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The limited efficacy shown by drug delivery systems so far prompts the development of new molecular
approaches for releasing drugs in a controlled and selective manner. Light is a privileged stimulus for
delivery because it can be applied in sharp spatiotemporal patterns and is orthogonal to most biological
processes. Supramolecular polymers form molecular nanostructures whose robustness, versatility, and
responsivity to different stimuli have generated wide interest in materials chemistry. However, their appli-
cation as drug delivery vehicles has received little attention. We built supramolecular polymers based on
discotic amphiphiles that self-assemble in linear nanostructures in water. They can integrate diverse
amphiphilic bioligands and release them upon illumination, acutely producing functional effects under
physiological conditions. We devised two strategies for drug incorporation into the photoswitchable
nanofibers. In the co-assembly strategy, discotic monomers with and without conjugated bioligands were
co-assembled in helicoidal supramolecular fibers. In the drug embedding approach, we integrated a
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potent agonist of muscarinic receptors into the discotic polymer by noncovalent stacking interactions.
This ligand can be released on demand with light ex situ and in situ, rapidly activating the target receptor
and triggering intracellular responses. These novel discotic supramolecular polymers can be light-driven
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Introduction

Drug delivery systems (DDSs) have emerged with the promise
to selectively deliver drugs to diseased cells, allowing for more
efficient treatments and lower side effects. However, despite
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drug carriers for small, planar, and amphiphilic drugs.

continued efforts over the past 30 years, on average only 0.7%
of the injected total dose can reach the target site." Thus,
finding new approaches for selective and efficient drug delivery
remains an unmet need that can substantially impact modern
medicine.

A powerful strategy to achieve better selectivity is using
externally controlled stimuli to release DDS cargoes locally and
on demand. Temperature, pH, enzyme responsiveness, and
light are convenient stimuli for this purpose. Upon stimu-
lation, DDSs readily disassemble or degrade to release their
cargoes in situ, thus achieving higher selectivity and lower sys-
temic toxicity than passively delivered drugs. Photorelease is
one of the most promising methods, as it allows for precise
spatial response and abrupt temporal jump in concentration.
It avoids gradients of action (unlike temperature or pH) and
takes advantage of sharp and dynamic illumination patterns
with high spatiotemporal precision and technically simple
means.>? In addition, light is widely orthogonal to most reac-
tions in animals.

Photorelease from hydrogels has been widely used, for
example, with photocaged prodrugs, but DDSs that can
release drugs with light are scarcer. Reversibly photoisomeriz-
able moieties can be used for this purpose, like azobenzenes,
which stand out because of their robust photoswitching behav-
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ior, biodegradability, biocompatibility, and versatility in struc-
tural design and wavelength response.’ There is growing inter-
est in developing photoswitchable polymers®” and they have
been shown to photocontrol their hydrodynamic volume,
surface relief, and solid-liquid transition.®°

Thus, there is a need and opportunity to develop photo-
switchable polymers for temporally and spatially triggered
release, and DDSs based on azobenzene appear as the most
advantageous, given the favorable properties and wide knowl-
edge of this photoisomerizable group. Supramolecular poly-
mers (SPs) have emerged among DDSs as a novel group of
molecular nanostructures with applications spanning
materials chemistry, energy, and medicine. In SPs, monomers
assemble into one-dimensional polymers by means of hydro-
phobic, electrostatic, or H-bond interactions, which make
them highly dynamic modular structures.®

Among the different SPs, discotic amphiphiles have been
instrumental for supramolecular chemists to build linear self-
assembled nanostructures in water."™"> Their design relies on
a hydrophobic core that drives self-assembly and is sur-
rounded by three hydrophilic branches to provide aqueous
solubility. The amphiphilic wedges are generally coupled to a
hydrophobic Cj;-symmetric core, like the well-studied 1,3,5-
benzenetricarboxamide (BTA).'® These units can stack on top
of each other, creating a packed columnar aggregate, whose
properties can be widely tuned in terms of length, flexibility,
dynamicity, and responsiveness to different stimuli."**® Such
versatility underlies their success in diverse applications, from
biomaterials to electronics.'*"'”'® Moreover, as they are formed
by biocompatible units (amino acids and polyethylene glycol),
they have shown no cytotoxic effects.'®'*?° However, their
application as drug delivery vehicles has received little
attention.>>??

Here, we have designed a new family of BTA fibers based on
monomers that exhibit reversible stability in biological
media.'®*® The BTA C; symmetrical core is functionalized with
three amphiphilic wedges composed of different amino acid
moieties, including azobenzene, octa(ethylene glycol), and
lysine. These fibers are devised to respond to multiple stimuli,
such as light, temperature, pH, or salt content, which can
trigger their assembly or disassembly. Their stability in bio-
logical media and upon dilution was studied requiring inevita-
bly a high stability-responsiveness trade-off.>> Owing to the
great external control on the assembly of BTA fibers, we investi-
gated the possibilities for drug entrapment and release to acti-
vate cell membrane receptor proteins.

There are some examples of SPs with a drug attached in
their monomeric units, like doxorubicin, paclitaxel, or camp-
tothecin, in which the release is passive, i.e. not triggered by
external stimuli.?*° On the other hand, there are a few
examples of SPs that can assemble and disassemble by means
of illumination.'®*"3> Here, we combine for the first time
drug loading and controlled disassembly to demonstrate light-
triggered drug release from a SP.

Our work encompasses the design, synthesis, and charac-
terization based on monomeric units, drug release with an
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external light stimulus, and, for the first time, the proof of the
functional pharmacological effect of the released drug on
target receptors expressed in living cells. Overall, we present a
versatile system in which different types of drugs can be con-
veniently entrapped and released with light. We designed two
strategies to load and release different biologically active
ligands from a BTA-based supramolecular polymer. The first
strategy, co-assembly, (Fig. 1a) aims at hydrophilic ligands and
is based on a co-assembly approach in which two similar dis-
cotic monomers stack together, forming fibers. One of them
carries the drug covalently attached at the hydrophilic side
while the other serves as a scaffold, driving the self-assembly.
For this strategy, drugs can be bulkier and non-planar as they
are positioned at the edge of the wedges, which is less
compact. This approach allows for loading control plus a
higher loading density due to the Cs;-symmetric nature of
discs. The second strategy, drug embedding, (Fig. 1b) is
designed for smaller and planar ligands and their direct
encapsulation in the discotic planar hydrophobic pocket via
non-covalent interactions. When choosing the ligand to be
embedded, potent and planar drugs that can give n—-n stacking
are eligible. In both approaches, the scaffolding discotic
monomer is utilized to conceal the ligands and prevent drug-
receptor interactions before photorelease, thus ultimately
leading to higher selectivity.

The selection of cargoes and discs is fundamental and
must be carefully carried out to maximize the entrapping
efficiency and to minimize the impact on self-assembly. The
nomenclature used is related to the alkyl chain that merges
the Cs;-symmetric core with the three identical peptide-like
amphiphilic wedges. C4 and C4-glut contain a 4-aminobuta-
noic acid linker while C8 contains an 8-aminooctanoic acid
linker.>* For strategy 1 (co-assembly), C4*’ is paired with a new
bioactive monomer (C4-glut) to take advantage of the struc-
tural similarity between the two monomers (Fig. 1a). C4 is con-
stituted by a Cz-symmetric BTA core bearing three identical
amphiphilic wedges.>® Each wedge comprises an inner hydro-
phobic region of azobenzene amino acids (orange in Fig. 1),
which provides photo-responsiveness to the supramolecular
structure (Figure S10 in the ESI{). This is followed by a
4-amino butanoic acid moiety and an octaethylene glycol
(OEG) hydrophilic chain that ends in a C-terminal lysine (blue
in Fig. 1). In C4-glut, the hydrophobic BTA core is maintained
to maximize the co-assembly between monomers and the
hydrophilic part of C4 is substituted in C4-glut by a modified
glutamate group (violet in Fig. 1). We selected this important
bioligand because its intrinsic anionic features at physiological
pH make it hydrophilic. Glutamate is the primary excitatory
neurotransmitter in the mammalian central nervous system
and plays a crucial role in many neural circuits. Deregulation
of glutamatergic signaling has been correlated with a wide
range of disorders such as epilepsy, depression, Alzheimer’s
and Parkinson’s diseases or unpaired vision.**”**> The attach-
ment point to C4 was decided to retain the activity of gluta-
mate. It has been described how activity is retained in the case
of substitutions of glutamate at the gamma carbon, yielding

This journal is © The Royal Society of Chemistry 2025
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Drug loading strategies for discotic supramolecular polymers

1. Co-assembly strategy

2. Drug embedding strategy
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Fig. 1 Molecular structures of ligands and representation of drug loading strategies and release with light. (a) Strategy 1 (co-assembly). The left and
right panels show the structures of the C4 scaffolding monomer and the C4-glut derivative containing a covalently tethered glutamate ligand,
respectively. Both contain a hydrophobic core formed by three azobenzene groups (orange) and three linkers with terminal hydrophilic groups such
as lysine (blue) or glutamate (violet). The bottom panel shows a diagram of the final supramolecular polymer using the same color codes and repre-
sentation of the release of bioactive C4-glut upon illumination. UV light isomerizes azobenzene to a non-planar geometry that disrupts fiber stack-
ing. (b) Strategy 2 (drug embedding). The left and right panels show the structures of the C8 scaffolding monomer and the iperoxo-azo ligand,
respectively, using the same color codes as panel (a). The bottom panel shows a diagram of the final supramolecular polymer and release of freely

diffusible iperoxo-azo upon UV illumination.

full agonists albeit with slightly reduced potency.**® The co-
assembly of C4 and C4-glut discs aims to conceal the gluta-
mate inside the fiber shielded by OEG, thereby preventing the
interaction with the receptor until light triggers the fiber’s dis-
assembly and exposure of glutamate to the medium.

For strategy 2 (drug embedding), we paired C8>* to iperoxo-
azo (I0A)*® because of the bigger hydrophobic pocket of the C8
disc and the potential stacking interactions between phenyl-
azo groups (Fig. 1b). C8 presents an equivalent structure to C4,
but the 8-amino octanoic acid moiety affords a more lipophilic
pocket than the 4-amino butanoic acid. Iperoxo-azo is an azo-
benzene derivative of the potent muscarinic acetylcholine recep-
tor (mAChR) agonist iperoxo whose E and Z isomers exhibit
equal biological activity.?® This is in contrast to the other
dualsteric azobenzene derivative of iperoxo — PhthalAzolIperoxo
(PAI), which shows clear difference in biological activity
between E and Z isomers.*® Iperoxo-azo is a convenient choice
for strategy 2 since its encapsulation in fibers might endow
them with photoswitchable activity by means of a disassembly
and release process. Iperoxo-azo is expected to stack between
the E azobenzene units of the fibers and it should be released
upon illumination with UV light, which favors non-planar
(non-stacking) Z isomers of azobenzene. We assessed the
assembly of the systems and the ligands’ internalization and
release using transmission electron microscopy (TEM) and cir-

This journal is © The Royal Society of Chemistry 2025

cular dichroism (CD). We further confirmed the light-driven
release of iperoxo-azo from the supramolecular polymer
obtained by strategy 2, conducting calcium imaging experi-
ments in cells overexpressing mAChRs.

Results and discussion
Synthesis and chemical characterization

The synthesis and chemical characterization of C4-glut are
detailed in the ESI.} Briefly, the protected glutamate derivative
7 was prepared as reported*’ and coupled to Fmoc-L-phenyl-
alanine-4 azobenzene (8),*>** followed by Fmoc deprotection
under basic conditions. The product was coupled to the 1,3,5-
benzenetricarbonyl trichloride core in a convergent fashion,
followed by Boc deprotection (see the ESIt). Compounds C4,
C8, and IoA were obtained as reported.>**’

Self-assembly studies

Once the molecules were synthesized (see the ESI}), the first
step consisted of evaluating the co-assembly and stacking abil-
ities of the drugs. To promote the highest entrapment, the
monomers and drugs were dissolved in DMSO at high concen-
trations (C4: 20 mM, C4-glut: 1 mM, C8: 10 mM, and IoA:

Nanoscale, 2025,17,10985-10995 | 10987
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10 mM), mixed in DMSO at the desired ratio, and injected in a
specific buffer (see the details in the ESIf).

CD spectra for the two approaches (C4 + C4-glut and C8 +
IoA) were obtained at different loading percentages and the
characteristic peak of azobenzene assembly (250-300 nm)'®**
was tracked (Fig. 2a and f). Internal changes were observed in
both systems, decreasing slightly the characteristic stacking
signal (275 nm) of azobenzene, hence indicating that IoA and
C4-glut internalize in the supramolecular fibers and disturb
the monomer stacking. The incorporation of C4-glut and IoA
in the fibers using these bulk measurements was further inves-
tigated using microscopy.

TEM imaging was initially performed on both systems to
test fiber formation and drug internalization. Fig. 2 shows the
TEM images of the polymers alone, the cargoes alone, the
polymers and cargoes formulated together, and the result of
UV illumination (photoresponse) on the latter. Interestingly,
both the “cargoes” C4-glut and IoA alone showed characteristic
structures upon formulation in water (Fig. 2c and h). However,
they show a more undefined and irregular bundling, very
different from the morphology shown by C4 and C8 alone
(Fig. 2b and g). C4-glut showed heavily aggregated structures,
displaying entanglement and coiling and IoA showed thick
and entangled fibers. However, when they were formulated
together with C4 and C8, these characteristic morphologies
were not observed (Fig. 2d and i). Instead, the fibers displayed the
same characteristics as C4 and C8 alone (Fig. 2b and g). Fiber dia-
meter analysis (ESI Fig. 117) provides additional evidence sup-
porting this hypothesis. The C8 and IoA mixture exhibits a unim-
odal diameter distribution that is distinctly different from the dis-
tributions observed for the C8 and IoA samples individually. This
observation indicates that the combination of C8 and IoA results
in the formation of a novel fiber type, rather than a hetero-
geneous mixture of fibers composed of each monomer separately.
Similarly, the C4 and C4-glut mixture demonstrates a monomodal
distribution that differs from the distributions of C4 and C4-glut
samples in isolation. This finding suggests that the C4 and C4-
glut monomers are indeed incorporated into a new composite
fiber structure containing both components. Thus, these results
indicate that C4-glut and IoA assemble with C4 and C8 instead of
self-sorting (phase separating), and the resulting assemblies
possess characteristics of the most abundant monomer (C4 or
C8). If the molecules could not assemble, they would do it separ-
ately and should give rise to supramolecular polymers of both
shapes.

The samples were also illuminated with UV light to trigger
fiber disassembly. In the case of C4 + C4-glut (Fig. 2e), most of
the fibers disappeared, leaving only a few fibers and spherical
aggregates visible on the surface. These remaining aggregates
may be composed of C4-glut alone, given its poor solubility
both in DMSO and water, whereas C4 alone does not disas-
semble after illumination, as demonstrated previously.>® In
the case of C8 and IoA, the disassembly was complete upon
irradiation and no aggregates were observed (Fig. 2j), thus
indicating that the Z monomers are soluble in water and could
potentially lead to IoA release to the solution, as intended.
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Given these promising indications of drug incorporation
into the fibers from bulk (CD) and single fiber imaging at the
nanoscale (TEM), we proceeded with functional studies in
cells expressing the target receptors (mAChRs) to obtain proof
of the release of bioactive compounds.

Release studies

After demonstrating drug entrapment into the supramolecular
fibers, we aimed to evaluate the ability to release the drug. For
this purpose, the two strategies were evaluated separately.

The co-assembly strategy involving the C4 and C4-glut
derivative (Fig. 1a) was tested on cultured hippocampal
neurons that are known to express several types of glutamate
receptors.** Glutamate derivatives and their pharmacological
analogues (including tethered ligands) at 10-100 pM concen-
trations are generally capable of activating ionotropic and/or
metabotropic glutamate receptors.*®**>™*” However, the appli-
cation of the as-prepared (non-illuminated) fibers and UV-illu-
minated fibers did not produce significant fluorescence
responses in calcium imaging assays using an Oregon Green
BAPTA-1 chemical calcium sensor (OGB-1, see the ESI} for
details). Given the low solubility of C4-glut in DMSO and the
strong bundling/entanglement and aggregation in water
(Fig. 2c), we hypothesize that C4-glut might be released at con-
centrations too low to significantly activate glutamate recep-
tors, possibly because its hydrophobicity hampers disassembly
upon isomerization. The fibers and/or spherical aggregates
that are observed by TEM after UV irradiation (Fig. 2e) may be
formed by C4-glut. Partially destabilizing these structures (e.g.,
by including hydrophilic groups) might improve the perform-
ance of C4-glut.

The drug embedding strategy involving C8 and IoA (Fig. 1b)
was tested on tsA201 cells overexpressing M; mAChRs and the
genetically encoded fluorescent calcium sensor R-GECOL1.
Calcium-dependent fluorescence signals were recorded using a
customized epifluorescence microscopy setup.’® The C8 SP
loaded with 10% mol of IoA (M; mAChR agonist)®® was
applied onto cells (final concentrations of C8 and IoA of 450
nM and 50 nM) in a specific temporal sequence (Fig. 3a, top)
and the calcium response was recorded for each cell in the
field of view and averaged to evaluate cell-to-cell response
variability (see the individual cell and averaged responses in
thin and thick traces, respectively, in Fig. 3a).

We first applied C8 + IoA pre-illuminated with UV light and
observed an increase in intracellular calcium (R-GECO1 fluo-
rescence) (violet bar and violet-shaded box in Fig. 3a). This
increase is statistically significant (violet column in Fig. 3b)
and it is due to the UV-triggered release of IoA from the fibers,
which activates M; mAChRs.>® The transient or oscillatory
time course of the intracellular calcium responses is character-
istic of mAChRs and other GPCRs.*>***° After the application
of pre-illuminated C8 + IoA, a washout step was used to
remove the compound from the cells and reduce the calcium
activity. The cells were then exposed to a C8 + IoA sample of
the same composition, batch, and concentration but that had
not been previously illuminated with UV light. This is indi-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 CD azobenzene peak monitoring (signal at 275 nm) of system 1 (co-assembled C4 and C4-glut) (a) and drug-embedded system 2 (f) loaded
at 0, 5, 10 and 20 mol% (the line was added to guide the eye). TEM imaging of the formulations to demonstrate co-assembly: C4 at 400 uM (b), C4-
glut at 100 pM (c), C4 + C4-glut at 400 uM and 100 pM, respectively (d), C4 + C4-glut at 400 pM and 100 pM, respectively after UV irradiation (e),
C8 at 18 pyM (qg), IoA at 2 pM (10 mol%) (h), C8 + loA at 18 pM and 2 pM, respectively (i) and C8 + IoA at 18 uM and 2 pM, respectively, after UV

irradiation (j). Scale bar: 500 nm, zoom in: 100 nm. Irradiation conditions: 365 nm, 1000 mA at 100% of the LED intensity for 5 min.
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Fig. 3 Photorelease and biological activity of the entrapped IoA ligand from C8 fibers ex situ and in situ. (a) Representative traces of real-time
calcium imaging responses of individual tsA201 cells expressing M; mAChR and R-GECOL fluorescent calcium sensors upon application of C8 + loA
fibers under different conditions to photorelease I0A (here and for the other panels, the concentration of C8 is 450 nM and the concentration of oA
is 50 nM). The violet bar and box indicate the duration of the application of UV-pre-illuminated C8 + |0A fibers (released). The blue bar and box indi-
cate the duration of the application of non-illuminated C8 + IoA fibers (encapsulated). In situ UV illumination to trigger IoA release is indicated by a
violet bar. Application of 20 pM iperoxo agonist (IPX) is indicated by a red bar. The thick black trace near the bottom represents the average response
of the above 10 cells. The thick gray trace depicts the averaged trace of cells responding to in situ UV illumination (4 last thin blue traces). (b) Left:
quantification of the mean amplitude of the change of R-GECOL1 fluorescence intensity (intracellular calcium activity of M; mAChR expressing cells)
under the different conditions shown in panel (a): prior to compound application (negative control conditions, grey column), adding UV-pre-illumi-
nated C8 + |oA fibers (violet column), washing out (green column), adding non-pre-illuminated C8 + oA fibers before (blue column) and after UV
illumination in situ (violet-framed blue column), and applying iperoxo (positive control conditions, red column). Significant photoresponses are
observed upon ex situ and in situ UV illumination. The left panel quantification includes the traces from all cells in panel (a) (mean + SD, n = 10 cells,
and * — P < 0.05; ** - P < 0.01; ns — not significant according to the paired t-test). Right: quantification of the intracellular calcium activity of cells
that responded to in situ UV-induced |oA release in panel (a). The statistical significance is higher than in the left plot (mean + SD, n = 4 cells, and *
- P<0.05; ** - P<0.01; *** — P < 0.001 according to the paired t-test). (c) Quantification of the increase of the calcium-dependent fluorescence
signal (hormalized to the maximum response of each cell) upon application of C8 + IoA fibres under different conditions to photorelease IoA. In all
three independent experiments, ex situ release was highly significant and reaching ~80% of iperoxo responses by direct application (mean + SD, n =

70 cells, N = 5 independent experiments, and **** — P < 0.0001; ns — not significant according to the paired t-test).

cated by a blue bar and blue-shaded box labeled “50 nM non-
preillum” in Fig. 3a and quantified in Fig. 3b. No significant
responses were observed in the ensemble of cells (blue column
in Fig. 3b). After the cells were bathed in non-illuminated
fibers for 3 min, we applied UV light to trigger the release of
the IoA in situ. A fraction of cells responded with an elevation
of R-GECOL1 fluorescence, as shown in the four last thin traces
and the thick gray trace averaging them in Fig. 3a. These
responses were significant both in the ensemble of cells
(violet-framed blue box in Fig. 3b, left panel) and when quanti-
fying only the UV-responding cells (violet-framed blue box in
Fig. 3b, right panel). In the second case, a minor yet statisti-
cally significant increase in activity was observed upon appli-
cation of non-pre-illuminated C8 + IoA (prior to UV
irradiation), indicating that the assembled fibers contain a
fraction of free IoA that activates mAChRs. We finally applied
the potent mAChR agonist iperoxo (IPX) to confirm the func-
tionality and to estimate the expression of the receptors and
observed an abrupt increase of Ca*"-dependent fluorescence

10990 | Nanoscale, 2025, 17, 10985-10995

indicative of the maximum mAChR response in each cell. The
quantification of normalized fluorescence responses from 70
cells from 5 independent experiments (Fig. 3c) shows
responses to UV-pre-illuminated fibers that are high (reaching
~80% of 20 pM iperoxo response) and highly significant com-
pared to the non-pre-illuminated ones.

Overall, the high sensitivity of calcium fluorescence assays
demonstrates that IoA can be efficiently photoreleased from
the C8 + IoA fibers ex and in situ (the former showing higher
efficiency under our experimental conditions) and that, for the
first time, our novel DDS based on discotic amphiphilic supra-
molecular polymers is usable in functional assays with living
cells. Improving the in situ illumination conditions in cell
assays should afford nearly complete release of the fiber cargo,
as shown ex situ. In situ UV illumination of tsA201 cells expres-
sing M; AChR and R-GECO1 under the control conditions,
without pre-application of C8 fibers with the entrapped IoA
ligand, does not produce an increase in the intensity of
calcium-dependent fluorescence (ESI Fig. 127).

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr02957g

Open Access Article. Published on 31 March 2025. Downloaded on 10/31/2025 11:18:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

We have studied two strategies for drug photorelease using
azobenzene-based supramolecular polymers: co-assembly (C4
+ C4-glut) and direct encapsulation of a drug in the SP hydro-
phobic pocket (C8 + IoA). Although the aqueous solubility of
C4-glut precluded the effective photorelease in neurons,
remarkable morphological and structural features were
observed by CD and TEM. C4 and C4-glut alone form supramole-
cular fibers of different morphologies. Interestingly, C4-glut
alone forms entangled supramolecular structures, which are not
observed when it co-assembles with C4, proving that C4-glut is
internalized into the fibers. This indicates that BTA-azo-mono-
mers modified with a biologically active motif can be used to
conceal active components into the supramolecular structure
and to release them upon illumination. In this case, aqueous
solubility must be taken into account and the monomer should
be built with hydrophilic components (e.g., glycol chains). Active
components with high potency (e.g:, nanomolar) are also pre-
ferred if available for the target of interest because they are less
dependent on solubility. Thus, the co-assembly approach is feas-
ible, compatible with most endogenous neurotransmitters and
modulators (which are hydrophilic owing to their carboxy and
amino groups) and offers plenty of room for functional improve-
ment in future designs.

The strategy of direct encapsulation of a drug in the SP
hydrophobic pocket (C8 + IoA) has led to a novel light-driven
DDS. Fig. 3 shows that the nanomolar active muscarinic
agonist IoA is entrapped into the C8 supramolecular assembly
and light can selectively trigger its release ex situ and in situ.
This indicates that the BTA-azo SP can be used as a DDS for
small, planar, and amphiphilic drugs capable of stacking
between the monomers. Moreover, using the BTA-azo-SP is a
convenient strategy to photorelease photoswitchable drugs
whose isomers show limited or no difference in activity (such
as 10A°). Thus, simple azobenzene-tethered drugs are straight-
forward candidates for BTA-azo SP encapsulation and photo-
release, regardless of their photoswitchable activity.

Light-controlled DDSs are very desirable and several
examples have been reported, like the release of doxorubicin
from gold NPs,*' doxorubicin and curcumin from polymeric
NPs,” or chlorambucil from organic NPs.>®> Some of them are
based on azobenzene, such as liposomes containing glycolipid
and azobenzene to photorelease doxorubicin,>* polymeric spheri-
cal NPs to release doxorubicin by a combination of pH and UV
triggers,> spherical azobenzene-PEG nanostructures that photo-
release 5-FU and eosin,’® and supramolecular aptamer nano-con-
structs for light-triggered release of doxorubicin.”” Regarding
SPs, a polymer was reported to change their conformation from
circular to linear under UV*" and a BTA-based SP was used as a
platform for the intracellular delivery of NileRed and siRNA.*?
However, a SP that can load active molecules and release them
with light has never been reported.

An interesting demonstration of drug release with multiple
stimuli was achieved with a coumarin-based SP.*® Light
induces dynamic covalent bonds (coumarin photodimeriza-
tion) that reversibly switch the SP morphology from spherical
NPs to supramolecular network assemblies and release doxo-

This journal is © The Royal Society of Chemistry 2025
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rubicin, rhein or vitamin E. However, their activity was not
assessed in a biological system.

The results of loading and light-triggered release of IoA
(Fig. 2 and 3) are encouraging and indicate that the BTA-based
SP can be used as a light-activated DDS of drugs capable of
stacking with the azobenzene moieties of columnar aggregates.
Importantly, small molecule encapsulation in stacked aggre-
gates does not alter fiber properties and delivers the active
molecule to living cells with nearly full efficacy. In addition,
drug loading can be conveniently controlled with the C8:IoA
stoichiometry and the drug-monomer geometry is better
defined than in spherical micelles and NPs and the fiber poly-
dispersity is lower.

As with other DDSs, drugs embedded into nanofibers are
expected to have longer circulation times and avoid renal clear-
ance, compared with the drug alone. Compared to small mole-
cular weight drugs, nano-sized structures, such as the nano-
fibers used here, are supposed to get accumulated in inflamed
tissues by passive targeting, the so-called enhanced per-
meability and retention (EPR) effect.’® Together with the con-
trolled and sustained drug release, this will lead to higher
efficacy and selectivity. The system presented here shows high
modularity of ligands and it could be applied to other SP
systems and photoswitches. While most DDSs found in the lit-
erature encapsulate doxorubicin, our system presents two ver-
satile strategies where many different types of drugs could be
entrapped:  hydrophobic/hydrophilic,  planar/non-planar,
bulky, etc.

Since non-substituted azobenzene groups require high-
energy UV stimulation,® different triggers (like pH and light>®)
are combined in typical DDSs with spherical morphology and
cargo encapsulation at the DDS core. In contrast, the disas-
sembly of our fibers may require lower energy and propagate
faster than in isolated micelles or spherical structures (where
many bonds collectively support the nanostructure) because
the linear structure of the fibers is supported by noncovalent
bonds formed between single discotic molecules. In addition,
the drug shows activity without the need for bond cleavage
from the monomer. Thus, our SP DDSs allow an easier and
more reversible on/off process. Further optimization of the dis-
cotic SP presented here can be achieved using red-shifted azo-
benzene cores®®'®* to reduce both the energy required for iso-
merization and light scattering at longer wavelengths, thus
increasing the penetration depth in tissue.

Conclusions

In conclusion, we envisioned two strategies for photorelease of
drugs from BTA-based supramolecular polymers: co-assembly
(C4 + C4-glut) and direct encapsulation of a drug in the SP
hydrophobic pocket (C8 + IoA). From the first one, we observed
remarkable morphological and structural features by CD and
TEM, thus confirming that BTA-azo-monomers covalently
bound to active motifs can be used to include active com-
ponents into the supramolecular structure and to release them

Nanoscale, 2025,17,10985-10995 | 10991
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upon illumination. This shows that the co-assembly approach
is feasible and can be used with other functional ligands. The
strategy of direct encapsulation of a drug in the SP hydro-
phobic pocket (C8 + IoA) has led to a novel light-driven DDS
that achieves direct activation of mAChRs upon UV illumina-
tion of the SP. This is the first example of a BTA-SP encapsulat-
ing an active ligand and releasing it upon illumination. This
demonstration paves the way to encapsulate a wide range of
small, planar and amphiphilic drugs capable of stacking
between the monomers.
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