Modulating Water-Responsive Actuation Energy of Regenerated
Silk Fibroin via Tyrosine Modification
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Water-responsive actuation energy density of regenerated silk
fibroin is doubled through tyrosine residue modification, increasing
from 1.6 MJ m3 to 3.5 MJ m?3. FTIR spectroscopy showed the
modification results in a higher proportion of mobile water,
suggesting that water-responsive performance of regenerated silk
is highly sensitive to the properties of confined water and that
tyrosine residue modification could serve as a scalable method for
developing silk-based WR actuators.

Water-responsive (WR) materials expand and contract
powerfully in response to changes in environmental relative
humidity (RH). In nature, these materials serve many important
functions for plants!=3, including pinecone scales that open to
release their seeds*®, horsetail spore elaters that curl and
uncurl to allow them to walk and jump for efficient dispersal®,
and filaree seed awns that twist and untwist to burrow them
into the ground”®. In the past decade, many synthetic®?*3
bio-based*~1® WR materials have been developed and used for
programmable actuators'’=23, sensors?! and evaporation energy
harvesting devices?*72¢, making them useful for applications in
soft robotics, sensing, and the production of clean renewable
evaporation energy. Despite the recent developments in WR
materials, those designed by nature still outperform synthetic
alternatives?’, and the lack of complete understanding of these
natural designs limits the development of more powerful WR

materials and their implementation in practical applications.
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Regenerated silk fibroin (RSF) is a proteinaceous high-
performance WR material that offers an ideal platform for
studying the design criteria of WR actuation, due to its
amenability to both physical?®?° and chemical modification3031,
It is affordable, widely available, and can be fabricated into
continuous sheets or fibers, allowing it to facilitate the scale up
and wide-spread application of WR materials. RSF is extracted
from Bombyx mori silkworm cocoons and is composed of
crystalline and amorphous domains. The stiff crystalline
domains are formed by a heavy chain with repeating amino acid
motifs that facilitate B-sheet formation, while the flexible
amorphous domains are comprised of a light chain, linked to the
heavy chain by a disulfide bond; and a glycoprotein, both of
which contain nonrepetitive sequences°.

Previous studies demonstrated that increasing RSF’s B-sheet
crystallinity via methanol treatment increased its WR energy
density, from 0.2 MJ m3 to 1.6 MJ m332, and that there is a
critical ratio of bound and mobile water that provides a
threshold for WR force exertion3?, illustrating the important
role of both the structure of the RSF material and its confined
water. RSF’s WR performance has been shown to be further
enhanced by modifying these properties through the inclusion
of stiff silica nanoparticles®*, and the modification of the pore
structure using poly(ethylene oxide) as a sacrificial porogen3®.
This inspires us to investigate the possibility of improving its WR
behavior by tuning the properties of its confined water though
surface chemistry modification3®.

A variety of chemical modifications could be used to enhance
interactions between water and RSF, resulting in changes to
water properties. These include cyanuric chloride-activated
coupling to attach poly(ethylene-glycol) molecules to RSF’s
tyrosine residues®’, sulfation of RSF’s tyrosine and serine
residues3®, and carboxylation which modifies RSF’s hydroxyl and
amine containing residues3®. In this study, we employed
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Figure 1. a) Diazonium coupling reaction between tyrosine residues of RSF and sulfanilic acid derived diazonium salt. b) Bilayer films of RSF on polyimide films
curl and uncurl upon exposure to dry and humid air, respectively. c) Increasing hydrophilicity results in increased curvature of bilayer films. d) Difference in
curvature of bilayer films between dr\{)and humid state and e) difference in WR energy density of bilayer films between dry and humid state (n=5). Both increase

with increasing modifications. (Error bars represent standard error).

diazonium coupling with an aniline derivative sulfanilic acid,
which modifies the tyrosine residues that make up
approximately 5% of RSF’s total amino acid residues, without
significantly affecting RSF’s secondary structures. To prepare
diazonium-modified RSF (DA-RSF), we varied the degree of the
tyrosine residue modification by controlling the equivalents of
RSF’s tyrosine residues to diazonium salt, ranging from 1:0 up
to 1:1. These modifications led to changes in hydrophilicity and
water-material interactions, demonstrated by a 19° decrease in
water contact angle (WCA), and a 39% increase in maximum
percent water adsorption by mass. This enhanced hydrophilicity
resulted in a significant increase in WR actuation energy density
from 1.6 MJ m3 to 3.5 MJ m-3, which could be attributed to the
changes in the properties of confined water.

An aqueous RSF solution was prepared by extracting silk fibroin
(SF) from Bombyx mori silkworm cocoons (TTSAM, Amazon).
Five grams of raw silk cocoons were cut into small pieces and
boiled in a 0.02 M sodium carbonate (Sigma-Aldrich) solution
for 30 min to remove the glue-like sericin protein. The SF was
then rinsed in ultrapure water (Advantage A10, Milli-Q) three
times for 20 min before being air dried overnight. 0.5 grams of
silk fibroin were dissolved in 2 mL of a 9.3 M lithium bromide
(Fisherbrand) solution at 60°C for 2 hours, transferred to
hydrated dialysis membrane tubing (Spectrum 3.5 kDa MWCO)
and dialyzed against 400 mL ultrapure water for 2 hours,
changing the water every 30 min. Finally, this solution was
centrifuged at 9000 rpm (5804, Eppendorf) for 20 min, yielding
a 9-10 wt% aqueous RSF solution.

The diazonium coupling reaction was performed in the aqueous

RSF solution using a method reported by Hausken et al.*°, and
resulted in the addition of a hydrophilic charged sulfonate
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group to RSF’s tyrosine residues*® (Figure 1a). The RSF solution
was dialyzed against a saline borate buffer solution (9-9.5 pH,
100 mM borate buffer packs from ThermoFisher Scientific, 150
mM sodium chloride from Sigma-Aldrich) overnight followed by
an additional 8 hours (24 hours total). Afterwards, this solution
was diluted with saline borate buffer solution to achieve a 3%
w/v RSFin saline borate buffer. Samples were prepared with the
following equivalents of RSF tyrosine residues to diazonium salt
to achieve varying degrees of hydrophilicity: 1:0 (DA-0%) 1:0.25
((DA-25%), 1:0.5 (DA-50%), 1:0.75 (DA-75%), and 1:1 (DA-
100%). The diazonium salt was prepared by first combining 7.9
mg sulfanilic acid (Sigma-Aldrich) and 38.0 mg p-toluenesulfonic
acid (Sigma-Aldrich) in 500 pL ultrapure water. The mixture was
sonicated and cooled over ice. Subsequently, 12.5 uL of 4 M
sodium nitrite (Sigma-Aldrich) was added to this solution and
reacted over ice for 15 min. Simultaneously, the RSF solution
was cooled over ice. For the DA-100% sample, this diazonium
salt solution was added to 2 mL RSF solution and reacted over
ice. The amount of diazonium salt solution was scaled for each
condition, and ultrapure water was added to maintain the same
total reaction volume. Following a 40-min reaction period, the
solutions were transferred to hydrated membrane tubing
(Spectrum 3.5kDa MWCO) and dialyzed against 125 mL
ultrapure water for 24 hours, with six water changes during this
time.

To assess the WR capability of DA-RSF in response to RH
changes, we constructed bilayer films of DA-RSF and polyimide
by depositing an 8 um thick layer of RSF onto 3x4x0.025 mm
polyimide films (CAPLINQ). Free standing films were prepared
by depositing a 5 um thick layer of DA-RSF into polypropylene
containers. To ensure uniform thickness and inhibit the coffee
ring effect, all films were initially dried overnight in a humid
chamber (>90% RH) and finished drying in ambient conditions.

This journal is © The Royal Society of Chemistry 20xx
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RSF. b) Reaction solutions after 40-min reaction. The color of the RSF solutions darkens with increasing modification. c) UV-vis absorption spectra show

increasing conversion with increasing ratio of diazonium salt to tyrosine residues.

The dry films were immersed in 99.9% methanol (Sigma-Aldrich)
for 10 min, followed by immersion in 90% methanol for 10 min,
to stabilize the B-sheet structure and ensure uniform secondary
structure across all samples.

WR energy density was measured by placing bilayer films in a
RH-controlled chamber, varying RH between 90% and 10% in
10-min intervals and capturing an image of the film’s curvature
at the end of each condition. The radius of curvature was
measured from these images using Imagel software. The multi-
point selector tool was used to select three points along the
curvature of the film, which were then fitted with a circle. The
curvature was calculated as the inverse of the radius of the
fitted circle. The change in curvature of the films between the
dehydrated and hydrated state (Figure 1b) was used to estimate
WR energy density as described previously32. We found that
increasing hydrophilicity, by increasing the amount of modified
tyrosine residues, resulted in a greater difference in curvature
of bilayer films between the dehydrated and hydrated state.
This difference increased from 13 cm™ to 21 cm™ (Figure 1c,d),
and raised WR energy density from 1.6 MJ m= to 3.5 MJ m3
(Figure 1e). This energy density is notably higher than that of
mammalian skeletal muscles (0.8 k) m3)*! and 17% higher than
pore-enhanced RSF’s WR energy density of 3.0 MJ m™3 3>, These
results suggest that increasing the hydrophilicity of RSF
enhances its WR actuation capability and implies that tyrosine
residues may play a significant role in RSF’s WR behavior.

The diazonium modification results in a dramatic color change

of the DA-RSF solution and gives a visual indication of the extent
of modification (Figure 2a,b). The translucent nearly colorless

This journal is © The Royal Society of Chemistry 20xx

RSF solution changed to a light amber for the DA-25% sample,
darkening with increasing modification up to a deeper saffron
for the DA-100% sample (Figure 2b). To further verify the
modification, ultraviolet-visible (UV/vis) spectrophotometry
(Jasco V-660, Spectrophotometer) was employed. The final
dialyzed reaction solution was diluted to 5.47x10®M in 3 mL of
ultrapure water and transferring to a quartz cuvette. The
baseline was established with a blank of ultrapure water.
Absorbance was measured between 200-550 nm wavelengths
with a bandwidth of 2 nm and a data interval of 2 nm. The
disappearance of the tyrosine peak around 275 nm, and
appearance of a new azobenzene peak around 325 nm, that
increases in intensity with increasing diazonium salt added
validates the increasing modification of DA-RSF’s tyrosine
residues. (Figure 2b). Using Beer’s law*?, we estimated the
degree of tyrosine modification to be 17% for DA-25%, 33% for
DA-50%, 52% for DA-75%, and 70% for DA-100% (ESI). 'H
nuclear magnetic resonance (NMR) further confirmed these
modifications. The 'H NMR (Bruker-300 Ultrashield NMR
Spectrometer) spectra was obtained for DA-RSF samples
dissolved in deuterium dioxide. As the degree of modification
increased, the tyrosine peaks between 6.5 and 7.0 ppm
increasingly broaden and shifted upfield, while new azo
aromatic peaks between 7.3 and 8.0 ppm appeared downfield
(ESI), consistent with previously reported 'H NMR spectra for
this modification?°.

The hydrophilicity of the DA-RSF was characterized using WCA
measurements and water adsorption analysis. To measure the
WCA, a 1 mL syringe with a 1-inch blunt needle (25GA, SANTAS)
was filled with ultrapure water and clamped 2 mm above the
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Figure 3. a) Example WCA images. b) WCA decreases with increasing
modification (n=3). ¢) Maximum water adsorption (n=3), measured by DVS,
increases with increasing modification up to DA-75%, however there is no
increase seen between DA-75% and DA-100%. Error bars represent standard
deviation.
bilayer films, which were flattened on glass slides. A 1.5 uL
droplet was dispensed onto the surface of the bilayer film, and
an image was captured 2 s after the water droplet contacted the
surface. The images were analysed using the Image)J FlJI contact
angle analysis plug-in. The WCA decreased from 78° for the
control sample to 75° for DA-25%, 68° for DA-50%, 66° for DA-
75%, and 59° for DA-100% (Figure 3a,b), with in an overall
decrease of 19°. This decrease in WCA suggests that DA-RSF has
increased hydrophilicity. Dynamic Vapor Sorption (DVS) (DVS
Intrinsic Plus, Surface Measurement Systems) experiments
were performed to measure maximum water adsorption.
During this test, the RSF film was placed in a hanging sample pan
attached to a microbalance. The RH inside the instrument
chamber was cycled between 10% and 90% RH, for three
adsorption/desorption cycles, with the end of each RH stage
determined when the change in mass per time fell below 0.02
%/min for at least 10 min or for a maximum of 90 min per stage.
The maximum water adsorption was obtained from the
adsorption stage of the second cycle. The maximum water
adsorption increased from 15% for the control sample, to 17%
for DA-25%, 18% for DA-50%, and 20% for DA-75% and 21% for
DA-100% (Figure 3c). Overall, the maximum water adsorption
increased by only 39%, suggesting that the significant increase
in WR energy density is not solely due to the addition of water
to the material.

Attenuated total reflectance (ATR) Fourier transform infrared
spectroscopy (FTIR) (Nicolet iS50 FTIR, Thermo Scientific)
spectra were collected over a range of 400-4000 cm™?, averaging
32 scans with a resolution of 4 cm™ at 23°C and 60% RH. To
estimate the secondary structure of the DA-RSF films, we
analysed the amide | peak between 1580 and 1730 cm™ which
is associated with the stretching of the backbone carbonyl
bonds*? (Figure 4a). The similarity in the shape of this peak
between our control and diazonium modified samples suggests
that DA-RSF’s secondary structure content is similar before and
after modification. To quantify the secondary structure content,
the amide | peak was baseline corrected, normalized by dividing
by the maximum, and fit with five Gaussian peaks representing
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Figure 4. ag Normalized ATR-FTIR amide | and Il peaks show that the control
and modified samples have similar secondary structure. b) Example
deconvolution of the amide | peaks for the control sample into five peaks
representing intramolecular B-sheets at 1620 cm?, a-helices at 1640 cm?,
random coils at 1655 cm-?, B-turns at 1678 cm'?, and intermolecular B-sheets
at 1698 cm c) Secondary structure content estimated from amide | peak
deconvolution, combining inter- and intra-molecular B-sheets, is similar
across all samples. d) Normalized ATR-FTIR OH stretching peaks at 60% RH.
Arrows indicate that lower wave numbers correspond to bound water while
higher numbers correspond to more mobile water.
intramolecular B-sheets at 1620 cm™, a-helices at 1640 cm,
random coils at 1655 cm, B-turns at 1678 cm, and
intermolecular B-sheets at 1698 cm™ 43 (Figure 4b). The centers
of the fitted peaks were fixed and their full width at half
maximum was limited between 10 and 30 cm™. The total B-
sheet content was calculated by combining the areas under the
intra- and intermolecular B-sheet peaks resulting in the
following total B-sheet contents: 59.76% (+6.38) for the control,
58.28% (+6.36) for DA-25%, 57.23% (+4.13) for DA-50%, 56.36%
(+1.48) for DA-75%, and 56.75% (+1.66) for DA-100% (Figure
4c). Overall, there is only a ~5% decrease in B-sheet content
with increasing treatment, consistent with the results of
previous reports using the same modification?®. While this
modification decreases RSF’s propensity to form B-sheets*?, the
methanol treatment may increase molecular mobility and
facilitate the formation of energetically favorable B-sheets,
resulting in a similar secondary structure to that of unmodified

RSF40.

We characterized the adsorbed water and the interactions
between water and DA-RSF by inspecting the OH stretching
peak in the ATR-FTIR spectra between 3000 cm™ and 3800 cm™
44(Figure 4d). This peak was baseline correct and normalized by
dividing by the maximum. In this band, lower wavenumbers
correspond to bound water that has stronger hydrogen bond
interactions, while higher wavenumbers correspond to mobile
water with weaker hydrogen bond The
pronounced broadening towards higher wavenumbers suggests

interactions®.

that there is an increase in the mobile water content, consistent
with the increase in water sorption observed. Since the
secondary structure of DA-RSF remains similar (Figure 4b), it is
likely that the slight change in hydrogen bonding networks leads
to the apparent transformation in WR properties. Previous
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studies provide evidence that modest enhancement of
hydrogen bonding strength in confined water*® and hydration
forces*” could lead to a significant increase in WR pressure and
energy densities, and the increase in mobile water could
contribute to a rise in the total energy input during water-
responsiveness®, It is likely that the observed two-fold increase
in energy density is the combined effect of an enhanced H-
bonding network resulting from increased hydrophilicity and
increased water mobility.

Conclusions

The effect of increasing overall hydrophilicity of RSF through
been
demonstrated in this study. We found that modifying RSF’s
tyrosine residues, although they only account for about ~5% of
its amino acid composition, with a hydrophilic sulfonate
charged group increased its hydrophilicity, resulting in more
than a two-fold increase in WR energy density from 1.6 MJ m3

tyrosine modification on its WR properties has

to 3.5 MJ m3 while preserving its secondary structure. Such a
significant increase in energy density is likely attributed to the
increase in mobile water content and the change in the
properties of confined water. This study provides a simple
approach to dramatically enhance RSF’'s WR behavior through a
small and scalable modification and enables the future design
of efficient and large-scale WR actuators.
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