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Photoresponsive supramolecular polymers hold great promise for applications in sensing, actuation, and
biomedicine. However, the role of photothermal effects in regulating supramolecular assemblies and their
dynamic structural evolution at the microscopic level remains poorly understood, as most studies have
primarily focused on molecular photochemical mechanisms. Herein, we report a photothermal-responsive
supramolecular system based on 1,8-naphthalimide building blocks. By reducing hydrogen-bonding sites
through modification of the amide N-substituent of BAze from 4-(hydroxymethyl)benzyl to benzyl, an
OH-free derivative, PhAze, was obtained. This subtle structural change endows PhAze assemblies with
photoresponsive behavior that markedly differs from that of BAze assemblies. Upon 488 nm laser ir-
radiation, PhAze assemblies undergo nanofiber rupture accompanied by ~40 % fluorescence enhance-
ment, whereas BAze assemblies show only a slight fluorescence decrease without morphological change.
Real-time in situ observation based on confocal laser scanning microscopy (CLSM) reveals the dynamic
photoresponse of PhAze nanofibers. Localized fluorescence enhancement first appears along the fibers,
followed by the formation of molten-like microspheres that ultimately lead to fiber rupture. Two dis-
tinct modes of microsphere formation, synchronous and asynchronous, are identified during this pro-
cess. Moreover, thermal imaging further confirms that the response originates from a photothermal ef-
fect, where localized temperature rise weakens noncovalent interactions and induces partial melting of
the supramolecular fibers. This study provides direct in situ insights into photothermal-driven structural
evolution in supramolecular assemblies and offers a new strategy for designing photothermal-responsive

supramolecular materials.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Molecular assemblies are ordered structures formed via dy-
namic noncovalent interactions such as hydrogen bonding and 7 -
7 stacking [1,2], which enable their response to various stimuli,
thereby exhibiting broad application prospects in fields such as
sensing [3], actuation [4], and biomedicine [5-7]. Among these
stimuli, light stands out for its remote controllability, noninvasive-
ness, and high spatiotemporal resolution, offering unique capabil-
ities for precisely controlling the properties of molecules and as-
semblies [8,9]. Most photoresponsive supramolecular systems rely
on the integration of specific photoswitchable units (e.g., azoben-
zene, diarylethene), which undergo photoisomerization or photo-
chemical bond cleavage under irradiation [9,10]. These molecular-
scale structural changes can subsequently trigger macroscopic re-
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sponses, including assembly-disassembly transitions [11,12], mor-
phological reconfiguration [13], or muscle-like actuation [14,15].
Essentially, this strategy relies primarily on molecular-scale
photochemical transformations, which are hierarchically propa-
gated to modulate the structure and function of supramolecular
polymers.

By contrast, photothermal conversion provides a fundamen-
tally different pathway. Instead of inducing chemical transforma-
tions, light energy is converted into localized heat, which can
directly perturb the weak noncovalent interactions that stabilize
supramolecular architectures [16]. This mechanism bypasses the
requirement for molecular photoswitches and enables direct reg-
ulation of assembly stability. Despite extensive investigation of
photothermal effects in nanomaterials and biomedical applications
[16-18], their role in dynamically regulating supramolecular as-
semblies, particularly at the intermediate structural scale, remains
insufficiently understood.
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Notably, photoresponsive processes generally span multiple
scales, encompassing molecular, supramolecular, and macroscopic
material levels [19-21]. Among these, the dynamic structural evo-
lution of the supramolecular assembly, as the key intermediate
scale, directly determines the generation and regulation of macro-
scopic properties. Understanding the dynamic response of micro-
scopic assemblies under light irradiation is essential for elucidating
photoresponsive mechanisms, linking structure to function across
scales, and guiding the rational design of smart photoresponsive
materials.

Conventional characterization techniques, including scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), and atomic force microscopy (AFM), typically provide only
static morphological information before and after light irradiation.
Although these methods resolve structural features with high spa-
tial resolution, they cannot capture the real-time evolution of as-
semblies during photoresponsive processes [22-24]. More critically,
they mainly reveal changes in overall morphology, but offer limited
insight into the underlying molecular events.

In supramolecular systems, photoresponse originates from sub-
tle perturbations of noncovalent interactions and molecular pack-
ing, and these internal molecular rearrangements often precede
and govern macroscopic structural transitions [9]. Therefore, un-
derstanding the mechanism requires techniques that can monitor
both structural evolution and molecular-level changes under irra-
diation, as enabled by real-time fluorescence imaging [25-28]. Be-
cause fluorescence signals are highly sensitive to molecular mi-
croenvironment and packing state, they enable in situ visualization
of internal molecular changes alongside morphological dynamics
under native conditions [27,29-33]. For example, the Feringa group
employed fluorescence microscopy to monitor the light-induced
disassembly of self-assembled nanotubes in real time and con-
firmed that the process was driven by molecular cyclization [12].
However, in situ dynamic studies of light-induced fiber fragmenta-
tion remain scarce and still challenging.

Fluorescent dyes have been widely used as photoresponsive
molecules for sensing and bioimaging, owing to their environment-
sensitive emission and light-controllable properties [34,35]. Naph-
thalimide derivatives with a rigid m-conjugated structure and
unique photophysical properties have been extensively utilized in
the construction of supramolecular architectures [36,37]. By modi-
fying the aromatic core and N-imide site, these derivatives exhibit
stimuli-responsive fluorescence and versatile applications in areas
such as bio-imaging [38-41], sensing [42-45], and drug delivery
[46]. Moreover, their inherent fluorescence offers an excellent plat-
form for real-time monitoring of photoresponsive dynamics. In our
previous study, we systematically examined the effect of various
amino substituents on the morphology and assembly behavior of
1,8-naphthalimide derivatives [47,48]. We found that variations in
the amino substituents resulted in distinct assembled morpholo-
gies for the three compounds, BAm, BAze, and BDM, which formed
nanosheets, nanoribbons, and helical nanowires, respectively (Fig.
1). Employing super-resolution and CLSM, we further elucidated
the heterogeneous dynamic growth behaviors of these assemblies.

Here, we report a photothermal-responsive supramolecular sys-
tem based on 1,8-naphthalimide building blocks and in situ visu-
alize its photoresponsive dynamics using CLSM. Distinct from our
previous strategy of tuning supramolecular morphology through
variation of amino substituents, we remove the hydroxyl group
from the amide N-substituent 4-(hydroxymethyl)benzyl to afford
a hydroxyl-free derivative, PhAze. This subtle structural modifi-
cation enables PhAze assemblies to exhibit photoresponsive be-
havior markedly different from that of the hydroxyl-containing
BAze assemblies. Upon laser irradiation, PhAze assemblies un-
dergo nanofiber rupture accompanied by fluorescence enhance-
ment (~40%), whereas BAze assemblies exhibit only a slight de-
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Fig. 1. Previous work: Effect of amino substituents on the morphology of the as-
sembly and a schematic diagram of the photothermal rupture of PhAze nanofibers
in this work.
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Fig. 2. (a) Normalized absorption spectra and (b) fluorescence spectra of 5pmol/L
PhAze in different solvents. (c) Fluorescence quantum yield of 5umol/L PhAze and
BAze in different solvents. (d) Fluorescence spectra of different concentrations of
PhAze in acetonitrile. The inset graph shows the relationship between the concen-
tration and the fluorescence intensity at 530 nm.

crease in fluorescence and no observable morphological transfor-
mation. CLSM enables in situ monitoring of the PhAze photore-
sponse, revealing localized fluorescence enhancement along the
fibers followed by the formation of molten-like microspheres that
ultimately lead to nanofiber rupture. Thermal imaging further sug-
gests that this behavior originates from a photothermal effect,
in which localized heating weakens the noncovalent interactions
within the assemblies. These findings provide direct in situ in-
sight into photothermal-driven structural evolution in supramolec-
ular assemblies and offer a new perspective for the design of
photothermal-responsive supramolecular materials.

The photophysical properties of PhAze and BAze were first in-
spected in different solvents. The absorption and emission spectra
of PhAze exhibited an overall tendency toward red shift in more
polar solvents (Figs. 2a and b, Table S1 in Supporting informa-
tion), displaying photophysical characteristics highly comparable to
those of BAze (Fig. S1 and Table S2 in Supporting information). No-
tably, the fluorescence quantum yields of PhAze and BAze were not
significantly different in most organic solvents. However, in wa-
ter, the fluorescence quantum yield of PhAze was markedly lower
than that of BAze, amounting to only 39% of that of BAze (Fig. 2c),
which may be associated with the removal of the hydroxyl sub-
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Fig. 3. CLSM image of PhAze assemblies under (a) 488 nm excitation (collect: 500-
530nm) and (b) corresponding bright-field image. In (a), the areas above and below
the white dashed line represent the non-irradiated and irradiated regions, respec-
tively. (c) Statistical analysis of fluorescence intensity in the region of interest (ROI)
in (a). CLSM images of PhAze assemblies (d) before and (e) after local 488 nm irra-
diation. (f) Statistical analysis of fluorescence intensity within the ROI in (d) and (e).
CLSM images of PhAze assembies (g) before and (h) after local 488 nm irradiation.
(i) Statistical analysis of fluorescence intensity within the ROI in (g) and (h). CLSM
imaging conditions: excitation wavelength: 488 nm; emission collection range: 500-
600 nm. (j-1) SEM images: (j) before 488 nm irradiation; (k, 1) after 488 nm irradia-
tion.

stituent. Furthermore, concentration-dependent ultraviolet-visible
(UV-vis) absorption and fluorescence spectra showed an approx-
imately linear increase in both absorbance and fluorescence in-
tensity with increasing concentration (1-20umol/L) for BAze and
PhAze (Fig. 2d, Figs. S2 and S3 in Supporting information). More-
over, the normalized absorption and fluorescence spectra over-
lapped well, indicating that both compounds predominantly exist
as monomers in acetonitrile solution (Fig. S4 in Supporting infor-
mation).

The assemblies formed by BAze in water were characterized
in our previous study and exhibited a flat nanobelt morphology
[47,48]. In contrast, PhAze assembled into nanofibers with non-
uniform thickness in water (Fig. S5 in Supporting information). Un-
expectedly, a pronounced fluorescence enhancement was observed
in dried PhAze assemblies upon irradiation with a 488 nm laser.
This phenomenon was first identified during confocal fluorescence
imaging experiments. Following irradiation of the assemblies in a
selected field of view with a 488 nm laser, the fluorescence in-
tensity in the pre-irradiated region was found to be significantly
higher than that in the adjacent non-irradiated area (Figs. 3a and
b). Specifically, ROI-1 in the irradiated region exhibited an approx-
imately 65% higher fluorescence intensity than ROI-2 in the non-
irradiated region (Fig. 3c).

To further validate this phenomenon, part of the assemblies in
the same field of view was designated as the experimental region
(ROI-1), with the remaining area serving as the control. The exper-
imental region was irradiated with a 488 nm laser at 30% power
for 20s, whereas the control region was not exposed to light. Af-
ter irradiation, the ROI-1 exhibited a significant increase in average
fluorescence intensity (~40%). However, the unirradiated region
(ROI-2) showed only a slight decrease (~5%), likely due to pho-
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tobleaching during routine imaging (Figs. 3d-f). These results in-
dicated that PhAze assembies exhibit a light-induced fluorescence
enhancement. However, BAze assemblies exhibited only a slight
decrease (~5%) in fluorescence intensity after irradiation (Figs. 3g-
i). These distinctly different photoresponsive behaviors likely orig-
inate from differences in molecular packing arrangements within
the assemblies formed by the two compounds.

Moreover, upon light irradiation, PhAze assemblies fragmented
and formed spherical structures, while BAze assemblies exhibited
no significant morphological change (Figs. 3e and h). SEM images
confirmed these changes of PhAze assemblies. Intact nanofibers
were observed before irradiation (Fig. 3j), whereas extensive frag-
mentation appeared afterward (Fig. 3k). High-magnification im-
ages revealed spherical structures of 300-500nm at the fracture
sites (Fig. 31 and Fig. S6 in Supporting information). To inspect
the photophysical properties of PhAze assemblies, in situ fluores-
cence spectra of the irradiated regions were acquired before and
after irradiation (Fig. S7 in Supporting information). The fluores-
cence emission spectra showed little change before and after ir-
radiation. Notably, the peak around 480nm, likely corresponding
to an H-aggregate, decreased in relative intensity after irradiation,
which may result from the dissociation of H-aggregates induced by
irradiation. However, further evidence is needed. Although excita-
tion and emission spectra of the solid assemblies showed no sig-
nificant differences before and after irradiation, fluorescence life-
time analysis revealed a measurable change (Fig. S8 in Support-
ing information). Specifically, the average fluorescence lifetime in-
creased by 0.47 ns (~12 %) after irradiation (Table S3 in Supporting
information). The observed increase in fluorescence lifetime may
indicate reduced non-radiative decay, potentially contributing to
the enhanced fluorescence. Moreover, the PhAze assemblies exhibit
good pH stability, as the fibrous morphology remains essentially
unchanged over a wide pH range (pH 3.0, 5.0, 7.0, 9.0, and 11.0)
(Fig. S9 in Supporting information).

Real-time visualization of photoresponsive dynamics is essen-
tial for understanding the photoresponsive behavior of PhAze as-
semblies. To achieve this, CLSM was used to simultaneously record
488 nm fluorescence and bright-field images (Movies S1 and S2
in Supporting information show the respective channels), enabling
real-time monitoring of morphological and fluorescence changes of
the assemblies during the photoresponse process. As shown in Fig.
4a, the overall fluorescence intensity was initially low at 0s. At
2365, a fluorescence-enhanced bright spot appeared at the posi-
tion marked by the red arrow, while the bright-field image still
showed a continuous linear structure. By 257s, the fluorescence
intensity further increased and the bright spot expanded. At 268s,
two small spherical structures became visible in both bright-field
and fluorescence images. Subsequently, at 279s, the two spheres
separated, resulting in the distinct rupture of the linear assembly.
For quantitative analysis, the fluorescence intensity profile along
the direction marked by the white arrow was extracted over time
(Fig. 4b). The results revealed that between 236s and 268s, the
fluorescence intensity increased continuously, and at 268s, two
distinct fluorescence peaks emerged, corresponding to the forma-
tion of the two small spheres. Notably, during the separation of the
two spheres, they retracted differentially, with the upper and lower
spheres moving by approximately 0.26pm and 0.13pm, respec-
tively, leading to rupture of the linear structure. In summary, this
process followed a temporal sequence characterized by initial flu-
orescence enhancement, subsequent molten-like microspheres for-
mation during the late enhancement stage, which ultimately leads
to fiber rupture.

Unlike the rupture caused by the previously described “syn-
chronous formation”, another mode characterized by “asyn-
chronous formation” was also observed. As shown in Fig. 4c, a
fluorescence-enhanced bright spot appeared at the orange arrow
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Fig. 4. (a) In situ dynamic CLSM imaging of synchronous microsphere formation leading to rupture of PhAze assemblies. (b) Time-dependent fluorescence intensity profiles
along the white arrow in (a). (c) In situ dynamic confocal imaging of asynchronous microsphere formation leading to rupture of PhAze assemblies. (d) Time-dependent
fluorescence intensity profiles along the white arrow in (c). In (a) and (c), the top panels show CLSM images under 488 nm excitation, and the bottom panels show bright-
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Fig. 5. (a) Thermal imaging of the blank and (b) PhAze assemblies. (c) Schematic
illustration of the proposed mechanistic model.

at 172 s, followed by a second enhanced region at 182s, with no
spherical structures yet visible in bright-field. By 193s, a clearly
distinguishable small sphere (visible in bright-field) formed at the
orange arrow position, whereas fluorescence in the adjacent re-
gion, although further enhanced, had not yet evolved into an inde-
pendent sphere. At 204s, the second sphere appeared in both flu-
orescence and bright-field images, coinciding with rupture of the
linear assembly. Quantitative analysis indicated a positional dis-
placement of about 0.26 um for the second sphere during forma-
tion (Fig. 4d). This process exhibited distinct spatiotemporal fea-
tures compared with the synchronous mode, with a clear temporal
lag between the two spheres. Therefore, two distinct rupture be-
haviors were observed during the light-induced fragmentation pro-
cess, namely the synchronous formation and asynchronous forma-
tion modes. Statistical analysis of 28 light-induced rupture events
showed that 13 cases (46%) followed the synchronous formation
mode, while 15 cases (54%) followed the asynchronous formation
mode (Fig. S10 in Supporting information), indicating that both
pathways occur with comparable frequencies.

Considering that supramolecular fiber stability primarily de-
pends on temperature-sensitive non-covalent interactions, we hy-
pothesized that the observed light-induced rupture could involve
a photothermal effect. The blank control showed negligible tem-
perature change under 450 nm laser irradiation (Fig. 5a). In con-
trast, PhAze assemblies showed a clear photothermal response,
with temperature rising from 23 °C to 28 °C within 5min (Fig. 5b).
Based on these results, we tentatively suggest that the rupture in-
volves a photothermal effect and propose the mechanistic model

shown in Fig. 5c. Upon light irradiation, PhAze assemblies can con-
vert light energy into heat, which may account for their relatively
low fluorescence intensity before irradiation. The local heat may
disrupt non-covalent interactions, rendering the high-temperature
regions preferential sites for rupture. Continued irradiation further
weakens these non-covalent interactions, leading to partial fiber
dissociation and local melting, eventually resulting in the forma-
tion of spherical structures at the pre-rupture sites and subse-
quent rupture. The localized fluorescence enhancement observed
before rupture may arise from an increased local concentration of
luminophores or changes in their molecular packing (Fig. S11 in
Supporting information).

In conclusion, we developed a photothermal-responsive
supramolecular system based on 1,8-naphthalimide building
blocks and in situ revealed its dynamic photoresponse using CLSM.
Removal of the hydroxyl group from the amide N-substituent
of BAze afforded an OH-free derivative, PhAze, which converts
environmentally insensitive assemblies into photoresponsive ones.
Under 488 nm laser irradiation, the photoresponse begins with
localized fluorescence enhancement along the nanofibers, followed
by microsphere formation and ultimately fiber rupture. Moreover,
we identified two distinct modes of microsphere formation during
this process, synchronous and asynchronous. Thermal imaging
further indicated that the response was driven by a photothermal
effect, exhibiting a pronounced temperature rise compared with
the control system. These findings provide direct in situ insights
into photothermal-driven structural evolution in supramolecular
assemblies and offer new guidance for the rational design of
photothermal-responsive supramolecular materials. As a poten-
tial application, such assemblies could serve as photoresponsive
microscale fuses, in which light-triggered fiber rupture could act
as a protective or switching mechanism in microdevices. This
system may inspire the design of smart materials capable of
light-controlled mechanical actuation, self-healing, or controlled
release. Nevertheless, the mechanisms underlying synchronous
and asynchronous rupture, as well as the long-term stability and
performance of the assemblies, require further investigation, which
could be addressed through advanced spectroscopy and theoretical
modeling.
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