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Quantitatively tracking the dynamics of reactive species in vivo with reliable
spatiotemporal resolution is essential yet challenging, as it provides critical
insights into physiological mechanisms, optimizes drug delivery, and
advances precision medicine. Herein, leveraging stimulated Raman scatter-
ing (SRS) for in vivo quantification, this work develops a series of versatile
photoactivable scaffolds that efficiently generate equivalent amounts of
reactive nitroxyl (HNO) and cyano-azobenzene with high photoconversion
efficiency (95.1%) and fast reaction dynamics (¢, =3.97-33.56 s). Upon
photoinduction, the cyano-azobenzene serves as a sensitive SRS imaging
reporter, enabling precise monitoring of HNO release with high spatial
resolution. Moreover, the modularly designed scaffolds ensure tuneable
reaction kinetics and distinct vibrational fingerprints (2224-2245cm™) for
multiplexed SRS imaging, along with specified organelle-targeting cap-
abilities. By tracking the photo-release of HNO in living cells and zebrafish
using SRS imaging, we uncover kinetic lags in photo-triggered HNO, con-
firming its distinct spatiotemporal dynamics in complex living systems.
Furthermore, this study monitors the therapeutic process of photoactivated
HNO in a zebrafish model of heart failure using SRS, providing a robust
strategy for quantifying reactive species in native biological environments.

Stimulated Raman scattering (SRS) microscopy is recognized as one
of the most powerful tools in label-free bioimaging, utilizing sig-
nificantly enhanced Raman vibrational transitions of chemical
bonds via nonlinear effects'. Recently, the bursting of tailor-made
SRS probes, designed by coupling strong vibrational tags, such as
alkynes and nitriles, has further enabled the application of SRS
microscopy with multi-channel and robust sensitivity in
bioimaging®’°. Among the reported SRS probes, the pyronin-based
Manhattan Raman scattering (MARS)® and polyyne-based ‘carbon

rainbow’ (Carbow)" series are the star molecules with superb sen-
sitivity and multiplicity. Their super-multiplexed and sharp Raman
peaks from triple bonds within the cell-silent regions
(1800-2800 cm™) ensured bioimaging without background signals
from endogenous molecules®. Moreover, compared with sponta-
neous Raman scattering, SRS enables more efficient quantitative
imaging due to the linear relationship between signal intensity and
analyte concentration. This ensures precise spatiotemporal quan-
tification, making SRS ideal for real-time tracking of drug delivery
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and metabolic processes”™. However, versatile SRS probes are still
very limited.

Currently, two groups of photoactivable SRS probes have been
reported in photo-triggered SRS imaging: reversible dithienylethene
(DAE) for photoswitching'®" and caged cyclopropenone for multicolor
imaging (Fig. 1a)*°. However, SRS has mainly been used as an imaging
strategy in these applications, despite its inherent advantages of
instant, accurate quantification in noninvasive imaging not being fully
exploited. In photo-controlled release, particularly in photo-controlled
drug release, the ability to quantitatively track the released species in
real time and with high spatial resolution is highly required. It ensures
instant and accurate feedback activation, representing the ultimate
goal of photo-triggered release, although this goal remains highly
challenging with conventional imaging techniques* .

Moreover, the instantaneous concentration of biomolecules,
especially certain reactive molecules, is essential in their therapeutic
processes. For example, nitroxyl (HNO)*?, the one-electron-reduced
and protonated form of nitric oxide (NO~), has great potential in car-
diovascular, oncological, neurological, and immune-related diseases.
In cardiomyocytes, HNO exerts potent positive inotropic and lusi-
tropic effects by modulating the Ca** cycle through a distinct redox-
dependent mechanism. It enhances RyR2 activity to facilitate sarco-
plasmic reticulum Ca® release while simultaneously activating SER-
CA2a (via atp2a2 disulfide formation) to accelerate Ca*" reuptake.
Concurrently, HNO exposure preserves the physiological expression
of the Myl7 protein (encoded by the myl7 gene), thereby sustaining
downstream myofibrillar assembly and cardiac output®*.. To date,
fluorescence-based probes have been extensively developed for the
detection of HNO and have enabled important biological insights®*>*,
However, these approaches often suffer from photobleaching, limited
quantitative accuracy, and spectral overlap in complex biological
environments, which hinder their ability to accurately reflect real-time
dynamic changes in biosystems. Spontaneous Raman imaging offers
improved chemical specificity and inherent quantitative capability;
however, its weak signal intensity limits its application in monitoring
fast dynamic processes in living systems. Given these challenges, the
intrinsic high reactivity and short lifetime of HNO further hamper
accurate tracking of HNO concentration and dynamics in vivo*%,
Moreover, the effect of HNO is highly concentration-dependent: low
levels act as signaling molecules, whereas high levels exert cytotoxic
effects. Thus, dose-controlled and spatiotemporally precise release
remains a vital topic in HNO-based therapeutic strategies.

Given the versatility of SRS in bioimaging and biomedicine, the
design of easily manipulated multifunctional SRS probes is urgently
needed. Here, we report a series of photoactivatable SRS probes for
quantitatively tracking the instant release of bioactive HNO with
robust spatiotemporal resolution in vivo. In the designed probes, the
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Fig. 1| Design principles of photoactivatable probes for spatiotemporally
controlled SRS imaging. a General strategies of photoactivatable fluorescent
probes. Representative photoactivatable SRS probes based on carbon-carbon

o
N_O_CN + HNO + R,~COOH

azo-benzonitrile scaffolds are masked with 1,2,4-oxadiazole-4-oxide
(OXA)¥, which efficiently blocks the strong SRS signal from the cya-
nide group. Upon visible-light irradiation, the photoactivation of OXA
released a nitrosyl intermediate, which rapidly yields benzoic acid and
HNO (Fig. 1b)*>#%*, Meanwhile, the instantaneous formation of azo-
benzonitrile ensured quantitative reporting of photoactivation via SRS
imaging of the newly generated nitrile group.

The versatility of the azo-benzonitrile scaffold has ensured
extensive structural diversity in the designed probes. Differently
functionalized caging groups efficiently tune the photoactivities of the
probes, while feasible structural decoration with organelle-targeting
groups (mitochondria, lysosomes, and lipid droplets) ensures photo-
activation and its dynamic monitoring at the subcellular level. More-
over, the robust photoactivity and kinetics ensure instantaneous
release of HNO by the designed probes upon photoirradiation in living
cells and zebrafish, enabling quantitative tracking of the photoactiva-
tion process via real-time SRS imaging. We quantitatively monitored
the photo-triggered release of HNO-induced calcium dynamics in H9¢2
cardiomyocytes and the therapeutic process in zebrafish heart failure
models, observing abrupt changes in cytosolic Ca*" levels and the
subsequent restoration of heart rate. We have confirmed the feasibility
and potential of SRS in photo-triggered drug release with designed SRS
probes. Our efforts may spark a broad interest in the application of SRS
in photo-triggered processes. Meanwhile, the developed azo-probes in
this work offer a convenient molecular toolbox and approach for
photo-triggered studies by SRS.

Azobenzene-based SRS scaffold

To systematically evaluate the potential of azobenzene as a high-
performance SRS scaffold, we developed a palette of representative
dyes (1-5) and validated their signal enhancement effects. Azobenzene
has been recognized as an efficient Raman probe due to its strong
resonance Raman enhancement and the quenching of intrinsic fluor-
escence. These unique properties make it highly advantageous for
spontaneous Raman imaging, significantly boosting Raman signals in
both the fingerprint and silent regions****. However, as SRS relies on
nonlinear resonance, it remains uncertain whether the enhancement
can be effectively translated to SRS applications. Five representative
azobenzene dyes (1-5, see structures in Fig. 1b and properties in
Table 1, S1) were synthesized via the diazotization coupling of
4-aminobenzonitrile and the corresponding aniline derivative,
including 4-aminobenzonitrile (1), phenol (2), aniline (3), benzoyl
chloride (4), and nitroso-benzene (5). 4-Aminobenzonitrile was con-
verted into the corresponding diazonium salt upon treatment with
sodium nitrite and subsequently subjected to Sandmeyer coupling
reaction with aniline derivatives. Synthetic details and characteriza-
tions are available in the Electronic Supplementary Information (ESI).

e P ¢ Tunable Photolysis Efficiency and Rate

o
//’ Photoactivated CN Raman Imaging
O
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Real-Time Tracking of HNO Release

ale o
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t,,: 3.97-33.56s

triple bond tags. Adapted from references®*’. b Strategy of photoactivatable
azobenzene SRS probes utilizing cyano groups as vibrational reporters for real-
time quantification.
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Table 1 | Photophysical properties of compounds 1-5 and
Ph-CN

Compound 1 2 3 4 5 Ph-CN
Ry -CN -OOC-Ph  -NH, -OH -H /

Abs (nm) 337 331 365 346 341 224
RIE 9.2 3.7 5.3 5.1 4.6 0.15
Raman peak(cm™) 2235 2234 2224 2229/2245 2231 2230

DFT calculations and experimental results confirm that the azo-
benzene scaffold significantly amplifies CN-stretching vibrations.
Compounds 1-5 exhibited theoretical Raman activity (S) up to 2.8-
5.6 folds higher than that of Ph-CN (Table S2). In SRS imaging, these
probes showed strong signals (2220-2235cm™) with RIE® values
reaching 9.2 (vs. EdU (5-ethynyl-2-deoxyuridine)). Remarkably, com-
pound 5 achieved a-32.4-fold enhancement in normalized SRS
intensity compared to the nearly silent Ph-CN, demonstrating an effi-
cient signal-boosting (Figs. S1, 2).

Electronic structures were fine-tuned for optimized optical per-
formance. Compared to the compound 5 (RIE =4.6), compounds 3
(-NH,) and 4 (-OH) bearing electron-donating groups (EDGs) exhibited
enhanced SRS signals (RIE: 5.1-5.3, Table 1). DFT and NBO analysis
confirmed that EWGs increase bond polarization and k** (e.g.,
19.01 mdyn/A, E ®=20.11kcal/mol, for 1), whereas EDGs decrease k
(18.82 mdyn/A, E ®=20.97 kcal/mol for 3), dictating the observed
frequency shifts (Table S3 and Figs. S3, 4). Notably, the pH sensitivity of
the phenolic group in 4 led to dual Raman peaks, potentially arising
from the coexistence of protonated and deprotonated forms (Fig. S5).
These results highlight electronic modulation as a robust strategy for
tuning SRS frequency and intensity.

Azobenzene is a widely explored family with photo-triggered
reversible isomerization*’*, Thus, the conformation and photo-
stability of azobenzene-based SRS probes are essential. Herein, using 5
as the representative, we have confirmed that 5 predominantly (over
95%) exists in the transform by HPLC (Fig. S6). Upon repeated irra-
diation with intense UV (365 nm LED, 1.0 W/cm?, 1 min) and visible light
(425 nm LED, 50 mW/cm?, 1 min), the instant and complete reversible
trans - cis isomerization of 5 was confirmed by HPLC: 5 is isomerized
from trans- into cis-form within 1 min (Fig. S7). In the SRS analysis, the
isomerization is absent in the experimental conditions (pulse laser:
845 nm, 50 mW, Stokes laser: 1045 nm, 50 mW), or with visible light
(LED, 425 nm, 50 mW/cm?) within 2h (Fig. S8a). Moreover, we con-
firmed that only the transform of 5 reports strong SRS signals
(Fig. S8b). Considering the SRS signal intensity and synthesis feasibility
for further functionalization, 5 was selected for further investigation.

In the spontaneous Raman spectra (10 mM DMSO solution of 5,
Fig. S9; 488nm, 8.0 mW), the strong N=N stretching band at
1400-1500 cm™ and the C=N stretching vibration located in the cel-
lular silent region are consistent with previously reported values. In
contrast, the SRS spectrum of 5 exhibits a sharp and intense C=N
stretching vibration (Fig. S8b) with robust signal stability (Fig. S10),
whereas the N=N double bond exhibits a complex peak pattern
(Fig. S11). The precise vibrational position of the C = N stretching mode
was further confirmed by spontaneous Raman analysis. SRS intensities
of the CN stretching band at 2231cm™ or 5 across a broad range of
concentration (500 pM-100 mM) have demonstrated robust linear
correlation with concentration (R? > 0.999; Fig. 2b). The correspond-
ing limits of detection (LOD) and quantification (LOQ) by SRS were
51uM and 169 pM, respectively, -20.5-fold lower than those of ben-
zonitrile (LOD =1.05 mM, LOQ = 3.47 mM; Fig. 2c, S1, 12, and Table S4).
These features enable reliable quantification over a broad dynamic
range by SRS spectra and imaging”. Moreover, interference evaluation
confirmed that the representative physiological ions (Na*, K*, Ca?*,
Mg?*, Fe2*, Zn?*), biological reductants (GSH, Cys, Hcy), and reactive

species (H,0,, 0,7, HO', 10,, ONOO-, H,S) have negligible impacts on
the SRS response of 5 (Fig. S13a). Additionally, 5 exhibits strong sta-
bility across a wide pH range (2-12, Fig. S14).

Photo-triggered SRS scaffold

1,2,4-Oxadiazole-4-oxide (OXA)***, a classical heteroaromatic scaf-
fold, has recently emerged as a promising photochemical
precursor®*#%3*%* Upon irradiation, OXA photolyzes in two steps:
initial ring cleavage to benzonitrile and acyl nitroso, followed by a
rapid and efficient transformation of the acyl nitroso intermediate into
benzoic acid and nitroxyl (HNO, Fig. 1b)**. Moreover, the efficient
conversion and rapid kinetics ensured OXA as one of the mildest and
most reliable precursors for acyl nitroso species, a class of highly
reactive intermediates™. Although extensive efforts have been devo-
ted to tuning the kinetics of the subsequent transformation of acyl
nitroso, the primary photoactivation remains poorly explored. More-
over, the application of OXA is limited by its long-criticized photo-
instability. Herein, the formation of benzonitrile serves as an efficient
turn-on strategy for photo-triggered SRS. Moreover, the proportion-
ally generated -CN group and reactive HNO facilitated the quantitative
monitoring of the instantaneous concentration of HNO by SRS inten-
sities. With tuned reaction kinetics, the signal can be monitored in real
time, ensuring controlled release with in situ visualization. Based on
the azo- benzonitrile scaffold of 5, 5-phenyl-3-(4-(phenyldiazenyl)
phenyl)-1,2,4-oxadiazole 4-oxide (6) was synthesized. Starting from 4-
carboxyazobenzene, sequential lithium aluminum hydride reduction
afforded 4-(phenyldiazenyl) benzaldehyde, which was subsequently
converted into the 4-phenyldiazenylbenzaldehyde oxime via oxima-
tion with hydroxylamine hydrochloride. The oxime was then oxidized
to the reactive intermediate 4-azobenzene nitrile oxide, which under-
went a 1,3-dipolar cycloaddition to afford 5-phenyl-3-(4-(phenyldiaze-
nyl) phenyl)-1,2,4-oxadiazole-4-oxide (6). Derivatives 7-10 were
synthesized by analogous procedures (details in ESI).

To understand the electronic modulation, DFT calculations were
performed on the ground-state structures of 6-10. The results showed
that the substituents systematically tuned the N-O bond stability
(Table S5) and the HOMO-LUMO gaps (Fig. 2a), leading to the observed
differences in absorption spectra and photoreaction rates. Compared
with direct laser-based regulation (Fig. S15), chemical manipulation
provides intrinsic and predictable control over photoreaction kinetics,
enabling efficient activation at lower irradiation intensities while
minimizing phototoxicity in complex biological environments. Driven
by diverse kinetics, a rapid intramolecular rearrangement leads to the
stable formation of the CN-reporting unit (with a conversion efficiency
of 96% at 5.0 mM, Fig. 2h and Table S6). The quantification of HNO by
SRS relies on the 1:1 stoichiometric production of CN groups and HNO
during the photo-reaction. In vitro HPLC trapping assays confirmed
the stoichiometric relationship between azo-benzonitrile (5, 95.1%)
and HNO (82.9%, n=9, Figs. S16-19). Furthermore, the time-
dependent generation of HNO was highly consistent with that of
azo-benzonitrile in both in vitro environments and living cells
(Figs. S18, 19).

Photoactivation of 6 was efficiently triggered by irradiation at
wavelengths between 365 and 500 nm (LED, 50 mW/cm?), although the
reaction rate decreased with wavelength (Fig. 2d). The LED light
sources were calibrated to the corresponding wavelengths (Fig. S20).
The broad photo-sensitivity of 6 is consistent with the absorption of
azobenzene and its characteristic n-1* transition (Fig. S21). 425 nm was
selected for subsequent analysis. By contrast, the 3,5-diphenyl-1,2,4-
oxadiazole 4-oxide showed negligible photo-reactivity with visible
light (Fig. S22). HPLC confirmed the complete photoactivation of 6
(tg =13.2 min) to 5 (g =14.3 min) and benzoic acid (tg = 6.8 min) within
60s (Fig. 2e). Taking 20s as the interval, the fast photo-triggered
reaction is vivid. UV-vis spectra further supported this transformation,
as 6 (10 pM) exhibited a progressive shift from 355 to 341 nm under
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Fig. 2 | Photochemical properties and quantitative SRS analysis of photo-
activatable probes. a Molecular orbitals and energies for 5-10. b SRS signal
intensity at 2231 cm™ with the concentration of 5. ¢ SRS spectra for 5 and benzo-
nitrile (10 mM in DMSO). d irradiating wavelength (365-500 nm) on the photo-
activation of 6. e HPLC for the photoactivation of 6. f Temporal evolution of SRS
spectra of 6 (10 mM in DMSO) with photo-irradiation (425 nm LED, 50 mW/cm?).
Inserts show the SRS images at 2231 cm for solutions before and after irradiation,

Irradiation Time (s) Irradiation Time (s)

SRS intensities (/) and illumination time (¢) follow /=-71.8exp(-t/58.8) + 72.3,
R?=0.993. g Absorption spectra of 6 (15 uM in DMSO) during photoactivation.
h HPLC-monitored absorption at 254 nm of 6 (0.5-20.0 mM in DMSO) with irra-
diation time. i The photoactivation of compounds 6-10. Data are presented as
mean + SD from n =3 independent replicates. Filled circles indicate individual data
points, and open triangles indicate the mean values.

Table 2 | Photophysical properties of compounds 6-10

Compound 6 7 8 9 10

Ry -H -H -H -H -H

R, -Ph -Ph-OCH;  -Ph-CF;  -CHs «(CHo),CH3
Abs (nm) 355 359 350 34 34

€abs (M'em™) 12578 13,649 12,654 1548 11,669

@ (%) 1.88 3.62 1.24 0.96 0.88

ty2 (s) 11.91 3.97 17.78 29.45 33.56

irradiation (LED, 5.0 mW/cm?), ultimately identical with the spectra of
5 (Fig. 2g). In addition, 6 demonstrated excellent stability toward
physiological ions (Na*, K*, Ca*, Mg?*, Fe2*, Zn*'), biological reduc-
tants (GSH, Cys, Hcy), and reactive species (H>02, 0,7, HO', 10,,
ONOO", H,S) (Figure S13b). It also exhibited outstanding stability
across a broad pH range (Fig. S23) and showed negligible decom-
position within 48h, even in concentrated GSH solutions (pH 7.4,
Fig. S24). The robust photo-conversion of 6 at varying concentrations
(100 uM-10 mM) was confirmed by HPLC: the conversion reached 96%
at 5.0 mM and was approximately 86% at 20 mM (Fig. 2h, n=3).

To further explore the photoreaction, compounds 7-10 were
developed by structural decoration of 6 with anisole (7), (tri-
fluoromethyl)benzene (8), methane (9), and butane (10) at the 4-
position. Initially, their photoreactions were confirmed by HPLC under
425 nm irradiation (Fig. 21, 10 mM, LED, 50 mW/cm?). Their photo-
reaction kinetics were calculated based on the SRS signals. Com-
pound 7, bearing an electron-donating methoxy group, exhibited the
fastest reaction rate (kops=0.1741s", t;,,=3.97s), followed by 6

(kobs = 0.0577 s, t1/,=11.91's) and 8 with the electron-donating moiety
(kobs=0.05925?, t;,=17.78s, 1.0 mM in DMSO, Table 1). Tuned
electron-donating substituents efficiently manipulated the electron
density of the N-O bond, thereby facilitating bond cleavage and pro-
moting their photoactivation. In contrast, 9 and 10 with alkyl sub-
stitution showed slower rates (kops=0.0234s' and 0.0215s”,
respectively). Notably, both 9 and 10 exhibited nearly identical
absorption spectra under photoirradiation, indicating minimal struc-
tural perturbations during photoactivation (Fig. S25). These five
compounds had a tenfold difference in photoreaction rates, enabling
their applications to meet diverse requirements. Meanwhile, DFT cal-
culations were performed for the second-order perturbation energy (£
@) associated with electronic delocalization into the N-O antibonding
orbital (0*)¢, as well as the variations in N-O bond length induced by
substituents (Fig. S26 and Table S5). Additionally, different modifica-
tions resulted in varying photoreaction yields (¢ from 0.88 to 3.62;
Figs. S26, 27 and Table 2).

Time-resolved SRS spectra of photosensitive scaffold 6 show a
gradual increase in intensity at 2231 cm™ upon photoirradiation within
60's (425 nm LED, 50 mW/cm? in DMSO), consistent with the formation
of -CN during photoactivation. The photoactivation product is 5, as
confirmed by the SRS spectra and HPLC analysis (Fig. 2f). Kinetic ana-
lysis of the SRS signal evolution agreed with in vitro HPLC quantification
(/=-71.8¢"84+72.3, R*>0.99), and the concentration quantified by SRS
intensity (~ 8.3 mM) was consistent with that determined by HPLC.

Photoactivatable live-cell Raman imaging
Integrating an additional laser beam into the SRS system for photo-
activation enables real-time and stable monitoring of probes in live
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Fig. 3 | Organelle-targeted SRS imaging and cellular validation of photo-
activatable nitrile probes. a SRS imaging of stained lipid droplets (5), mitochon-
dria (11), and lysosomes (12) in HeLa cells; scale bar: 50 um. b SRS spectra of 5, 11,
and 12 incubated in cells. ¢ SRS imaging of 11 (40 pM)-stained Hela cells at 0, 4, 8,
12, 16, and 20 min; scale bar: 10 pm. d SRS intensities of 11-stained HeLa cells with
the incubation time for randomly picked regions (n =35, open circles indicate

LysoTraker,
3

2845 cm!

individual data points). e Colocalization of 5 (lipid droplets-targeted), 11 (mito-
chondria-targeted), and 12 (lysosome-targeted) with corresponding commercial
fluorescent probes. Statistical significance of the correlation was determined using
a two-sided Pearson correlation test. Scale bar: 10 pm. (f) SRS images of HeLa cells
incubated with 1-5 at 2224-2235 cm™. Scale bar: 50 pm. Images are representative
of three independent biological experiments with similar results.

cellular environments. To enable real-time and controllable
photoactivation in live cells, we modified the instrument by
splitting the excitation beam (845 nm) with a BBO frequency-doubling
crystal to generate a 423 nm laser for photoactivation (Fig. S28). SRS
imaging of 5-stained live 3T3 cells (20 uM, 4 h) shows a strong signal at
2231 cm™. The SRS signal was stable with the SRS lasers on for 2 h.
Additionally, at 20, 40, 60, and 80 min during SRS laser irradiation,
the cells are additionally irradiated with a 423nm pulse laser
(0.50 mW) for 1 min without reducing the SRS signal (Fig. S29). In 6-
stained 3T3 cells (20 pM, 4 h), the SRS signal at 2231 cm™ increased
progressively upon 423 nm activation. (Fig. S30). Thus, the designed
scaffold is a robust platform for photoactivation-guided SRS imaging
in living cells.

Molecular engineering provides the probes with exceptional
selectivity for stable organelle targeting and subcellular localization:
1-5 and their derivatives (photoactivatable probes) exhibited distinct
SRS imaging signals within the 2224-2235 cm™ range (Fig. 3f, S31, and
Table S7). Among them, 5 was selected as the primary scaffold for
further functionalization due to its superior biocompatibility and high
synthetic yield. This foundational model enables the rational design of
diverse organelle-targeted probes. A series of organelle-targeting
probes was synthesized via the Ullmann reaction for the selective
recognition of mitochondria (11, 13) and lysosomes (12, 14, 15, and 16),
featuring triphenyl phosphonium and dimethylamine groups at the
para-position, respectively”’. Probes with -CN (11, 12) and photo-caging
oxadiazole-4-oxide (13, 14, 15, and 16) are developed (Figs. 1, 4a). The
intrinsic lipophilicity of 6 ensured its targeting to the lipid droplets.
Co-localization analysis of the designed SRS probes with commercial
markers for organelles, including Mito Tracker Green for mitochondria
(Pearson correlation coefficient, P=0.87 for 11), Lyso Tracker Yellow
HCK-123 for lysosomes (P = 0.80 for 12), and Bodipy 493/503 for lipid
droplets (P=0.83 for 5), demonstrated their reliable labeling specifi-
city (Fig. 3e and Fig. S32). SRS spectra of the three targeted probes at
2231 cm™ showed identical intensities, indicating the stability of the CN
vibrational signal in complex organellar environments. The
mitochondria-targeted 11 exhibited the fastest staining and strongest
SRS signal (0.81 of the in vitro value in 20 min), followed by the

lysosome-targeted 12 (0.33 in 2h) and the lipid droplets-targeted
probe 5 (0.12 in 6 h, Fig. 3a, b). Additionally, the dark toxicity and
phototoxicity of different targeting probes (6-14) were assessed using
the CCK-8 assay. The results indicated that, at the analyzed con-
centrations, these probes exhibited low toxicity (Figs. S33, 34).

Pulse-chase photoactivation experiments confirm the high spa-
tiotemporal precision and minimal phototoxicity of the designed
probes. The robust photosensitivity of SRS probes (7, 13, and 14) in live
cells is confirmed with pulse-chase photoactivation imaging. In 14-
stained live HelLa cells (20 pM, 2 h), SRS imaging of C-H vibrations at
2845 cm™ (size: 212 x 212 pum) has vividly profiled cellular structures,
confirming the biocompatibility of 14. A 423 nm laser constantly irra-
diated a central region of interest (ROI, 106 x 106 pm) for 60 s (white
dashed square in Fig. 4b) while capturing the SRS images (1 second/
frame, s/f) at 2231cm™. After irradiation for 10s, SRS imaging at
2231 cm’ resolved the lysosome only in the irradiated area. The SRS
intensity increased rapidly, reached a constant level by 60 s, and kept
the unirradiated region free of SRS vibration (Fig. 4b). Similarly,
dynamic SRS imaging (1s/f) at 2231cm™. with pulse-chase photo-
activation of selected ROI in 13-stained HeLa cells (20 pM, 10 min) for
mitochondria and 6-stained 3T3 cells for lipid droplets (20 uM, 6 h,
insulin and dexamethasone-induced, Fig. 4b). Additionally, 6 also
demonstrated efficient photoactivation in Ac-LDL-induced J774A.1
cells (Fig. S35). Colocalization experiments further confirmed the
excellent targeting properties of these photoactivated probes, with
P=0.82for 6, 0.86 for 13, and 0.80 for 14 (Fig. S36). Notably, single-cell
analysis of 14-stained HeLa cells revealed a pronounced spectral con-
trast in the SRS profiles across the irradiated and non-irradiated
regions (Fig. 4c, d and Supplementary Movie 1). By controlling the
irradiation time across different areas (Fig. S37), we systematically
compared the signals of the masked probes with those from directly
incubated products (Fig. S38). Varying SRS intensities were generated
within the same field of view, further proving the spatial precision and
activation specificity of the designed strategy. The successful photo-
activation across diverse cellular types and organelles confirmed the
versatility and excellent spatiotemporal control of the designed
strategy.
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Fig. 4 | Spatiotemporally controlled photoactivation of nitrile SRS probes in
living cells. a Structures of 13-16. b SRS imaging of stained lipid droplets (6),
mitochondria (13), and lysosomes (14) in live cells before (at 2845 cm?) and after (at
2231 cm?) localized irradiation (423 nm pulse laser, 0.5 mW) in the central regions;
scale bar: 50 um. Images are representative of three independent biological
experiments. ¢ SRS imaging of 14-stained Hela cells before and after localized
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irradiation; scale bar: 50 pum. SRS intensities of both the unirradiated (region 1) and
irradiated (region 2) regions are enlarged, and SRS spectra in the corresponding
regions are averaged in (d). f SRS imaging of 14-16 stained cells before and after
irradiation in 70 s with 10's as an interval; scale bar: 25 um. e Averaged SRS inten-
sities (1s/f) of 14-16 stained cells after irradiation in 70 s.

The inherent quantifiability of SRS imaging facilitates precise
tracking of cellular uptake kinetics, surpassing the limitations of con-
ventional fluorescence techniques. Reliable real-time tracking of SRS
intensities at the cellular level depends on the robust cellular perme-
ability of the designed SRS probes. In 11-stained HeLa cells (40 pM, 1 h,
53 x 53 pm), SRS imaging of C-H vibrations (2845 cm?, 53 x 53 um) and
delayed SRS imaging of CN vibrations in selected ROI (region 2) for
Hela cells revealed significant signals as early as the first frame, indi-
cating its rapid membrane permeability and efficient cellular accu-
mulation (Fig. 3¢, Supplementary Movie 2). The SRS intensity of 13-
stained Hela cells from selected ROIs (n=5) indicated fast mito-
chondria labeling kinetics of the SRS probe. After staining, SRS inten-
sity for -CN vibration rapidly accumulates in both the cytoplasm and
mitochondria, and is uniformly distributed in the cytosol. After
approximately 10 min, SRS intensity increased rapidly, indicating the
reaching of mM-level concentrations. The SRS intensities increased
linearly and then plateaued rapidly, reaching around 8.37 + 0.02 mM
(Fig. 3c). The uptake rate (k) constant was calculated as
0.19+0.02min™, and the half-life of the uptake process (t;,) was
determined to be 3.65+0.05 min® (Fig. 3d and S39). The kinetics are
comparable to those of many mitochondrial fluorescence probes.
Compared with fluorescence imaging**°, which typically suffers from
nonlinearities and aggregation-caused quenching®®®, SRS imaging
allows for precise quantification even at high concentrations. Impor-
tantly, the distinct cyanide vibration at 2231 cm™ in the Raman silent
window ensured robust sensitivity and minimal interference for
quantitative analysis.

We further explored the photo-triggered reaction rate in vivo by
three lysosomal probes: 14, 15, and 16 (Fig. 4a). These probes are,

respectively, derived from 5, 7, and 10, photosensitive compounds
with distinct kinetics for photoreaction. At identical experimental
conditions, three probes displayed distinct kinetics for photoactiva-
tion in living cells: 14 exhibited a rapid photodecomposition reaction
(ti2=27.55), 15 showed a faster response (¢, =16.7 s), while 16 was
slower (t;,=42.7s, Figs. 4e, f), consistent with their reactivities in
solution. These results highlight the versatility of this photoactivable
SRS imaging strategy, which offers robust spatial and temporal pre-
cision. Moreover, the feasibly tunable reaction kinetics, achieved
through rational molecular design, have further extended the poten-
tial of this strategy.

Photo-triggered HNO release in live cells

6 serves as a robust platform for the spatiotemporally controlled
release of HNO, which can be quantitatively reported in real time via
the synchronized SRS signal. In photo-triggered SRS imaging with
designed probes, robust SRS signals are accompanied by the release of
HNO, a reactive species with a proven therapeutic effect for heart
failure, achieved through the controlled concentration of
Ca”". However, the controlled release of HNO in vivo was hindered by
its inherent instability, which resulted from rapid dimerization and
reaction with thiols. Photo-triggered HNO release has been recognized
as a promising strategy over conventional HNO donors, such as
sodium trioxodinitrate  (Angeli's  salt)*> and  N-hydro-
xybenzenesulfonamide (Piloty’s acid)®’. With a reported phosphine-
based hemicyanine fluorescent probe for HNO (BHXP)”, the photo-
triggered release of HNO in 6 was confirmed both in vitro (Fig. S40)
and in living cells (Fig. S41). Notably, the HNO probe effectively cap-
tured HNO in both solution and cellular environments (compound 6,
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Fig. 5 | Photoactivated nitrile SRS imaging enables in vivo visualization and
functional modulation of HNO signaling in a zebrafish heart failure model.

a Fluo-4 AM (5.0 pM, 30 min)-stained H9c2 cells treated with 6 (20 uM, 4 h);
6+DTT (100 pM, pretreated for 2 h); and 5 (20 uM, 4 h) + benzoic acid (20 pM, 4 h).
SRS imaging at 2845 cm?”, 2231 cm™ and fluorescence at 510 nm were monitored
before and after photoactivation. Scale bar: 50 pm. Images are representative of
three independent biological experiments. b Ventricular of zebrafish with heart
failure after incubation with 6 and photo irradiation at 0 min and 150 min, scale bar:
100 pm. ¢ Ventricular areas of zebrafish embryos 4 h after treatment under dif-
ferent conditions: 6 in dark, 6 with Av, 5 in dark, 5 with Av, BA in dark, and BA with

hv. d Image-based heart rate analysis of zebrafish during a 150 min recovery period.
e SRS images of a zebrafish embryo at 2845 cm™ and time-dependent SRS changes
at 2231 cm® during photoactivation with pulse laser (423 nm, 0.5 mW), scale bar:
200 pm. f SRS spectra collected from 5 (20 uM, 4 h)-stained zebrafish. g SRS
intensity at 2231 cm™ during photoactivation in solution (10 mM, DMSO), live cells
(20 uM, 4 h), and zebrafish (20 pM, 4 h). Heart rate for 6-stained zebrafish embryos
with heart failure after photoactivation (LED, 425 nm, 50 mW/cm?) ath 0s,i15s,
j30s,k45s,and160s; n=5. In the box plots, the center line indicates the median;
the box bounds represent the 25 and 75 percentiles; and the whiskers define the
minimum and maximum values.

20 pM, irradiated with a 50 mW/cm? LED, 1 min), reaching equilibrium
at 16 min in solution and 30 min in cells, consistent with previously
reported findings. Furthermore, imaging of live cells using fluores-
cence and SRS also confirmed the photo-triggered generation of HNO
(Fig. S42). In comparison, the real-time quantification of HNO by SRS
offers a more precise monitoring of the instantaneous release of HNO.
Except for HNO, the other products from the photoactivation of 6, 5
(20 puM) and benzoic acid (20 pM) induced insignificant fluorescence,
further confirming the photo-triggered release of HNO by 6 in living
cells (Fig. S38b).

The biological activity of the photo-released HNO was validated
by its ability to rapidly release intracellular Ca*" levels, particularly in
cardiomyocytes. The upregulation of intracellular Ca** in H9¢2 cardio-
myoblast cells by photo-triggered HNO release is confirmed by Fluo-
4AM®*%, a commerecial fluorescent Ca** probe. Significant fluorescence
enhancement (- 3.2-fold) was captured within 20 s of irradiation and
immediately dropped to the baseline without irradiation in Fluo-4AM-
stained H9¢2 cells (Fig. 5a and S43). The dynamics of Ca*" likely arise
from HNO-mediated extracellular Ca*" uptake or intracellular Ca*
release®®°, Pretreatment with the HNO scavenger, dithiothreitol (DTT,

0.10 mM), has reduced the fluorescence intensities, confirming the
involvement of HNO. A less profound elevation in Ca* in HeLa cells
(1.4-fold) suggested the discrimination of cellular types in the HNO-
mediated upregulation of Ca** (Fig. S44). Thus, SRS probe 6 serves as
an efficient and controllable HNO donor, whose HNO release can be
quantitatively reported by the SRS signal, offering a robust platform
for photo-triggered release of reactive biomolecules in live organisms.

Treating heart-failed zebrafish with quantitatively monitored
HNO release in vivo

Heart failure, a major cardiovascular disorder, is the inability of the
heart to pump blood effectively to meet the demands of the body®’.
Recent advances highlight HNO as a promising therapeutic molecule
for heart failure, likely due to its reversible modification of calcium-
handling proteins®®®. Some photo-triggered HNO donors are
designed for the controllable release of HNO’°72, However, the high
reactivity and short lifetime of HNO have hindered the reliable quan-
tification of HNO release in complex biological tissues in vivo.
Photoactivation-based strategies offer an effective means to precisely
control the spatiotemporal release of such reactive species. Verapamil-
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treated Zebrafish embryos were employed as a representative verte-
brate model of heart failure’. Herein, zebrafish embryos (3 dpf)
incubated with verapamil (200 pM, 30 min) have resulted in significant
ventricular enlargement and bradycardia. Compared with healthy
zebrafish, the average ventricular area increased from (3.88 + 0.46)
x10° pm? to (5.62 + 0.37) x10° pm?, while the heart rate decreased from
148 +22bpm to 51+14 bpm (Fig. S45), suggesting the success in
establishing a heart failure model in zebrafish.

Statistical analysis of heart rates and ventricular areas in
zebrafish

Quantification of heart rate and ventricular area confirmed that the
photo-triggered release of HNO effectively recovered cardiac function
in heart-failure zebrafish. Zebrafish embryos with verapamil-induced
heart failure were stained with 6 (20 uM, 4 h) or without 6 (control
group), followed by photo irradiation (425nm LED, 50 mW/cm?,
1min). The remarkable recovery in heart failure for 6-stained zebrafish
embryos was confirmed by increased heart rate from 53 +21 bpm to
132 + 35 bpm 150 min after irradiation (Fig. 5b, d, n =5). Meanwhile, the
ventricular areas were decreased from (5.87+0.73) x10°pm? to
(4.58 +0.84) x10°um? (n=5). In contrast, zebrafish embryos in the
control group, without staining by 6, showed no sign of recovery at
150 min after irradiation (n =5): The heart rate is 58 + 19 bpm (0 min)
and 46 +22 bpm (150 min); ventricular area is (5.66 = 0.28) x10° pm?
(0 min) and (5.49 + 0.54) x10° um? (150 min). We have also confirmed
that the medication is not a product of photoactivation (5 and benzoic
acid). Since zebrafish embryos incubated with 5 and benzoic acid failed
to recover: ventricular area: (5.94+0.36) x10°um? (Omin) and
(5.87 +£0.48) x10° pm? (150 min); heart rate: 48 + 22 bpm (0 min) and
44 +18 bpm (150 min) (n =35, Fig. 5c and S46). Thus, we confirmed that
the photo-triggered release of HNO from 6 effectively ameliorates
heart failure in zebrafish in vivo. In zebrafish embryos with heart failure
co-incubated with the HNO scavenger, DTT (200 pM, 4 h), the heart
rate was unaffected by photoirradiation (n=5): 41+12bpm (0 min)
and 35+18 bpm (150 min). Removing DTT and re-incubating the
embryos with 6 (20 pM, 4 h) and verapamil (200 uM, 30 min), photo
irradiation (425 nm LED, 50 mW/cm?, 1 min) led to a marked recovery
of heart rate (n=3, Fig. 5d and Fig. S47): 38 +17bpm (0 min) and
122 + 30 bpm (150 min). These findings confirmed the critical role of
HNO in ameliorating heart failure. However, the spatiotemporal dis-
tribution of HNO in real time during the photo reaction remains
unclear, and the effects of HNO on the therapeutic process of heart
failure in zebrafish are still poorly understood due to the lack of
quantitative analysis.

Real-time SRS imaging in live zebrafish revealed a distinct ‘kinetic
lag’ in HNO release, highlighting the profound influence of the com-
plex biological environments on photochemical dynamics. Herein,
zebrafish embryos are incubated with 5 (20 uM, 4 h) and immobilized
before whole-animal SRS imaging at dual vibrational modes (2231 and
2845 cm™). Robust SRS signals at 2231 cm™ were observed in the zeb-
rafish, and accumulated mainly at the abdomen, confirming the suc-
cessful intake of 5 (Fig. S48). Zoom in to the abdomen, a sharp SRS
peak at 2231 cm™ suggested the intake of 5 (Fig. 5f). Then, a whole-body
irradiation (423 nm, pulse laser: 0.5 mW/cm?, 1min) was applied to
zebrafish embryos incubated with 6 (20 uM, 4 h), and strong SRS
vibration at 2845 cm™ has profiled the whole body of zebrafish (Fig. Se
and S49). After irradiation, the SRS signal at 2231cm® for the CN
vibration was increased rapidly and reached a plateau at 60s in the
abdomen (Fig. 5e). Notably, the classical ordered reaction in solution
(Fig. 2f) was transformed into a quasi-autocatalytic reaction, char-
acterized by a typical sigmoidal curve (Fig. 5g). Product formation is
slow within the first 20 s; then a rapid rise in the SRS signal suggests
accelerated formation of HNO between 20 and 60 s, after which the
product concentration remains nearly constant at an estimated local
concentration of ~5.7mM. The distinct reaction profiles suggest

different mechanisms for the photo-triggered release of HNO. Com-
pared with photo-triggered release of HNO in solution or live cells in
petri dishes, the vivid kinetic lag (dashed area in Fig. 5g) in the complex
living zebrafish was quantitatively monitored by SRS imaging. The
significantly distinct kinetic processes in different biological systems
indicate the profound impact of biological factors on the dynamics of
photo-triggered reactions in vivo.

To further evaluate the photo-triggered release of HNO and
therapeutic processes in the biological system, 6-stained zebrafish
embryos with heart failure were subjected to photoirradiation for
varying durations (0, 15, 30, 45, and 60s). The corresponding heart
rates were monitored after irradiation (0, 10, 30, 60, 90, 120, and
150 min) to quantify the dynamic recovery of the zebrafish with dif-
ferent amounts of HNO from irradiation (Fig. Sh-1). Without photo-
irradiation (0's), the heart rates for 6-stained zebrafish are around
42 +13 bpm. The heart rates of zebrafish with 15 s-irradiation started to
increase after 60-min incubation, suggesting their slow recovery,
although the heart rates increased to 81 + 26 bpm, failed to achieve full
recovery. Zebrafish with 30 s-irradiation got fully recovered (heart
rate: 121+22bpm) at 150 min, although the heart rates started to
increase after 30 min. For zebrafish with 45 or 60 s-irradiation, the
released HNO started to show therapeutic effects at 10 min and
enabled full recovery at 90 min-incubation to the same level as that of
normal zebrafish (heart rates: 129 + 17 and 138 + 26 bpm, respectively),
suggesting the dose-related therapeutic process in HNO-treated heart
failure. Statistical analysis of heart rates at 30 min post-irradiation
showed that HNO treatment for heart failure is consistent with the
photo-triggered dynamic release of HNO, as quantitatively monitored
with SRS (Figs. S50-S55). To further evaluate the dose-dependent
recoveries in zebrafish, quantitative RT-PCR analysis in three groups of
zebrafish (heart failure group, photo-triggered HNO-treated group,
and control group) confirmed that the photo-triggered release of HNO
significantly rescued the verapamil-induced transcriptional derange-
ment, restoring atp2a2 (from 1.00+0.03 to 1.14+0.03) and myl7
expression (from 1.00 = 0.06 to 1.68 + 0.04) in the heart regions of 3
dpf zebrafish (Fig. S56).

Herein, the dose-response evaluation in zebrafish has established
the relationship between HNO concentration and cardiac function. We
conclude that, in the treatment of heart failure with photo-triggered
HNO release, HNO at different concentrations exhibits distinct ther-
apeutic dynamics, as quantitatively confirmed by SRS. The analysis is
essential for precise dosing and controlled release of reactive HNO,
ensuring the optimal dosing and therapeutic time window and
achieving maximum efficacy with minimal side effects. To the best of
our knowledge, this is the first report of SRS imaging of zebrafish in the
cellular silent region. Quantitative monitoring of photo-triggered HNO
release in zebrafish using SRS imaging has confirmed the rapid
dynamics of HNO, facilitating further photo-triggered non-invasive
treatment of heart failure.

Tracking the dynamics of active species in vivo is highly challen-
ging but eagerly desired by scientists across various fields. SRS imaging
is an efficient strategy for quantitatively monitoring the dynamics of
reactive species in live biological systems with robust spatiotemporal
resolution. In this work, we established a modular probe palette with
diverse reaction kinetics and vibrational frequencies, serving as a ver-
satile library for multicolor imaging and applications in complex phy-
siological environments. Crucially, manipulating their release kinetics
has ensured efficient activation, avoiding potential photodamage. By
developing a group of photoactivable SRS probes that can form HNO
and cyanide of equivalent molar quantities upon photo-irradiation, we
were able to track the photoreaction and the instantaneous con-
centration of HNO by analyzing the SRS intensity from the cyanide
in vivo. The kinetic lag for the release of HNO in zebrafish has suggested
distinct photoreaction kinetics in complex biological systems com-
pared with those in solution or dispersed cells in petri dishes. Moreover,
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the physiological response of zebrafish with heart failure has confirmed
that the biological effects of HNO are dose-dependent. These results are
essential in the design of HNO prodrugs and the therapeutic process
involving the controlled release of HNO. Moreover, the modular strat-
egy provides a versatile platform for photoactivatable SRS probes that
are capable of releasing a wide range of therapeutic agents or reactive
species with tunable kinetics. When combined with quantitative in vivo
SRS imaging, it enables high-spatiotemporal-resolution studies of
dynamic chemical processes in living systems. We believe this platform
can facilitate the study of reactive species signaling and metabolic
pathways, and support the development of precision therapeutic stra-
tegies, offering novel tools and opportunities for both fundamental
research and biomedical applications.

Methods

Chemical synthesis

Compounds 1-5 were synthesized via a standard diazonium coupling
procedure. Briefly, the corresponding substituted anilines were trea-
ted with sodium nitrite in an aqueous hydrochloric acid solution at
0°C to generate diazonium salts. Subsequently, these intermediates
were reacted with electron-rich aromatic coupling partners in ethanol
at 0°C-5°C to yield the desired azo derivatives. Compounds 6-10
were synthesized via a [3 + 2] cycloaddition reaction. Briefly, (E) -4-((E)-
phenyldiazenyl) benzaldehyde oxime was treated with HCIO in a
mixture of methanol and dichloromethane to generate the corre-
sponding nitrile oxide in situ. Subsequent addition of various enam-
ines (2-5 equiv.) enabled cyclization, affording the target products.

Stimulated Raman scattering and microscopy

Anintegrated laser system (femtosecond optical parametric oscillator,
Insight X3 +, Newport) served as the excitation source for both the
pump and Stokes beams. This system produced a -~ 150 fs pump pulse
tunable from 690 to 1300 nm and a fixed 1045 nm Stokes pulse at an
80 MHz repetition rate. The Stokes beam was modulated at 20 MHz
using an electro-optic modulator. To achieve spectral resolution, both
beams were temporally stretched into the picosecond regime using
SF57 glass rods. After spatial and temporal synchronization, the beams
were directed into an inverted multi-photon laser scanning micro-
scope (FV3000, Olympus) and focused onto the sample through a 60x
water-immersion objective lens (Olympus, UPLSAPO 60xW, NA 1.2).

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

Data availability

In alignment with the guidelines, our newly developed small-molecule
probes fully meet the required criteria for target selectivity, potency,
and mechanism of action. the chemical, optical, and bio-imaging data
generated in this study are provided in the Supplementary Informa-
tion/Source Data file. Source data are provided with this paper.
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