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Human substance needss$ have been enriched by the development of smart-
responsive materials possessing unique responsiveness and mechanical
variability. However, acquiring these features in photoresponsive energy-

driven elastomers is challengeable but highly desirable. Here, we report fab-
rication of physically-crosslinked elastomers based on an aliphatic poly-
carbonate terminated with one azobenzene derivative as the end group. Upon
irradiation of UV light, the aliphatic polycarbonate shows unusual mechanical
transformation from trans-azobenzene-rich elasticity to cis-azobenzene-rich
plasticity, which is contrary to the photo-triggered mechanics of other azo-
polymers. This indicates that stronger interaction may be established between

the terminated cis-azobenzenes and the benzene rings in the side chain of
polymer, leading to a higher crosslinking density appeared in the cis-
azobenzene-rich sample. This azobenzene-terminated polymer is an energy-
driven elastomer, which has photo-switchable supramolecular interactions,
showing photo-tunable mechanical properties (the half-life period of the cis-
azobenzene is 16.9 h). More interestingly, the photoinduced mechanical
change occurs at room temperature, enabling the aliphatic polycarbonate to
behave as non-thermally switchable ultra-strong adhesive for different sub-
strates, which is specifically suitable for smart dressings to promote wound
healing. This switchable mechanical feature of elastomers may be a reference
for smart elastomers towards advanced applications.

In nature, biological populations can sense the external environment
and deform in response to stimuli. For example, sunflowers are sun-
oriented, and mimosas rapidly close leaves when stimulated by the
outside world. So nature has inspired many smart materials and
structures to acquire characteristics such as physical intelligence,
foldable compression, and impact resistance'”, allowing them to rea-
lize complex and controllable motor functions®’. However, smart
materials with chemically-crosslinked networks often suffer from
mechanical instability and microphase segregation’'?, making the
precisely-switchable mechanics of elastomers challenging because
their polymer chains in the network do not have sufficient mobility to

respond to mechanical transformations'*. A prospective approach to
address these challenges is to formulate non-covalently crosslinked
elastomers that can be reversibly softened and hardened at room
temperature.

Azobenzene (AZ), as one of the most favorite photoresponsive
moieties, can remotely and instantly control material deformation in
a precise and non-contact manner” ¢, AZ-containing polymers (or
azopolymers) with elegant molecular design can demonstrate
reversible solid-liquid transformations upon photoirradiation
due to the trans-cis isomerization'*"*, bestowing azopolymers
with many attractive properties, like self-repairing®®, mechano-
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sensing'>?°"%, and mass transportation®, which has been used to
control structural colors, macroscopic deformation, and fluid
properties® . More interestingly, one single AZ terminal group can
effectively influence the whole macromolecule chain by molecular
isomerization**. For example, Du et al. prepared an AZ-terminated
polymer and investigated the effect of hydrophobic-hydrophilic
change of AZ groups on solution aggregations and rheological
properties after photoisomerization®*, leading to remarkable chan-
ges in rheological behaviors of the polymer solution. Guo et al. uti-
lized one AZ-terminated polymer matrix to modulate the thermal
behaviors and mechanical properties of the material by using
its photoresponsive switching function®, thus exploiting its
applications in anti-counterfeiting, security labels, and photo-
controlled switchable adhesives® . Although researches on AZ-
terminated polymers have progressed favorably, there is still a great
scientific challenge to control the segmental motion of polymer
networks' %,

Recently, one AZ compound was introduced into an aliphatic
polycarbonate (APC) network by physical blending to acquire fast
self-repairing behaviors for completing the wound closure by tying a
knot®. However, the composite does not possess photo-switchable
mechanical properties. To the best of our knowledge, the selection
of an AZ-terminated APC (AZ-APC) for preparing non-covalently
elastomer has not yet been reported, let along the study of its photo-
tunable mechanical transition. Here, we report unusual photo-
tunable mechanical transformation of AZ-APCs, synthesized with
ring-opening bulk polymerization with an AZ derivative as the
initiator. The obtained AZ-APCs exhibit elasticity at room tempera-
ture due to physical crosslinking formation. Upon irradiation of UV
light, AZ-APCs show reversible changes between elasticity to plas-
ticity (Fig. 1). This mechanical switching can be in-situ accomplished
at room temperature, relying solely on AZ-APCs themselves without
any functional additives, which allows for its photo-switchable
adhesion on different substrates, particularly suitable for medical
dressings to promote wound healing. This work delivers a photo-
induced mechanical feature strategy that can be applied as
advanced smart adhesion by modulating the dynamic mechanical
properties of elastomers.

Results
Design of mechanical variability of AZ-APCs
The terminal group of one macromolecule can not only modulate the
physicochemical feature of polymer (eg., glass transition temperature
(Tg), relaxation process and viscosity, etc.), but also offer the possibi-
lity of developing responsive mechanical transformations™*. Recently,
one hydrophilic poly(ethylene glycol) monomethyl ether was chosen
as the terminal group of one APC to acquire strong mechanic strength
and shape-memory function. However, it still could not overcome the
issues of traditional APCs, like non-mechanical transformability, slow
responsiveness, etc’> . If one APC is terminated by an AZ derivative, it
should be practicable to acquire the photo-modulated mechanical
transformation. As shown in Fig. 1a and Supplementary Scheme 1, one
AZ molecule was selected as the terminal group to initiate ring-
opening bulk polymerization of one APC monomer containing one
benzene ring (MBC), and then three AZ-APCs were successfully
obtained (Fig. 1b, Supplementary Tables S1, Supplementary Fig. 1a).
The obtained AZ-APC behaved as one elastomer at room tem-
perature, since supramolecular non-covalent networks formed due to
the unique properties of benzene rings, as shown in Supplementary
Fig. 1b *>**, When exposed to UV light, the condensed state of AZ-APCs
changed greatly due to the transformation of trans-rich structures into
cis-rich ones in the network, and the photoinduced cis-AZ-rich sample
showed plastic, indicating the occurrence of photo-stimulable
mechanical transformation (Fig. 1c). Interestingly, the cis-trans back
isomerization of AZs was accelerated upon visible light or thermal
radiation (the half-life of the cis-isomer is 16.9 h at room temperature,
as shown in Supplementary Fig. 2), which brought about mechanical
changes of the AZ-APC from the rigid plastic in the cis-AZ-rich state to
the soft elastomer in the trans-AZ-rich state, allowing further exploi-
tation for flexible molding (Fig. 1c, Supplementary Fig. 3). The unusual
mechanical transformation is contrary to the photo-triggered
mechanics of other azopolymers'*, which will be further explicated
in the part of theoretical analysis. Besides, the molecular weight has a
great influence on the performance of the AZ-APCs, especially their Tgs
(Supplementary Fig. 4) and mechanical properties (Fig. 2). As shown in
Supplementary Fig. 4, with increasing molecular weight, T,s of both
trans-AZ-rich and cis-AZ-rich polymers gradually increased. Since the

a
uv
N o
AN o O\/&/ )‘
\/\/@ M@’ & <, " . Y
(o] (o] - N n
Visible/Heat <> (‘n/ o
trans-AZ © o
cis-AZ d
® ¢ uv
trans-AZ cis-AZ
S Mn N Rl Visible/Heat
Py 14400 21300 1.48 k
P, 16100 30900 2.03 E'T:_tic 'I
molding '
Ps3 22400 30000 1.96 H
Elasticity
Plasticity

Fig. 1| Properties of AZ-APCs. a Structural transformation upon photo-
isomerization b Molecular weights and their distributions. ¢ An illustrative diagram
of the potential energy between the cis-AZ-rich plastics and the trans-AZ-rich

elastomer. Thereby achieving a photoinduced reversible transition between plas-
ticity and elasticity to yield a flexible molding.
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Fig. 2 | Rheological properties of photo-tunable mechanical transformation.
aand b are the storage modulus (G’) and loss modulus (G”) of trans-rich and cis-rich
AZ-APCs vs. frequency at room temperature, respectively. ¢ and d are the stress-
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strain curves of trans-rich and cis-rich AZ-APCs, respectively. The inset photos show
that the strain of cis-rich AZ-APC is smaller than the trans-rich one under the same
test conditions (length 12 mm, width 2 mm, thickness 1.5 mm, strain rate 0.33s™).

Tg of homopolymer (PMBC) is -15 °C*, while the AZ-APC dramatically
augments its Ty by the AZ-involved supramolecular interaction. The
enhanced Ty values of AZ-APC can be attributed to several key factors.
Firstly, AZ-capped APC forms supramolecular network elastomers that
exhibit higher T, compared to APC homopolymers. As the duration of
the polymerization reaction increases, the benzene ring groups within
the side chains of AZ-APC become enriched. Once the degree of
polymerization reaches a certain threshold, the increased presence of
these groups enhances spatial resistance within the polymer, thereby
affecting molecular mobility and leading to an elevation in T,. Sec-
ondly, the supramolecular crosslinked network structure formed by
AZ-APC significantly contributes to the increase in Tg. This crosslinked
network restricts molecular mobility, which consequently raises the
T,. Furthermore, regarding azo-polymer interactions, the cis-trans
isomerization of AZ molecules within the polymer chains alters the
distance and arrangement between the chains. This modification
reinforces the interaction forces between the polymer chains, further
restricting their movement and contributing to an increase in the T, of
the material. Finally, the Ty characterizes the temperature at which the
movement of the chain segments begins, while the difference between
trans and cis APC highlights the distinct natures of the supramolecular
network. Although increasing the crosslink density generally raises the
T, of the polymer, it is evident that this increase in crosslink density
does not lead to a decrease in chain-end motility. In cis APC, although
the crosslink density increases, the impact of the increased crosslink
density is somewhat offset by an increase in chain-end motility. Con-
sequently, the Tg values of the APCs in the two states remain similar.

Photo-tunable mechanical transformation

Rheometry was adopted to characterize the photo-tunable mechanical
behavior of AZ-APC at the 0.1% strain (Supplementary Fig. 5), and the
frequency-dependent rheological behavior of trans-rich AZ-APC is
shown in Fig. 2a. As the frequency increases, G” is larger than G’, sug-
gesting that AZ-APC displays viscous deformation over a wide range of

frequency. After irradiation of UV light (an intensity of 176 mW/cm? at
365nm) for 30 min, the modulus of cis-Az-rich sample was 1.1-3.0
times stronger than that of trans-AZ-rich one in the whole range of
frequency (Fig. 2b), demonstrating that the cis-rich AZ-APC exhibits a
higher tightness and a higher viscosity at room temperature. Fur-
thermore, with increasing the molecular weight, both G’ and G” of
trans-rich and cis-rich AZ-APCs were enhanced with the rising fre-
quency. These may be attributed to that the AZ-APC network con-
structed by physical crosslinking is more sensitive to stress since the
originally-established crosslinking point can be broken under an
exerted small stress’****%, These demonstrate that the cis-rich AZ-APC
can produce a stronger supramolecular interaction than the trans-rich
one, resulting in an increased crosslinking density, bringing about a
higher modulus.

We also investigated the temperature-dependent rheological
behavior of AZ-APCs. As shown in Supplementary Fig. 6, both G’ and G”
gradually rose upon cooling AZ-APCs from 100 °C to -15°C, and G’
tended to approach G”, illustrating the emergence of an elastic region
at the temperature close to Ty of AZ-APCs. At 70-85°C, G’ of both
trans-AZ-rich and cis-AZ-rich samples were above 10*Pa in modulus
values, while G” of the two samples were higher than 10°Pa at about
100 °C. These demonstrate that both G’ and G” need a higher tem-
perature for chain segment movement since a higher crosslinking
density of the network needs to overcome energy barriers from mac-
romolecular chain movement>?°, On heating, a peak of tan § appeared
at around 7-9 °C for trans-AZ-rich sample, and around 9-11 °C for cis-
AZ-rich one, respectively (Supplementary Fig. 7), which can be
assigned to their Tgs, fitting well with the DSC results. At temperatures
below Tgs of both cis-rich and trans-rich samples, G’ and G” were
strengthened progressively, and tan & firstly decreased and then
increased, exhibiting plastic and elastic, respectively. As shown in
Fig. 2c,d, the stress of cis-rich AZ-APCs was always larger than trans-
rich ones in their stress-strain curves, while the strain value of cis-rich
AZ-APCs was always lower than trans-rich ones (Supplementary
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Table S2), which is in good agreement with the rheological evaluation.
Therefore, the molecular changes of AZ isomerization can be greatly
amplified by the supramolecular interaction of polymer, realizing the
photo-tunable mechanics of AZ-APC matrices.

As shown in Supplementary Fig. 8, the relaxation time of the cis-
rich AZ-APC was greater than that of the trans-rich AZ-APC, indi-
cating that the entanglement of cis-rich polymer segments is
stronger than trans-rich one. In addition, the modulus and tensile
strength of the cis-rich AZ-APC are larger than those of the trans-rich
one, which could be caused by the enhanced supramolecular
interaction between the terminal cis-AZ groups and the benzene
rings in the polymer side chain, allowing for an increase in the
physical crosslinking density. As a result, the photoisomerization
caused plasticity in the cis-rich AZ-APCs can be called “photo-
induced network elastomers”.

Theoretical analysis of photo-tunable mechanical
transformation

Generally, an elastomer with crosslinked network has entropy elas-
ticity or energy elasticity, which can be studied by the Helmholtz
free energy equation (detailed descriptions in the characterization
part). Remarkably, when the stretch ratio is 200%, there is a highly
linear fit between stress and temperature using the double partial
derivative of the Helmholtz free energy concerning the temperature
L@ y and strain f[—aFT y through Flory composition (Fig. 3a). Then,
the intercept of the straight line is energy contribution (‘;’,—‘L’)T, vy, and
the slope is entropy contribution (%)T, v- indicating that the elasticity
of the network structure is energy-driven rather than entropy-driven
(the energy contribution >80%, Supplementary Fig. 9). Unlike other
entropic elastomers, the network of AZ-APC elastomers is more
likely affected by temperature since its majority network is con-
structed by supramolecular interactions. Moreover, APCs are
usually thermosensitive**°, and the energy stored by the physical
crosslinking network is more easily released upon thermal treat-
ment. Besides, the small contribution of entropy elasticity of AZ-
APCs is attributed to their not high molecular-weights and small
conformational changes. Consequently, AZ-APC elastomers can also
be referred to as energy-driven elastomers, which generally have a
higher modulus and a smaller reversible deformation*"*,

To provide a deeper understanding of the unusual photo-tunable
mechanical behavior, the Erying model was introduced to describe the
physically crosslinked network formed in the trans-rich and cis-rich AZ-
APCs. The stress at different strain rates were characterized by using a
stretching machine, showing that the motion of the segments and the
whole macromolecular chain increased rapidly with increasing the
stretching rate (Supplementary Fig. 10), leading to a decrease in the
maximal strain and an elevation of yield stress. At the same test con-
dition, the stress of the cis-rich AZ-APC was larger than the trans-rich
one, which is consistent with the stress-strain curve. As shown in
Fig. 3b, the relationship between the natural logarithm of the yield
stress and the strain rate is close to linear for both trans-rich and cis-
rich samples, following the Eyring model of force-induced physical
crosslinking dissociation***. Furthermore, since AZ-APC is amor-
phous, the trans-rich and cis-rich samples fitted an activation volume
of 0.28 nm? and 0.44 nm?, respectively, confirming that the segment
sizes of the amorphous matrix involved in the yield-related motions
are reasonable. Then, the apparent activation energies were calculated
to be 0.07 k) mol™* and 0.18 k] mol” for trans-AZ and cis-AZ samples,
respectively. Obviously, the energy barrier to overcome the segment
motion in the cis-rich AZ-APC is larger than that in trans-rich one, and
the binding energy of physical crosslinks constructed from cis-AZ-APC
is larger than that of trans-AZ-APC. Consequently, the AZ-APC pro-
duces unusual mechanical transition upon photoisomerization, in
agreement with the results of rheological and tensile test in Fig. 2, but
in contrast to most of the reported azopolymers"*®.

Flory equilibrium solvation experiments were used to calculate
the crosslinking density in the trans-rich and cis-rich AZ-APCs****. With
increasing the molecular weight (Fig. 4a, Supplementary Table S3), the
crosslinking density of the cis-rich AZ-APC was higher than trans-rich
one, which is also consistent with the above-mentioned Erying model.
Then, all-atom molecular dynamics (MD) simulation was used to fur-
ther explain the tightness of the crosslinking network (detailed
descriptions in the characterization part), as shown in Fig. 4b,c and
Supplementary Fig. 11*. The simulation results demonstrate that the
cis-rich AZ-APC possesses a high binding energy (-212.59 kcal/mol),
compared to the trans-rich one (-198.67 kcal/mol), while the intra-
molecular crosslinking of the cis-rich sample possesses a smaller value
(-174.61kcal/mol) but still larger than that of the trans-rich one
(-142.18 kcal/mol), suggesting that the cis-AZ has a greater influence
on the physical crosslinking network in AZ-APCs. That is, inter-
molecular crosslinking formed in cis-rich AZ-APCs is more compact,
compared to trans-rich ones, which is consistent with the results of
apparent activation energy tests. To explore the influence of AZ ring
interactions on the physical crosslink density in cis-polymers, we
conducted a detailed analysis of the weak supramolecular interactions
within the AZ-APC network. This analysis utilized the reduced density
gradient (RDG) function and MD modeling. The RDG method allows us
to thoroughly examine which weak supramolecular interactions con-
tribute to the increase in physical crosslink density observed in cis-
polymers. As shown in Fig. 4d, our analysis reveals that hydrogen
bonding, m-mt conjugation, and hydrophobic interactions within the
cis-rich network significantly enhance crosslink density. This leads to
stronger supramolecular interactions in the cis-rich network
(-42.59 kcal/mol) compared to those in the trans-rich network
(—41.74 kcal/mol). Additionally, to gain a deeper understanding of the
increase in crosslink density within the cis-rich network, we investi-
gated the number of hydrogen bonds between the two states using the
MD model (Fig. 4e, f). Our findings indicate that the number of
hydrogen bonds fluctuates over the simulation time, with the cis-
system exhibiting a higher number of hydrogen bonds than the trans-
system as a whole. Notably, the increase in hydrogen bonds in the cis-
rich network primarily involves O...H and N...H interactions.

Therefore, the mechanism of photo-tunable mechanics of AZ-APC
can be primarily explained by the above-mentioned physical models
and theoretical calculations. The mechanical transformation of the
plastic/elastic behavior is strongly governed by the supramolecular
interactions photo-manipulated by the AZ isomerization and physical
crosslinking, and three steps should be engaged basically. The first
step is the photoisomerization of AZs in the terminated end of APCs
under UV irradiation. The second step is the changes in the activation
volume, physical crosslinking density, and binding energy that are
simultaneously accompanied with the transformation from a trans-AZ-
rich soft elastomer to a cis-AZ-rich hard plastic. The final step is the
reversible change from cis-rich AZ-APCs to stable trans-rich samples by
visible light radiation or thermal treatment, realizing the mechanical
transformation from plastic to elastomer. Overall, from a polymeric
perspective, a single-molecular photochemical transformation can
significantly influence macroscale properties. A key consideration in
the design of such materials is the introduction of supramolecular
interactions that are sensitive to the polarity and motility of the chain
ends. In this study, we utilized azobenzene, a photoresponsive moiety
characterized by changes in its conjugated structure and polarity, and
incorporated hydrophobic interactions alongside hydrogen bonding.
This integration of molecular property changes with supramolecular
interactions is regarded as a crucial aspect of material design.

Photo-switchable adhesives based on photoinduced mechanical
properties

Investigation of the photo-tunable mechanical switching between
plasticity and elasticity can address scientific challenges, such as smart
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switching of adhesive strength for low-adhesion polymers and hand-
ling of hard plastic polymers at room temperature without the use of
plasticizers. As shown in Supplementary Fig. 12, one lap-joint shear
strength test was used to evaluate the photo-switchable adhesive
behavior to different substrates, like polycarbonate (PC), glass, iron
(Fe), zirconium oxide (Zr0O,), and pigskin. The AZ-APC samples were
placed on the substrates followed by a 50 °C hot bench to firmly attach
the two substrates and then shear force was applied to the substrates
and pulled until fracture. Then, the adhesive strengths were obtained,
ranging from 0.01 MPa for the pigskin to 1.5 MPa for the glass sub-
strate. The PC adhesion strength was 4.57 MPa, which is amongst the
strongest, much higher than that of the commercial ethylene vinyl
acetate (EVA) polymer (0.53 MPa), suggesting a high degree of stability
of the AZ-APC adhesives. The commercial PC and the present AZ-APC
have a similar chemical structure, enabling the trans-rich AZ-APC to
form a strengthened physical interlock at the interface.

After UV irradiation, the adhesive strength was dramatically
enhanced from 0.22 MPa for pigskin to 4.93 MPa for glass substrate.
The adhesion strength for PC was increased to 9.58 MPa, which is
about 210% of the original one (Fig. 5a). Obviously, this photo-
controllable adhesion is far different from other azopolymers®**"*5,
Here, the cis-AZ-rich polymer shows a higher adhesive strength than
the trans-rich one for different substrates, due to the combination
effect of photoisomerization and physical crosslinking. After UV irra-
diation, the photoisomerization alters the supramolecular interactions
in the AZ-APC, enabling the cis-rich polymer to have far different
mechanical properties from trans-rich one, which is in agreement with
the results of physical simulations, network cross-linking densities, and
rheological tests. There was no detectable reduction in the adhesion
strength even after several cycles of photoisomerization, exhibiting
good reversibility (Supplementary Figs. 13,14).

As shown in Fig. 5b, the dipole moment (DM) of the AZ initiator
and the AZ-APC were calculated by Gaussian theory simulations,
respectively. After UV irradiation, DM of the cis-rich AZ-APC was 4.95,
while the trans-rich sample was 0.82, suggesting that the cis-AZ has a
higher polarity and a strong inhomogeneity of charge distribution in
the polymer compared to its trans isomer. Consequently, a more polar
cis-AZ sample can form a stronger interaction with different
substrates*®, for example, it will generate polar bonding, hydrogen
bonding, etc., which in turn produces unexpected adhesion perfor-
mance. In short, the anomalous results observed in the AZ-APC
supramolecular network, in comparison to other azopolymers, can be
explained as follows: Firstly, the AZ-APC supramolecular network
contains a substantial number of bonding sites due to its physical
cross-linked conformation during interactions with various substrates.
Cis-rich APCs exhibit greater cross-linking strength compared to their
trans-rich. Consequently, the increased availability of bonding sites in
cis-rich APCs results in enhanced bonding strengths. This observation
is supported by previous experimental findings, including rheological
measurements, tensile testing, binding energy assessments, and
apparent activation energy analyzes. Secondly, the dipole moments of

cis-rich AZ-APC were significantly larger than those of the trans-
rich. This increased polarity facilitates stronger bonding interactions
between cis-rich AZ-APC and various substrates, as illustrated in Sup-
plementary Fig. 15. Importantly, the AZ-APC is hydrophobic (Supple-
mentary Fig. 16), allowing adhesives to eliminate their inherent
viscosity in a UV-/thermo-stretchable manner (Supplementary
Movies S1, S2)°°°'. The AZ-APC also exhibited excellent adhesion to
human knuckles during motions (Fig. 5c, Supplementary Movie S3),
demonstrating the universality of its adhesive properties.

Application of photo-tunable mechanical transformation
APC is a class of biocompatible and biodegradable materials®***° and

smart debonding can be implemented based on the present AZ-APCs

by photoirradiation or thermal treatment, which may reduce the
adhesive pain of patients when used as a medical smart dressing>.
Upon wound healing, the healing material often requires mechanical
switching to ensure the normal vital activity of the injured organism,
which could be satisfied by using AZ-APCs with unparalleled advan-
tages in smart bonding. Usually, natural compound glycyrrhizic acid
(GA) and its derivatives have bioactivities, such as anti-inflammatory,
hepatoprotective, anticancer, antiviral, etc*>. The composition of AZ-
APCs with GA has a significant potential to promote wound healing as
advanced smart dressing.

Then, nanofiber dressings with multi-porosity and large specific
surfaces were fabricated by electro-spinning (Supplementary Fig. 17),
using a blend of one AZ-APC and GA (recorded as AZ-APC-GA, the
experimental group). As shown in Fig. 5d-f and Supplementary Fig. 18,
AZ-APC-GA had excellent biocompatibility and a good hemolysis rate,
promising for biomaterials with biosafety. Utilizing the adhesive
properties of AZ-APCs, rapid adhesion to wound surfaces was suc-
cessfully obtained, solely relying on the mouse body temperature
without applying an external stimulus (Supplementary Movie S4). As
shown in Fig. 5d, on 10 and 15 days, the area of AZ-APC-GA treated
wounds was significantly smaller than that of gauze and pristine AZ-
APC treated wounds as control groups. Moreover, after 15 days, the
wound contraction rate reached 100% in the AZ-APC-GA group, and it
was 85.0% and 77.8% in the control groups, respectively (Fig. 5g-i).
Afterward, the trauma covered by AZ-APC-GA nanofiber dressing had
the smallest gap (Supplementary Fig. 19). More follicles and better
connective tissue arrangement were formed, and the cells of the spi-
nous cell layer were more neatly arranged and more tightly integrated
with the granulation tissue under them. Then, inflammatory cells
containing macrophages and neutrophils around the tissues were not
observed at all, suggesting that AZ-APC-GA was more conducive to
anti-inflammation. However, the healed epidermis of the control
groups was not tightly combined with its underlying tissues, and
obvious separations and inflammatory cells were observed. Further-
more, the Masson-stained images demonstrate that the AZ-APC-GA-
covered wounds had uniformly organized collagen fibers like normal
skin, whereas the collagen in the control groups was noticeably spar-
sely and disorganized deposited. Therefore, AZ-APC-GA has remark-
able potential in promoting wound healing, anti-inflammation, and
skin regeneration.

Discussion

In summary, energy-driven elastomers with photo-tunable
mechanical transformation have been successfully obtained in AZ-
APCs, which are terminated with one AZ derivative as the end group.
Upon irradiation of UV light, AZ-APCs exhibited unusual mechanical
changes from trans-AZ-rich soft elasticity to cis-AZ-rich plasticity,
which is contrary to most of azopolymers. Removal of UV light, the
AZ-APCs were switched to elasticity with the assistance of visible
light irradiation or thermal treatment. This is complemented in the
same ambient conditions thanks to the contribution of the rever-
sible physical crosslinking network. Based on this unique feature,
photo-switchable adhesion was acquired to various of commercial
substrates. Among them, the PC substrates not only form reliable
mechanical interfaces but also have similar compatible interactions
with AZ-APCs, resulting in stronger adhesive strengths and a higher
level of application in potential medical dressings. Although the
present work has focused primarily on AZ-terminated polymer
elastomers, we believe the proposed method can be extended to
other elastomers with photoinduced mechanically switchable
properties. The integration of photoisomerization units in elasto-
meric systems will help provide a approach to elegantly designing
smart-responsive elastomers similar to biological systems that sense
complex environments.
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Fig. 5 | Smart wound healing based on mechanically switchable adhesives.

a The stress values of universal bonding of trans-rich and cis-rich AZ-APCs to var-
ious substrates (distinct samples, mean + s.d., n=3). b Schematic illustration of
dipole moments and electron cloud densities of the AZ-APC and the AZ initiator
based on Gaussian theory. ¢ Demonstration of the adhesive properties of AZ-APC
adhesive by finger joints. d-f Biocompatibility and cellular safety: d Hemolysis rate
test, hemolysis rate less than 5% could be used as a biomaterial. Three repeated

Distance (cm)

Distance (cm)

Distance (cm)

3day

5day 10day | 15day

@ Experimental group
(AZ-APC-GA group)

measurements were made on different samples (distinct samples, mean + s.d.,
n=3). e, f The clonogenic ability of HUVEC cells after transfection, indicating that
HUVEC cells cultured by the experimental group had strong proliferative vigor (the
clonogenic test of the samples was repeated 3 times). g Representative photo-
graphs of wound healing under different treatments (control and experimental
groups). h Typical wound closure rates for the treatment period. i Dimensional
changes of wound healing of different treatment groups at different healing times.

Methods

Materials

Benzyl chloride (99%) was obtained from Shanghai Chemical Reagent
Factory (Shanghai, China). 2,2-Bis(hydroxymethyl)propionic acid
(99%) was bought from Tianjin Bodi Chemical Co. (Tianjin, China).
Triethylamine (99%) was purchased from Tianjin Damao Chemical
Reagent Factory (Tianjin, China). Triethylamine (99%) was purchased

from Tianjin Damao Chemical Reagent Factory (Tianjin, China). The p-
n-butylaniline, sodium nitrite and phenol were purchased from Peking
University Chemical Reagent Library. Stannous octanoate [Sn(Oct),]
(99%) was purchased from SigmaAldrich. ethyl chloroformate (99%)
was purchased from Xinyi City Huili Fine Chemical Co. (Xinyi, China)
was purchased. Toluene (99%) was dried by Na treatment and distilled
before use.
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Animal

All animal experiments were conducted in accordance with the animal
management regulations of the Ministry of Health of the People’s
Republic of China and approved by the animal care organization.
Furthermore, the experimental protocol was approved by the
Laboratory Animal Welfare and Ethics Committee of the Institute of
Zoology of the Chinese Academy of Sciences and was conducted in
accordance with the Guidelines for Ethical Review of Animal Welfare of
Laboratory Animals in China (GB/T 35892-2018) (Ethics Committee/
IACUC Approval No.: I0Z-IACUC-2023-170). C57BL/6] mice (female,
6-8 weeks) were purchased from Beijing Weitong Lihua Experimental
Animal Technology Co., Ltd., (Beijing, China).

Preparation of AZ-APCs

In this study, one AZ compound was used to initiate the ring-
opening polymerization of the monomer (MBC) containing one
benzene ring, as shown in Figure S1. MBC as a hydrophobic mono-
mer, and Sn(Oct), as the catalyst, and the synthetic ratios were given
in Table S1. The reaction was performed as follows: one mixture of
AZ and MBC was thoroughly mixed and placed in a dry silanized
glass ampoule. The ampoule is vacated, purged three times
with nitrogen and sealed, then immersed in an oil bath preheated to
85 °C for 30 h. The product was dissolved in dichloromethane and
then precipitated in methanol (repeated three times). Finally, the
product was dried for four days in a vacuum oven to a constant
weight.

The formating of AZ-APC supramolecular network

Azobenzene (AZ) small molecules served as the initiator, while stan-
nous octanoate acted as the catalyst to initiate the ring-opening
polymerization of the aliphatic polycarbonate monomer MBC. MBC
was selected as the polymerization monomer because it can function
as arigid chain segment and contains both an ester carbonyl group and
abenzene ring. The sp? hybridized oxygen atom in the carbonyl group
of MBC is highly electronegative, enhancing MBC’s ability to attract
lone electron pairs during the polymerization process. This allows
MBC to act as a proton acceptor, forming hydrogen bonds with
donors. The free benzene ring groups in the polycarbonate chain
segments exhibit high chemical reactivity, enabling the formation of
hydrophobic associative interactions. Meanwhile, the change in
polarity and kinematics of the chain ends fundamentally changes the
nature of the overall network (topological and elastic contributions).
These groups also engage in T-Tt conjugate interactions with the
initiator AZ. As a result, the polycarbonate can form a supramolecular
AZ-APC network after the polymerization reaction by controlling the
reaction conditions, utilizing multiple non-covalent bonding interac-
tions as cross-linking sites.

Furthermore, the mechanism of the supramolecular network
polymerization reaction can be outlined as follows: during the AZ-
initiated MBC ring-opening polymerization, protons from AZ migrate
to the alcohol salt ligand through the coordination process, leading to
the formation of hydrogen bonds between AZ and the alcohol salt
ligand. Subsequently, a weak complex is formed between MBC and the
ligand, facilitating the transfer of the alcohol ligand into the MBC
structure. This transfer and embedding process involves two key steps:
first, the MBC is attacked by the nucleophile from the alcohol salt, and
second, MBC undergoes ring-opening polymerization. During this
polymerization process, the number of ester carbonyls and free ben-
zene ring groups on the polymer chain segments increases. Hydrogen
bonding occurs between the ester carbonyls and hydroxyl groups,
while hydrophobic associative interactions and T-T conjugation
interactions form between the benzene ring groups of the polymer
side chains and the terminal AZs. This leads to lateral stacking of the
cross-linking sites, ultimately resulting in the bundling of these stacks
into supramolecular networks.

Preparation of cis-azobenzene AZ-APC half-life test samples
Firstly, the solution made of AZ-APC was rotationally coated on a
quartz substrate. Then UV illumination was given for 10 min to obtain a
cis-rich film. Finally, the half-life of the cis-isomer was obtained using
the time-dependent UV-vis absorption spectrum of this cis-rich film.

Characterizations

Chemical structure and thermal behavior. The molecular weight and
chemical structure of the AZ-APC were characterized by gel permea-
tion chromatography (GPC, Waters 1515) with a multi-angle light-
scattering detector, and 400 MHz WB Solid-State NMR Spectrometer
(H NMR, AVANCE lII, Bruker). Differential scanning calorimetry (DSC)
measurements were made using a NETZSCH DSC-204 thermal analyzer
(Netzsch, Hanau, Germany) with a temperature range of —40 °C to
100 °C and a measurement rate of 10 °C/min under a flowing nitrogen
atmosphere. UV absorption spectra have been recorded on a Lambda
750 spectrophotometer (PerkinElmer; Boston, USA), which was used
to test the half-life of AZ-APC.

Mechanical properties

Rheological behavior: Anton paar rheometer (MCR301) was used to
test the rheological behavior of hydrogels with a fixed strain of 0.1%
and to test the changes in energy storage modulus (G’) and loss
modulus (G”) at a variable frequency (range: 0.01-100 Hz) and a vari-
able temperature (range: —15-100 °C). All tests were conducted on a
universal tensile machine (Instron, USA) with a1000 N load cell. Unless
otherwise stated, all tests in the tensile strength study were performed
at a constant speed of 20 mm/min at room temperature with at least
five parallel samples recorded for each sample.

Helmholtz free energy

The constant capacitance free energy is used to evaluate the attribu-
tion of elasticity of materials, and elastomer elasticity is categorized
into energetic and entropic elasticity****. Stretching an elastomer of
original length L, by dL at constant temperature, the change in internal
energy of the material comes from three main sources: firstly, the
material absorbs the tensile work fdL during the stretching process;
secondly, the work of volume change (work done by the material on
the environment) PdV; and thirdly, the change in heat in the process of
pulling TdS. If the volume is constant, the derivation is carried out by
using the Helmholtz free energy. Its derivation is as follows:

dU=TdS +fdL o))
F=U-TS )
dF=dU — d(TS)=dU — TdS — SdT = — SdT + fdL 3)

Taking partial derivation of T and L, respectively.
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Here, U is the internal energy, S is the entropy of the material, f
and F are the externally applied forces, T and V are the ambient tem-
perature and the material volume, respectively.

Calculation of activation volume and energy
The activation volume and energy were determined by the Eyring
model**,

JKT, L2,

a a

Oy

)

where V, is the activation volume, with E, being the activation energy,
& the strain rate, and o, the yield stress.

Flory-Rehner equation
The cross-linking density is determined by the well-known Flory-
Rehner formula according to equilibrium swelling experiments in
ether. Pre-weighed, dried AZ-APCs were dissolved in ether at room
temperature for 72 h, with a new solvent every 24 h. The samples were
instantly weighed and then dried in a vacuum oven at 25°C until
constant weight. Three specimens were measured for each sample.
The cross-linking density of gel was calculated by the
Flory—Rehner equation®:

In(1—V,)+V, +xV,2
Vv -

Vo= (10)
where V, is the crosslinking density of the material and X is the
Flory-Huggins polymer-solvent interaction parameter. (0.722 for
aliphatic polycarbonate and ether). V; is the volume fraction of the
material in ether:

— myps
(ms - md)pd +Mmyps

an

vy

Where mis the sample mass before swelling, and m;is the sample
weight at equilibrium swelling. p; and p,, are the densities of the solvent
and elastomer, respectively.

Swelling rate

The swelling rate of AZ-APCs in aqueous solvents in the pH range of
3-12 was employed to examine the resistance of AZ-APC to anti-
corrosion. The formula for calculating the SR of AZ-APCs is as follows**:

SR x100%

— Ws— Wd
=T 12)

d

where W is the equilibrium swelling mass of the AZ-APC and W is the
initial weight of the AZ-APC.

All-atom molecular dynamics (MD) simulation

To study the hydrophobic association interactions in polymers, the
IGM was used to investigate the hydrophobic association interactions
within a polymer and between two polymers*®®. The range of color
scale axis sign (A,) p of IGM isosurface is generally set to [-0.04, +0.02].
The scale axis is a color scale displayed from blue to green, and then to
red with different colors on the scale axis corresponding to different

types of weak supramolecular interactions. The hydrophobic associa-
tion interaction is mainly green.

Adhesion procedure of P;

To produce adhesion of AZ-APCs, 10 mg of P3 elastomer was placed on
a substrate with an area of 2.5 cm x5 cm. The P; was directly UV light
irradiated or heat treated to form a uniform liquid layer. Another
substrate was then placed on top of the liquid layer. A pressure was
then applied to the substrate before the P5 returned to the solid state.
The adhered substrates were stored at room temperature for 24 h for
further testing. Then, shear forces were applied to the substrate on the
universal testing machine and pulled until failure.

All the participants of the study gave written informed consent for
the publication of the images and data. The authors affirm that human
research participants provided written informed consent for publica-
tion of the images in Fig. 5c and Supplementary Movie S3.

Biological recognition

In vitro cell compatibility test. Cell counting Kit-8 (CCK-8) and clone
formation assays were used to assess the effect of the AZ-APCs on cell
viability. Cytocompatibility testing of the AZ-APCs was performed
in vitro8. Human umbilical vein endothelial cells (HUVEC) were used
for cell culture experiments, which were purchased from the Cell Bank
of the Type Culture Collection Committee of the Chinese Academy of
Sciences (Shanghai, China). HUVEC cells were first digested, then
centrifuged and counted. HUVEC cells were cultured in Dulbecco’s
Modified Eagle’s Medium (Gibco) containing 1% penicillin-
streptomycin solution (Gibco) and 10% fetal bovine serum (Gibco) at
an incubator temperature of 37 °C/5% CO,. Special note: All elastomers
were sterilized with 75% ethanol overnight and then treated with
phosphate buffer solution (PBS) wash. Afterward, HUVEC were diges-
ted and centrifuged, resuspended with medium containing 10% fetal
bovine serum, and counted. The concentration was adjusted to
6 x104/mL, inoculated in 96-well plates, and 100 pL of cell suspension
was added to each well and co-cultured with the material mixture.
Then, after 24 h of incubation, 10 pL of CCK-8 was added to the wells,
and CCK-8 incubation was ended at the end of 2 h. The well plates were
placed in the zymography (Biochrom, Anthos 2010, Germany), and the
0OD450 was measured, and the determination was made once
every 24 h.

Clone-forming experiments

HUVEC cells in the logarithmic growth phase were centrifuged, and
counted. The cells were then inoculated into a 6-well plate at 2000
cells/well and cross-hatched so that the cells were evenly dispersed in
the plate. The cells were placed in the incubator for regular observa-
tion. After 5-7 days, the culture was terminated by removing the well
plates when visible colonies were detected. After carefully removing
the culture medium, the culture medium was rinsed with PBS for 3
times. Then, add Coomassie Brilliant Blue Staining Fixative and stain
for 10 min at room temperature. Cell clone formation was observed
using an inverted phase contrast microscope (DMIL-PHI, Leica,
Germany).

Transwell experiment to detect cell migration ability

HUVEC were digested and centrifuged, resuspended and counted with
a medium containing 10% without fetal bovine serum, and the con-
centration was adjusted to 5 x 10° cells/mL. A 24-well plate was taken,
and 600 pL of 10% fetal bovine serum-containing medium was added
in the empty space to co-cultivate with the material mixture. The
100 pL of the Cell suspension was added to the upper layer of the
chamber. After 24 h, the chamber was taken out, and the top of the
chamber was wiped with a cotton swab. Fixed staining was carried out
with Caumas Brilliant Blue, and the chamber was air-dried and
photographed.
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Blood Compatibility

The erythrocyte compatibility of the AZ-APCs can be studied by the
hemolysis test®. Fresh blood (2 mL) was placed into an anticoagulant
heparin-pretreated blood collection tube and centrifuged
(10,000 rpm, 5 min x 3-4 times) with a homogeneous mixture of Dul-
becco’s phosphate buffered saline (D-PBS, 4 mL). Subsequently, when
the supernatant was clear, fresh D-PBS was added to resuspend the red
blood cells. Then, six new EP tubes were added, and 0.2 mL of ery-
throcyte solution and AZ-PC-elastomer were mixed for 30 min at 37 °C.
Deionized water (DW) served as the positive control, and D-PBS served
as the negative control.

The calculation formula for the hemolysis rate: Hemolysis ratio
(%) = (Absorbance of sample-Absorbance of control)/Absorbance of
DW x 100%°.

A statement of informed consent from the participant: Participant
was informed and consented to the hemolysis experiment. The blood
samples were obtained after receiving written informed consent from
the patients, who did not receive compensation. All the procedures
were approved by the Medical Ethics Committee of the Affiliated
Reproductive Hospital of China Medical University according to ethi-
cal guidelines (Approved 2023-AE-36).

In vivo studies

Firstly, 6-8 weeks C57BL/6] mice were acclimatized for one week®.
Rearing conditions of 6-8 weeks C57BL/6 ] mice: mice live in a dimly lit
environment with room temperature and humidity of 55%. The light
intensity in the rearing room should be controlled at 15-20 Ix, and a 12-
hour/14-hour light cycle alternating light and dark should be used to
simulate the natural environment and to maintain the biorhythms of
the mice. Then, the mice were placed in the induction box of the
anesthesia machine for isoflurane gas anesthesia. When the mice had
no behavioral activity were removed from the induction box and
placed on the operating table of the biosafety cabinet, and the inha-
lation anesthesia was continued by placing their faces against the
respirator mask. After the mice were unresponsive to external stimuli,
the surgical operation was started. After that, the backs of the mice
were shaved and prepared for skin preparation, and the skin surface
was first disinfected with a cotton swab dipped in 75% alcohol, and
then the epidermis was disinfected with a cotton swab dipped in
iodophor. The skin tissue on the back of the mice was cut off with a
scalpel in a rectangular shape (area of about 1cm x1cm). Next, the
mouse skin wound size was measured with a steel ruler and recorded.
Finally, a wound patch of appropriate wound size was applied to the
mouse skin wound, and its wound healing was observed on Day 1, Day
3, Day 5, Day 10, and Day 15, respectively (wound measurements were
taken, and photographs were taken to record the wound changes).

Note

Animal experiments were conducted in accordance with the guidelines
of the committee of the institute of animal research, Chinese academy
of sciences. Meanwhile, all surgical instruments and consumables
involved in the experiments were sterilized/disinfected in the barrier
facility in advance and put into the biosafety cabinet to be sterilized
again by UV irradiation before the start of the experiments. Secondly,
mice were targeted with insulin for intramuscular injection of melox-
icam 10 pL/10 g for analgesia (3 consecutive days).

DFT Calculations

The geometries of the molecular systems were optimized using Density
Functional Theory (DFT) calculations. All computational procedures
were executed using the Gaussian 16 software package®®, which incor-
porates mixed B3LYP functional methodologies®. For the basis set, we
employed the 6-31 G* configuration for all elements to ensure a balanced
trade-off between computational efficiency and accuracy. To further
enhance the precision of our calculations, Grimme’s D3BJ dispersion

correction®® was implemented, allowing for a more accurate repre-
sentation of non-covalent interactions. The analysis of the reduced
density gradient (RDG) was performed using Multiwfn 3.8_dev®', which
enabled a detailed examination of the electronic density characteristics.
The visualization of these analyzes was carried out with VMD 1.9.3%,
facilitating an intuitive interpretation of the results and providing
insights into the molecular interactions involved.

Computational Details

Molecular dynamics simulations were conducted using the Gromacs
2021.6 software package®’. For all molecular systems, we employed the
General Amber Force Field (GAFF) parameters®* in conjunction with
RESP charges® to accurately model the molecular interactions. Each
simulation system began with the construction of an initial simulation
box containing 100 Cis or Trans molecules. Prior to the production
runs, energy minimization was performed using the steepest descent
algorithm with a termination gradient set at 500 kJ-nm-mol™. Follow-
ing energy minimization, a 50 ns NPT (constant Number of particles,
Pressure, and Temperature) simulation was executed at 298 K. Tem-
perature and pressure were regulated using a V-rescale thermostat and
a Parrinello-Rahman barostat, respectively. To accurately model the
system, a cut-off distance of 1.5nm was applied, while long-range
electrostatic interactions were calculated using the Particle Mesh
Ewald (PME) method. Non-bonding interactions were assessed using
Lennard-Jones potentials. The time step for all simulations was set to
1fs to ensure sufficient temporal resolution. The visualization of
molecular structures and simulation results was performed using VMD
software, allowing for detailed analysis and interpretation of the
molecular dynamics trajectories.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available within the
article and its Supplementary information files. Additional data are
available from the corresponding author upon request.
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