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Noninvasive cardiac modulation via
triplet-sensitized photoswitching in the
phototherapeutic window

Lukas Naimovičius 1,2, Mila Miroshnichenko1, Ekin Opar3,4,5, Helen Hölzel 6,
Masa-aki Morikawa7, Nobuo Kimizuka7, Manvydas Dapkevičius2,
Justas Lekavičius 2, Edvinas Radiunas2, Karolis Kazlauskas 2,
Víctor Cilleros-Mañé3,4, Fabio Riefolo 3,4, Carlo Matera 3,4,8,
Kevser Harmandar9, Masahiko Taniguchi10, Fabienne Dumoulin 9,
Jonathan S. Lindsey 10, Pankaj Bharmoria1 , Pau Gorostiza 3,4,11 &
Kasper Moth-Poulsen 1,6,11,12

Red, far red, or near-infrared photoswitchable drugs offer immense photo-
pharmacological advantages due to the higher light penetration through the
skin. Such photoactivation is achieved using processes such as two- and three-
photon absorption, excited-state absorption, and triplet-triplet annihilation
upconversion, which require higher photon fluences (W to kW cm−2) than the
resilience constraints of skin (200mWcm−2). Herein, a generalized approach
of cis-to-trans photoisomerization of azobenzenes is demonstrated via triplet
sensitization with NIR-I illumination (850 nm) of a new Zn-octa-substituted
phthalocyanine photosensitizer, in aqueous medium at 2.62mWcm−2. The
approach is applied to control the heart rate of a frog tadpole via cis-to-trans
photoisomerization of an azobenzene-functionalized muscarinic acetylcho-
line receptor M2 agonist in the phototherapeutic window (730 nm excitation:
42mWcm−2). This advance highlights a powerful photo-pharmacological
strategy for modulation of in vivo activity at 2-4 orders of magnitude lower
photon fluences of NIR light compared to established methods.

Biological photoactivation upon far-red (FAR) and near infra-red (NIR)
light excitation enables numerous in vivo applications such as
bioimaging1, biosensing2, drug delivery3,4, optogenetic neural
modulation5,6, cardiac defibrillation6,7, and photodynamic therapy8,9.
This is due to the higher penetration of FAR/NIR light through living

tissue in the phototherapeutic window (Fig. 1a and Supplementary
Fig. 9)10. A very attractive phenomenon for photochemical control is a
change in molecular shape. In this regard, the photoinduced geome-
trical interconversion of cis-trans isomers can enable control of bio-
logical activity when functionalized with a suitable drug molecule11.
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Photoisomerization offers several benefits compared to traditional
photolysis techniques for in vivo photoactivation, as chemical by-
products are not produced within the cell12. As a result, several pho-
toswitches (azobenzene, thioindigo, hydrazone, diarylethene, spir-
opyran, donor-acceptor Stenhouse adducts13, and norbornadiene)
have been tested for biological photoactivation employing linear14 or
non-linear optical processes15–17. Azobenzenes have become widely
recognized among the various photoswitches available. This is pri-
marily due to their small size and molecular design flexibility,
remarkable resistance to photobleaching and rapid photoisomeriza-
tion, making them highly sought-after in the realm of biological
activity. Consequently, these compounds have been extensively
investigated in numerous research studies18–22. The trans-azobenzene
is 10–12 kcalmol−1 more stable than the cis-azobenzene in the dark,
hence the unsubstituted cis isomer eventually converts to the trans
isomer via thermal relaxation in a few days. However, isomerization
rates can be increased up to seconds via illumination at appropriate
wavelengths. The trans-azobenzene (E) shows strong π-π* absorption
at 320 nmandweakn-π* absorption at 440nm. The cis-azobenzene (Z)
shows n-π* absorption at 440 nm along with the π-π* absorptions at
280 and 250nm23. Despite the desired photochemical stability of
azobenzene, the low penetration depth of its absorption wavelengths

is incompatible with in vivo applications. This issue has been addres-
sed by red-shifting the photoswitching wavelengths with different
strategies, including (i) chemical engineering of absorption
wavelengths24,25 and (ii) indirect excitation with upconverted
ultraviolet-blue photons via non-linear optical processes like two-and 3
photon absorption (2-3PA) or triplet-triplet annihilation (TTA)26–31.
Both multiphoton absorption32,33 and excited state absorption/energy
transfer upconversion (ESA/ETU)34,35 necessitate a high photon fluence
(W cm−2 to kW cm−2) to achieve the simultaneous absorption of two or
three coherent photons or excitation of a higher energy state (Sup-
plementary Fig. 10a, b)36. On the contrary, TTA-UC involves a multi-
component and multistep energy-transfer process that also demands
high photon fluence for NIR-to-visible photon upconversion (Supple-
mentary Fig. 10c)5,37. Hence, a feasible resolution lies in the utilization
of an alternative photophysical mechanism that functions effectively
under low photon fluences within the phototherapeutic window38. In
the present study, triplet-sensitized photoisomerization (Fig. 1b, c) is
explored for achieving biological photoactivation at low-energy exci-
tation levels (λex = 730 or 850 nm).

The triplet-sensitized photoisomerization enables the action
spectrum of azobenzenes to be shifted into the therapeutic window
(730–850 nm), with photon fluence ranging between 2-4 orders of
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Fig. 1 | Illustration of noninvasive cardiac modulation via triplet-sensitized
photoswitching in thephototherapeuticwindow. aPenetration depth of various
wavelengths of solar energy in animal tissue. b Energy diagram of the low-energy
excitation-based triplet-sensitized photoswitching. c Electron exchange via Dexter

energy transfer due to the endothermic triplet energy gapbetweenphotosensitizer
and photoisomer. d Triplet-sensitized photoswitching of azobenzene in aqueous
solution after excitation-based 730 or 850 nm LED and modulation of the cardiac
functions of the frog tadpole. S = photosensitizer, P = photoisomer, e = electron.
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magnitude lower compared to 2PA, 3PA, ESA, ETU, and TTA
techniques32–37, as required for biological photoactivation (Fig. 1d). The
strategy is extended to the in vivo photoisomerization of an
azobenzene-modified muscarinic acetylcholine receptor M2 agonist

15,
which enabled regulation of the heart rate of a frog tadpole (Fig. 1d).
While azobenzene-functionalized drugs have been increasingly uti-
lized to selectively modulate cellular functions in vivo15–22,31, the pre-
sent study showcases the pharmacological potential of triplet
sensitization via low-intensity FAR or NIR light in a real-world biome-
dical application. Sensitized photoisomerization of various photo-
switches (azobenzene, spiropyran, diarylethene, norbornadiene, and
stilbene) via triplet manifolds has been known since the 1960s. How-
ever, most of these studies were carried out upon excitation with a
pulsed laser in the UV-Vis region for mechanistic understanding (see
Supplementary Table 1 refs. S15−S23). Studies on triplet-sensitized
photoisomerization with FAR light have recently gained momentum,
especially with azobenzenes39–41 and diazocines42. The lowest n-π* tri-
plet energies of unsubstituted cis and trans azobenzene are reported at
1.26 eV and 1.53 eV, respectively43. Due to the energetic proximity of
the triplets and the cis-transphoto-stationary state, and the preference
of the triplet-state to relax to the trans form, it is possible to photo-
isomerize mainly the cis isomer to the trans isomer via triplet
sensitization44, barring exceptional cases of disequilibration of azo-
benzene by sensitization under confinement39. Recently, the groups of
Durandin40 and Moth-Poulsen41 reported proof-of-concept red/far-red
triplet-sensitized cis-to-trans photoisomerization of azobenzene deri-
vatives in de-aerated organic solvents and bioplastics, respectively40,41.
However, further shifting the action spectrum into the NIR for deep
tissue photoactivation45 is only one of a handful of design criteria that
must be satisfied, together with the following: (1) the photo-
isomerization must operate in bio/biomimetic environments; (2) the
photosensitizer and photoswitch must have suitable triplet energies
for effective energy transfer; (3) the photosensitizer must be bio-
compatible; and (4) oxygen quenching of the chromophore triplet
states must be limited. This study involves a comprehensive experi-
mental investigation aimed at addressing the aforementioned criteria.

Results
Strategy of triplet sensitized photo-isomerization of
azobenzenes
A systematic triplet-sensitized photoisomerization study has been
carried out in biomimetic systems to investigate azobenzene photo-
switches, and biocompatible FAR or NIR-absorbing triplet photo-
sensitizers (Fig. 2) suitable for use in animal tissue.

First, given that animal skin is mainly comprised of collagen and
lipids46, a biomimetic surrogate for animal skin has been constituted
that is composed of collagen doped with a liquid surfactant forming a
micellarmembrane and containing photosensitizers and azobenzenes.
Second, the skin biomimetic films were placed under an 8mm thick
dried Iberian ham layer to observe photoswitching with light that can
penetrate animal tissue. Each azobenzene was examined for cis-to-
trans photoswitching upon excitation with 730 or 850 nm LED light
through triplet sensitization in the air at very low photon fluences.
Third, further photoswitching experiments were carried out with the
azobenzene-containing trans-Phthalimide-Azobenzene-Iperoxo (PAI)
drug encapsulated in Pluronic F-127 (PF-127) micelles in combination
with the triplet photosensitizer Zn phthalocyanine (ZnPc1) in a phos-
phate buffer solution at physiological pH to mimic the cellular envir-
onment. Fourth, the ZnPc1-PAI system, which exhibited cis-to-trans
photoswitching upon 730 nm LED excitation in air, was utilized for an
in vivo experiment involving frog tadpoles to regulate cardiac rate.
Each of these is now described in depth.

Azobenzenes and triplet photosensitizers
Four azobenzene compounds with distinct structural features (Fig. 2a)
and absorption maxima (Fig. 2b) were chosen to understand the sui-
table molecular design for application in a biological setting. The
parent azobenzene (AZO-N) was derivatized to increase the con-
formational flexibility for fast isomerization in restrictedmatrices such
as films47. Derivatization also shifted the absorption energies. Com-
pared to the native trans-azobenzene AZO-N (λabs = 320, 445 nm),
AZO-EH andAZO-MM exhibit the π-π* absorption band red-shifted by
28 and 48 nm, respectively, whereas the n-π* band is blue-shifted by

Fig. 2 | Molecular structures and absorption spectra of chromophores. Mole-
cular structures of (a) azobenzenes (AZO-N, AZO-EH, AZO-MM and PAI) and (c)
triplet photosensitizers (BC1, ZnPc1 and PdNc1). Normalized absorption spectra of

(b) azobenzenes (Conc. = 40 µM) and (d) triplet photosensitizers (Conc. = 4 µM)
dissolved in toluene. The absorption spectrum of PAI was recorded in phosphate
buffer solution, pH 7.4 (Conc. = 10 µM).
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9 nm (AZO-EH) or red-shifted by 15 nm (AZO-MM) (Fig. 2a, b). The
synthesis procedure of the newly designedAZO-MM is provided in the
experimental section of the Supplementary Information.

Three macrocycles were examined as photosensitizers (Fig. 2c),
each of which absorbs strongly in the FAR or NIR region (Fig. 2d).
Bacteriochlorin BC1 is a metal-free analog of Nature’s NIR absorber
bacteriochlorophyll a48,49. BC1 shows a Qy band (S0 - S1,
ε737nm= 8.6 × 104M−1 cm−1) in the FAR region, the Qx band (S0-S2) in the
blue-green region (499 nm), and nominal Bx (S0-S3) and By (S0 - S4)
bands in the blue-violet (Soret) region at 370 and 354nm,
respectively50. A high quantum yield of intersystem crossing
(ΦISC = 0.53)51 characteristic of bacteriochlorophylls makes such mac-
rocycles potent triplet populators51. However, the short triplet lifetime
makes it difficult to measure its phosphorescence at room tempera-
ture. Indeed, the phosphorescence spectrum of BC1 in a polystyrene
matrix at 10K could not be detected (Supplementary Fig. 11). There-
fore, in this study, the triplet energy (T1 = 1.17 eV)51 hasbeen considered
as the approximate value for BC1.

For NIR sensitization in vivo, a new phthalocyanine photo-
sensitizer, 1,4,8,11,15,18,22,25-octakis(2-ethylhexylsulfanyl) Zn(II)
phthalocyanine (ZnPc1), which bears eight alkylthio substituents in

non-peripheral positions, has been designed and synthesized to dis-
play a bathochromically shifted absorption maximum (see the
experimental section of the Supporting Information). ZnPc1 exhibits a
Q-band absorption maximum at 781 nm (ε781nm= 2.2 × 105M−1 cm−1)52

with a tail extending to 900nm (Fig. 2c, d). Attempts to measure its
phosphorescence in a polystyrene matrix at 40K did not yield a
detectable spectrum (Supplementary Fig. 12). Owing to its structural
similarity with a previously reported FAR-absorbing Zn phthalocya-
nine, the same triplet energy (T1 = 1.12 eV)41 has been employed in this
study. Because the exact triplet energies of BC1 and ZnPc1 could not
be determined, palladium naphthalocyanine PdNc1 (Fig. 2c, d), having
Q-band absorption at 825 nm (ε825nm = 9.4 × 105M−1 cm−1) and triplet
state at 0.92 eV (Supplementary Fig. 13), has been used for proof-of-
concept NIR sensitization studies in the skin biomimetic films.

Photoisomerization studies in the skin biomimetic film
Films were prepared by combining PdNc1 with the three azobenzene
compounds dispersed in the interstitial liquid surfactant phase sur-
rounded by collagen fibers (Fig. 3a)41. Hydrolyzed collagen, known as
gelatin (G), has high solubility in water yet undergoes cross-linking
upon dehydration to form a collagen-like triple-helix with a thick

Fig. 3 | NIR-I excited triplet-sensitized photoisomerization of azobenzene.
a Schematic illustration of the biomimetic film. b Absorption profiles and illustra-
tions of forward (trans-to-cis) and backward (cis-to-trans) photoisomerization of

azobenzenes in the G-TXr-AZO-PdNc1 films via singlet absorption (λex = 340 or
365 nm, Io = 2.85mWcm−2) and triplet sensitization (λex = 850 nm,
Io = 107mWcm−2), respectively.
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fibrous structure that acts as an oxygen barrier53. As a liquid surfactant,
Triton-X-100 reduced (TXr) was utilized due to its globally accepted
low toxicity (compared to Triton-X-100)54 and its ability to emulsify
gelatin effectively41,55. The preparation of the films is described in the
experimental section (see the Supplementary Information). The final
concentrations of azobenzenes and PdNc1 in the films were
1.95mmol kg−1 and 204 µmol kg−1, respectively, to keep the absorbance
below 1.0. Upondehydration, the expected triple-helix semi-crystalline
structure of gelatin is retained in the G-TXr-AZO-PdNc1 films (P-XRD
Supplementary Fig. 14a, b)41,56. Cross-section SEM images showed
interstitial TXr-chromophores in the liquid dispersed between the
fibrous structure of gelatin in the G-TXr-AZO-EH film (Supplementary
Fig. 15)41. Compared to toluene, in the films the π-π* band underwent a
6 nm blue-shift (AZO-N) or a 2 nm red-shift (AZO-MM), which is indi-
cative of aggregation (Supplementary Fig. 16a, b). By contrast, no shift
was observed for AZO-EH in the G-TXr-AZO-EH film, consistent with
molecular dispersion (Supplementary Fig. 16c).

The photoisomerization of the azobenzenes in the G-TXr-AZO-
PdNc1 films in the air is shown in Fig. 3b. All films showed trans-to-cis
photoisomerization upon LED excitation for 1min at their normal
absorption wavelengths (340 and 365 nm). In contrast, cis-to-trans
photoisomerization occurred upon 850nm excitation via triplet sen-
sitization with PdNc1, thus shifting the action spectrum of the azo-
benzenes from 455 nm to 850nm. The cis-to-trans photoisomerization
of azobenzene at 850nm surpasses the previous limits of 770 nm in
solution40 and of 740 nm in the solid-state41. Interestingly, triplet sen-
sitization occurred despite the low triplet energy of PdNc1 compared
to that of cis-azobenzene compounds57–60. Hence, the electron
exchange occurs via a Dexter energy-transfer mechanism (Fig. 1c)57,58.
The involvement of triplet sensitization as the major driving force for
cis-to-trans photoisomerization was confirmed by a control experi-
ment in air-saturated AZO-EH-PdNc1 toluene solution, whereupon
excitation at 850 nm elicited no photoisomerization. The kinetics of
cis-to-trans photoisomerization were the fastest (2min) in the G-TXr-
AZO-EH-PdNc1film.Therefore,AZO-EHwaschosen for further studies
with other photosensitizers in the film and in micellar solution.

The fast kinetics can be attributed to the higher conformational
flexibility of AZO-EH in the condensed phase due to its liquid nature
versus that of AZO-N and AZO-MM, which are solids at room tem-
perature. The durability of photoisomerization in the G-TXr-AZO-EH-
PdNc1 filmwas confirmed bymeasuring the photoisomerization for 13
consecutive cycles (Supplementary Fig. 17). The possible bio-
incompatibility of PdNc1 due to the heavy metal prompted examina-
tion ofBC1 and ZnPc1 for 730 nm and 850nm sensitization (Fig. 2c, d)
to cover the broad FAR and NIR absorption range in the photo-
therapeutic window. Both G-TXr-AZO-EH-BC1 and G-TXr-AZO-EH-
ZnPc1 films showed efficient triplet-sensitized cis-to-trans photo-
isomerization in the films (10 s or 10min) upon 730nm
(Io = 54.9mWcm−2) or 850nm (Io = 107mWcm−2) LED excitations
(Supplementary Fig. 18). The photoisomerization was faster upon
excitation at 730 nm, consistent with a lesser energy difference
between the triplet states of BC1 and AZO-EH versus those of ZnPc1
and AZO-EH. The slower observed photoisomerization process in
ZnPc1 compared to PdNc1 can be attributed to the low extinction
coefficient of ZnPc1 at 850 nm. The involvement of the triplet state in
energy transfer was confirmed by experiments in AZO-EH-ZnPc1-
toluene solution in the absence or presence of air, where photo-
isomerization was observed only in the de-aerated solution (Supple-
mentary Fig. 19).

To conduct deep tissue biomimetic experiments, an initial
assessment of the viability of photoisomerization was done by posi-
tioning films of G-TXr-AZO-EH-BC1 and G-TXr-AZO-EH-ZnPc1
beneath an 8mm thick layer of dried Iberian ham (Supplementary
Fig. 20), followed by excitation at 730 or 850 nm (Fig. 4a).

The real-time configuration can be observed in Supplementary
Fig. 21. Excitation at 365 nm of both films was performed without the
ham layer due to the absorption of various bio-absorbents in the ham
layer at this wavelength (as shown in Supplementary Fig. 9). The table
in Fig. 4a displays the recorded values of excitation power densities
(Iex) of different LEDs without (Io) and with the ham layer (IF) utilized
for the photoisomerization experiments. Indeed, only 0.0025% of
455 nm, 1% of 730 nm, and 2.44% of 850 nm light penetrated through

Fig. 4 | Triplet-sensitizedphotoisomerizationof azobenzene inbiomimeticfilm
with a ham layer. a Schematic of the excitation with different LEDs of the biomi-
metic film placed below the 8mm ham layer. The table shows the excitation
intensities of different LEDs used in mW cm−2. b, c Absorption profile, and kinetics

of cis-to-trans photoisomerization of the G-TXr-AZO-EH-BC1 film with ham-
penetrated 730nm LED excitation (IF = 0.51mWcm−2). d, e Absorption profile, and
kinetics of cis-to-trans photoisomerization ofG-TXr-AZO-EH-ZnPc1 filmwith dried
Iberian ham-penetrated 850nm LED excitation (IF = 2.62mWcm−2).
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the 8mmham layer. Prior to the photoisomerization experimentswith
IF, the intensity dependence of the cis-to-transphotoisomerizationwas
examined for the G-TXr-AZO-EH-ZnPc1 film under 850nm LED exci-
tation (Io) for 10min. A non-linear relationship between the excitation
intensity and the NIR triplet-sensitized cis-to-trans isomerization of
AZO-EH was observed (as depicted in Supplementary Fig. 22).

Subsequent cis-to-trans photoisomerization experiments were
conducted in the films using LEDs at different IF (Fig. 4a–e). The
penetration through the skin of different wavelengths is illustrated in
Fig. 4b, where faster photoisomerization was observed upon a 15-min
exposure with IF excitation of 730 nm versus the actual absorption
wavelength of the azobenzene at 455 nm. The slow cis-to-trans iso-
merization (t1/2 = 16.4min) was observed due to the low fluence of
730 nm irradiation (IF = 0.51mWcm−2) as shown in Fig. 4c, consistent
with the intensity dependence of isomerization (Supplementary
Fig. 22) but perhaps altered in part by scattering of the incident light. A
further shift in the action spectrum in the NIR-I region (850 nm) in the
G-TXr-AZO-EH-ZnPc1 film was achieved, as indicated by cis-to-trans
photoisomerization even at the low photon fluence of 2.62mWcm−2

(Fig. 4d). The isomerization was slow (t1/2 = 24.3min) due to the low
fluence, low absorption coefficient of ZnPc1 at 850 nm, and the higher
endothermic triplet energy gap between the cis-AZO-EH and ZnPc1
triplets. However, photoactivation via triplet sensitization is still pos-
sible at such low fluences after passing through the ham layer. The
fluence for FAR/NIR triplet-sensitized photoactivation is between 2-4
orders of magnitude lower compared to 2-3PA, ESA, and TTA-based in
vivo photoactivation applications32–37. Additionally, the maximum Io
used here (54 or 107mWcm−2) is well below the maximum tolerance
limit of the human skin in these regions (200mWcm−2)61. The past

decade has witnessed remarkable advances in drugs containing azo-
benzene photoswitches for selective photoactivation in delivery, sig-
naling, and channel activation15–22. The triplet-sensitized
photoisomerization of azobenzenes within the phototherapeutic
range and with fluences compatible with human skin constitutes an
alternative strategy of remarkable potential for use in living organisms.
To conduct real-time biological experiments, however, the
photosensitizer-photoswitch pair must be delivered to the cell in an
active state. Hence, to assess the viability of this method in a com-
parable setting, further experiments were conducted in aqueous
micelles, as described in the next section.

Photoisomerization studies in PF-127 micelles
To explore conditions suitable for applications in biological systems,
triplet-sensitized photoisomerization experiments were conducted in
a phosphate buffer solution (25mM, pH 7.4) with PF-127 micelles (2%)
at room temperature. Concentrations of the photosensitizer (0.8 µM)
and AZO-EH (24 µM) were comparable to those employed in photo-
pharmacology. PF-127 (Fig. 5a and Supplementary Fig. 23) micelles are
attractive due to their oxygen barrier capabilities5 and
biocompatibility62. The experimental setup, featuring an 8mm ham
layer, is illustrated in Supplementary Fig. 24. In the micellar solution,
AZO-EH exhibited typical trans-to-cis photoisomerization upon sti-
mulation with a 365 nm LED, with a half-life of 0.37min (Supplemen-
tary Fig. 25). When excited with an 850nm LED with a ham layer,AZO-
EH displayed cis-to-trans photoisomerization in the presence of
air with a half-life of 1.28min (Supplementary Fig. 26). The half-life of
cis-to-trans isomerization, t1/2 cis-to-trans = 82min Supplementary
Fig. 27), is slow compared to the solution without the ham layer

Fig. 5 | Triplet sensitized photoisomerization of azo-drug in PF-127 micelles.
a Illustration of chromophores in PF-127 micelles in phosphate buffer pH 7.4
(25mM). b Illustration of trans↔cis photoisomerization of PAI upon 340 and
730nm LED excitations. c, d Absorption spectra, and kinetics of cis-to-trans

photoisomerization of PAI in PF-127-PAI-ZnPc1micelles solution upon 730nmLED
excitation (Io = 46mWcm−2). PAI = 50 µM, ZnPc1 = 3 µM and PF-127 = 2%. The
spectra were recorded in a 0.1 cm pathlength quartz cuvette.
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(t1/2 cis-to-trans = 1.28min), which can be attributed to the excitation
intensity-dependent nature of photoisomerization. Encouragingly,
photoisomerization occurs even within an aqueous solution at phy-
siological pH, suggesting potential applications of this technique to
azobenzene-containing drugs.

The long half-life of triplet-sensitized cis-to-trans isomerization of
AZO-EH in themicellar environment prompted the examination of the
contribution of temperature. The cis-to-trans isomerization studies of
AZO-EH in PF-127 micelles were carried out at biologically relevant
temperatures (30, 35 and 40 °C), where the half-life (t1/2 cis-to-trans) was
found to be 1589, 888 and 488min, respectively (Supplementary
Fig. 28). These results demonstrate minimal thermal contribution to
cis-to-trans photoisomerization ofAZO-EH during triplet-sensitization
at physiological temperature, (Supplementary Fig. 27). The effect of
photosensitizer concentration on the kinetics of isomerization was
also measured by titrating the same concentration of AZO-EH (30 µM)
against varying ZnPc1 concentrations (0.5 µM to 10 µM) in PF-127
micelles in water (Supplementary Figs. 29 and 30). The results show
that cis-to-trans isomerization could be achieved even at 0.5 µM con-
centration ofZnPc1. Moreover, the half-life (t1/2 cis-to-trans) decreased up
to 5 µM concentration of ZnPc1, followed by stabilization thereafter
(Supplementary Fig. 30).

The composition of the photostationary state (PSS) of AZO-EH in
micellar solutions following triplet-sensitization was analyzed using 1H
NMR spectroscopy. The measurements were first conducted in CDCl3
and PF-127-D2O solution without photosensitizer (ZnPc1), serving as a
reference standard (Supplementary Figs. 31–42, 43–52). In the CDCl3
environment, irradiation at 365 nm for 2min resulted in amaximumof
95% cis-AZO-EH in the PSS. Conversely, subsequent back-conversion
through irradiation at 455 nm for one min reduced the cis-AZO-EH to
31% in the PSS (Supplementary Table 2). In the AZO-EH-PF-127-D2O
solution, a 5min exposure to 365 nm light achieved 99% cis-AZO-EH in
the PSS, both in the absence of (Table S3) and the presence of ZnPc1
(Supplementary Figs. 53–57 and Table S4). Upon back-conversion with
455 (Supplementary Table 3) or 730 nm (Supplementary Figs. 58–62
and Supplementary Table 4) irradiation for 10min, cis-AZO-EH
decreased to 15%, and 18%, respectively, in the PSS. Therefore, the
relative composition of cis and trans-AZO-EH in the PSS after back-
conversion remains almost similar in micellar solution regardless of
direct or indirect irradiation. The feasibility of triplet-sensitized cis-to-
trans isomerization was also tested on the azobenzene-based drug
molecule PAI15,33 in phosphate buffer solution of PF-127 micelles at pH
7.4 (Fig. 5a, b).

PAI is an agonist of muscarinic acetylcholine receptor subtype 2
(M2 mAChR)15,33. The M2 mAChRs belong to the class A G-protein
coupled receptors (GPCRs) and are primarily found in the heart. Sti-
mulation of the M2 mAChRs by the parasympathetic nervous system
leads to a decrease in heart rate and an increase in atrioventricular
conduction time. Previous studies have shown that PAI can act as a
dualsteric drug, allowing for the photo-control of M2 mAChR activity
using one-photon (460nm LED)15, two-photon (840nm pulsed laser)15

and three-photon (1560 nm pulsed laser)33 absorption techniques,
albeit at high photon fluences. Here, PAI isomerization was controlled
through photoactivation using triplet sensitization upon excitation
with a 730 nm continuous wave LED at a significantly reduced excita-
tion power density (46mWcm−2) compared to that of 2PA (Fig. 5c, d).
The successful result in an aqueous, cellular-like environment within
the phototherapeutic window prompted in vivo experiments to
explore the application of triplet-sensitized photoswitching in photo-
pharmacology.

In vivo Photomodulation of Cardiac function via TSP
The development of red-light photoswitchable drugs must satisfy
challenging criteria of aqueous solubility, reversible switching beha-
vior, and absence of immunogenicity13. Activation of photoswitchable

drugs has been demonstrated by two-photon excitation at NIR wave-
lengths (800–900 nm)30,63–65 and three-photon excitation at 1560 nm
(mid-IR)11, but the requirement for large laser and optical equipment
confines the methods to research laboratories. Upconversion in
optogenetics5 and photo-pharmacology66 has been achieved with
continuous wave (CW) light sources (LED or lasers) at 980nm, but
requires injecting potentially toxic, heavy metal-laden nanoparticles.
Optogenetic defibrillation, which utilizes red light to regulate
arrhythmias in the heart of transgenic mice, is another emerging
technique; however, it necessitates genetic mutation of the receptive
cardiac tissue with light-sensitive channelrhodopsin-2 (ChR2)6. Optical
defibrillation through the reversible photoswitching of azobenzene-
labeled azobupivacaine 2 (AB2) represents another promising
approach for the modulation of cardiac electrophysiology by rever-
sibly inhibiting voltage-gated Na+ and K+ channels. Nonetheless, this
technique relies on UV-blue light for the reversible photoswitching67.
Developing synthetic biocompatible photosensitizers that allow pho-
toactivation of drugs with CW IR light by simple triplet sensitization
could have a wide impact in photo-pharmacology and phototherapies.
Accordingly, the feasibility of controlling cardiac activity in vivo with
730 nm illumination via triplet-sensitized photoisomerization of the
azobenzene-containing PAI was examined. PAI has been demon-
strated to serve as a photoswitchable agonist capable of activating
muscarinic M2 receptors at picomolar potency with subtype
selectivity15. The experimentswere conductedonalbinoXenopus laevis
tadpoles, refs. S7−S11, which are translucent and allow non-invasive
real-time visualization and quantification of cardiac activity and effi-
cient photoswitching of drugs by CW light sources such as LEDs to
dynamically control cardiac function (Fig. 6a–d) 6,15.

The drug PAIwas dissolved in an aqueous micellar solution along
with the triplet photosensitizerZnPc1 for testing (Fig. 1d). Themicelles
act as carriers to deliver both PAI and ZnPc1 to the M2 mAChR
membrane receptor. Before the introduction of this formulation into a
tadpole water, followed by 730nm excitation, photoswitching
experiments with UV-blue light were performed to demonstrate fea-
sibility at normal absorption wavelengths. PAI reversibly photo-
isomerizes between the trans form (dark-relaxed and under blue
455nmLED illumination) and cis form (under 365 nmUV illumination),
displaying higher and lower pharmacological activity, respectively
(Supplementary Fig. 63a–e).

Application of 30μM trans PAI to water decreases the tadpole
heartbeat, leading to cardiac arrest (Supplementary Fig. 63b), which
can be reversed by UV illumination with a 365 nm LED (Supplementary
Fig. 63c), as reported15. This effect is reversible due to PAI isomeriza-
tion from cis-to-trans (Supplementary Fig. 63d). The results are quan-
tified by the averaged amplitude of cardiac contraction
(Supplementary Fig. 63e) and by the heartbeat frequency (Supple-
mentary Fig. 64). After control experiments, here, an in vivo triplet-
sensitized photoswitching assay of PAI combined with ZnPc1 was
implemented (Fig. 6e). First, a 3min waiting period was recorded to
test the stabilization and health status of the tadpoles. Then, the tad-
pole medium was replaced with an inactive, pre-irradiated 30μM cis-
PAI solution combined with or without 10μM ZnPc1 encapsulated by
2% PF127 in 0.1X MBS. This solution produced only minor changes in
heartbeat (Fig. 6e). Following this, 730 nm LED illumination was
applied in consecutive 10min intervals to allow triplet sensitization of
PAI for cis-to-trans isomerization while minimizing sample warming.
Figure 6f shows that in the initial absence of PAI, the tadpole cardiac
activity (amplitude of cardiac contraction and cardiac frequency, see
Supplementary Fig. 65) remained stable and only changed slightly
upon application of 30μM cis-PAI. In contrast, cardiac activity was
reduced during consecutive 10min 730 nm LED illumination periods,
while no significant effects were observed with illumination in the
absence of ZnPc1 or PAI (Fig. 6f). These controls rule out possibilities
like PAI being activated thermally or cardiac activity being reduced by

Article https://doi.org/10.1038/s41467-025-61301-3

Nature Communications |         (2025) 16:6377 7

www.nature.com/naturecommunications


ZnPc1-photoemitted species. The decrease in amplitude of cardiac
contraction is quantified in Fig. 6g and is comparable to that
observed with active trans-PAI, although changes are significantly
slower, probably due to limited penetration of micelles in tissue and/
or photoconversion in the experimental conditions. Future studies
will be focused on testing different molecular weight Pluronics for
enhanced tissue penetration and proximity of photoswitchable
drugs to photosensitizers to accelerate overall triplet sensitization,
in addition to designing covalently linked photosensitizer-
photoswitch pairs. Overall, the results to date indicate that PAI can
be converted from the inactive cis form to the active trans form
in vivo by means of ZnPc1-mediated triplet sensitization under
730 nm illumination. Since the light sources and reagents are widely
available, the triplet photosensitization method opens an alternative
avenue to activate photoswitchable drugs using tissue-penetrating,
non-invasive illumination.

Discussion
The field of photo-pharmacology aims to exploit the rich array of
photochemical phenomena for non-invasive applications in the bio-
medical arena. Here, triplet-sensitized photoswitching has been
examined as ameans of utilizing light in the phototherapeutic window
to exercise structural control of the azobenzene motif. A compre-
hensive experimental investigation conducted across variousmatrices
such as a skin mimic andmicelles has demonstrated that (1) the action
spectrum of azobenzenes can be effectively shifted towards the NIR-I
region (850 nm) by 400nm, and (2) this red-shift could be achieved at
an excitation power of only 2.62mWcm−2, after passing through ani-
mal tissue. The strategy is a viable alternative to 2PA, ESA, and TTA-UC
for achieving biological photoactivation at very low levels of photon
fluence within the phototherapeutic window. As one example, the
heart rate of frog tadpoles is modulated through triplet-sensitized cis-
to-trans photoisomerization of a dualsteric drug, Phthalimide-Azo-
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Fig. 6 | Modulation of cardiac activity mediated by triplet-sensitized photo-
switching ofmuscarinic drug PAI in the phototherapeuticwindow. aApparatus
to optically record cardiac activity in frog tadpoles, including a binocular micro-
scope equipped with a camera and LEDs with 365, 455, and 730nm wavelengths.
b Freely swimming tadpoles at stages 46–48. c Image representing the application
of 0.23mM pancuronium dibromide solution to immobilize the tadpole (stage 47)
for long-term imaging of cardiac activity under dim light at 32 frames per second
(fps) video recording. A region of interest (ROI) is placed at the edge of the heart to
record the beating. d Image representing the setup for applying compounds to the
medium and illuminating at wavelengths of interest (365, 455 and 730nm LED in
the photo). e Time course of the mean ROI intensity of heartbeat under the con-
ditions indicated in the labels: control in the absence of PAI and light, inactive
365 nm-preilluminated (Io = 10.9mWcm−2) 30 µM PAI together with 10 µM ZnPc1
photosensitizer in the dark, and effect of illuminating the mix with 730 nm light
(Io = 42mWcm−2) in consecutive 15min periods. f Time course of the amplitude of
cardiac contraction during controls, compound application in the dark, and three
consecutive 10min periods of 730 nm illumination (shaded in red). The black line
represents inactive 365 nm-preilluminated 30 µM PAI with 10 µM ZnPc1, and 2%

PF127 in 0.1XMBS diluted buffer, the gray line shows the control experiment in the
absence of the triplet photosensitizer ZnPc1, and the dotted line represents the
control corresponding to the triplet sensitizer alone (10 µM ZnPc1 and 2% PF127 in
0.1X MBS). The corresponding frequency plots are shown in the Supplementary
Information. g Quantification of the experiments in panels (e, f). White bars
represent the mean amplitude of contraction measured at intervals of 15 s during
each experimental phase (baseline, application, 730nm 10min, 20min, and
30min) following treatment with the sensitizer (ZnPc1) alone (n = 3 animals, bio-
logical replicates). Gray bars represent measurements with PAI alone (n = 2 ani-
mals, biological replicates), and black bars represent the combination ofZnPc1 and
PAI (n = 3 animals, biological replicates). Each data point shown represents inde-
pendent biological replicates derived from separate animals. Due to ethical con-
siderations regarding animal use, the number of biological replicates was kept
minimal. Error bars indicate the standard error of the mean (SEM). Statistical sig-
nificance (*) indicates p <0.05 when comparing the combination treatment
(PAI + sensitizer) to sensitizer alone, multiple unpaired t test. “nd” indicates no
significant difference.

Article https://doi.org/10.1038/s41467-025-61301-3

Nature Communications |         (2025) 16:6377 8

www.nature.com/naturecommunications


Iperoxo (PAI), upon excitation of a photosensitizer, ZnPc1, with
730 nmLED light at an excitationpower of 42mWcm−2. This excitation
power level is substantially below the established tolerance limit of
skin (200mWcm−2).

In summary, triplet-sensitized photoisomerization in biological
environments presents an alternative approach to trigger photo-
switchable drugs through non-invasive, tissue-penetrating illumi-
nation. As such, the demonstrated approach represents an
important advance in the domain of photopharmacology. The co-
localization of the photosensitizer and of the photoswitch is crucial
for triplet-sensitization. We assume that the colocalization was
accomplished here due to the presence of the orthosteric site of M2

mAChR within the hydrophobic core of the membrane, which serves
as an ideal environment for housing hydrophobic chromophores.
However, while it is crucial to understand the mechanism by which
chromophores encapsulated in PF-127 micelles are internalized, this
would deserve a separate study about the colocalization of the dyes
upon their delivery using micelles. Another key issue is the trans-to-
cis photoisomerization with the UV light and singlet oxygen gen-
eration during the interaction of photosensitizer with the molecular
oxygen in vivo. Future molecular designs are envisaged that extend
beyond the present proof-of-principle experiments wherein the
photosensitizer and photo-drug are linked together along with the
singlet oxygen quencher, and the electronic structure of azo-
benzene is tailored to shift the action spectrum of trans-to-cis iso-
merization towards the red region. For example, recent work by
Thorn-Seshold and co-workers (submitted in chemrxiv) demon-
strated in vitro photocontrol of the SNAP-mGluR2 expression in
granule cells of the dentate gyrus brain slices due to cis-to-trans
photoisomerization of a bioactive azobenzene-photosensitizer dyad
upon irradiation with 660 or 740 nm light68. Taken together, the
foundation is solid for the next step: exploring such systems for
efficient and broad-spectrum photocontrol of pharmacology in the
phototherapeutic window.

Methods
The biological research carried out in this work complies with all
relevant ethical regulations set by the ethical commission of the Uni-
versity of Barcelona.

Preparation procedure of G-TXr-AZO-N-PdNc1, G-TXr-AZO-MM-
PdNc1, and G-TXr-AZO-EH-PdNc1 biomimetic films
Films were prepared using the following procedure. A solution com-
posed of 12 µL of AZO-N, or AZO-MM or AZO-EH (40mM in toluene)
and 70 µL of PdNc1 (716 µM in toluene) was concentrated under a N2

atmosphere in a glass vial. The residual mixture was treated with
0.026 g of TXr and stirred at 60 °C for complete solubilization of
chromophores. The resulting solution was treated with 1mL of Milli-
pore grade water followed by stirring. The aqueous solution of chro-
mophores and TXr was treated with 0.22 g of gelatin type A (G),
followed by stirring at 70 °C for 10min. The hot solution was allowed
to rest at room temperature for 2min, followed by drop-casting of
260μl of the solution on a 3 × 1 cm glass plate and air drying for 24 h.
The resulting air-dried films contained the following constituents:
TXr = 10.5%, gelatin = 89.4%, PdNc1 = 203 µmol kg−1and AZO com-
pounds (AZO-N, AZO-MM and AZO-EH = 1.95mmol kg−1. The faint
yellow semi-transparentfilmobtained after air drying for 24 hwas used
for the photoisomerization measurements upon excitation with 340,
365 and 850nm LEDs.

Preparation of the G-TXr-AZO-EH-BC1 biomimetic film
A solution composed of 12 µL of AZO-EH (40mM) and 100 µL of BC1
(500 µM) in toluene was concentrated under N2 atmosphere in a glass
vial. To the residual mixture added 0.026 g of TXr and stirred at 60 °C

until the chromophores were fully dissolved. To the resulting solution
added added 1mL of Millipore grade water, followed by stirring. Into
the aqueous solution of chromophores added 0.22 g of gelatin type A
(G), followed by stirring at 70 °C for 10min. The hot solution was
allowed to rest at room temperature for 2min, followed by drop-
casting of 260μl of the solution on a 3 × 1 cm glass plate and air drying
for 24 h. The air-dried films contain TXr = 10.5%, gelatin = 89.4%,
BC1 = 203 µmol.kg-1and AZO-EH = 1.95mmol kg−1.

Preparation of the G-TXr-AZO-EH-ZnPc1 biomimetic film
A solution composed of 12 µL of AZO-EH (40mM) and 157 µL of ZnPc1
(317.5 µM) in toluene was concentrated under a N2 atmosphere in a
glass vial. The residual mixture was treated with 0.026 g of TXr and
stirred at 60 °C until the chromophores were fully dissolved. The
resulting solution was treated with 1mL of Millipore grade water fol-
lowed by stirring. The aqueous solution of chromophores was treated
with 0.22 g of gelatin type A (G), followed by stirring at 70 °C for
10min. The hot solution was allowed to rest at room temperature for
2min, followed by drop-casting of the 260μl of the solution on a
3 × 1 cm glass plate and air drying for 24 h. The resulting air-dried films
contained TXr = 10.5%, gelatin = 89.4%, BC1= 203 µmol kg−1 and AZO-
EH = 1.95mmol kg−1.

Preparation of PF-127-AZO-EH-ZnPc1 micelles solutions
A solution composed of 12 µL of AZO-EH (40mM), 50 µL of ZnPc1
(317.5 µM) and 0.02 g of PF-127 in toluenewas concentrated under a N2

atmosphere in a glass vial. The residual mixture was treated with 1mL
of Millipore grade H2O, followed by stirring in an ice bath to dissolve
PF-127. The resulting solution was brought to room temperature. The
resulting micellar solution contained the following constituents:AZO-
EH =0.48 mmol L−1, ZnPc1= 15.85 µmol L−1 and PF-127 = 2%. This stock
solution was diluted 20x with 2% PF-127 in water. Photoswitching
measurements were carried out in a 0.1 cm pathlength quartz cuvette
with the following concentrations, AZO-EH = 24 µmol L−1, ZnPc1 =
0.8 µmol L−1 and PF-127 = 2%. Temperature dependent experiments
were carried out in 1 cm pathlength quartz cuvette. For this 185 µL of
AZO-EH-PF-127 aqueous solution (480 µM) is added to 2.315mL of PF-
127 (2%) aqueous micellar solution to keep the absorbance below 1.0.
Final AZO-EH concentration = 35.5 µM. The samples for UV-Vis titra-
tions of AZO-EH (30 µM) against different concentrations of ZnPc1
(0.5, 2.5, 5, and 10 µM) were prepared by mixing 62.5 µL of AZO-EH
(480 µM in 2% PF-127 in water) with 10, 50, 100, and 200 µL of ZnPc1
(50 µM in 2% PF-127 inwater), and 927.5, 887.5, 837.5 and 737.5 µL of 2%
PF-127 in water respectively.

Preparation of AZO-EH CDCl3 solution and 1H NMR character-
ization to measure composition of AZO-EH photostationary
state in CDCl3 as reference
A 5mM solution of AZO-EH was prepared by dissolving 1.55mg of
AZO-EH in CDCl3. The solution was irradiated with 365 nm LED, for 15,
30, 60, 120, 180 and 240 s. 1H NMR spectra were recorded (Supple-
mentary Figs. 31–36). The relevant peaks of theAZO-EH between 8.5-6
ppm, 4.5-3.5 ppm, and 2-0.5 ppm undergo shifts and a decrease/
increase in intensity. The conversion could also be observed by a
change in the color of the solution from yellow to orange (Supple-
mentary Fig. 31). The peaks were identified to originate from the AZO-
EH by comparison to the solution without the AZO-EH present. The
sample solutionwas irradiated in a second irradiation experiment with
455nm for 15, 30, 60, 150, 300 s for back-conversion. 1H NMR spectra
were recorded, and the changes were seen to be reversible (Supple-
mentary Figs. 37–42) The color change is also reversible (Supple-
mentary Fig. 37). The composition of the photostationary state was
determined for both irradiation experiments by integrating the chan-
ges in relevant peak areas and is provided in Supplementary Table 2.
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Preparation of PF-127-AZO-EH-D2Omicelles solution for 1H NMR
characterization to measure the composition of the
photostationary state
A 5mM solution of AZO-EH in D2O was prepared by mixing 1.55mg of
AZO-EH with 0.02 g via heating at 70 °C for 5min, followed by the
addition of 1000 µL of D2O and stirring in the ice bath for 10min for
complete solubilization of all components. As a reference experiment,
the AZO-EH (5mM)-PF127 (2%)-D2O solution was irradiated with 365
and 455 nm, for 15, 30, 60, 120, 180 and 240 s, followed by recording of
their 1H NMR spectra after each irradiation. First, the sample was
irradiated with 365 nm LED, and 1H NMR spectra were recorded
(Supplementary Figs. 43–47). The relevant peaks of the AZO-EH
between 6-8 ppm, and 0.75-0.4 ppm undergo shifts and a decrease/
increase in intensity. The conversion could also be observed by a color
change of the solution from yellow to orange (Supplementary Fig. 43).
The peaks were identified to originate from the AZO-EH by compar-
ison to the solution without the AZO-EH present. The sample solution
was irradiated in a second irradiation experiment with 455nm for 15,
30, 60, 150, 300 s for back-conversion. 1H NMR spectra were recorded,
and the changes were seen to be reversible (Supplementary
Figs. 48–52). The color change is also reversible (Supplementary
Fig. 48). The composition of the photostationary state was determined
for both irradiation experiments by integrating the changes in relevant
peak areas and is provided in Supplementary Table 3.

Preparation of PF-127-AZO-EH-ZnPc1-D2O micellar solution for
1H NMR characterization to measure the composition of the
photostationary state
A 5mM solution of AZO-EH doped with 50 µM of ZnPc1 in D2O was
prepared by mixing 1.55mg of AZO-EH with 0.02 g of PF-127, via
heating at 70 °C for 5min, followed by the addition of 784 µL of D2O,
and 216 µL of ZnPc1-PF-127 (2%)-D2O solution (231 µM). The solution
was stirred in an ice bath for 10min for complete solubilization of all
components. First, the NMR sample was irradiated with 365 nm LED,
for a total of 5min. 1H NMR spectra were recorded (Supplementary
Figs. 53–57). The relevant peaks of the AZO-EH between 6-8 ppm, and
0.75-0.4 ppm undergo shifts and a decrease/increase in intensity. The
conversion could also be observed by a change in the color of the
solution from yellow to orange (Supplementary Fig. 53). The peaks
were identified to originate from the AZO-EH by comparison to the
solution without the AZO-EH present. When irradiated in a second
irradiation experiment with 730 nm for in total of 10min, while a 1H
NMR spectrumwas recorded after various time steps, and the changes
were seen to be reversible (Supplementary Figs. 58–62). The color
change is also reversible (Supplementary Fig. 58).

Preparation of PF-127-PAI-ZnPc1 micelles solution
2.5 µL of ZnPc1 (317.5 µM in toluene) and 0.005 g of PF-127 dissolved in
toluene were evaporated under N2 atmosphere in a glass vial. The
residual mixture was treated with 250 µL of PAI solution in phosphate
buffer pH. 7.4, followedby stirring in an icebath todissolve PF-127. The
resulting solution was brought to room temperature for the photo-
switching measurements in a 0.1 cm pathlength quartz cuvette. The
final measurement concentrations were as follows: AZO-EH = 50 µmol
L−1, ZnPc1 = 3 µmol L−1 and PF-127 = 2%.

Animal housing
Albino Xenopus laevis (Nasco Ltd) ref. S7 embryos were obtained by
natural mating and sustained until 3-4 days post-fertilization (dpf) in
0.1X Marc’s modified Ringer’s (MMR) solution within a dark incubator
set at 24 °C. Subsequently, the tadpoles were relocated to tanks con-
tainingXenopuswater, preparedbydissolving 8 gof InstantOcean salt
(Instant Ocean) in 20 L of distilled water. Tadpoles were maintained at
a density of 20–30animalsper litre, at a constant temperature of 24 °C,
and were fed spirulina daily. All procedures adhered to the ethical

standards set by the ethical commission of theUniversity of Barcelona.
Xenopus tropicalis tadpoles, corresponding to developmental stages
44–48 according to Nieuwkoop and Faber ref. S8 were immobilized in
0.23mM Pancuronium dibromide solution (PCD) (Merck, Cat no.
P1918) for 10min due to its higher cardiac tolerance and non-UV
dependent effects ref. S10 before being transferred to a custom
chamber containing 150μL of 0.1x Modified Barth’s Saline (MBS) pre-
pared by 10x stock containing 800mM NaCl, 10mM KCl, 10mM
MgSO4·7H2O, 50mMHEPES free acid, 25mMNaHCO3; adjust thepH to
7.8 with NaOH and diluted in milli-Q water ref. S11.

Characterization techniques
Scanning electron microscopy. The cross-section scanning electron
microscopy (SEM) images of the G-TXr-AZO-EH film were obtained
using JEOL JSM-7800F Prime FEG SEM. The acceleration voltage is set
to 10 kV, and a secondary electron detector is used. Before SEM
observation, the sample is dried under vacuum for two days and
coated with gold using the Edwards S150B gold sputter. The cross-
section is obtained by breaking the film in half with hands.

X-ray diffraction measurements. X-ray diffractograms of the G-TXr-
AZO-EH film is measured using Bruker the D8 DISCOVER is an X-ray
diffraction instrument equipped with four motorized axes stage, hav-
ing as typical applications: XR Reflectometry, Rocking measurements,
RSM measurements and structural phase identification.

UV-Vis spectroscopy measurements. UV-Vis measurements of the
chromophores solution and solid sample is done using a UV-Vis-NIR
spectrophotometer Jasco V-770 with operational range of
190–3300nm and FLS980 (Edinburgh Instruments). Samples were
excitedwith at 365, 340, 455, 730, and850 nmLEDThorlabs integrated
with collimator and 340 nm UV-lamp, and 850 nm laser. LED emission
power is measured with a standard Photodiode Power Sensor, Thor-
Labs S120VC. Solution state spectra were recorded in a quartz cuvette
of 1 cm to 0.1 cm path length.

Fluorescence measurements. The steady-state FL emission spectra
were measured using a back-thinned CCD spectrometer PMA-12
(Hamamatsu). Phosphorescence was measured with a time-gated
iCCD camera, New iStar DH340T (Andor), after exciting the samples
with the emission of a tunable-wavelength optical amplifier (Ekspla)
pumped by a nanosecondNd3+ :YAG laser (wavelength – 850nm, pulse
duration – 5 ns, repetition rate – 1 kHz).

1H NMR measurements. The 1H NMR spectra were recorded using a
Bruker NMR Ascend 400 of 400MHz equipped with two probes for a
liquid and solid samples.

Cardiac activity measurements. Video recordings of tadpole hearts
were conducted using a microscope equipped with an OptixCam
Summit Series OCS-D3K2-5 camera that can capture more than 30
frames per second to resolve the ~ 1 Hz tadpole heartbeats. The
recordings were acquired using ToupLite software, which enhances
visual contrast to improve cardiac imaging, and the video streamswere
converted to the AVI format12 recordings were briefly paused during
compound addition and changes in illumination conditions. Video
information and data analysis were extracted and executed with cus-
tom scripts based on ImageJ13 for AVI file analysis and subsequently
converted to csv format for further analysis ref. S12.

The illumination protocol established for control and treatment
video recordings followed the procedure described below. LED irra-
diance values were measured by a Thorlabs PM101/PD TH optical
powermeter equipped with a Thorlabs S120VC sensor with a diameter
of 9.5mm.A three-minute dim light period (0.26mWcm−2) is allocated
solely for imaging to establish baseline activity, followed by a 10min
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incubation of 30μM PAI (with or without 10μM ZnPc1, encapsulated
in 2 % PF127 in 0.1XMBS) pre-irradiated under UV (365 nm 11mWcm−2)
for 5min to allow for enough trans-to-cis isomerization. Subsequently,
10min 730 nm illumination (42mWcm−2) with a ThorlabsM730L5 LED
is applied for three cycles to achieve trans-to-cis isomerization, with
2-min intervals of waiting period under dim light between each cycle.

Tadpoles (n = 6) were initially paralyzed with PCD as described
earlier, placed in MBS, and video recorded under the established illu-
mination protocol in the absence of PAI and ZnPc1 combination to
assess the effect of light alone on cardiac activity and to verify control
conditions. Subsequently, each tadpole is exposed to a 30 μMPAIwith
10μM ZnPc1 (n = 3) and without ZnPc1 (n = 3) in MBS with 2% PF127
micelles and is subjected to the same illumination protocol to observe
the light-dependent effects of the drug alone. One additional animal is
tested to evaluate the effect of 10 μM ZnPc1 alone in MBS with 2%
PF127 without illumination cycles.

Quantification of the experiments in panels (f, g) in Fig. 6 main
manuscript is performed by calculating the amplitude and frequency
of cardiac contraction as a function of time and illumination in the
presence and in the absence of ZnPc1 (black and white bars, respec-
tively). The results were obtained in 5 different animals (n = 2 control
tadpoles without ZnPc1, n = 3 tadpoles treated with ZnPc1) and ana-
lyzed statistically using unpaired t tests with data from experiments
with inactive PAI +ZnPc1 versus inactive PAI without ZnPc1 as the
main factors, along with baseline measurements, compound applica-
tion, and consecutive 730 nm illumination cycles as their interactions.

Data analysis and statistics
The videos capturing cardiac movement were processed to generate
sinusoidal signals representing the grayscale intensity distribution
within a selected region of interest (ROI) Fig. 6c (manuscript). This
allowed recording tadpole cardiac movements and quantification of
contraction amplitude and frequency over time (Fig. 6d, e and Sup-
plementary Figs. 63 and 64). The amplitude of contraction data is
extracted from the signal peaks occurring in 15 s intervals, after fil-
tering out excessive noise to identify actual beating events. This
involved identifying maximum peaks with high standard deviation
within adjacent peaks, the range of which is determined empirically by
examining the baseline dataset for each experiment. In addition, car-
diac frequency is calculated based on the number of real beating
events observed within every 15 s. Both the time course of cardiac
parameters (amplitude of contraction and cardiac frequency) is plot-
ted as a function of time (Fig. 6f, g and Supplementary Fig. 65).

Statistical analyses were conducted using an unpaired t test,
incorporating data from experiments involving inactive PAI +ZnPc1
and inactive PAI without ZnPc1 as main factors, along with baseline
measurements, compound applications, and 730nm illumination
cycles as their interactions ref. S13.

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

Data availability
All data that support the findings of this study are presented in the
manuscript and Supplementary Information, or are available from the
corresponding author upon request. Source data are also provided in
this paper.
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