** it was reported that the oxidation of adjacent Tyr
residues by horseradish peroxidase or ultraviolet (UV) light
irradiation resulted in chemically cross-linked SF by the effec-
tive formation of dityrosine.** Such a structural control strategy
involving the formation of specific secondary structures and
chemical cross-linking would be useful for designing and real-
izing SF-based materials with improved properties and func-
tions. Herein, we demonstrate the high thermal diffusivity of
assemblies (films) comprising SF with controlled secondary and
cross-linked structures (Fig. 1A). Immersing SF films in water/
methanol mixed solvents resulted in the formation of B-sheet
structures. Fluorescence measurements revealed the formation
of dityrosine upon UV irradiation of the films. Thermal diffu-
sivity measurements by temperature wave analysis** demon-
strated the tunable thermal diffusivity of the SF films using
a structural control strategy. Our results are expected to be
useful for the design of wearable electronic devices that
combine excellent heat dissipation performance with the orig-
inal biocompatibility and mechanical strength of SF.

Results and discussion

B. mori silkworm-based SF films were prepared according to
a previously reported method.*® In brief, B. mori silkworm silk
fibers were first degummed and further dissolved in an LiBr
solution. The solution was purified and concentrated by reverse
dialysis against an aqueous solution. The resultant SF solution
was cast on a plastic Petri dish, and SF films with several tens of
micrometers thick were obtained (Fig. 1B).

It has been reported that, during the evaporation of
a colloidal solution in the preparation of cast films, the depo-
sition process of the solute varies with the position of the
resultant film. This is due to differences in evaporation kinetics
based on the convection of the solute,**® resulting in different
heat conduction performances. Thus, we first characterized
assembled structures and thermal diffusivity at different posi-
tions of the SF film. Polarized optical microscopy (POM) was
performed to characterize the ordered structures of SF in the
films (Fig. 2A and S1t). The images show little birefringence,
indicating that non-oriented structures were formed at all
positions of the film. Attenuated total reflection Fourier trans-
form infrared (ATR/FT-IR) spectra reveal a sharp band at
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Fig. 1 (A) Schematic and (B) photograph of silk fibroin (SF) films with
controlled secondary (B-sheet) and cross-linking (dityrosine) struc-
tures for excellent thermally conductive properties.
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Fig. 2 Polarized optical microscopy (POM) observation of SF films
with various structures: (A) original (periphery), (B) immersed, (C)
stretched (10%), (D) stretched (20%), (E) stretched (30%), and (F) irra-
diated SF films.

approximately 1640 em ™", which is primarily assigned to the

random coil structures of C=0 stretching (Amide I) (Fig. 3A and
S21),*” indicating that they constituted the entire film. In
contrast, the thermal diffusivity values of the SF film at the
periphery, the midpoint (between the periphery and center),
and the center (Fig. 1B) in a perpendicular direction were
measured by temperature wave analysis (Fig. 4 and S37), and the
thermal diffusivity values at the periphery (7.6 x 107® m* s™*)
were slightly greater than those at the other positions, showing
slightly different heat conduction at the different film positions.
The results suggest that the molecular and/or assembled
structures of SF differed with the position of the films. In fact,
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Fig. 3 Attenuated total reflection Fourier transform infrared (ATR/FT-
IR) spectroscopy of the SF films with various structures. Effects of (A)
immersing and stretching and (B) immersing and UV irradiation on the
thermal secondary structures of the SF films.
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Fig. 4 Comparison of the thermal diffusivity values of the original,
immersed, and irradiated SF films. Effects of (A) immersing and
stretching and (B) immersing and UV irradiation on the thermal diffu-
sivity values of the SF films. All the values were obtained at the
periphery.

differential transformer methods revealed that the film thick-
nesses at the periphery, midpoint, and center were 93.6 + 6.0,
55.8 + 3.3, and 45.2 £+ 3.3 um, respectively. Therefore, the
periphery of the SF films may be formed via convection in the
solution, where it can condense more effectively than at the
other positions. Thus, we focused on the periphery position in
further experiments.

To characterize SF structures and determine their thermal
diffusivities, the assembled SF structures were immersed in
a mixed solution of methanol and water to control secondary
structures. The immersed film was further stretched to form
oriented structures with different elongation ratios (10%, 20%,
and 30%). In another approach, the original and immersed SF
films were irradiated with UV light to cross-link the Tyr resi-
dues. POM was performed on the films (Fig. 2B-F). Similar to
the original film, the immersed film showed no birefringence,
indicating that the immersion process had little effect on the
SF-oriented structures. In contrast, uniform birefringence was
observed in the immersed- and subsequently stretched-film,
which was darkened by 45° rotation of the film, suggesting
that the structures comprise oriented structures as nematic
liquid crystals. Birefringence increased with increasing elon-
gation ratio, as observed in POM images, demonstrating the
effects of the stretching procedure on the oriented structures of
the SF films. The IR spectra of the stretched films showed two
bands, corresponding to parallel (approximately 1620 cm™')
and antiparallel B-sheet structures (approximately 1695 cm ™)
in the Amide I region (Fig. 3A), indicating that SF in the original
film underwent a structural transition from a random coil to
a B-sheet during the immersion process. A slight change in the
bands in the Amide I region was observed with the elongation
ratio, suggesting that the molecular chains of SF were oriented
in the direction of stretching, although the B-sheet structure
formed by the immersion process was maintained.

Furthermore, the POM images of film subjected to immer-
sion and UV irradiation did not show birefringence, demon-
strating non-oriented states similar to the original one. POM
observations demonstrated that the stretching process
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produced oriented SF structures, whereas UV irradiation did
not. The IR spectra of irradiated films were similar to those of
immersed films (Fig. 3B), suggesting that UV irradiation did not
affect the secondary structures of the SF films.

Absorption spectra of the SF films were measured (Fig. S47)
to characterize the effect of irradiation. After irradiation, the
optical density around 310 nm increased in a time-dependent
manner from 12 to 72 h, indicating a photo-induced increase
in cross-linking of tyrosine and/or oxidization of aromatic
amino acids.’®?*® The fact that the absorption spectrum after
72 h does not show a dramatic increase in baselines indicates
that the possible oxidation has not led to sufficient degradation
to decrease the transparency of the film and is a minor effect.
Fluorescence spectroscopy measurements of SF resolubilized
with 1,1,1,3,3,3-hexafluoro-2-propanol were performed to
determine the formation of dityrosine in the SF films. Cross-
linked tyrosine shows a fluorescence peak at approximately
400 nm upon excitation at 275 nm (Fig. S5t). Peaks corre-
sponding to the excitation light are observed in the character-
ization of the original and immersed SF films. After UV
irradiation for 24 and 72 h, shoulder peaks at approximately
400 nm are observed, although no additional peaks are
observed after 12 h. The results indicated the formation of the
cross-linked structure of dityrosine during irradiation, although
SF was assembled in film states. Combining these spectroscopic
measurements, it was shown that the cross-linked structure of
dityrosine increased with increasing irradiation time, although
aromatic amino acids were hardly oxidized.

The thermal diffusivity values of the immersed, stretched,
and irradiated SF films in the perpendicular direction were
measured using temperature wave analysis (Fig. 4). The thermal
diffusivity of the immersed film (14 x 10~®* m”> s~') was higher
than that of the original film, demonstrating the excellent heat
(in this case, phonon) conduction capability of the immersed
film, which is consistent with the crystalline B-sheet-structured
SF, possibly due to the crystallization of SF chains via B-sheet
formation. Because correctly formed B-sheet structures report-
edly have superior anisotropic phonon conduction compared to
that of other secondary structures,"®*' they are believed to
effectively conduct phonons between the SF chains. Further-
more, the thermal diffusivity of the stretched film decreased
with increasing elongation ratio, suggesting that the orientation
of the SF chains along the plane decreased their thermal
diffusivity in the perpendicular direction. Stretching of silk
fibers can greatly enhance the thermal conductivity against the
fiber axis because of suitably oriented B-sheet structures;** thus,
it was suggested that thermal diffusivity in the perpendicular
direction (i.e., between the SF chains) of the film decreased with
the stretching procedure, possibly due to the unpreferred
orientation of the pB-sheet structures in the measurement
direction.

The effect of the cross-linking of SF in the film on its thermal
diffusivity was determined. When the SF film was irradiated
with UV light after the immersion procedure, thermal diffusivity
increased with increasing irradiation time (up to 24 h). After
72 h, the value was the same as that at 24 h, within experimental
error. The results showed a similar trend to the increase in

RSC Adv, 2024, 14, 12449-12453 | 12451
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dityrosine observed in absorption and fluorescence measure-
ments. The thermal diffusivity value after irradiation for 24 h
was 34 x 10~%® m® s, indicating that the cross-linking of
tyrosine residues (ie., dityrosine formation) affected the
increase in thermal diffusivity. Furthermore, a greater amount
of dityrosine after irradiation for 72 h was observed in fluores-
cence spectra than after 24 h; thus, longer irradiation than 24 h,
which did not significantly affect thermal diffusivity, was
required, possibly due to sufficient dityrosine formation with
24 h of irradiation to effectively conduct phonons in SF
assemblies. Because the secondary and oriented structures of
SF were unchanged during irradiation, newly prepared covalent
bonds were speculated to have efficiently contributed to the
increased thermal diffusivity. In fact, the cross-sectional scan-
ning electron microscopy (SEM) profiles of the original,
immersed, and irradiated (72 h) films reveal unchanged nano-
structures (Fig. 5A-C). Additionally, the immersion procedure
affected the surface morphology, whereas UV irradiation did
not (Fig. 5D-F), proving the importance of cross-linking.
Importantly, when the original film was irradiated with UV
light without an immersion procedure, the thermal diffusivity
was the same as that of the original film within experimental
error. The results demonstrated the essential role of B-sheet
formation by immersion in achieving high thermal diffusivity
by photo-irradiation. Because changes in secondary, oriented,
and macroscopic structures were not shown during irradiation,
cross-linking of Tyr residues observed by absorbance and fluo-
rescence measurements would affect the improved thermal
diffusivity (that is, phonon conduction) of the SF films formed
with the B-sheet structures. The repetitive hexapeptide partially
containing the Tyr residue unit in SF was important for B-sheet
formation; therefore, the cross-linking of Tyr residues adjacent
to the B-sheet structures possibly enhanced phonon conduc-
tion. Together, these observations demonstrate that the cross-
linking of Tyr residues (i.e., dityrosine formation) in the B-
sheet-structured SF plays an important role in efficient phonon
transport for achieving SF materials with high thermal
diffusivity.

Fig. 5 Scanning electron microscopy images of (A—C) cross-sections
and (D—-F) surfaces of (A and D) original; (B and E) immersed; and (C
and F) irradiated (24 h) films.
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Conclusions

In this study, we investigated the thermal diffusivity of solid
films comprising SF, prepared under various conditions. POM
and IR measurements showed the successful preparation of
various secondary and cross-linked structured films by immer-
sion of appropriate solvents and subsequent UV irradiation.
The immersion procedure, which resulted in a structural tran-
sition of SF from a random coil to a B-sheet, caused a slight
increase in the thermal diffusivity, possibly by enabling suitable
phonon transport. With increasing irradiation time, the UV
light irradiation of the immersed film increased the thermal
diffusivity, demonstrating the role of the cross-linked structures
via the formation of dityrosine. The thermal diffusivity of the SF
films prepared under suitable conditions was approximately
five times that of the original SF film, demonstrating the
tunable ability for phonon transport in SF. This study clearly
elucidates the potential applicability of SF to a novel class of
thermally conductive materials comprising bioorganic
polymers.
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