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Chemists have created molecular machines and switches with
specific mechanical responses that were typically demonstrated in
solution, where mechanically relevant motion is dissipated in the
Brownian storm. The next challenge consists of designing specific
mechanisms through which the action of individual molecules is
transmitted to a supramolecular architecture, with a sense of
directionality. Cellular microtubules are capable of meeting such
a challenge. While their capacity to generate pushing forces by
ratcheting growth is well known, conversely these versatile
machines can also pull microscopic objects apart through a burst
of their rigid tubular structure. One essential feature of this
disassembling mechanism is the accumulation of strain in the
tubules, which develops when tubulin dimers change shape,
triggered by a hydrolysis event. We envision a strategy toward
supramolecular machines generating directional pulling forces by
harnessing the mechanically purposeful motion of molecular
switches in supramolecular tubules. Here, we report on wholly
synthetic, water-soluble, and chiral tubules that incorporate
photoswitchable building blocks in their supramolecular architec-
ture. Under illumination, these tubules display a nonlinear oper-
ation mode, by which light is transformed into units of strain by
the shape changes of individual switches, until a threshold is
reached and the tubules unleash the strain energy. The operation
of this wholly synthetic and stripped-down system compares to
the conformational wave by which cellular microtubules disas-
semble. Additionally, atomistic simulations provide molecular
insight into how strain accumulates to induce destabilization.
Our findings pave the way toward supramolecular machines that
would photogenerate pulling forces, at the nanoscale and beyond.

artificial molecular switches | supramolecular polymers |
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Essentially all motion in living organisms emerges from the
collective action of molecular machines transforming chem-
ical energy into ordered activity. Inspired by nature’s machinery,
chemists have moved from building static molecular structures to
designing and synthesizing molecules that display mechanically
relevant motion (1, 2), such as molecular switches (3, 4), pincers
(5), motors (6-8), pumps (9), shuttles (9, 10), muscles (11),
walkers (12), robotic arms (13), artificial peptide synthesizers
(14), and self-propelled molecular cars exhibiting directional
motion (15). The operation of these small molecules has been
studied in solution primarily, where any mechanical action is
overwhelmed by random Brownian motion.

Remarkably, nature’s molecular machines also operate in a
liquid environment, where despite the Brownian storm and the
constant flux of building blocks they generate strong directional
forces (16) and synthesize essential molecules (17). Two charac-
teristics underpin evolutionary designs: first, nonequilibrium op-
eration of supramolecular machines is maintained by constant
influx of chemical fuels and second, these machines are integrated
into even larger supramolecular assemblies such as filaments,
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membranes, or tissues, to guide and coordinate the overall oper-
ation against the Brownian storm.

Reaching this remarkable level of functionality in artificial sys-
tems requires strategies where mechanically purposeful molecular
motion can be transmitted effectively into motion at the supra-
molecular level—a challenge that has thus far proven elusive.

Cellular microtubules are versatile supramolecular machines that
are capable of producing two types of directional forces under con-
tinuous influx of energy: they pull chromosomes apart through cata-
strophic disassembly, and shape-shift cells as they grow using chemical
energy (18). This capacity to produce forces efficiently is inherently
encoded into their supramolecular architecture: microtubules are in
essence stiff cylinders that are self-assembled from molecules that
undergo chemically fueled conformational switching between assem-
bling and nonassembling forms (19). Although the functional disas-
sembly of cellular microtubules is still not understood fully, it appears
that conformational changes in the tubules’ building blocks induce a
strain that builds up and releases abruptly to produce a directional
mechanical force upon disassembly (20), a process that has been
described theoretically by the conformational wave model (21, 22).

Here, we report the creation of synthetic supramolecular tu-
bules in which the structural change at the level of individual
building blocks is controlled by photochromic switching, which
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contributes to pushing the system gradually toward higher energy
states, and eventually induces its catastrophic disassembly (Fig.
1A4). Light constitutes an ideal source of energy that can be
supplied continuously to an isolated system to obtain structural
switching—as opposed to previously employed external envi-
ronmental triggers that do not modify the structure of the
building blocks [i.e., salinity (23) and temperature (24)]. Not-
withstanding the tubular shape, a number of pioneering reports
on supramolecular fibers (25, 26) have demonstrated strategies
to achieve out-of-equilibrium operation (27-30). The mechanism
of assembly of supramolecular polymers, mostly fiber-like ob-
jects, has attracted much attention (31, 32), but much less is
known about the mechanism by which these fibers disassemble
(29). In addition to the presence of a hollow cavity core that is
intrinsic to a tubule (33), a major difference between supramo-
lecular tubules and fibers lies in the rigidity of the tubules versus
the flexibility of the fibers. Consequently, from a dynamic point
of view, synthetic tubules can be expected to exhibit a much
slower exchange rate between building blocks in solution and
building blocks in the tubule, which also substantially impacts their
disassembly mechanism. Herein we describe how these molecular
specificities can be encoded into a complex supramolecular system
that operates in water and demonstrate that this strategy results in
a nonlinear, three-step mechanism that mimics the conformational
wave disassembly of cellular microtubules (22).

Results and Discussion

Molecular Design. The use of water as a solvent requires the engi-
neering of photoresponsive building blocks that spontaneously self-
assemble in water. Our design involves a V-shaped aromatic core
in which two azobenzene photoswitches are incorporated as shape-
changing activators (Fig. 1B). The V-shaped core is connected to
branched hydrophilic oligoether chains that help solubilize the
molecules in water and imbues them with an amphiphilic charac-
ter. In the absence of UV light, the planar frans form is present,
and the self-assembly of the building blocks into tubes is thus
expected to be driven by the combination of hydrophobic effects,
n—n interactions and shape recognition, as has been reported for
other shape-persistent building blocks (23, 24, 34). In contrast, the
cis form disrupts both planarity and the V shape of the hydro-
phobic part and our design thus builds on the concept that trans—is
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Upon irradiation with UV light (. = 365 nm), the
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switching can be realized thermally (with a half-life of

ca. 12 h at 20 °C), or by irradiation with visible light (S/
Appendix, Fig. S6).

isomerization should promote switching between the assembling
and nonassembling forms of the building blocks (Fig. 1).

Self-Assembly of Synthetic Tubules in Water. In water, both building
blocks 1 and 2 form noncovalent hexameric macrocycles that stack
on top of each other to form tubules (Fig. 14), as manifested in the
elongated architectures observed in the transmission electron mi-
crographs (Fig. 24 for 1, and SI Appendix, Fig. S7C for 2). Atomic
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Fig. 2. Synthetic tubules spontaneously form in water. (4) TEM micrograph of
the tubules formed by building block 1 at ¢ = 83 pM. (B) Cryo-TEM micrograph
of the tubules formed by building block 2 (1.3 mM). The main cryo-TEM
contrast is provided by the core of the tubules constituted by the aromatic
units. (C) CD spectra at incrementally increased concentrations of 1 between
1 pM (absence of the CD signal) to 83 pM (the highest CD intensity). (D) De-
termination of the critical aggregation concentration for building blocks 1 and
2 using the fluorescent probe Nile red (0.94 uM). The ordinate shows the ratio
of intensities of the fluorescence bands (612 and 650 nm for 1; 621 and 647 nm
for 2) (red dots, 1 and black square, 2). Nile red present in the hydrophobic
environment of the tubules shows increased fluorescence intensity and an
emission maximum at Amax ~ 620 nm compared with Apax ~ 650 nm in water (S/
Appendix, Fig. S11).
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Fig. 3. The preformed supramolecular tubules remain in an out-of-equi-
librium kinetic trap. (A) We monitor the evolution of the CD signal after
mixing a 1:1 ratio of preformed chiral tubules from 1 (2.5 uM) and pre-
formed achiral tubules from 2 (2.5 pM) and compare the dynamic behavior in
either pure water (black line) or in water/acetonitrile 95/5 (red line). Over
24 h, chiral amplification is apparent in water/acetonitrile and is translated
into a gradual increase of CD signal, which indicates that the chiral and
achiral building blocks are mixing to form a larger number of chiral tubes
(i.e., the system displays a sergeants and soldiers effect). In stark contrast,
chiral amplification is not observed in water. The absence of chiral amplifi-
cation indicates that in water exchange between the building blocks, which
the tubules are composed of, does not occur. These data indicate that in
water and over the timescale of the measurements, the structure of the
tubules is kinetically trapped at room temperature. (B) CD signal of 1
recorded at A = 390 nm in water (2.5 uM), for varying temperatures.

force microscopy (AFM) also confirms these findings (SI Appen-
dix, Fig. S8). Cryo-TEM images reveal the internal aromatic part
of the tubules with the uniform size along its whole length (Fig.
2B). The measured diameter (d ~ 5 nm) corresponds to the
expected diameter of the hexamer (SI Appendix, Fig. S9). The
periodicity of bundled tubules indicates the external diameter of
the tubule is ca. 11 nm, in agreement with the value estimated
from molecular models (SI Appendix, Figs. S9 and S10). TEM
micrographs indicate an external diameter of ca. 7 nm for both 1
and 2 (SI Appendix, Fig. S7), which we attribute to a difference in
sample preparation; when out of solution the hydrophilic chains
interdigitate partially upon drying.

The structural information provided by microscopy is com-
plemented by spectroscopic data. Upon self-assembly of 1 in water,
a CD signal appears with a zero-crossing point that corresponds
to the Amax Of the azobenzene chromophores. The intensity of the
CD signal increases with the concentration of 1, indicating that
1 assembles into tubules with a preferred handedness (Fig. 2C).
The shape of the CD spectrum remains constant between 1 pM
and 83 pM, which indicates that the supramolecular structures
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are robust and uniform. A CD signal is not observed over the
same concentration range when 1 is dissolved in acetonitrile,
which indicates that molecular tubes do not form in acetonitrile.
Achiral building block 2 does not yield a CD signal in water,
which we attribute to the formation of tubules without preferential
handedness.

Effective control over the dynamics of the synthetic tubules
was achieved close to the critical aggregation concentration,
where small changes in concentration can drive substantial
changes at the supramolecular level. The critical aggregation
concentration was determined by plotting changes in the fluo-
rescence of a probe (Nile red) that favors hydrophobic cavities
(35), for increasing concentrations of building blocks, and was
found to be ~1 pM (Fig. 2D and SI Appendix, Fig. S11).

Synthetic supramolecular architectures are dynamic in nature
and, to date, their design has been such that they readily adapt to
changing boundary conditions. As soon as the conditions change,
the rapid exchange between the assembled building blocks and
the isolated building blocks secures a fast reequilibration pro-
cess. In contrast, we anticipated that if the exchange between the
assembled building blocks and those in solution is slowed, then
the architectures will display a tendency to linger out of equi-
librium, in a higher energy state. Nature’s supramolecular ma-
chines have evolved in such a way that they can operate out of
equilibrium and employ this higher energy state to perform
useful tasks. To examine the exchange rate between building
blocks forming the tubules and those in solution, we mixed two
populations of the individually preformed tubules formed by
chiral 1 and achiral 2. Upon mixing an aqueous solution of the
chiral tubules 1 with another aqueous solution containing tubules
2 the CD signal remained constant for 24 h (Fig. 34). In contrast,
upon mixing the same tubules in water/acetonitrile (95/5) the CD
signal increased and revealed amplification of chirality, an effect
known as the sergeants and soldiers principle (36). These data
indicate that in water the exchange of molecules between the
tubules and the solution is slow. In contrast, this exchange is fast
in the water/acetonitrile mixture, likely because of the higher
solubility of all building blocks in acetonitrile.

Further insight into the equilibrium dynamics of the tubules
formed by 1 can be extracted from the temperature dependence
of the CD spectra. Overall, the intensity of the CD signal
recorded at A = 390 nm decreases with an increasing tempera-
ture, until it completely disappears at 55 °C (Fig. 3B). The dis-
appearance of the CD signal most likely originates from the
greater thermal energy that decreases the average length of the
tubules until they become soluble. While at temperatures be-
tween 40 °C and 55 °C the CD signal decreases linearly, below

Fig. 4. Structural evolution of the synthetic tubules
formed by 2 upon irradiation with light. (A) Cryo-
TEM picture before UV irradiation, (B) after 20 min
of irradiation, (C) and after 60 min of irradiation in
water (. = 365 nm, ¢ = 1.33 mM). The darker
spherical objects are artifacts from the cryogenic
medium. (D) Length distribution before UV irradia-
tion (over 230 tubules), (E) after 20 min of UV irra-
diation (over 170 tubules), and (F) after 60 min of UV

Length (nm) irradiation (over 800 tubules).

Fredy et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711184114/-/DCSupplemental/pnas.1711184114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711184114/-/DCSupplemental/pnas.1711184114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711184114/-/DCSupplemental/pnas.1711184114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711184114/-/DCSupplemental/pnas.1711184114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711184114/-/DCSupplemental/pnas.1711184114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711184114/-/DCSupplemental/pnas.1711184114.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1711184114

L T

/

1\

BN AS  DNAS P

o
o
)

Absorbance
o
[=]
B

o
o
o

. =
300 350 400 450 500 550
Wavelength (nm)

300 350 400 450 500
Wavelength (nm)

Fig. 5. Conversion of light into molecular and supramolecular strain.
(A) Evolution of the CD spectra of tubules formed by 1 (2.5 pM solution of 1
in water) as a function of the time upon irradiation (measured at 0, 1, 2, 5,
10, 20, 35, 50, and 60 min) with UV light (A = 365 nm). The disappearance of
the CD signal after 35 min indicates that the tubules have disappeared.
(B) Absorption spectral changes induced by irradiation with UV light.

40 °C the system starts exhibiting a nonlinear behavior. Between
25 °C and 35 °C the intensity of the CD signal decreases by less
than by 10%, whereas between 35 °C and 40 °C the CD signal
abruptly reduces by 50%. This shows that the assembled tubules
are kinetically trapped around room temperature within the
timescale of the measurements, whereas at elevated tempera-
tures the structure dynamically adapts to temperature changes.
Although the response of the self-assembled tubules to tem-
perature cannot be directly compared with the situation when
the system responses to structural changes of the building blocks,
it gives a valuable insight into the dynamics of the molecular
exchange between the assembled and free state. Overall, we
conclude that at ambient temperature the system of tubules
formed in a purely aqueous environment has the tendency to
linger out of equilibrium after it has been disrupted.

Conversion of Light into Supramolecular Strain. Next, we studied the
dynamics of the synthetic tubules under a continuous influx of
energy, through irradiation with light. The azobenzene units in the
aromatic core of the building blocks provide the light-responsive
trigger for the disassembly. In acetonitrile, where tubules are not
formed, we verified that the azobenzene unit displays the expected
photoswitching behavior, in both building blocks 1 and 2 (SI Ap-
pendix, Fig. S6). Upon irradiation of the trans form with UV light
(A = 365 nm), trans-to-cis isomerization occurs. These large geo-
metrical changes are altering planarity and conjugation, and
therefore they are manifested in a decrease of the =—n* absorption
band at A, = 367 nm and a less pronounced increase of the n—n*
absorption around 450 nm.

Iltumination of the tubules (2, 1.33 mM) for less than 20 min did
not yield a significant change in either their length (Fig. 4 A and B)
or diameter (increased by ~1 nm, SI Appendix, Fig. S12). The
marginal increase in length falls within the experimental uncertainty.
Further, there are always 1 pM of nonassembled building blocks in
solution (as indicated by the value of the critical aggregation con-
centration before irradiation), but their low number cannot account
for this marginal length increase at a concentration of 1.33 mM.

After 60 min of irradiation, cryo-TEM images show that the tu-
bules become shorter (Fig. 4C) and that their number increases (S/
Appendix, Fig. S13). The distribution in length shows the presence
of shorter tubules after 60 min of UV irradiation with the disap-
pearance of long tubules (>300 nm) compared with the distribution
before irradiation or after irradiation for 20 min (Fig. 4 D-F).
Combined, these observations indicate that the tubules break into
shorter segments, tentatively at positions where the azobenzene
groups are switched to the cis form. Dynamic light scattering (DLS)
data obtained in situ, at lower concentrations, support this con-
clusion further (100 pM, SI Appendix, Fig. S14). At concentra-
tions of ~1.33 mM used in the cryo-TEM measurements, complete
disassembly of the tubules was not observed, as the remaining
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concentration of the frans form at the photostationary state is
considerably greater than the critical aggregation concentration.
At lower concentrations of 1 in water (2.5 pM), full disassembly
is achieved (Fig. 54). Parallel monitoring of the disassembly process
by CD and by UV-visible (UV-vis) absorption spectroscopy shows
that the complete disassembly is achieved after 35 min of irradia-
tion, that is, before a photostationary state is reached (Fig. 5B), with
the frans/cis ratio reaching 83/17 only (SI Appendix, Fig. S15).
The photo-triggered decrease in the CD signal does not follow
a monoexponential behavior (Figs. 54 and 64). Instead, 80% of
the CD signal is lost abruptly within the first minutes of irradi-
ation, when only 7% of the frans form has switched into the cis
form. We attribute this first phase to a reduction of the helical
twist, which is accompanied by a red shift of the wavelength of
maximum absorbance Ap.x (Figs. 5B and 6B and SI Appendix,
Fig. S16). Such a red shift indicates a change toward another
molecular organization (J-aggregates) (37), leading us to con-
clude that the building blocks slide with respect to each other,
within the tubules. After 5 min, when the trans/cis ratio is esti-
mated at 93/7, the Anax reaches its maximum value and remains
constant for a further 30 min of irradiation (Figs. 5B and 6B).
During this time, the CD signal continues to decrease, albeit at a
slower rate. After 35 min of irradiation, the A, starts to shift
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Fig. 6. Proposed mechanism for the light-triggered disassembly of synthetic
tubules in water. (A) CD intensity at » = 400 nm and (B) position of Amax
during the light-triggered disassembly in water (2.5 pM of 1 in water).
(C) Fluorescence intensity of Nile red (0.94 uM) at Amax during the light-
triggered disassembly of tubules formed by 1 in water (2.5 pM). (D) Scheme
showing the stepwise mechanism of disassembly in water. Strain energy
accumulates until it induces explosive breakage of the tubules.
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toward shorter wavelengths, while the CD signal approaches
zero. Once irradiation stops, the building blocks undergo ther-
mal cis-to-trans switching (SI Appendix, Fig. S6); however, full
reversibility of the supramolecular system is not achieved in
these experimental conditions, likely because constant recovery
of the trans form does not mediate the same cooperative effects
as in a situation that involves the frans form exclusively.

When Nile red (0.94 pM) is encapsulated in the tubules
formed by 1 in water (2.5 pM), the changes in UV-vis absorbance
and CD spectra upon irradiation are the same as in the absence
of the fluorescent probe (SI Appendix, Fig. S17), which indicates
that the encapsulation of the Nile red does not alter the photo-
triggered disassembly pathway. Release of Nile red expected to
occur alongside the disassembly of the tubules reflects the
complex disassembly process. The release of Nile red is man-
ifested in changes in fluorescence. During the first minutes of
irradiation the intensity of the fluorescent signal increases (Fig.
6C and SI Appendix, Fig. S17), which indicates an uptake of
additional Nile red. A blue shift of the maximum emission
wavelength (SI Appendix, Fig. S17) corresponds to a reorgani-
zation of the hydrophobic cavity, which is consistent with the red
shift observed by UV-vis spectroscopy. After the initial increase
of intensity, the fluorescent signal starts steadily decreasing (Fig.
6C and SI Appendix, Fig. S17), which indicates that Nile red is
released and the tubules are disassembling.

Insights into the Mechanical Operation of the Tubules. Overall, ir-
radiation of the self-assembled tubules pushes them out of
equilibrium and toward a complex stepwise disassembly (Fig. 6).
First, when irradiation begins, the trans form of the azobenzene
switches to the cis form at numbers that remain sufficiently low
to be stabilized within the tubules, without forcing them to dis-
assemble. The strain induced by the nonplanar and bended cis
form is balanced by the free energy that would be required to
solubilize the cis form in water. As irradiation proceeds, the in-
creasing amount of cis form gradually builds up further strain.
Next, a critical amount of cis form within the tubules is exceeded
and they start to break up, most likely at places where the con-
centration of the cis form is the highest in the tubules. The
breaking of the tubules decreases the effective length of the
hydrophobic cavity where the fluorescent probe can be encap-
sulated, which results in its gradual release and decrease of
fluorescence (Fig. 6C). Finally, when the tubules become shorter
than their critical nucleation size they disappear completely. This
final phase of the disassembly comes with a clear blue shift of the
Amax, aS a sizeable fraction of the molecules are in the cis form
and consequently start dispersing from the assembled state into
individually solubilized molecules. The absence of isodichroic
point is in agreement with switching from a CD-active assembly
to a CD-inactive solution of molecules.

Our results also show that the exchange rate of the building
blocks has a significant impact on the dynamics of the system. Ir-
radiation of the tubules in a water/acetonitrile (95/5) solution is not
accompanied by a shift of the absorption band. The CD signal
consistently shows a simple behavior (SI Appendix, Fig. S18), which
indicates that in the presence of an organic solvent the disassembly
loses its complexity and follows a simple process, where the initial
lag phase and buildup of strain are typically absent.

Alternative mechanisms for the dynamic molecular behavior on
which we report can be excluded on the basis that they fail to
support experimental evidence, including (7) the possibility of slow
dissolution of the cis form and subsequent reequilibration of the
assemblies that would be dictated by a lower concentration of the
trans form in the system and (ii) the hypothesis that frans-to-cis
isomerization would occur at a higher rate at the edge of the tu-
bules, and induce dissolution of the cis form. In both cases, the
tubules would undoubtedly shorten rather than break and, more-
over, fast reequilibration within the timescale of minutes would be
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required, which clearly does not happen in the current system (Fig.
3). Furthermore, these alternative mechanisms would not account
for the observed spectral shifts, nor would the change of solvent
alter the observed behavior.

Strain Buildup and Tubule Destabilization Captured by All-Atom
Simulations. Atomistic modeling provides further insight into the
strain buildup in the tubules. Atomistic models for 1 and for the
corresponding equilibrated tubule are shown in Fig. 7 (computa-
tional details are provided in SI Appendix). Tubule 1 was equili-
brated and found very stable during 150 ns of an all-atom
molecular dynamics (AA-MD) simulation (SI Appendix, Fig.
S19). As used recently in the study of molecular transitions in
supramolecular polymers (38), starting from equilibrated tubule 1
(Fig. 74) we used well-tempered metadynamics (39) to calculate
the minimum energy that is necessary for frans-to-cis isomerization
in a monomer within the tubule (SI Appendix, Fig. S20). We used
this information to set up out-of-equilibrium AA-MD simulations
where trans-to-cis isomerization could be observed iteratively. The
C-N-N-C dihedral angle potential of the assembled monomers
was modified to disfavor the #rans form (SI Appendix), and as a
result switching to the cis form was induced in the course of the
simulation. This condition is consistent with all monomers being
uniformly irradiated by light, while each transition depends on the
crowding around individual monomers.
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Fig. 7. Strain build-up and tubule destabilization captured by all-atom
simulations. (A) Atomistic models of building block 1 and of the unperturbed
original tubule. (B) Energy absorbed by the tubule (AE, values per-monomer)
as a function of the percentage of cis form. (C) Deviation from the ordered
arrangement of the monomers in unperturbed 1 (A®, in percentage), as a
function of the percentage of cis form. Data are averaged data from three
replica simulations. (D) Snapshots of tubule from 1 at the start (0%) and
once trans-to-cis isomerization has reached 20%. Aromatic units are colored
gray, internal water molecules are colored red while external water mole-
cules are blue (PEG groups are not shown for clarity; they appear as voids).
Above 20% of trans-to-cis isomerization, water diffuses in and out of holes
in the structure (black circle).
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During simulations, the azobenzenes were seen to undergo
trans-to-cis isomerization, which allows monitoring of the energy
AE absorbed by the assembly, as a function of the increasing
percentage of cis form in the tubule (Fig. 7B). AE correlates to
the strain energy that builds up in the system. The results dem-
onstrate that the accumulation of strain in a tubule is nonlinear.
In particular, while below ~10% of trans—cis transition we ob-
serve an initial phase where the supramolecular structure can
keep the AE constant (AE ~2 kcal-mol™', average value per-
monomer in the system), above ~15% the AE rises consider-
ably. Analysis of how much the monomer arrangement in the
assembly deviates from the ordered one in the original tubule
(Fig. 7C, A®) shows that structural deformations in the tube are
also nonlinear. Globally, the system shows a “stop-and-go” be-
havior, where the tubule accumulates energy, which is then re-
leased as plastic deformations of the structure. In fact, above
~15% of trans-to-cis isomerization we clearly observe the ap-
pearance of holes in the tubule (Fig. 7D), which constitutes
further evidence of structural collapse.

These simulations are representative of a reduced portion of
an infinite supramolecular tubule and are limited to a 100-ns
timescale. However, while not allowing us to observe full disas-
sembly of the tubules into monomers during the runs, the model
provides evidence of the structural and energetic impairment
introduced into the assembly by increasing levels of trans-to-cis
isomerization, which are the key molecular factors underpinning
tubule disassembly by exposure to light.

Conclusion. A complex, multistep, light-driven disassembly of aque-
ous supramolecular tubular assemblies has been demonstrated. The
initial conversion of light into tubular strain, which is stored and
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accumulated before the system breaks apart, is reminiscent of the
strain-driven disassembly of cellular microtubules, by which these
biological machines generate forces that pull chromosomes apart—
another challenge is to combine this operation mode with their
complementary operation mechanism, where they push objects by
ratcheting upon growing. Here, the strain energy that accumulates
during the initial phase is related to the number of azobenzene units
present in the cis form and the difference between the free energy
gained by insertion of either the frans form (negative) or the cis form
(positive) to the tubular structure. Experimental quantification of
this strain energy and its use to produce directional work is ongoing.
Ultimately, this system shows potential toward transducing the me-
chanical action of photoswitches across length scales, as in the
process of vision, where large geometrical changes associated with
double-bond isomerization are phototransduced by supramolecular
assemblies, to yield macroscopic phenomena. We envision that in
the future such synthetic molecular self-assembled architectures will
be capable of generating directional forces at the nanoscale (e.g., by
deformation of vesicular walls).

Materials and Methods

Details of materials, instruments, and methods are provided in S/ Appendix,
including synthesis and characterization of the compounds, optical spec-
troscopy measurements, DLS, TEM, cryo-TEM, AFM, determination of the
critical aggregation concentration, and computational calculation methods.
Measurement of length and diameter of the tubules in AFM, TEM, and cryo-
TEM images was done using ImageJ 1.46 software.
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