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Tunable thermal transport and reversible thermal
conductivity switching in topologically networked
bio-inspired materials
John A. Tomko1,10, Abdon Pena-Francesch2,3,10, Huihun Jung2,3, Madhusudan Tyagi4,5, Benjamin D. Allen6,7,
Melik C. Demirel 2,3,7* and Patrick E. Hopkins1,8,9*
The dynamic control of thermal transport properties in solids must contend with the fact that phonons are inherently broadband. Thus, efforts to create reversible thermal conductivity switches have resulted in only modest on/off ratios, since only
a relatively narrow portion of the phononic spectrum is impacted. Here, we report on the ability to modulate the thermal
conductivity of topologically networked materials by nearly a factor of four following hydration, through manipulation of
the displacement amplitude of atomic vibrations. By varying the network topology, or crosslinked structure, of squid ring
teeth-based bio-polymers through tandem-repetition of DNA sequences, we show that this thermal switching ratio can
be directly programmed. This on/off ratio in thermal conductivity switching is over a factor of three larger than the current state-of-the-art thermal switch, offering the possibility of engineering thermally conductive biological materials with
dynamic responsivity to heat.

T

he ability to actively manipulate the vibrational energy
exchange and thermal conductivity of materials would enable
novel directions of research in a wide range of nanoscale science and technology fields. For example, a new class of thermally
driven devices (such as thermal rectifiers, logic gates and transistors) could be realized with the ability to actively modulate the
thermal conductivity1. Though the efficiency of these devices would
not rival their electrical analogues, these devices could, in principle, be powered ‘for free’ if the source of the ‘power’ is from wasted
heat. Similarly, the ability to actively modulate the temperature of
a device has been shown to create massive gains in thermoelectric
efficiency, which would enable a new and resurgent direction to the
decades-old thermoelectric problem2,3. Modulation of temperature
gradients in materials could also lead to advances in all-solid-state
electrocaloric or magnetic refrigeration1,4,5.
Numerous examples of variable, yet reversible, thermal conductivities in materials have been realized, albeit with only small
modulations in their phonon or vibrational thermal conductivities.
Prominent examples of such vibrational thermal switches include
liquid crystal networks that can be oriented with an external magnetic field (thus increasing their thermal conductivity from ∼0.20
to ∼0.35 W m−1 K−1; ref. 6), reversible delithiation of LiCoO2 cathode
materials under electrochemical tuning (leading to reductions in the
thermal conductivity from 5.4 to 3.7 W m−1 K−1; ref. 7), and an 11%
increase in thermal conductivity in lead zirconate titanate thin films
through manipulation of their nanoscale ferroelastic domains when
subjected to external electric fields8. In these aforementioned studies of thermal conductivity switches, the underlying mechanisms

driving the switching phenomena have been based on manipulating
the thermal carrier populations or scattering rates. This approach of
actively manipulating the lattice or vibrational thermal conductivity
κ will be inherently limited to relatively small ∆κ, because, under
typical conditions (that is, not extreme pressures or temperatures),
the scattering of only a relatively small window of the vibrational
spectrum will be impacted. Here, we seek to not only enhance the
ability to modulate thermal conductivity to enable on/off ratios
much larger than the current state of the art, but also extend this
dynamic control of thermal transport to biological, soft materials.
We achieve this by moving beyond traditionally used approaches of
actively impacting the vibrational scattering rates, and instead we
utilize the unique nanocrystalline structures of networked proteins
inspired from squid ring teeth (SRT), a unique structural protein,
and actively manipulate the displacement amplitude of the vibrations in these crosslinked networks.
Indeed, precedent for actively tuning the thermal conductivity in
soft materials is established in the orders of magnitude changes in
thermal conductivity that have been predicted in polymeric systems
based on strain, chain alignment and crystallinity. For example,
record tunability, with a factor of 12 change in thermal conductivity, has been calculated for polyethylene by combining the effects of
strain and phase changes9. Experimentally, the recent discovery of
high thermal conductivity in ordered or aligned polymers departs
significantly from our conventional wisdom about relatively low
thermal conductivities in polymeric systems10–13. This suggests the
possibility for a large span in the variability of thermal conductivity
when the system is altered from disordered to ordered, aligned or
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Fig. 1 | Structure and thermal conductivity of TR protein-based materials. a, Schematic of the TDTR measurements: the pump and probe beams pass
through the transparent glass substrate and interact with an 80 nm Al transducer, and thermal diffusion from the Al film into the overlying TR film allows
for thermal conductivity measurements of the proteinaceous material. Blue and yellow lines are indicative of the β-sheets and amorphous tie-chains
that compose the film. b, Two-dimensional cartoon view of TR proteins, composed of crystalline (blue) and amorphous (yellow) strands. c, Measured
thermal conductivity as a function of reciprocal repeat units for the four TR protein films. Under ambient conditions (open red squares) there is no material
dependence. On hydration (filled blue circles), a linear increase with increasing n is seen. Error bars are calculated from the uncertainty analysis outlined in
Supplementary Figs. 3 and 4 and represent 1 s.d.

crystalline phases. Thus, actively, rapidly and reversibly modulating
degree of order in a soft material could in principle lead to these
large changes in thermal conduction using these same concepts.

Squid ring teeth proteins

We have identified a class of tandem-repeat (TR) protein that enables
rapid and reversible changes in the dynamics of the protein chains
via hydration. Our protein design is based on TR synthetic polypeptides inspired by natural cephalopod proteins. Squid proteins
have inspired the development of diverse technologies including
camouflage coatings14, self-healing materials15, soft actuators16 and
renewable bioplastics17. In particular, SRT proteins are high-strength
biopolymers that are stabilized by a hydrogen-bonding network, and
can be extracted from the suction cups of squids, or can be synthetically produced via recombinant expression in bacteria18. We created
a DNA assembly strategy that enables production of biomimetic
SRT genes with variable length from a repetitive building block in
a single cloning step, by using modified rolling-circle amplification, a known molecular biology technique19. We thus developed a
library of TR sequences with a precisely controlled size distribution
(TR-n4, TR-n7, TR-n11 and TR-n25, where n denotes the building
block repeat number). Our SRT-inspired building block is based on
the PAAASVSTVHHP crystal-forming polypeptide sequence and
the YGYGGLYGGLYGGLGY amorphous polypeptide sequence, producing a self-assembled hydrogen-bonded network with crystalline
physical crosslinks and amorphous disordered segments (Fig. 1b).
960

Thermal conductivity of SRT proteins

As these proteinaceous materials can simply be solvent-cast
to planar geometries, transient thermoreflectance techniques
are ideal for measurement of the protein’s thermal properties. Hence, we used time-domain thermoreflectance (TDTR)
to measure the thermal conductivity of these protein films.
The sample geometry from our TDTR measurements of these
TR samples is shown in Fig. 1a (see Supplementary Fig. 1 for
photographic images of the experimental set-up), with a twodimensional cartoon view of the protein’s structure, as determined by X-ray diffraction and Fourier-transform infrared
spectroscopy (FTIR) studies described in previous work19 (Fig.
1b; see Supplementary Figs. 8 and 9 for FTIR data). The measured thermal conductivity of the TR films is plotted in Fig. 1c.
As expected, under ambient conditions (<35% relative humidity; see Supplementary Information for details), the thermal
conductivity of these proteinaceous films does not depend on
repeat units or molecular weight and demonstrates similar thermal conductivities to disordered polymers and water-insoluble
proteins20–23. The physics of the vibrational thermal conductivity of disordered soft materials, such as polymers or TR films,
under ambient conditions has been studied for quite some time
and is well understood to be driven by a random walk of vibrational energy interacting at length scales on the order of the
interatomic spacings, akin to Einstein’s original picture of vibrational heat transport and the so-called minimum limit to thermal
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Fig. 2 | Thermal and mechanical properties in varying states. a, Measured shear modulus G as a function of 1/n. In the highly bonded, dense network
associated with the proteins under ambient conditions, no n dependence is found. Conversely, there is a linear increase in G with increasing n following
hydration. Error bars represent 1 s.d. b, Measured thermal conductivity, normalized by the predicted thermal conductivity for the case when n = ∞, as a
function of the effective network strand density εeff of the TR films.

conductivity24,25. In terms of the TR films in this ambient state,
this finding suggests that the thermal conductivity is limited by
the amorphous regions, and any potential benefit of higher thermal conductivity in the nanocrystalline β-sheet ordered regions
is lost from scattering in the amorphous domains. When these TR
films are hydrated, the thermal conductivity not only increases
compared to the ambient state, but a nearly linear dependency on
1/n also emerges, as shown in Fig. 1c and Supplementary Fig. 5.
In the TR sample with the highest number of repeat units n (or
low 1/n), we observe a nearly factor of 4 increase in thermal conductivity. The increase in thermal conductivity suggests that the
amorphous chain conformation and overall network morphology, which are dependent on tandem repetition12,26, impact the
overall thermal conductivity.
The role of the amorphous domains in thermal conductivity is
elucidated via measurements of the shear modulus G, using oscillatory rheology and dynamic mechanical analysis. As shown in
Fig. 2a, the modulus of polypeptides under ambient conditions
is constant at an average G =  241 ± 13 MPa, which agrees with
previous reports18,19,27 on the mechanical properties of SRT. This
ambient modulus is independent of tandem repetition n, suggesting that the amorphous chains are heavily constrained by hydrogen bonding and weak interactions, and the chains are in a glassy
state. On the other hand, hydrated TR proteins exhibit a modulus
G ranging from 1.5 to 4 MPa with a linear dependence on reciprocal repeat units 1/n.
In proteinaceous materials, the modulus is directly related to the
network morphology. This network is composed of β-sheets, which
act as physical crosslinks, and amorphous segments, which are the
network strands. The effective strand density (or tie-chain density)
εeff was calculated from structural characterization, mechanical
analysis and entropic elasticity theory28–30. Based on entropic elasticity theory31, the tie-chain density is given by εeff =  1 −  (βc/n), where
βc is the β-sheet crystallite size (~4 β-strands for TR proteins), and n
is the number of repeats in the polypeptide chain (n ≈  Mw/3.46 kDa
for the TR proteins, where Mw is the molecular weight of the proteins). The tie-chain density varies between zero (highly defective,
βc =  n) and unity (perfect network, n →  ∞). The dependence on n
indicates an increase in tie-chain density with tandem repetition
and a decrease in defective chain conformations such as loops and
dangling ends. Given the thermal conductivity of materials is generally related to their stiffness, where stiffer materials generally exhibit
higher thermal conductivities than softer materials, the increase
in thermal conductivity with tie-chain density is consistent with
κ ~ ϵeff in hydrated polypeptides, as shown in Fig. 2b.

Quasi-elastic neutron scattering

However, a seemingly puzzling aspect of this aforementioned conclusion regarding the dependence of ∆κ on 1/n and modulus is that
the magnitude of the modulus of the TR samples decreases when
hydrated as compared to its state under ambient conditions, which
is not consistent with the observed increase in κ when hydrated. Our
aforementioned posit was that the increase in κ with hydration was
due to an increased contribution of the chain transport dynamics
to the overall thermal conductivity. To investigate these vibrational
dynamics, we turned to elastic and quasi-elastic neutron scattering
(QENS). QENS can measure molecular dynamic processes such as
rotations, relaxations and diffusive motions with 1–30 Å and picoto nanosecond resolution by directly probing the self-diffusion of
hydrogen atoms32. The hydrated chain dynamics were measured
using deuterated water (D2O), as deuterium has a negligible neutron
scattering cross-section and therefore it does not contribute to the
signal. The mean square displacement (MSD) of hydrogen atoms
in the protein (shown in Fig. 3a) was calculated from the scattering
intensity in fixed window elastic scans, as a function of temperature, using the Debye–Waller factor (which is a standard Gaussian
approximation method)33.
TR polypeptides under ambient conditions show very localized
motions at T > 70 K, which is common for proteins and typically
originates from methyl group rotations34, and exhibit a glass transition around 450 K. Therefore, neutron spectroscopy does not show
any segmental or backbone motion at room temperature (300 K).
Thus, the disordered chains are constrained in a dense hydrogenbonding network with minimal vibrational freedom. Conversely, in
the hydrated state, the MSD of the hydrogen atoms increases and
we observe much larger vibrational amplitudes, as well as a decrease
in the glass transition temperature (250 K)35. In this case, the water
molecules break the hydrogen bonding between the disordered
chains, allowing for more delocalization of the hydrogen motion.
Protein chain dynamics were further investigated by quasi-elastic
measurements. Figure 3b shows the full-width at half-maximum,
Γ(Q), of the quasi-elastic peaks of ambient and D2O-hydrated TR-n4
and TR-n11 proteins, plotted as function of Q2. Under ambient conditions (<1% relative humidity during our QENS measurements),
TR proteins show a Q-independent behaviour (15 µeV) characteristic of localized motions (that is, methyl group rotations34).
On the other hand, D2O-hydrated TR proteins show a Q-independent
plateau at low Q values (0.15 meV), while a linear scaling with Q2
is observed at higher Q. This two-regime Q dependence is characteristic of diffusion in a confined space and can be described by
the Volino and Dianoux (VD) model for bounded diffusion in a
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Fig. 3 | QENS. a, Measured mean square displacement, or vibrational amplitude, of hydrogen atoms in the TR films as a function of sample temperature.
As seen, the dense, hydrogen-bonded network opens up and allows for increased movement following hydration. b, Full-width at half-maximum of the
quasi-elastic peaks of the ambient and hydrated proteins as a function of the square of the scattering wavevector, Q2. Error bars represent 1 s.d.

potential of s pherical symmetry36, which corresponds to confined
diffusive motions of the amorphous segments within the β-sheet
nanocrystals.

Nanoscale heat transport mechanisms

Our results can be conceptually interpreted under previous formalisms for vibrational heat transport in disordered systems37, where
the thermal conductivity is driven by the mode diffusivity37–39. In
disordered systems, under the taxonomy developed in ref. 40, heat
transport is driven through interactions of quasi-localized diffuson
modes, and the mode diffusivity of these diffusons is directly related
to the MSD. Thus, the increase in MSD of the TR proteins following hydration, which we attribute to increased motion of the amorphous strands, is the origin of the increase in κ from ambient to
hydrated states shown in Fig. 1b. However, this increase in MSD is
found to be independent of the number of repeat units n, and thus it
cannot explain the monotonic increase in thermal conductivity with
increasing tandem repetition measured following hydration of the
TR films. The linear dependence on 1/n, however, is driven by the
change in modulus of the samples, and indeed is a competing factor
that decreases the thermal conductivity, consistent with theory in
that the mode diffusivity is directly related to the force constants40.
However, the increase in κ due to the increase in MSD outweighs the
decrease due to modulus changes, and thus a net increase in ∆κ is
realized on hydration.
As a first approximation for the accuracy of this qualitative picture, we further considered these data from the framework of the
changes in heat capacity and mode diffusivity of the diffusons following hydration. The thermal conductivity of the diffusons is given
by41,42 κ diffuson = ∑ω CωDω, where Cω is the diffuson heat capacity of a
given mode with frequency ω per volume and Dω is the diffuson diffusivity per mode. As detailed in ref. 37, the diffuson diffusivities are
proportional to the square of the heat current operator, |Sij|2, which
measures the thermal coupling between vibrational modes i and j
based on their frequencies and spatial overlap38. Mathematically, Sij
is directly proportional to (Ri −  Rj) =  ∆R, or the change in the average positions of atoms i and j. Thus, summed over all modes, the
measured MSD from our neutron scattering experiments is proportional to |Sij|2 ∼  ∆R2 ∼  MSD. Furthermore, Sij of the diffusons is
also related to the interatomic spring constants of the system, K.
Given that the group velocity of a material is a measure of its relative stiffness and displacement changes in the continuum limit, we
assume that the group velocity is proportional to the spring constant (K ∼  v2). Thus, we approximate the square of the heat current
operator as |Sij|2 ∼  (MSD)v4. While the aforementioned trends in
elastic moduli provide a qualitative understanding of the change
in stiffness in this thermal switch, the complex, highly anisotropic
962

nature and v iscoelasticity of the bio-polymer films leads to issues
in attempting to relate the measured modulus to a nominal sound
speed of the material in the two states (that is, the group velocity of coherent thermal carriers). To overcome this difficulty, we
performed time-domain Brillouin scattering measurements on
the TR films under ambient and hydrated conditions. This spectroscopy technique provides a direct measurement of longitudinal
acoustic waves, that is, long-wavelength vibrational modes, traversing the viscoelastic TR films, as described in the Supplementary
Information (Supplementary Fig. 7). With this and the measured
heat capacities in the two states (Supplementary Fig. 10), we can
approximate the change in thermal conductivity of our samples on
hydration by examining the ratio
κhydrated
κ ambient

∑ C

D

Ch ∣ S ij ∣ 2

ω, a ω, a

Ca ∣ S ij ∣ 2

= ∑ω Cω, hDω, h ≈
ω

h
a

≈

Ch (MSD) hv h4
Ca (MSD) ava4

The respective values for the volumetric heat capacity, speed
of sound and MSD for TR-n4 and TR-n11 are provided in
Supplementary Table 3; given this, we predict switching ratios
of ∼3.70 and ∼4.90, respectively.
It should be noted that the switching mechanism cannot be
explained with an effective medium approximation. In typical composite materials, hydrating the host system would not allow for a
thermal conductivity greater than that of water; the thermal conductivity can only scale between, or be less than, that of either the
host material (which, in this case, would be the TR films) and/or the
inclusions (the added water). In the TR films, the change in thermal
conductivity is not due to a composite effect between the protein
and the added water; the change in thermal conductivity is associated with a change in protein dynamics on hydration, whereby the
material is physically, yet reversibly, altered to a state that allows for
increased anharmonicity and thus increased thermal conductivity.
These large and reversible changes in κ of the TR samples
following hydration present a unique opportunity to design
thermal conductivity switches. Figure 4a shows the thermal conductivity of TR-n25 with repeated hydration and water removal (see
Supplementary Fig. 2 TDTR data as a function of time delay in the
two states). These data demonstrate the relative measurement speed
of this switch, which is on the order of seconds (Supplementary Fig.
6). We note that the change in thermal conductivity of hydrated to
ambient states is reversible over several switching cycles, as shown
in the data in Fig. 4b for thermal conductivity as a function of cycle
number for TR-n11. We note that the nearly factor of 4 change in
κ is the largest reported in any solid system at room temperature,
offering a unique material platform to realize robust thermal conductivity switches. To quantify the dynamic control of thermal
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c onductivity, we consider the ratio associated with thermal switching, that is, κmax/κmin; in the case of our TR protein films, this ratio is
κhydrated/κambient. We plot this ratio in Fig. 4c as a function of temperature for a wide range of thermal switches within a biologically relevant temperature window (∼260–380 K), including the TR material
studied in this work; these data and their associated references are
tabulated in Supplementary Table 1. We find that our SRT-based TR
proteins provide one of the largest figures of merit associated with
thermal switching within this range when compared to inorganic
materials that show phase transitions. Looking ahead, by extrapolating the linear trend with 1/n, we hypothesize that this switching
ratio can achieve values as large as ∼4.5 for TR films as the repeating
units approaches infinity and a perfect network is formed.

the pristine and hydrated state of the TR films, we find that these
bio-inspired materials exceed the performance of previous counterparts. Projecting these findings to a perfect network (that is, when
n approaches infinity), the thermal switching ratio is predicted to
reach ∼4.5.

Conclusions
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TDTR. As described in detail in the Supplementary Information, TDTR is an
optical pump–probe technique that allows for measurement of the thermal
conductivity of thin films and other nanomaterials. As our TR films are
solvent-cast on top of an optically thick, 80 nm Al film, we performed TDTR
measurements through the supporting SiO2 substrate to avoid non-thermal
responses, as shown in Fig. 1a. As this sandwiched metal film acts as a
thermal transducer (that is, we are probing the temperature of the Al film),
we used a bidirectional model to determine the thermal conductivity of the
biopolymer film.
Time-domain Brillouin scattering. Also described in detail in the
Supplementary Information, our time-domain Brillouin scattering (TDBS)
measurements made use of a similar apparatus as our TDTR measurements,
other than that our pump and probe beams passed through the TR film and
subsequently interacted with the metal transducer. The pump–metal interaction
led to a temperature rise at the TR–metal interface, causing the formation of
an acoustic pressure front that traversed through the biopolymer film. As our
probe pulse was at normal incidence to this acoustic wave, it underwent a partial
reflection due to the change in density (that is, change in refractive index) and
the remainder reflected off the metal film. At integer values of the probe beam’s
wavelength, it underwent self-interference due to these partial reflections,
allowing for determination of the velocity of this coherent wavefront.
Rheology. Rheological measurements of TR proteins were performed on protein
disks (diameter, 2 mm; thickness, 1 mm) in a Rheometric Scientific ARES
rheometer using a parallel plate geometry (diameter, 3 mm) with a custom-made
liquid reservoir bottom plate. Protein disks were adhered to the plates with Click
Bond CB200 acrylic adhesive. Oscillatory shear measurements were performed
from 0.001 to 100 rad s−1 with 2% strain.
Dynamic mechanical analysis. Dynamic mechanical analysis measurements were
performed in a TA 800Q dynamic mechanical analysis instrument on protein film
samples with dimensions of 15 mm × 2.5 mm ×0.2 mm (thickness). Film-tension
dynamic measurements were performed from 0.1 to 200 Hz, with an amplitude of
5 µm and a preload of 0.01 N.
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Temperature-modulated differential scanning calorimetry. A TA Instruments
Q200 differential scanning calorimeter was used for the specific heat measurements
of TR proteins. The instrument was calibrated for specific heat Cp measurements
using Tzero aluminium pans and sapphire standard materials, including cell
resistance and capacitance, cell constant and temperature calibration. TR protein
samples were annealed on a hot plate at 100 °C for 30 min to remove water before
the experiment. Hydrated proteins were immersed in deionized water for 1 h, excess
water was removed, and samples were sealed in hermetic pans. Ambient samples
were heated at 2 °C min−1 from 25 to 210 °C (beginning of thermal degradation)
with a modulation period of 60 s and a temperature amplitude of 0.318 °C. Hydrated
samples were run from 5 to 50 °C with the same rate, modulation period and
amplitude parameters. The measured heat capacity values in both ambient and
hydrated states are provided in the Supplementary Information.
Neutron scattering. QENS experiments were performed at the NIST Center for
Neutron Research (NCNR), Gaithersburg, MD. Experiments on TR proteins under
ambient conditions were performed on the high-flux backscattering spectrometer
(HFBS)43, with an energy resolution of 1 µeV, dynamic range of ±15 µeV and Q
range of 0.25–1.8 Å−1, at 295 K. The resolution function was measured at 4 K (the
signal is completely elastic). Quasi-elastic experiments on D2O-hydrated SRT
TR polypeptides were performed on a disk chopper time-of-flight spectrometer
(DCS)44, with an energy resolution of 64 µeV (wavelength λ = 6 Å), dynamic
range of ±0.5 meV and Q range of 0.1–2 Å−1, at 295 K. Vanadium was used as the
resolution function in DCS measurements.
Data availability. The data that supports the plots within this paper and other
findings of this study are available from the corresponding authors upon
reasonable request.
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