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Elastic instability-mediated actuation by a

supra-molecular polymer

Aviad Levin"?", Thomas C. T. Michaels?", Lihi Adler-Abramovich3, Thomas O. Mason?,
Thomas Miiller?#, Bohan Zhang?, L. Mahadevan®®, Ehud Gazit"’* and Tuomas P. J. Knowles?*

In nature, fast, high-power-density actuation can be achieved
through the release of stored elastic energy by exploiting
mechanical instabilities in systems including the closure of the
Venus flytrap' and the dispersal of plant or fungal spores?.
Here, we use droplet microfluidics to tailor the geometry of a
nanoscale self-assembling supra-molecular polymer to create
a mechanical instability. We show that this strategy allows
the build-up of elastic energy as a result of peptide self-
assembly, and its release within milliseconds when the buckled
geometry of the nanotube confined within microdroplets
becomes unstable with respect to the straight form. These
results overcome the inherent limitations of self-assembly for
generating large-scale actuation on the sub-second timescale
and illuminate the possibilities and performance limits of
irreversible actuation by supra-molecular polymers.

Self-assembly is a ubiquitous phenomenon in nature that
underlies the formation of the nanoscale machinery of life,
including protein filaments™, molecular motors® and other complex
architectures. This process involves the molecular recognition
and association of building blocks mediated by non-covalent
interactions, ultimately leading to supra-molecular species with
unique characteristics, such as the ability to assemble reversibly, to
modulate structure stiffness and to respond to external stimuli®®. In
biological systems, it has long been revealed that cellular movement
and traction at surfaces is controlled by the self-assembly of
cytoskeletal proteins**".

The self-assembly of biomimetic building blocks is also an
attractive route towards force generation in an artificial setting due
to the fact that such processes take place under ambient conditions,
with no, or minimal, requirements for external energy input.
However, due to the highly dynamical nature of molecular-level
self-assembly phenomena, it has been challenging to achieve rapid
movement on length scales exceeding that of the building blocks
themselves. A strategy to overcome these limitations is to decouple
the slow build-up of potential energy, typically in the form of elastic
energy, from its rapid release by exploiting mechanical instabilities.
Natural systems use mechanical instabilities to generate remarkably
rapid movements, including the closure of the Venus flytrap' or
the dispersal of spores and seeds by plants, fungi or bacteria™'*, but
its coupling to self-assembly has not been reported. Here we focus
on the dynamics of a dipeptide system, namely the self-assembly
of diphenylalanine (FF) into nanostructures” . By confining
the growing nanostructures inside microdroplets and presenting

real-time imaging, we show that the self-assembly process can result
in the build-up of elastic energy from the buckling and bending of
the nanostructures.

To probe the force generated by the growth of self-assembled FF
tubes, we used a microdroplet platform. FF was initially solubilized
in acetic acid to form a stock solution of 100-300 mgml™" that
was flowed directly into the microfluidic device; in a first junction
on the device, this stock solution was diluted in equal part with
water, yielding a super-saturated solution of 50-150 mgml™" FE
Immediately after mixing, this solution was compartmentalized into
microdroplets at the second T-junction on-chip into a fluorinated oil
phase. Droplets were subsequently collected and stored off-chip.

We first observed the ability of FF building blocks (solution
concentration 50 mgml™" FF) to self-assemble into robust tubes
as a result of the partial evaporation of the aqueous/acetic acid
phase when droplets were kept on a glass coverslide. An array of
evaporating droplets in close proximity to each other was monitored
over time, and we were able to detect that the formation of tubes in
one droplet was accompanied by their expansion into other droplets
in the vicinity of aggregated droplets (Fig. 1a). On closer inspection,
nanotube formation inside droplets was observed to initiate from a
single nucleation site from which tubes emerged and subsequently
grew through secondary nucleation until they reached the droplet
boundaries. Over time, the tubes were seen to penetrate through the
membrane formed by the double interface and grow further inside
neighbouring droplets (Fig. 1b).

We can quantify the forces implicated in FF self-assembly using
classical nucleation theory. For a membrane formed by a thin oil
layer between two aqueous droplets, exhibiting a surface tension o,
classical nucleation theory describes the free energy associated with
the formation of a circular hole of radius r as a balance between the
cost of the formation of the hole and the gain in surface energy”:
F(r) =2nry — 2nr’c, where y is the line tension (Fig. 1c). The
competition between these two energy contributions leads to
a free energy function F(r) having a maximum as a function
of hole radius (Fig. 1c). The critical radius and energy barrier
emerge from this argument as: r* =y /(20) and F* =my?*/(20).
For our experimental values of 0 =20pNnm™', y = 2pN, we
find F*=3.1x10°pNnm~" (see Supplementary Information
for details).

Linear FF assembly is thus able to generate forces that are suf-
ficient to rupture water-in-oil double layer interfaces, but the rate
of energy release is limited by the rate of FF self-assembly and
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Figure 1| FF tubes are able to pierce through water-in-oil double layer interfaces. a, Bright-field time-lapse microscopy of supercritical FF-containing
droplets. Tube formation occurs during incubation through primary and secondary?* nucleation processes. At a later stage, the tubes can be seen to pierce
through the droplet interface, allowing the propagation of tube nucleation in surrounding droplets. b, Schematic representation of the nucleation, growth
and piercing of the FF tubes within the aqueous droplets surrounded by the inert oil phase. €, Schematic representation of the tube piercing the oil interface
between adjacent droplets (top) and components involved in the calculation of the force generation (bottom).
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Figure 2 | Tailoring the geometry of FF self-assembly to create a mechanical instability. a, Schematics of fibril growth within supercritical droplets and
their buckling. Fibrils may pierce through the droplet due to an increase in their cross-section, or through shrinkage of the droplet diameter. b, Phase
diagram displaying the relationship between tube length |, droplet diameter d and Euler-buckling limit I.. Panel adapted from ref. 26, PNAS. The solid
arrows display the basic movement in phase space associated with linear tube growth, tube thickening and droplet evaporation. A typical trajectory in
phase space, however, is a combination of these basic movements (dashed arrow). €, Scanning electron micrographs of dried droplets on a glass coverslip.
While in the top droplet all tubes remain confined within the droplets because their cross-sectional radius is below the critical limit rc, in the bottom droplet
several tubes with diameters over Tum can be seen to emerge from the droplets. Insets show magnified regions of both droplets. d, The growth of FF tubes
inside individual droplets was followed using real-time imaging to determine the change in nanotube radius r over time. The data indicate that below the
unbuckling threshold, rc, nanotubes are stable with respect to straightening (green), whereas when r exceeds r. nanotubes unbuckle (red).

does not allow for large-scale actuation on sub-second timescales.
We show here, however, that this limitation can be overcome by
tailoring the geometry of the system to accumulate elastic en-
ergy through chemo-mechanical transduction and then release it
rapidly as a result of an elastic instability. To this effect, we probed
the self-assembly when initiated at 150 mgml~" FF inside isolated
microdroplets without the possibility for the structures to pierce
through a thin oil layer into an adjacent aqueous compartment

(see Supplementary Movie 1). Under such conditions, growing
nanotubes undergo buckling when their length exceeds the Euler-
buckling limit /. = (nEI/(2ro cos 0))"* ~ r*/*, with E being the
Youngs modulus, I = ir*/4 the area moment of inertia of the
nanotubes, r the cross-sectional radius of filaments, o the surface
tension of the oil/water interface and 6 the contact angle (Fig. 2a,
see Supplementary Information calculation for details)*. Further
growth leads then to highly curved and strained structures that
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Figure 3 | Control of FF nanotube unbuckling by external stimuli and generation of external work. a, Schematics of the microfluidic device used for
osmotic flow-driven actuation. b, Bright-field time-lapse microscopy of FF tube self-assembly and buckling by altering the osmoticity of the surrounding
solution. Osmotic diffusion of water from the droplets into ‘sink’ channels filled with 15 M NaClO4 solution separated from the main channel by thin-walled
polydimethylsiloxane (PDMS) enabled tube actuation within droplets (right), while when FC-40 was used, no buckling could be detected (left).

¢, Generation of external work by the unbuckling of FF nanotubes. The time interval between images was 10 s.

follow the contour of the droplet interface. The elastic energy that
is accumulated through the self-assembly of strained structures,
&, =2EI/d’l (d being the droplet diameter), is exactly compensated
by the interfacial energy & = 2nro cos 61, as both contributions
increase linearly with the length I of FF nanotubes®. Thus, the
release of the elastic energy cannot be achieved simply with nan-
otube elongation, but a detailed analysis of the mechanical stability
of the system (see calculation in the Supplementary Information
for details) reveals that the elastic energy effectively stored in the
device can be released quickly from the system through a me-
chanical instability, with two modes of release being accessible: a
decrease in droplet diameter below d. = ﬁlc /7~ 40 um through
evaporation, or an increase in nanotube thickness, which can both
lead to a situation where the buckled form of the nanostructure is
unstable with respect to straightening (Fig. 2b). In the first case,
removal of water and acetic acid from the droplet under conditions
that favour evaporation (see Supplementary Methods for details)
results in a decrease of the droplet diameter, and thus a higher
bending energy of strained structures, compromising the balance
between elastic and interfacial effects. Similarly, lateral growth of
nanotubes, which is observed to take place in concomitance with
growth in the axial direction (see Supplementary Movie 2 and
Supplementary Fig. 1), can result in an unbalance between elastic
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and interfacial energies, as these increase with different dependen-
cies on nanotube thickness. Theoretical predictions based on the
material properties of FF nanotubes’™” suggest that mechanical
instability in a droplet of radius 70 um occurs once the cross-
sectional radius of the nanotubes exceeds r. = (40 cos@d*/E)"/*> ~
d*” (d being the droplet diameter) corresponding to about 500 nm.
Remarkably, high-resolution scanning electron microscopy imag-
ing, in Fig. 2¢, shows that the majority of the fibrils that remain
contained within the droplets possess a radius of 500 nm or lower,
while those that break through the droplet interface appear to have
higher diameters of about 1 um or above. Indeed, following the tube
actuation within a single droplet reveals that over a timescale of
minutes, all tubes undergo unbuckling (see Supplementary Movie 3
and Supplementary Fig. 2). Furthermore, to investigate the dynam-
ics of nanotube self-assembly and unbuckling, we have monitored
the curvature and cross-sectional radius of individual tubes within
the droplets until the buckling transition takes place (Supplementary
Fig. 3). From the above theoretical considerations, a relevant com-
bined parameter rd —*/> emerges that controls the system stability
with respect to tube straightening. Remarkably, measurements of
droplet diameters and nanotube cross-sectional radii show that the
combined parameter rd > increases as a function of time until
reaching the critical value rd ~*? = (40 cos#/E)"”* at which point
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Figure 4 | Comparison of energy and power generation by biological and
synthetic systems. Comparison of the chemo-mechanical transduction in
FF nanotubes with energy (Jcm™3) and power (W cm™3) densities
generated by synthetic actuator systems (for example, shape memory
alloys and internal combustion engines), biological stimuli-responsive
materials (for example, seed and spore ejection systems) and biological
self-assembly systems (for example, skeletal muscles). The purple shaded
area represents the perimeter of energy and power density values reported
for biological, self-assembling systems, as can be found in the ranges
specified in Supplementary Table 1and extended to the FF nanotube
system. Images reproduced from: bottom left, ref. 1, NPG; top left, ref. 14,
AAAS; top right, ref. 18, NPG.

the nanotubes are seen to undergo unbuckling, in accordance with
our theoretical predictions (Fig. 2d).

We further explored the possibility to control the kinetics
of unbuckling and subsequent power generation in our system
by controlling the osmotic diffusion of water from the droplets
into ‘sink’ channels. When the ‘sink’ channels are filled with a
15M NaClO, solution separated from the main channel by thin-
walled polydimethylsiloxane (Fig. 3a) we were able to control
the evaporation parameters (Fig. 3b). On the contrary, when
the sink channels were filled with the surfactant FC-40, no self-
assembly or buckling was detected even after about 10 min (data
not shown). Alternatively, temperature can also be used to trigger
tube unbuckling. Indeed, when supercritical droplets are incubated
at 50 °C instead of 25 °C, the time required to observe the onset of
the elastic instability becomes significantly shorter (Supplementary
Fig. 4), demonstrating therefore the ability to exert precise control of
instability-mediated chemo-mechanical transduction of nanotubes
with an external stimulus. From a calculation of the bending energy
accumulated in the droplet we could estimate the energy released
from the unbuckling of a single nanotube to be 4 X 107"], a
value that corresponds to an energy density of 0.09] cm™ when
normalized to the volume of the nanotubes (see calculation in the
Supplementary Information for details). Using fast camera imaging,
we determined an upper limit for the actuation time of 20 ms, a value
that results in a power density of 4.7 W cm . The measured value
of the actuation time is in agreement with dimensionality arguments
that suggesta time t = ul* /€ for the energy € ~ Er* /I being released
by motion of an object of a size [ in a liquid medium with viscosity
W, giving t = ul*/Er* ~ 6 ms.

We also explored the possibility to generate external work using
our actuating self-assembly system. To this effect, several droplets
were brought into contact and their positions were monitored as
an unbuckling transition took place within one of the droplets. We

4

observed that the energy released from this unbuckling event was
sufficient to physically displace the neighbouring droplets. We then
estimated the amount of external work generated by the unbuckling
of FF nanotubes, as illustrated in Fig. 3c, from the energy cost
E = 6muR(Ax*/At) ~ 4 X 107" ] required to displace a droplet
of radius R~ 20 um by a distance Ax ~10um over a timescale of
At ~10s, thus demonstrating the ability of our FF system to move
micrometre-scale objects on second timescales.

In Fig. 4, we compare the results for the chemo-mechanical
transduction in FF tubes obtained in the present study with lit-
erature values for the power generation by synthetic actuators,
including shape memory alloys, biological self-assembly systems,
and biological systems that exploit mechanical instabilities to release
stored energy and accomplish important functional roles, includ-
ing spore and seed ejection by plants and fungi. This comparison
reveals that the energy and power densities provided by our FF
system exceed those resulting from force generation by conven-
tional self-assembly, including actin polymerization®*. Thus, at a
fundamental level, the exploitation of elastic instabilities has allowed
us to generate a system that leverages biomimetic self-assembly
to generate power densities that are higher than those reported
in the past for biological self-assembly, and are similar to systems
that were specifically designed to yield high energy release. The
propensity of FF to self-assemble into ordered tubular structures
was discovered over a decade ago®, and the robustness and rigidity
of these tubes has been thoroughly studied®; in the present work,
we have been able to enhance the power density of FF actuation
through the exploitation of mechanical instabilities by coupling the
nanoscale self-assembly reaction to micrometre-scale confinement.
The real-time imaging analysis and modelling presented in this
study establish elastic-instability actuation by supra-molecular poly-
mers as a high-power-density mode of chemo-mechanical trans-
duction and open up the possibility of using elastic instabilities for
future applications in other short peptide, protein and synthetic
polymer systems.

Data availability. The data that support the plots within this paper
and other findings of this study are available from the corresponding
author on request.
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1 Methods

Peptide solutions H-L-Phe-L-Phe-COOH (FF, Bachem) stock solutions were prepared in acetic acid gala-
cial and then diluted in the required ratios in double distilled water, forming an array of peptide concentra-
tions and solvent compositions. The structural morphologies of the resulting species were then determined

by bright field microscopy and SEM observations.
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Microdroplet Formation Microfluidic channels were fabricated in polydimethylsiloxane (PDMS; Dow
Corning), using SU8 on silicon masters and standard soft lithography techniques, and then plasma bonded
to glass slides to create sealed devices. FF stock solutions in acetic acid with a final concentration of 100-300
mg/ml were mixed on chip to form a solution of 50% (v/v) acetic acid in water, and microdroplets containing
FF concentrations of of 50-150 mg/ml were formed in an oil phase of Fluorinert FC-40 (SigmaAldrich,
Gillingham, UK), and 2.0% (w/w) block-copolymer surfactant. Syringe pumps (Cetoni GmbH, Korbussen,
Germany) were used to control the flow of fluids, and the microdroplets were immediately transfered onto a
glass slide and then observed under bright field microscopy as a function of time. While the microdroplets
were monitored the water and acetic acid solution within was seen to evaporate, therefore, microdroplet
volume decreased, leading to the self-assembly of FF into tubes. Droplets formed at a final FF concentration
of 50 mg/ml which formed an array in close contact were monitored for the piercing analysis, while a more
dispersed droplet array formed at an FF concentration of 150 mg/ml were monitored and the buckling and

actuation behavior was analysed.

High-speed bright field microscopy Samples of FF droplets produced as stated above in 1:1 acetic acid:water
ratios were placed on glass slides and were left to self-assemble at room temperature. high-speed image se-
quences of the self-assembly of FF tubes within the droplets were recorded using MotionBLITZ Cube4

(Mikrotron GmbH, Unterschleiheim, Germany) high-speed recording camera.

High Resolution Scanning Electron Microscopy Samples of FF droplets produced as stated above in 1:1
acetic acid:water ratios were placed on glass slides and were left to self-assemble and dry at room temper-
ature. Samples were then coated with Cr and viewed using a JSM-6700 field-emission High Resolution
Scanning Electron Microscope (HR-SEM) (Jeol, Tokyo, Japan), equipped with a cold field emission gun

(CFEG) operating at 1 kV.
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Microdroplet actuation by temperature Microdroplets were produced as described above and were then
placed on a glass slide. Using a heated microscope stage (MTS120, Microptik BV, Schoondijke, The Nether-
lands), actuation temperature was set to room temperature or at 50 °C', and image sequences were acquired

over time.

Data availability statement The source data that support the figures within this paper and other findings

of this study are available from the corresponding author upon request.

2 Estimation of line tension for hole opening

The line energy term F'(r) = 277y entering the free energy function for hole opening (see main text) arises
because the membrane has finite width » ~ 0.1pm; indeed, when a hole of radius 7 is opened new surface
area is needed to create the rim of the pore. Thus, we can estimate the line tension ~y by relating it to the
membrane surface tension through the equation v = cho, where ¢ is a geometrical factor of order unity.
For example, for a rim surface modelled as a half-torus (a half-circle of radius h/2 whose center is dragged

around a circle of radius r) the energy cost associated with the formation of the rim is estimated as
Fim(r) = 20%r(h/2)0 = 2nr(chn/2) = 2711y, ¢))

Therefore, for this specific rim geometry, the relationship between line and surface tension can be estimated

asy = ohn/2 ~ oh.

3 Detailed calculation for spring-like piercing of oil-water interface by FF tubes

This appendix presents detailed calculations for the spring-like piercing of oil-water interfaces by FF tubes

described in Figs. 2 and 3 of the main text.
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Filament buckling When a growing filament of length [ > d comes in contact with the surface of the water

droplet (diameter d ~ 140pm), the liquid oil-water interface exerts a compression force of magnitude
F.=2nrocosé, ()

with r[m] being the radius of the filament cross section, c[N/m] the oil-water surface tension and 6 the in-
terface contact angle.! Filament buckling occurs when this compression force F,. exceeds the Euler buckling
load

Fy= ", 3)

where EI is the bending rigidity, E[Pa] the Young modulus, /[m*]= 7r#/4 the area moment of inertia
measured along the axis of symmetry of the filament, and /[m] the length of the rod. Thus, equating Egs. (2)

and (3) shows that interfacial effects cause the filament to bend if [ > [., where the critical length [.. is given

| _ (_7EI V2 x2pes \ 12 @
¢\ 2rocosf ~ \ 8o cosf '

For typical values in our experiment, £ = 20 GPa, r = 0.2um, ¢ = 20mN/m and cosf ~ 1, we find

by26

lc = 100 pym. Because [, < d, filaments buckle as soon as they come in contact with the droplet surface.

Piercing of droplet interface Once the tube length [ exceeds the buckling limit /., what determines whether
the filament will continue growing in the form of a ring or it will eventually pierce the liquid interface by

returning to the straight state is the balance between the bending energy of the rod

2E1
& = ? )
and the interfacial energy
& = —2nrocos L. (6)
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The condition for piercing, 9(&, + &i)/0l = 0, yields with Eqgs. (5) and (6)

™
=% (N

als

Remarkably, Eq. (7) shows that the tube length | drops out of the piercing condition. This is because both
the bending and interfacial energies increase linearly with tube length [. Therefore, linear filament growth is
unlikely to produce a large driving force for droplet rupture, but two additional effects are potentially very

important (see Figure 2d):

(i) droplet drying and the associated change in diameter; indeed, according to Eq. (7), when the droplet

diameter d is reduced below the value

v2,

c = —
s

d ~ 45 pm ()

tubes snap;

3/2

(ii) thickening of the nanotubes during growth; indeed, [, ~ r°/“ increases with increasing tube radius.

The critical fibril thickness for piercing is

4o cos 02\ ?
re = (“ﬁ) ~ 0.4 pm. )

Note that from the piercing condition [ ~ d and the scaling relationship I, ~ /2, we find r, ~ d2/3.

Using these values, the strength of the forces involved in the actuation process is

F = 27r.ocosf =~ 54 nN, (10)
corresponding to an energy density of
& F
U=—5 =—5~009Tcm > (11)
wral  mré
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Actuation time scale The characteristic time scale for actuation (tube snapping in a viscous fluid of vis-
cosity i ~ 1073 N s/m?) can be estimated through a scaling argument by balancing contributions from the

elastic force on an infinitesimal rod element of length ds

4
iF, = g1 et (12)
Os*
and the viscous drag
t
dF; = u&péi’)ds (13)

where (s, t) denotes the deflection of the filament. Equating Egs. (12) and (13) yields the equation of

motion
t)  EId%(s,t
Op(s,1) _ BI 9p(s,) 1
ot wo 0st
and, thus, the characteristic time scale for rod bending in a viscous fluid as
po 1\
T ~ E <7") ~ 6 ms, (15)

where we used the formula for the moment of inertia of arod, I = 7r* /4. We note that our scaling argument,
Eq. (15), neglects the contribution of tube radius r on the drag force. In the limit r < [, however, this effect

results into a correction of the form 7 ~ u/E(1/r)?/log(l/r). 3
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4 Typical energy and power density values reported for various stimuli responsive systems

Table 1: Table summarizing typical energy and power density values of the various stimuli responsive systems

plotted in Fig. 4.

System Energy density (J/cm?) | Power density (W/cm?) | Ref.
Thermal Shape Memory Alloy 1 6.45 32
Carbon nanotube actuator 0.04 0.27 32
(Mammalian) skeletal muscle 8x1073 5.2x1072 32
Actin polymerization (2uM actin) | 0.14 0.7 33
Liquid crystal polymers (3-56)x 1073 1.76x1073 32
Conductive polymers 0.1 0.2 32
Dielectric elastomers 0.01, 0.15 55,35 32
Ionic polymer metal composites 5.5x1073 3.8x1073 32
Internal combustion engine 36 1 34
Bacillus spores 10.6, 19.2,21.3 26.5,48,53.3 18
Fungus spores ejection 1.8x1073 460 35
Insulin 0.015 1.24x107° 36
Micro hydrogels (venus flytrap) 4x1074 3.4x1072 37,38
Spasmoneme spring 4x1073 4 14
Bacterial flagellar motor 1073 0.1 14
Bacteriophages (DNA injection) 0.6 42.8 39
Seed dispersal (impatiens capensis) | 0.15 39 40
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10 sec

Figure 1: FF tube elongation and thickening over time. The image sequence was taken from SI Movie 2 and was
used to determine the change in dimensions of individual nanotubes over time. The images clearly demonstrate the

thickening of the nanotubes over time.
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3.48 min 4.14 min 4 .48 min 4 .55 min

Figure 2: Multiple distinct FF tube unbuckling events inside one microdroplet over time. The image sequence was
taken from SI Movie 3 and was used to demonstrate that after sufficient time of incubation, all nanotubes within the

microdroplet unbuckle over a timescale of minutes. Red arrows indicate tubes which have undergone unbuckling.
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0 sec 8 sec 15 sec 16 sec 17 sec

Figure 3: Unbuckling dynamics of individual FF nanotubes is followed over time. The curvature of individual FF
tubes at specific time points are highlighted as they first follow the droplet curvature and then straighten following
unbuckling. The red square indicates the moment of unbuckling and the straightening of the tubes. Image capture

times appear in seconds.
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Figure 4: Control of FF nanotube unbuckling through temperature variations. Bright field time lapse microscopy of
FF tube unbuckling with varying temperature. Note that rapid actuation time can be triggered by elevated temperature.
Indeed, at high temperature unbuckling dynamics is accelerated due to faster tube growth or/and droplet evaporation.
Since both these effects enter the formula for the critical fibril thickness r, for droplet piercing (see Eq. (9)), increasing

the temperature effectively speeds up the unbuckling process.
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