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Fast Photoactuation Driven by Supramolecular Polymers

Integrated into Covalent Networks

S. Doruk Cezan, Chuang Li, Jacob Kupferberg, Luka Dordevi¢, Aaveg Aggarwal,
Liam C. Palmer, Monica Olvera de la Cruz, and Samuel I. Stupp*

The design of robotic soft matter capable of emulating the complex
movements of living organisms such as mechanical actuation, shape
transformation, and autonomous translation remains a grand challenge in soft
materials science. Functionalized hydrogels are excellent candidates for such
materials since they can operate in water and are highly responsive to their
environment, but their response times can be slow. This work investigates fast
photoactuation of hybrid bonding hydrogels composed of peptide amphiphile
(PA) supramolecular nanofibers bonded covalently to merocyanine-based
(MCH™) photoresponsive networks. By incorporating ionizable acrylic acid
(AA) co-monomers in these networks, photoactuation at nearly neutral pH is
observed, which in turn enables a new mechanism to accelerate the response
by triggering the bundling of supramolecular nanofibers by rapid proton
exchange reactions. Furthermore, this rapid response and its consequent
large shape transformations lead to hydrogels capable of spontaneously
tracking external light sources inspired by pedicellariae, defensive organs
present in echinoderms like the starfish and the sea urchin. This work
suggests that hybrid bonding polymers (HBPs), which leverage the interplay
between supramolecular assemblies and covalent networks, offer novel
strategies to design rapidly actuating soft robotic materials.

1. Introduction

Strategies to design robotic soft matter with
the capacity to emulate sophisticated move-
ments as well as dynamic shape and ap-
pearance transformations of living organ-
isms are advancing rapidly.l!) Translational
motion in particular among all the remark-
able properties of living systems, has been
of great interest in this regard as an es-
sential component of life. From skeletal
muscle fibers!? to the intelligent tenta-
cles of cephalopods,®lthe extraordinary be-
haviors and properties of active biological
matter often emerge from the hierarchi-
cal self-assembly of nanoscopic building
blocks. Given their similarity to living tis-
sues, soft hydrogels have been a good tar-
get to emulate the sophisticated motility ob-
served in biology.'**] One reason respon-
sive hydrogels are ideal candidates for de-
signing life-like systems is their ability to ex-
change aqueous fluids in their environment
as their molecular and supramolecular
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structure changes.["*><5] Many active materials can undergo
chemical reactions, phase transitions, and shape transformations
in response to a range of external stimuli like temperature, ]
pH,”! chemicals,!®! light,['i44689] and magnetic fields,*16810]
have been reported in the literature. However, only a few pre-
viously investigated systems have successfully utilized mecha-
nisms that take advantage of hierarchical structures to control
shape changes and motion.[V*“d) Among all hydrated polymer
networks, “hybrid bonding polymers” (HBPs) in which both co-
valent and noncovalent bonding among structural units coexist
is a wide-open field to combine the best of two worlds by integrat-
ing the dynamic behavior of supramolecular systems with the ro-
bustness of covalent polymer networks.[Vi#<11] Qur previous work
on hierarchically structured hydrogels allowed for the design of
thermo-responsive artificial muscles,[*) and light-activated me-
chanical actuators.l!ll Supramolecular and hierarchical compo-
nents contribute to stimulus-driven actuation in these systems
by improving water diffusion(!l and mechanical anisotropy.l*°!
One aspect not considered so far in these systems is the role of
dynamics in supramolecular assemblies across scales in enhanc-
ing the speed with which hybrid materials respond to an external
stimulus.

In this work, we investigate how light-driven chemical re-
actions in the covalent network of an HBP affect the struc-
ture of supramolecular assemblies and its impact on actuation.
We utilized for the study a spiropyran photoswitch which un-
dergoes a chemical reaction from a charged hydrophilic form
(protonated merocyanine, MCHY) to an uncharged more hy-
drophobic cyclic form (spiropyran, SP) under illumination with
white light (emitting between 380 and 700 nm and peaking
at ~480 nm).!"l We investigated the effect of chemical compo-
sition in the covalent network and probed the effect of light
exposure on mechanical actuation affected by the presence of
supramolecular polymers in the HBP material. Experimentally
we used video recordings of the hydrogels’ actuation, scan-
ning electron microscopy (SEM), confocal microscopy, rheology,
and nanoindentation to understand the critical functional roles
of supramolecular assemblies. This work highlights how soft
robotic matter can draw from the synergistic interplay of cova-
lent and supramolecular networks to develop rapidly actuating
materials.

2. Preparation of Supramolecular-Covalent Hybrid
Hydrogels

To prepare the covalent hydrogels, we mixed and photopoly-
merized N-isopropylacrylamide (NIPAM) monomer (1), N,N'-
methylenebisacrylamide (MBA) crosslinking agent (2), acrylic
acid (3), diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO)
photoinitiator (4), and merocyanine monomer (4,,,, = 404 nm)
(5) in a dioxane/water solution (Figure 1a and see Support-
ing Information Section 1). Scanning electron microscopy
of this material revealed a high degree of porosity (~28.9%
with an average pore size of ~9.4 um?), as shown in
Figure 1b.

To prepare the supramolecular component of the HBP hydro-
gels, we first synthesized peptide amphiphile containing a poly-
merizable methacrylamide group (PA1) at the amino terminus
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(N terminus; C,(V;A;E;K-methacrylamide) in order to make co-
valent connections between the supramolecular nanofibers and
the covalent network. The PA nanofibers are formed by co-
assembly of PA 1 and non-functionalized PA 2 (C,,V;A,E;-NH,)
to control the density of methacrylamide groups on their surfaces
(see Section S2, Supporting Information, for details). The 1:1 mo-
lar ratio of PA 1 to PA 2 was found to be optimal for achieving me-
chanical integration of the nanofibers with the photoactive poly-
meric network while still enabling the proton-driven muscle-like
actuation provided by reversible bundling of nanofibers. Using
nanofibers composed entirely of pure PA1, which would chemi-
cally and mechanically integrate the supramolecular nanofibers
into the covalent network. However, this eliminates the degree
of freedom necessary for fibers to bundle or contract in response
to changes in surface charge. Conversely, nanofibers consisting
solely of PA2 cannot be mechanically integrated with the cova-
lent network, resulting in a slower and less effective contrac-
tual response (see Figure S14, Supporting Information). These
nanofibers are then introduced into the covalent polymerization
solution to create the HBP. SEM images of the HBP network re-
vealed that pores (55.7% porosity with ~3.1 um? average pore
size) formed by the covalent polymer appear to be filled with
supramolecular nanofibers (Figure 1b). Confocal microscopy of
the hybrid hydrogels shows that the covalent network (covalently
labeled through copolymerization with molar ratio of 100:1 of NI-
PAAm to fluorescein O-methacrylate [green, 4, = 494 nm, 4.,
= 512 nm in water]) is distributed nonuniformly resembling a
porous structure throughout the material with regions in which
PA nanofibers (covalently labeled through co-assembly with a
molar ratio of 49.5:49.5:1 of PA 1, PA 2, and PA 3 [C,(V;A,E;K-
TAMRA, 4,,, = 555 nm, 4., = 580 nm in water]) are clustered
(see Section S3 and Figure S8, Supporting Information). How-
ever, the clusters appear yellow under merged channels, indi-
cating the presence of interspersed covalent polymer within the
nanofiber clusters. A higher-magnification SEM image reveals
the presence of nanofiber bundles within the material, which
are tens of micrometers in length and several micrometers in
diameter (Figure 1b). Following synthesis of the hybrid hydro-
gels, they were punched into cross-shapes and were transferred
into a glass tank filled with deionized (DI) water placed on an
LED white light source (emitting between 380 and 700 nm peak
at around 480 nm) to test their bending actuation performance
(see Figure S2, Supporting Information, for ring-opening and
ring-closing processes of the photoactive moiety). The perfor-
mance of the gels was assessed by measuring the speed of ac-
tuation and the maximum bending angle reached. Interestingly,
we found that the HBP hydrogels actuate faster and exhibit larger
shape transformations than their covalent counterparts, indicat-
ing that the supramolecular component plays a role in actuation
(Figure 1c).

3. Incorporation of Acrylic Acid Co-Monomers in
Covalent Networks

The operating conditions for photoresponsive hydrogels based
on spiropyran moieties are normally limited to low pH environ-
ments, thus limiting applications, particularly in contact with bi-
ological systems.[lil This limitation is primarily due to the re-
quirement of protonation of the spiropyran molecule (a weak
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Figure 1. Synthesis of Covalent and Hybrid Bonding Polymer Actuators. a) Chemical structures of molecules used to synthesize the covalent network
(left) and the supramolecular polymers (right). b) SEM images of the covalent network and the hybrid bonding polymer (Scale bar = 200 nm) (top), and
confocal microscopy images (bottom) of a hybrid bonding hydrogel with crosslinked covalent network covalently labeled through copolymerization with
fluorescein O-methacrylate (green) and PA nanofibers are covalently labeled through co-assembly with PA 3 (CcV3A3E3K-TAMRA) (red). PA nanofiber
bundles appear yellow in color when merged channels are used (Scale bar is 20 um; Objective lens is 60x). c) Photographs of cross-shaped objects
prepared from the covalent network (top row) and the hybrid bonding polymer (bottom row) before visible light irradiation, and after 15, 30, and 120
seconds of exposure to light, reveal the difference in bending angle between the covalent and hybrid bonding polymers (Scale bar =5 mm).
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Figure 2. Photoactuation of hybrid hydrogel actuators. a) Schematic representation of the hydrogel actuator showing the definition of the photoinduced
bending angle («). b) Plot of bending angle during light exposure as a function of time in hydrogels containing 4.6 mol% acrylic acid (AA) co-monomer
in 5 mM HCl solution, deionized water (DI), and under similar conditions for hydrogels that did not contain AA co-monomer. c) Plot of bending angle
during light exposure as a function of time for hydrogels containing different amounts of AA co-monomer in DI water. d) Plot of bending angle change as a
function of time over five light/dark cycles. e,f) Plots of bending angle during light irradiation as a function of time in hydrogels containing supramolecular
PA nanofibers using 20:1 (e) and 30:1 (f) monomer to crosslinker molar ratios and 8.7 mol% AA co-monomer. g) Plot of bending angle during light
irradiation as a function of time for hybrid hydrogels containing PA nanofibers and covalent network hydrogels immersed in solutions at various pH
values. h) Plot of bending angle during light irradiation as a function of time for hybrid and covalent hydrogels immersed in 0.1 M NaCl solutions.

base), which stabilizes the photoresponsive merocyanine form
(see Section S6 and Figure S17, Supporting Information). To cir-
cumvent this limitation we used the strategy previously reported
by Zittkowski et al."?l and incorporated acrylic acid (AA) struc-
tural units into the covalent network. These structural units pro-
vide the necessary protons to switch the MCH* without alter-
ing the overall pH of the environment. We tested the actuation
by recording the bending angle (&) change of cross-shaped 500—
600 pm thick hydrogel films in a glass water tank illuminated
from the bottom using a white LED array (Figure 2a). The com-
position of the polymers used in the study, along with their cor-
responding indices, is presented in Table 1. We studied the ac-
tuation response of covalent network hydrogels containing pho-
toactive monomers substituted with a methoxy functional group
incorporating acrylic acid (C2, 4.6 mol% AA) compared to con-
trol hydrogels without acrylic acid (C1). As expected on the basis
of pH values (DI water pH ~6.2; 5 mm HCl at pH ~2.3), the hy-
drogels without AA in DI water did not actuate under illumina-
tion (Figure 2b). On the other hand, hydrogels incorporating AA
structural units displayed substantial bending actuation. To vali-
date our hypothesis on the role of acrylic acid for proton exchange
from AA to MC, we performed similar experiments for both ma-
terials in an acidic (5 mm HCI at pH ~2.3) solution. The control
material without AA (C1) regained functionality displaying simi-
lar bending angles and response time as the material containing
AA structural units (C2). This observation indicates that an acidic
monomer in the covalent network provides enough protons to
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activate photoactive spiropyran moieties in DI water, thus not re-
quiring the use of acidic media to drive actuation. We incorpo-
rated various concentrations of acidic monomers into the hydro-
gels in order to explore how the actuation depends on acrylic acid
concentration in the covalent network and found maximal bend-
ing with 4.6 mol% (C2) to 8.7 mol% AA (C3) and lower bending
angles at higher loading of 16.1 mol% (C4) to 27.1 mol% (C5)
AA (Figure 2c). Our interpretation is that a high concentration
of acidic monomers prevents the photoisomerization reaction by
forcefully converting SP (weak base) to MCH* (photoacid). The
actuation of AA-containing hydrogels is fully reversible over at
least 20 cycles (see Supporting Information Figure S19, Support-
ing Information). The bending and flattening process of the co-
valent hydrogel (C2) with 4.6 mol% AA comonomer in DI wa-
ter is given in Figure 2d. Initially, the actuators exhibited higher
maximum bending angles (=60° for covalent bonding hydrogel
and ~90° for hybrid bonding hydrogel), gradually decreasing un-
til reaching a state of equilibrium between eighth and 20th cycles
(=50° (+4) for covalent bonding hydrogel and ~81° (+3) for hy-
brid bonding hydrogel). We hypothesize that this phenomenon
results from the initial release and migration of protons, fol-
lowed by the establishment of equilibrium in local proton con-
centration and the distribution of charged polymer species within
the hydrogel matrices. We next sought to understand this effect
unique to HBPs in which supramolecular nanofibers formed
by PA molecules were integrated with the photoactive covalent
networks.

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Table 1. List and composition of polymers used. All numbers represent mol%.

Index  Monomer Crosslinker Acidic Monomer Photoinitiator ~ Photoactive Moiety

Supramolecular Nanofibers

NIPAM MBA AA TPO MCH+ PA1 PA1:PA2 3:1 PAT:PA2 1:1 PAT:PA2 1:3 PA2 PA4:PA5 1:1
Cc1 4.4 0.147 . 0.196 0.25 = . . - - -
C2 4.4 0.147 4.6 0.196 0.25 - - - - - -
a3 4.4 0.147 8.7 0.196 0.25 - - - - - -
Cc4 4.4 0.147 16.1 0.196 0.25 - - - - - -
5 4.4 0.147 27.7 0.196 0.25 - - - - - -
Cc6 4.4 0.22 4.6 0.196 0.25 - - - - - -
c7 4.4 - 4.6 0.196 0.25 - - - - - -
H1 4.4 0.22 4.6 0.196 0.25 - - 0.016 - - -
H2 4.4 0.22 4.6 0.196 0.25 - - 0.039 - - -
H3 4.4 0.22 4.6 0.196 0.25 - - 0.0625 - - -
H4 4.4 0.147 4.6 0.196 0.25 - - 0.076 - - -
H5 4.4 0.147 4.6 0.196 0.25 - . 0.039 = . .
H6 4.4 0.147 4.6 0.196 0.25 - - 0.0625 - - -
H7 4.4 0.147 4.6 0.196 0.25 - - - - - 0.016
H8 4.4 0.147 4.6 0.196 0.25 0.016 - - - - -
H9 4.4 0.147 4.6 0.196 0.25 - 0.016 - - - -
H10 4.4 0.147 4.6 0.196 0.25 = . . 0.016 - -
H11 4.4 0.147 4.6 0.196 0.25 - - - - 0.016 -
H12 4.4 - 4.6 0.196 0.25 - - 0.016 - - -

4. Incorporation of Supramolecular Nanofibers to
Create Hybrid Bonding Hydrogels

We incorporated PA supramolecular nanofibers into the covalent
polymer network to improve the hydrogel actuators’ actuating re-
sponse. This was motivated by earlier work in which we observed
improved performance in a similar but different system.[!l In the
earlier work we observed greater bending angles under illumi-
nation relative to purely covalent networks. Based on computer
simulations, we attributed this effect to the ability of the high as-
pect ratio nanofibers to drain out water molecules from the hy-
drogel as the covalent matrix becomes more hydrophobic under
the influence of light. However, in the current work, we have ob-
served a much faster-bending response when supramolecular hy-
drogel nanofibers were present with time scales on the order of
one minute (as opposed to 10-20 min in earlier work!!l as well
as greater bending angles (Figure 2e,f and see Movie 2, Support-
ing Information). As described below, in order to establish the
origin of these changes, we first had to investigate if hydrogels
containing the supramolecular nanofibers had comparable me-
chanical properties to those composed only of covalent polymeric
networks.

Adding PA nanofibers makes the hydrogels stiffer due to their
persistence length and stiffness!V! (see Section S5, Supporting
Information), and in order to match the mechanical properties
(viscoelastic behavior) similar to those of hydrogels containing
only covalent polymeric networks we increased the monomer-to-
crosslinker molar ratio from 20:1 to 30:1. We found 0.016 mol%
PA nanofibers with the reduced crosslinker density (H4) have
similar storage and loss moduli to the hydrogels with higher
crosslinking density and without the PA nanofibers (C6) (see
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Figure S13, Supporting Information). When we compared the
actuation of hydrogels with similar mechanical properties, we
found that the actuation time to reach a ~#60° bending angle is
20-fold shorter (from 600 s to 30 s), and the maximum bending
angle is increased from ~58° (+£5°) to #85° (+5°) (see Movie S1,
Supporting Information). The decrease observed after reaching
the maximum bending angle in the hybrid bonding hydrogels is
attributed to the exposure of the non-irradiated (opposite) side.
As the hydrogel approaches this maximum angle, the opposite
side is exposed to light, resulting in actuation in the opposite
direction and causing a slight opening. (see Supporting Infor-
mation Section 3). To establish if the hybrid hydrogel (H4) can
actuate in solutions with neutral pH and relatively high ion con-
centrations, we investigated the bending at different concentra-
tions of salt and pH values. We found that raising the pH from
3.2 to 6.2 resulted in enhanced bending in the hybrid hydrogel,
whereas we observed the opposite trend in hydrogels without
the PA nanofibers (Figure 2g), suggesting that pH plays a role
in the enhancement of bending. We hypothesize that this en-
hancement can be due to a second gradient. The effect of AA’s
presence in both covalent and HBP networks was investigated
by comparing the actuation of structurally identical networks
with a one-to-one molar ratio of AA and hydroxyethylmethacry-
late (HEMA). HEMA was selected as a non-acidic and hydrophilic
but non-ionic spaceholder monomer for AA in control materials.
In one case, AA was integrated into the hydrogel networks and
HEMA was introduced into the solution, while in another AA was
added to the solution and HEMA was incorporated into the hy-
drogel networks. We found that the presence of HEMA, whether
in solution or incorporated into the network, has no effect on
actuation for both covalent and hybrid bonding networks. Our
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findings show that in covalent networks, the initial presence of
protons, whether from AA or elsewhere, does not significantly
impact actuation. However, in hybrid bonding hydrogels, intro-
ducing protons through AA in solution decreases performance
in great contrast to the fast actuation response when these units
are incorporated into the covalent network. (see Figure S18, Sup-
porting Information). This observation links the existence of a
secondary actuation mechanism that generates a fast contrac-
tion to the related to the distribution of protons in the HBP.
To establish the secondary stiffness gradient for fast actuation,
nanofibers near the light source must become rapidly protonated
when photoisomerization occurs. This is only possible if there
is an excess of protons localized in that region of the film gen-
erated when merrocyanine units convert to spiropyran. In con-
trast, if PA nanofibers were to be protonated, and therefore bun-
dled, due to the presence of soluble acid (HCI or AA monomer)
homogeneously distributed throughout the hydrogel, the stiff-
ness gradient which accelerates actuation would not be estab-
lished. Based on our results and previous work,['213] it is also
clear that the protons that are always available from ionization
of AA structural units in the covalent network can catalyze pho-
toconversion even at neutral pH. We suggest that protons in
equilibrium with AA structural units of the covalent polymer
are not as homogeneously distributed in the HBP as those of
AA monomers or HCL. Thus, such protons do not to signifi-
cantly protonate the supramolecular nanofibers and cause them
to bundle in the absence of the light. This is the phenomenon
that would precisely activate in the presence of the light the sec-
ondary contractile mechanism that leads to fast actuation. Af-
ter the addition of 0.1 M NaCl, the hybrid hydrogels (H4) can
still bend, despite reduced speed and bending angle, while actua-
tion is completely eliminated in hydrogels without PA nanofibers
(C6) (Figure 2h). This observation supports the hypothesis of a
second gradient since a higher concentration of salt can screen
charges and diminish the hydrophobicity gradient created by the
photoconversion of MCH™ (charged, hydrophilic) to SP (neutral,
hydrophobic).

5. Light-Induced Stiffening of Hybrid
Supramolecular-Covalent Hydrogels

To understand how supramolecular nanofibers improve the re-
sponse and performance, we focused on possible chemical reac-
tions between the supramolecular assemblies and the covalent
network. We hypothesized that the actuation could be facilitated
by proton exchange reactions between the photoactive moiety
(MCH') and charged amino acid residues in the supramolecu-
lar assemblies. As photons enter the film surface near the light,
the hydrophilic MCH* moieties partly convert to the hydropho-
bic SP form, thus releasing protons that can rapidly neutral-
ize the glutamate residues in C;;V;A;E; monomers as well as
acrylic acid structural units in the covalent network (Figure 3a,
see Supporting Information for details of photochemical reac-
tion mechanism). The photon-induced conversion of MCH™ to
SP in the network creates a gradient in which the hydrogel clos-
est to the irradiated surface contains primarily hydrophobic SP
moieties, while regions further away remain as charged MCH*
groups. Similarly, a gradient of released protons could also de-
velop in the hydrogel, locally neutralizing the negatively charged
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nanofibers, causing them to bundle and stiffen, which may con-
tribute to actuation in addition to the hydrophobicity gradient. To
validate this hypothesis, we prepared covalent polymer chains us-
ing the same formulation (C2) but without adding any crosslink-
ing agent (C7) and found that the pH in these solutions de-
creased from ~5.8 to ~2.8 upon irradiation. The MCH™* pho-
toacids attached to polymer chains offer a means to measure
the change in pH more accurately for two main reasons. First,
protons generated by the photoacids within crosslinked hydro-
gel networks encounter hindered diffusion and dilution into the
surrounding solution. Furthermore, the conditions within the
hydrogel matrix can be replicated by dispersing the polymer
chain in a solution whose volume is the same as the crosslinked
hydrogel network counterpart, facilitating a more accurate pH
measurement. Nevertheless, if we perform the same experiment
using the HBP containing supramolecular nanofibers with no
crosslinking agent (H12), a significant change in pH was not ob-
served (Figure 3b). We suggest that this observation indicates that
supramolecular nanofibers are being protonated and thus buffer-
ing pH. Proton transfer to the negatively charged supramolec-
ular nanofibers would decrease electrostatic repulsion among
them and lead to bundling and consequent changes to mechan-
ical properties of the hydrogels. We have investigated previously
the protonation of glutamic acid residues and resulting physical
and morphological changes in PA nanofibers both experimen-
tally and theoretically.''3] We also hypothesize that the reduction
of repulsive forces facilitates buckling and entanglement among
nanofibers and so overall one expects a contraction of the hydro-
gel (Figure 3f and Movie S3, Supporting Information). Nanofiber
bundles exhibit higher light scattering (opacity) than dispersed
counterparts, which provides strong evidence for the bundling
of PA nanofibers within the hybrid bonding hydrogels. To test
this hypothesis, we conducted transmission UV-vis experiments
at 600 nm (Tyndall Effect) to assess light scattering before and
after irradiation. Our findings revealed that HBP hydrogels scat-
ter ~3.71 times more light after irradiation, whereas covalent hy-
drogels exhibit a much smaller change (~1.08 times) in light
scattering (Figures S15 and S16, Supporting Information). The
photoinduced proton exchange from the covalent network to the
supramolecular nanofibers could therefore contribute synergis-
tically to actuation along with dehydration caused by the chem-
ical conversion from the hydrophilic merocyanine moieties to
the hydrophobic spiropyran structure. We propose therefore that
this synergy could explain the observed improvement in actua-
tion performance relative to our earlier results on different but
very similar hydrogels undergoing actuation at low rather than
neutral pH.!Y! In our earlier hybrid bonding systems contain-
ing PA nanofibers,!lil the permanent acidic pH of 2.3 during
actuation experiments would keep nanofibers in a highly bun-
dled or entangled structure. In fact, in our previous work, confo-
cal microscopy revealed the presence of bundled fibers through-
out the hybrid bonding material, seemingly forming a hierarchi-
cal structure at larger length scales.!Vl In this context we would
expect that additional protons generated by the photochemistry
would not lead to major contractile changes in the material’s
microstructure that contribute further to actuation. However,
in the system investigated here we were able to keep the hy-
drogel in a neutral pH environment without interfering with
the photoconversion reaction given the availability of catalytic
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Figure 3. a) Proton exchange to an acrylic acid structural unit in the covalent network upon photoisomerization of the merocyanine dye moiety to
spiropyran (top), or to ionized glutamic acid residues in peptide amphiphile monomers of supramolecular nanofibers (bottom). b) Plot of the pH
of solutions surrounding a covalent polymer (with 4.6 mol% acrylic acid) or the hybrid hydrogel containing supramolecular nanofibers (with 0.016
mol% Cq¢V3A;3E3 nanofibers and 4.6 mol% acrylic acid) measured during light illumination for 10 minutes. c) Bar graph of loss moduli of physical gels
composed of supramolecular nanofibers (4 wt%) alone at various pH values. d) Plot of storage modulus in a covalent and a hybrid hydrogel during
illumination with visible light for 10 min and under dark conditions. e) Plot of bending angle under light irradiation as a function of time in two hybrid
hydrogels one containing an anionic monomer in the supramolecular nanofiber (C;cV3A;E;) and second one containing a cationic monomer in its
nanofibers (Ci6V3A;3K;3). f) Confocal images displaying the morphology of supramolecular 5-TAMRA-labeled PA C;¢V3A3E; nanofibers (co-assembled
with a molar ratio of 49.5:49.5:1 of PA 1, PA 2, and PA 3) in high pH (~7.2) and low pH (~5). At pH 7.2, PA nanofiber bundles exhibit an extended
structure, while at pH 5, PA nanofibers are observed to be more contracted and bundled. Scale bars are 100 um. Objective lens is 60x. g) Elastic
modulus of covalent network hydrogels measured using nanoindentation before and after illumination with visible light for 15 s. h) Elastic modulus of
hybrid bonding hydrogels measured using nanoindentation before and after illumination with visible light (48 mW cm=2) for 15 s.

protons from acrylic acid monomer. Thus, in addition to the gra-
dient in photoconversion near the light source, the lower degree
of E residue protonation in the supramolecular nanofibers at neu-
tral pH can also generate a second gradient in the density of
hierarchical structures. Our hypothesis is therefore that both of
these gradients accelerate jointly the contraction that bends the
hydrogel.

To investigate how the mechanical properties of PA hydrogels
change with pH, we carried out rheological measurements. We
found that the loss modulus of a nanofiber gel (1 wt%) increased
from pH ~7.2 to pH =5 and reached a maximum value at pH
3 (Figure 3c). At pH values below 3 (at pH ~1), PA nanofibers
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precipitate from solution, forming macroscopic bundles and ev-
idenced by the presence of opaque regions and inconsistent so-
lution flow (Supporting Information Figure S15). Confocal mi-
croscopy images show the effect of pH on the morphology of
the C;;V;A;E; PA nanofibers (covalently labeled covalently la-
beled through co-assembly with PA 3 (C;,V;A;E;K-TAMRA),
red) (Figure 3f). We also measured the storage modulus change
under illumination to establish if light-induced stiffening oc-
curs in the hybrid materials. We found that the stiffness of the
HBP increases significantly from ~1.5 kPa to ~10.2 kPa and be-
comes much higher than the stiffness of the covalent network.
The storage modulus decreases under dark conditions which
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we interpret as a result of the deprotonation of glutamic acid
residues on PA nanofibers as of spiropyran residues convert back
to merocyanine in the covalent network. The covalent network,
on the other hand, just undergoes a rather small change from
~1.5 kPa to ~1.9 kPa during light exposure (Figure 3d). The stor-
age modulus of the covalent network increases under light expo-
sure due to dehydration and decreases in the dark due to rehy-
dration. To measure the difference in elastic modulus between
the light-irradiated surface and the surface that remained unex-
posed to light, we conducted nanoindentation experiments. We
observed a significant increase in the stiffness of the HBP sur-
face, rising from ~6.4 kPa to ~26.6 kPa within 15 seconds of
lightirradiation (Figure 3g), which is a significantly greater differ-
ence compared to the covalent network, where the surface stift-
ness increased from ~8.7 kPa to 10.8 kPa under the same con-
ditions (Figure 3h). To further verify the proton exchange be-
tween the covalent and supramolecular networks, we incorpo-
rated supramolecular nanofibers composed of PA molecules in
which the peptide segment terminates with three lysine residues
which can be protonated to become positively charged (formed by
co-assembly of 1:1 ratio of PA 4 (C,,V;A,K;- K(methacrylic acid))
and non-functionalized PA 5 (C;,V;A;K;)), instead of three glu-
tamic acid residues (C,;V;A;E;). In HBP-containing nanofibers
with K3 terminated PA molecules (H7) proton exchange between
the covalent network and the supramolecular assemblies would
lead to an increase in their charge density which in turn would
decrease or suppress bundle formation. Therefore, the proposed
light-induced stiffening mechanism as a result of a decreasing
pH in the C,;V;A;E;-containing hybrid (H4) would not occur.
Indeed, we found that the hybrid bonding hydrogels containing
PA molecules with glutamic acid residues have a faster actua-
tion response and higher maximum bending angles compared
to those with lysine-charged groups (C,;V;A;K;) (Figure 3e). The
slight improvement of response in HBP with positively charged
supramolecular nanofibers (H7) is presumably the result of wa-
ter transport by supramolecular nanofibers, as proposed in our
previous works.[ll It is also important to note that if we com-
pare the response of HBP actuators described in this work with
the one described previously!!ll (using the same SP molecule),
the one in this work is 120-fold faster with a significantly
high maximum bending angle compared to the previous one
(Movie S2, Supporting Information). Based on this evidence,
we propose that MCH™ is acting as a photoacid that protonates
the glutamic acid groups on the nanofibers and the acrylic acid
monomers, enhancing the stiffness gradient generated by the
covalent network as a result of light-driven water loss resulting
from chemical conversion (Figure 3a; Supporting Information
Section 6).

6. A Bio-Inspired Light Tracking Claw

To demonstrate how the hydrogels investigated here can be
used for soft robotics, we created an autonomous light-tracking
claw inspired by the tiny pincers of echinoderms known as
pedicellarial™! (Figure 4a, see Section S7, Supporting Informa-
tion, for details). Our hydrogel claw can regulate its motion by
bending phototactically and closing the claw that receives the
highest light intensity. The observed self-regulation of the claw is
enabled by a negative feedback loop created by self-shadowing of
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the stalk when the claw reaches the optimum bending angle. The
feedback through dehydration/rehydration cycles provides stabi-
lization at a given metastable position in light-tracking motion
and, therefore, the continuous autonomous operation of the claw.
MMluminating one side of the gel actuators leads to its contraction
and the bending of the stalk toward the light source, which con-
tinues until the claws (which also bend as a result of the pho-
toactuation) cast a shadow (light intensity at ~#4.7 mW c¢m™2) on
the hydrogel (see Figure 4b). The shadow leads to a lower rate
of contraction relative to the expansion rate, therefore, the gel
stalk rehydrates, swells, and bends away from the light source.
However, as the claw moves, the stalk is illuminated again. The
periods of illumination and shadow lead to cycles of bending and
straightening mediated by the feedback within the material. This
dynamic process enables the claw to track the light source con-
tinuously and precisely in any direction (Figure 4b; see Movie
S4, Supporting Information). We measured the light tracking
performance of the hydrogel composed entirely of a covalent
network versus that of a hydrogel containing the supramolec-
ular nanofibers by placing the light source at a 90° angle to
the claw’s normal. We found that the hybrid bonding hydrogel
(covalent network plus supramolecular nanofibers) tracks light
significantly faster (approximately six times faster to reach the
maximum bending angle) compared to the covalent network. In
contrast to the hybrid bonding hydrogel claw, the covalent net-
work hydrogel has a lower capacity to bend, limiting its ability
to track light sources (Figure 4c). We also checked the respon-
siveness of the light-tracking claw to incident light at various an-
gles. In these experiments, we found that the hybrid bonding
material closely tracks the incident light, whereas the covalent
network gel cannot achieve high deflection angles (Figure 4d).
These results indicate that the incorporation of the supramolecu-
lar nanofibers enables a light-tracking claw with faster actuation,
accuracy, and performance. In contrast, the covalent network gel
cannot keep up at higher elevation angles, indicating that incor-
porating supramolecular nanofibers yields an autonomous light-
tracking claw with faster actuation, accuracy, and performance
(Figure 4d).

7. Conclusion

This study demonstrates the interplay that can occur between
covalent networks and supramolecular assemblies in HBPs
to generate robotic materials with fast actuation capacity. We
achieved enhancement of actuation by incorporating peptide am-
phiphile supramolecular nanofibers that make covalent bonds
with spiropyran-based covalent networks containing acidic co-
monomers. The acidic co-monomers enable light-driven actua-
tion at neutral pH, which leads to proton transfer from the cova-
lent network to anionic supramolecular nanofibers. This transfer
leads to contraction and stiffening of the supramolecular com-
ponent causing greater and faster bending actuation. As a func-
tional proof of principle, we used the hybrid bonding hydro-
gels to design a bioinspired robotic material with light-tracking
claws. Overall, this work highlights the potential design space for
biomimetic autonomous robotic functions offered by soft materi-
als that incorporate both polymeric networks and supramolecular
assemblies.
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Figure 4. Pedicellaria-inspired light-tracking hybrid hydrogel claw. a) Schematic illustrations of the anatomy of trifoliate pedicellaria and of a correspond-
ing pedicellaria-inspired hydrogel claw. b) Overlayed photographic snapshots of the pedicellaria-inspired light-tracking claw following the light source;
the dark lines on the snapshots indicate the self-shadowing of the claws at 90° and the claw follows the light source as it moves from 90° to 0° (scale bar
=5 mm). c) Plot of the claw’s principal axis angle 8 change from its original position (see inset) under irradiation from left side (# = 90°) for a hybrid
(red) and a covalent network hydrogel (blue). d) Plot of the incident light angle (y) as a function of the angle of the claw’s normal (5) for a claw made
out of a covalent network (blue) and another made of a hybrid hydrogel containing supramolecular nanofibers (red) (shown schematically in the inset);

the ideal light tracker line is for 6 =y (yellow).
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