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Abstract: Nitric oxide (NO) is an important signaling molecule overexpressed in many diseases, 

thus the development of NO-activatable probes is of vital significance for monitoring related 

diseases. However, sensitive photoacoustic (PA) probes for detecting NO-associated 

complicated diseases (e.g., encephalitis), has yet to be developed. Herein, we report a NO-

activated PA probe for in vivo detection of encephalitis by tuning the molecular geometry and 

energy transformation processes. A strong donor-acceptor structure with good conjugation can 

be obtained after NO treatment, along with the active intramolecular motion, significantly 

boosting “turn-on” near-infrared PA property. The molecular probe exhibits high specificity and 
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sensitivity towards NO over interfering reactive species. Noninvasive in vivo imaging indicates 

that PA signal lights up in lipopolysaccharide-induced encephalitis with a high signal-to-

background ratio of 15.7. Further studies reveal that the probe is also capable of differentiating 

encephalitis in different severities, being beneficial for understanding the disease evolution 

processes and drug screening. This work will inspire more insights into the development of high-

performing NO-activated PA probes for advanced diagnosis by making full use of intramolecular 

motion and energy transformation processes. 

 

As the basic nature of matter, molecular motion plays an important role in determining many 

fundamental chemical and physical processes.1,2 Continued interest in the field of molecular 

motion has encouraged controlling and using the transduction of molecular motion energy, for 

example, to suppress or promote the related energy as needed, which would significantly benefit 

real applications.3,4 For example, the intramolecular motions (e.g., rotation, vibration, and twist) 

of a chromophore in excited state are directly in association with energy transition processes, and 

our previous researches about aggregation-induced emission (AIE) suggest that manipulation of 

the excited-state intramolecular motion could tune the fluorescence property in a highly efficient 

way.5-7 Active intramolecular motion can promote the release of excitation energy via 

nonradiative decay, a process which determines how much absorbed light can be converted to 

heat and is closely linked to several important biological techniques such as photoacoustic (PA) 

imaging.8,9 

PA imaging is an emerging biomedical imaging technique that relies on ultrasound signals 

generated by thermoelastic expansions of optically-excited tissue or contrast agents.10,11 By 

availing the benefits of optical resolution and acoustic depth of penetration, PA technique 
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enables deep tissue imaging capacity with high spatial resolution and real-time monitoring, 

rendering great promise for clinical translation.12,13 Organic PA imaging agents based on small 

molecules and polymers have captured intense attention as they possess intrinsic merits such as 

well-defined structure, large-scale production, ease-of-modification, and good 

biocompatibility.14,15 PA molecular imaging based on these near-infrared (NIR) contrast agents 

has been explored for cancer detection, staging and treatment guidance.16-19 However, it remains 

a profound challenge to develop high-performing PA probe for accurate, in vivo diagnosis of 

complicated and deeply located diseases, like brain inflammation. Thus, it is critically important 

to exploit organic PA probes with high light-acoustic conversion capacity and high signal-to-

background ratio (SBR) to achieve advanced biomedical diagnosis. The PA effect is closely 

linked to the photophysical transition process, which could be boosted by tuning the molecular 

structure and making full use of the absorbed photoenergy.20,21 For instance, Pu et al. pioneered 

the intraparticle photoinduced electron transfer strategy to quench fluorescence and enhance 

nonradiative deactivation of semiconducting polymers by doping a fullerene derivative as the 

acceptor material into nanoparticles (NPs).22 Nevertheless, the introduction of a second 

component increases the complexity of the system. On the other hand, simple structures with 

improved PA generation property would be more practically useful and merit exploration. As 

mentioned above, the active intramolecular motion of twisted structures can theoretically 

promote efficient nonradiative decay to release the excitation energy as heat, which represents a 

new strategy to boost the performance of PA imaging agents. However, most molecular rotors 

are only active in solution, and exhibit limited intramolecular motion in aggregate forms such as 

NPs, which are more useful for biological applications.23-25 Another issue for current PA imaging 

is that most reported PA probes are in “always-on” state and lack specificity. PA signals from 
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surrounding normal tissue frequently interferes with signal at the site of interest, leading to false 

diagnostic outcomes.26,27 One solution for this problem is the exploration of activatable PA 

contrast agents with “off-on” signal in response to a specific biomarker, which can substantially 

improve the SBR and real-time imaging capability in vivo.28-30 

Nitric oxide (NO) is an extremely important signaling molecule that plays key roles in 

regulating various physiological and pathological processes.31,32 Studies have shown that NO is 

overexpressed in many diseases including endothelial dysfunction, cancer, neurodegenerative 

diseases, and cerebral infection.33-35 For instance, the NO concentration in encephalitis site is 

usually far higher than normal brain tissue. More importantly, NO level could also reflect 

encephalitis in different stages.36 Therefore, the detection of NO and related diseases is of critical 

significance for understanding disease severity and progression. Current approaches for detecting 

NO are inadequate for in vivo applications, especially real-time noninvasive monitoring of brain 

diseases. The most widely used method for analyzing NO is the colorimetric Griess assay, which 

requires acidic conditions and thus has limited in vivo applications.37,38 Fluorescence imaging 

has been developed as a popular method for probing NO with high sensitivity, yet it faces the 

drawback of shallow penetration depth, which restricts its use to the cellular level and skin 

surfaces.39-41 Clinically used methods such as magnetic resonance imaging could realize nearly 

unlimited penetration depth. However, their low sensitivity and spatial resolution reduce the 

detection efficiency.42 Owning to its intrinsic advantages, PA imaging represents a promising 

method to realize real-time detection of NO with high spatiotemporal resolution in vivo. 

However, it is challenging to develop highly specific and sensitive NO-activated PA nanoprobes 

to enable precise and in vivo diagnosis of NO-related disease in deep tissue, such as encephalitis. 
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In this contribution, we developed a sensitive “turn-on” PA probe with optimal energy 

transition for in vivo detection of NO in encephalitis. We designed and synthesized a conjugated 

molecule that could react with NO (Figure 1a), which results in a relatively planar structure with 

strong intramolecular donor-acceptor (D-A) interaction, and thus a new absorption band in NIR 

region. Moreover, the molecule becomes highly twisted in excited state, which could further 

facilitate the active intramolecular motion and thus boost PA conversion. As a result, by 

combining the planarization in ground state and twistification in excited state, a turn-on NO 

probe with enhancive PA signal is obtained (Figure 1b). The probe exhibits good selectivity and 

quantitation towards NO, which enable excellent in vitro PA signal output. The probe has also 

been employed for noninvasive in vivo PA imaging of NO in encephalitis and differentiating its 

severity (Figure 1c), greatly expanding the biomedical applications of active molecular motion as 

well as the applicability of PA imaging in advanced disease diagnosis and precision medicine. 

 

Results 

Design and synthesis of NO probe. As shown in Figure 1a, a molecular probe with reaction-

tunable D-A interaction and conformation is designed and synthesized. The octyloxy-substituted 

triphenylamine (OT) is utilized as the donor unit for the strong electron-donating property and 

increased solubility. The planar thiophene ring (T) is function as both donor and π-bridge unit, 

which can further enhance the electron-donating ability and facilitate the intramolecular charge 

transfer (ICT). The diamine-substituted benzothiadiazole (AB) is selected as the reaction-tunable 

acceptor core because the o-phenylenediamino group could react with NO to afford a 

triazole.43,44 As a result, a more electron-deficient 5H-[1,2,3]triazolo[4',5':4,5]benzo[1,2-

c][1,2,5]thiadiazole (TB) structure is formed, which enables much stronger D-A interaction and 
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ICT effect. The molecular geometries are also expected to change after NO treatment as the 

steric hindrance between thiophene and the acceptor core differs. Moreover, the long aliphatic 

chains are designed to retain some flexible space between the conjugated backbones, which 

would be favorable for intramolecular motions in aggregate state (e.g., NPs).8,45 And the twisted 

phenyl rings of triphenylamine would also benefit the intramolecular motion. Herein, a D-(NO 

activatable A)-D type probe (OTTAB) was designed and synthesized, and the synthetic route is 

depicted in Supplementary Scheme 1. The intermediates and final product have been 

characterized by nuclear magnetic resonance (NMR) and high-resolution mass spectrum (HRMS) 

(Supplementary Figure 1-14), and the product (OTTTB) after NO treatment has been verified by 

HRMS (Supplementary Figure 15). 

Photophysical properties before and after NO treatment. The absorption spectra of OTTAB 

and OTTTB in THF are displayed in Figure 2a. Interestingly, the long-wavelength absorption 

peak shifts from 459 to 686 nm, allowing pronounced turn-on NIR PA signature. It is noted that 

OTTTB exhibits a high absorption coefficient of 3.16 × 104 M-1 cm-1, which is due to the planar 

conjugated core structure and will ensure strong PA generation property. The NIR absorption 

band of OTTTB can be assigned to the efficient ICT effect of strong D-A interaction.46,47 To 

investigate the intramolecular motion in aggregate states, water was gradually added into the 

THF solution, and PL spectra were recorded (Figure 2b,c). The PL intensity of OTTAB 

decreases at first and then increases gradually with water fraction, suggesting a kind of AIE 

signature. On the contrary, only very weak PL signal can be observed for OTTTB in high water 

fractions (Figure 2d), which reveals that intramolecular motion is intense in aggregates and the 

excited-state energy is dissipated through nonradiative decay.48 Moreover, the maximal PL of 

OTTTB red shifts gradually from 851 nm to 933 nm as the water fraction increases 
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(Supplementary Figure 16), demonstrating typical twisted intramolecular charge transfer (TICT) 

effect in high polarity environment. Therefore, dark TICT state is formed in aggregates, in which 

the active intramolecular motion would facilitate the nonradiative relaxation to generate PA 

signal.49 The different photophysical behaviors of OTTAB and OTTTB may be due to the 

structure alteration. 

     Density function theory (DFT) calculation was conducted to study the molecular geometries. 

As shown in Figure 3a, the dihedral angles between the acceptor core and thiophene rings are 

greatly decreased from 38.5o and 36.7o for OTTAB to 2.8o and 15.9o for OTTTB, as the steric 

hindrance between amino groups and thiophene spacer is much higher. The planar structure 

obtained after NO treatment enables better conjugation and more efficient ICT, and thus new 

NIR absorption. As a result, the pronounced alteration in molecular structure of NO treatment 

leads to distinct photophysical energy conversion processes, in which the maximal nonradiative 

process of OTTTB would boost the turn-on PA property. As illustrated in Figure 3b, the 

electronic bandgaps of OTTAB and OTTTB are 2.57 and 1.67 eV, respectively. The highest 

occupied molecular orbital (HOMO) energy level increases slightly (from -4.43 to -4.40 eV), 

while the lowest unoccupied molecular orbital (LUMO) energy level decreases a lot (from -1.86 

to -2.73 eV). The HOMO and LUMO energy levels of D-A type compound are usually related to 

the electronic properties of donor and acceptor moieties, respectively. So this result confirms that 

the electron-withdrawing property of the acceptor core is activated by NO treatment, and strong 

D-A interaction is realized. 

Preparation and characterization of NPs. To endow the hydrophobic compound with good 

water solubility and biocompatibility, OTTAB was encapsulated into NPs in the assistant of 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-(polyethylene glycol)-2000] (DSPE-
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PEG2000) with nanoprecipitation method (Figure 4a). The hydrophobic molecule is self-assembly 

in the core, and the amphiphilic lipid-PEG polymer is function as the surface layer. It is noted 

that the long alkyl chain in DSPE-PEG could tangle with the octyl substitutes in OTTAB, which 

endues the encapsulated NPs with some flexible domains beneficial for free movement. 

Accordingly, the NPs’ PA effect is expected to promote by the active intramolecular motions. 

Transmission electron microscopy (TEM) measurement (Figure 4b) suggests that the obtained 

organic NPs are a kind of sphere structure, and dynamic light scattering (DLS) result gives an 

average diameter of 142 nm. Due to the hydrophobic nature of the organic probe, the 

encapsulated NPs are very stable in aqueous media, and the diameter nearly doesn’t change after 

storage in ambient condition for two weeks (Supplementary Figure 17), which manifests 

potential in vivo applications. 

     The absorption spectra of the NPs before and after NO treatment are presented in 

Supplementary Figure 18. Interestingly, a new absorption band with maximum at about 690 nm 

appears after reacting with NO, matching well with the absorption spectrum of OTTTB (Figure 

2a). The NPs possess strong absorption in the spectral region of 600-800 nm, which locates 

within the excitation range of commercially available PA instrument (680-950 nm). Meanwhile, 

the color of NPs solution apparently changes from yellow to green (Supplementary Figure 18). 

The large bathochromic shift of about 230 nm in absorption spectra is sufficient for eliminating 

the signal background from pristine probe. We further studied the PL property as it is a 

competitive channel to nonradiative PA generation pathway. OTTAB NPs exhibit strong 

emission, while only very weak PL signal can be observed after NO treatment, indicating that the 

radiative process is greatly suppressed due to the more planar structure and reduced bandgap 

(Figure 4c), being favorable for nonradiative decay and PA generation. It is noted that the 



9 
 

maximal PL of NO-treated OTTAB NPs is at 902 nm, which suggests the formation of dark 

TICT state, and strong intramolecular motions promoting nonradiative decay within the NPs. To 

verify the specificity of the probe for sensing NO, we next determined the detection selectivity. 

A lot of possible reactive species including metal ions, amino acids, and reactive 

oxygen/nitrogen/sulfur species (ROS/RNS/RSS) have been screened (Figure 4d). Of note, the 

probe is inert to other ROS, RNS and RSS, such as H2O2, 
•OH, O2-, ClO-, SO3

2-, H2S, NO3-, and 

ONOO-.50 Moreover, the probe exhibits neither response to metal ions, nor GSH/Cys. By 

comparison, only NO treatment could generate strong NIR absorption, illustrating the high 

selectivity of OTTAB NPs. The relationship between the absorption intensity at 690 nm and NO 

concentration was further investigated (the inset of Figure 4d), which demonstrates very good 

linear behavior. The dose-dependent responsivity toward NO suggests that the probe is suitable 

for quantitative analysis. 

In vitro PA response of the nanoprobe. After confirming the photophysical properties, we next 

studied the PA response of this probe. PA spectrum of the NO-treated OTTAB NPs is shown in 

Figure 5a, which is in agreement with the absorption profile, and reveals that the PA signal 

indeed comes from the NIR absorption of OTTTB. The PA stability was then evaluated by 

scanning the NO-treated NPs in a phantom with 1.2 × 104 of laser pulses at 700 nm (17.5 mJ cm-

2 laser and 10 Hz pulse repetition rate). Noteworthy, the probe exhibits pretty stable PA signal as 

there is negligible change in PA amplitude after exposure to pulsed laser, much better than that 

of clinically used indocyanine green (Figure 5b). This verifies the superb stability and suitability 

of the probe for long-term PA imaging. The PA signal outcome was further studied by recording 

the PA intensity of NO-treated OTTAB NPs in different concentrations, and linear correlation 

between the PA amplitude and probe concentration is observed (Figure 5c). The NO detection 
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capacity of the probe was examined by measuring the PA response with the treatment of 

different NO concentrations. As displayed in Figure 5d, a good linear relationship is observed in 

relatively low NO concentrations (<250 nM), while the reaction tends to become saturation when 

further increasing NO concentration. This reveals that the probe holds potential for in situ PA 

detection of NO-related diseases in different stages. In vitro cellular viability experiments show 

that more than 90% of cells maintain alive after treating with a high concentration of the 

nanoprobe (50 µM) (Supplementary Figure 19), revealing good cell compatibility. Taken 

together, these results reveal that OTTAB NPs is a superb probe for NO sensing, encouraging 

more exploration for detecting related severe diseases such as encephalitis in situ.  

In vivo PA imaging of encephalitis. Encephalitis, or inflammation of brain tissue, is a kind of 

serious cerebral disease that can cause headache, fever, mental confusion, seizures and even 

death.51,52 Accurate and high-resolution diagnosis of encephalitis in real time greatly benefits 

effective treatment and successful recovery from encephalitis. It has been reported that brain 

macrophages (microglia) and astrocytes would be activated during inflammatory pathologies, 

and up-regulate the expression of inducible nitric oxide synthases (iNOS).53,54 iNOS can catalyze 

the oxidation of L-arginine to L-citrulline and generate a large amount of NO, which is 

considered as an important inflammatory mediator that correlates with severity. However, 

noninvasive in vivo detection of NO-associated encephalitis remains a challenging task due to 

the lack of highly sensitive and deep-penetrating imaging technology. We thus investigated the 

feasibility of our PA nanoprobe for detecting NO in encephalitis in living mice. The murine 

encephalitis model was built by intracerebroventricular administration of lipopolysaccharide 

(LPS) into mouse brain. LPS, an endotoxin from the outer membrane of bacteria, is known as a 

potent trigger of inflammation.55,56 It has been demonstrated that LPS induces astrocyte and 
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microglia activation, as well as overexpression of iNOS and other pro-inflammatory cytokines in 

brain.57 

     Herein, the right lateral ventricle of mouse brain was pretreated with LPS, whereas the 

contralateral hemisphere of brain was treated with saline to serve as a control. OTTAB NPs 

solution (2 µL, 1 mg mL-1) was intracerebroventricularly injected to investigate the feasibility for 

detecting NO-related encephalitis in vivo. PA imaging of mouse brain with intact skull was 

performed with 700 nm excitation. A representative PA image of the whole mouse brain clearly 

illuminates that only the inflamed site shows light-up PA signal after injecting the nanoprobe, 

suggesting pronounced turn-on PA property of our probe (Supplementary Figure 20). The PA 

imaging results are shown in Figure 6a, and corresponding PA intensities of brains at different 

time points post administration are depicted in Figure 6b. Immediately after NPs administration, 

both the LPS-injected and saline-injected intervals exhibit negligible PA signal, which indicates 

that LPS or saline treatment does not generate obvious signal interference. Interestingly, PA 

intensity of the inflamed right ventricle increases rapidly over time, and reaches to maximum at 8 

h. In contrast, PA signal of the saline-treated left ventricle nearly does not change throughout the 

experiment. Quantitative analysis further illuminates that PA intensities of the inflamed 

ventricles are about 5-fold and 17.7-fold higher than those of the control left ventricles at 4 h and 

8 h post administration respectively, indicating that OTTAB NPs could sensitively monitor the 

endogenously generated NO within encephalitis in vivo. It is also noted that the PA imaging of 

encephalitis site exhibits a significantly high SBR of 15.7 at 8 h post-injection, which can be 

attributed to the excellent turn-on PA responsivity of OTTAB NPs towards NO. 

     To further explore the utility of our PA nanoprobe to differentiate encephalitis of different 

severities, various amounts of LPS (1, 10, 100, 500, and 1000 µg kg-1) were used to provoke 
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inflammatory response in mice brain. PA imaging was conducted at 8 h post administration of 

OTTAB NPs. Encouragingly, the PA intensities in brains consistently intensify with the injected 

LPS concentrations, and significantly stronger PA signals are observed from the brains 

pretreated with higher amounts of LPS, which are probably due to that higher LPS concentration 

induces severer encephalitis. To verify that the PA signal was a result of the activation of 

OTTAB NPs by NO generated from LPS-induced encephalitis, brains of mice after different 

amounts of LPS treatment were collected to analyze the iNOS level. iNOS are not only an 

important indicator involved in inflammation response but also an enzyme that catalyzes the 

production of NO in encephalitis. Thus, iNOS level in brain could reflect the disease severity and 

NO generation directly. As shown in Figure 6e, the iNOS mRNA levels of brain are elevated 

drastically with the doses of LPS used for treatment. This result correlates well with our PA 

imaging data, and demonstrates that OTTAB nanoprobe could be used for accurately detecting 

the NO-associated encephalitis in living mice and differentiating their severities, rendering great 

promise for understanding disease progression and screening drugs. 

 

Discussion 

In this work, we developed a sensitive NO probe with turn-on PA signature for noninvasive in 

vivo detection of NO in encephalitis. The molecular structure and photophysical transition 

processes of OTTAB probe change greatly after NO treatment, which results in a strong NIR 

absorption band and turn-on PA signal output. Moreover, the twistification in dark TICT state 

and the flexible alkyl substitutes significantly facilitate the intramolecular motions in NPs, which 

could further boost PA effect. The probe exhibits good selectivity and sensitivity towards NO 

over other interfering reactive species. Noninvasive in vivo PA imaging with the probe allows 
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for detecting NO in encephalitis in a high-contrast manner. Moreover, the probe is also capable 

of differentiating encephalitis of different severities, being beneficial for understanding the 

disease evolution processes and drug screening. This work will attract more insights into the 

development of highly efficient turn-on PA probe for precise biomedical imaging, rendering 

great promise for real applications. 

 

Methods 

Characterizations. 1H (400 MHz) and 13C (100 MHz) nuclear magnetic resonance (NMR) 

spectra were recorded on a Bruker AV 400 spectrometer by using CDCl3 as the solvent. High-

resolution mass spectra (HRMS) were carried out on a GCT premier CAB048 mass spectrometer. 

The absorption spectra were measured using a Shimadzu 2550 UV-vis scanning 

spectrophotometer. The photoluminescence (PL) measurement was carried out on a Horiba 

Fluorolog-3 Spectrofluorometer. Dynamic light scattering (DLS) measurement was performed 

on a Malvern Zetasizer Nano ZS-90. Transmission electron microscope (TEM) images were 

captured by JEOL JEM-1200EX microscope with an accelerating voltage of 80 kV. 

Preparation of NPs. 1 mg of OTTAB and 2 mg of DSPE-PEG2000 were dissolved in 1 mL of 

tetrahydrofuran (THF) solution, which was poured into 9 mL of deionized water. Followed by 

sonication with a microtip probe sonicator (XL2000, Misonix Incorporated, NY) for 2 min. The 

residue THF solvent was evaporated by violent stirring the suspension in fume hood overnight, 

and colloidal solution was obtained and used directly. 
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Cytotoxicity study. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazolium bromide (MTT) 

assay was used to evaluate the cytotoxicity of OTTAB NPs. Detroit 551 human fibroblast cells 

were respectively harvested in a logarithmic growth phase and seeded in 96-well plates (2 × 104 

cells per well with 100 µL suspension) for 24 h and grew to ~80% confluence. Then the culture 

medium was replaced with 100 µL of fresh culture medium containing OTTAB NPs with 

various concentrations (the concentrations based on OTTAB were: 0 µM, 2 µM, 5 µM, 10 µM, 

20 µM, and 50 µM, separately). After incubating for 24 h, the culture medium was removed and 

the wells were washed three times with PBS, and 100 µL of MTT dissolved in serum-free culture 

medium (0.5 mg mL-1) was added into each well. After 4 h, the MTT solution was removed 

cautiously and 100 µL of DMSO was added into the wells, followed by gently shaking for 10 

min. Then, the absorbance of MTT was measured by a Bio-Rad 680 microplate reader at 490 nm 

to evaluate the viability of cells inside. 

Cell culture and stimulation of lipopolysaccharide. Mouse microglial BV2 cell lines were 

grown in high glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 

fetal bovine serum (FBS), 100 IU mL-1 penicillin, and 10 µg mL-1 streptomycin. The cells were 

maintained in a humidified incubator with 95% air and a 5% CO2 atmosphere at 37 °C. The 

medium containing appropriate agents was replaced every other day. The BV2 cells were treated 

with LPS (100 ng mL-1), and incubated for 24 h. Then the medium is collected for further 

experiment. 

Animals experiments. All animal studies were conducted under the guidelines set by Tianjin 

Committee of Use and Care of Laboratory Animals, and the overall project protocols were 

approved by the Animal Ethics Committee of Nankai University. 
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Encephalitis model. The Kunming male mice were used for the following experiments. In short, 

the mice were first anesthetized with 3.5% isoflurane through intraperitoneal injection. Then the 

mice were fixed on a brain stereotaxic apparatus (Stoelting, 51500D, USA). The scalp was cut 

and a hole was drilled at certain position on the skull (1.0 mm lateral, 0.2 mm posterior from 

bregma). A 5 μL of Hamilton syringe with a needle was then inserted through the hole into the 

lateral ventricle at 2.5 mm below the horizontal plane of bregma. Different concentrations of 

LPS in saline and saline (2 μL) were infused at the right and left lateral ventricles, respectively. 

In vivo PA imaging. OTTAB NPs (2 µL, 1 mg mL-1) were intracerebroventricularly 

administrated. Then, the scalp was sewed and the mice were anesthetized using 2% isoflurane in 

oxygen. In vivo PA imaging of the mouse brain was performed in particular time intervals. The 

PA imaging was carried out on a commercial small-animal opt-acoustic tomography system 

(MOST, iThera Medical, Germany). A wavelength-tunable (680-950 nm) optical parametric 

oscillator (OPO) pumped by a Nd:YAG laser provides excitation pulses with a duration of 7 ns at 

a repetition rate of 10 Hz. The light from the fiber covers an area of approximately 4 cm2 with a 

maximum incident pulse energy of approximately 70 mJ at 700 nm (100 mJ, 70% fiber coupling 

efficiency). This generates an optical fluence of 17.5 mJ cm-1, which is well within the safe 

exposures according to the American National Standard for Safe Use of Lasers. And PA imaging 

was performed at 700 nm excitation. The images then were reconstructed using the model-based 

algorithm supplied within the View MSOT software suite (V3.6, iThera Medical). 

RNA isolation and quantitative reverse transcription polymerase chain reaction. After 

perfusion of the heart with ice-cold PBS, the mouse brain was collected. The cortex then was 

isolated and grinded in 1 mL of TRIzol on ice, and RNA was extracted using TRIzol reagent 

following the protocols supplied by the manufacturer. One microgram of total RNA was reverse-
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transcribed into cDNA using PrimeScript RT Master Mix. Then, real-time PCR was conducted 

using SYBR® GREEN following the manufacturer’s instructions. The following primer sets were 

used: iNOS, forward, 5’-CGT AGC AAA CCA CCA AGT-3’; reverse, 5’-GGT ATG AGA TAG 

CAA ATC GG-3’; GAPDH, forward, 5’-TTC TCA GCC CAA CAA TAC A-3’; reverse, 5’-

CCT TGT GGT GAA GAG TGT-3’. The housekeeping gene GAPDH was used for 

normalization. qPCR was conducted in triplicate for each sample, and target mRNA levels were 

quantified using the 2–ΔΔCT method. 

Data analysis. Quantitative data were expressed as mean ± standard deviation (SD). Statistical 

comparisons were made by unpaired Student’s t-test. P value < 0.05 was considered statistically 

significant. All statistical calculations were carried out with GraphPad Prism, including 

assumptions of tests used (GraphPad Software). 

Data availability. All the data supporting the findings in this study are available in the paper and 

Supplementary Information. Additional data related to this paper are available from the 

corresponding authors upon request. 
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Figure 1 | Turn-on PA probe for NO detection in vivo. a, Changes of chemical structures and 

b, NPs property after NO treatment. c, Schematic illustration of the in vivo detection of 

encephalitis with the turn-on PA probe. 
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Figure 2 | Photophysical properties before and after NO treatment. a, Absorption spectra of 

OTTAB and OTTTB in THF (10-5 M). PL spectra of b, OTTAB and c, OTTTB (10-5 M) in 

THF/water mixture with various water fractions (fw) as indicated (The excitation wavelengths of 

OTTAB and OTTTB are 460 and 680 nm, respectively). d, Plot of the PL peak intensity of 

OTTAB and OTTTB (10-5 M) versus water fractions in THF/water mixture. I0 and I are the PL 

peak intensities in pure THF (fw = 0) and THF/water mixtures with specific fws, respectively. 
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Figure 3 | Changes of molecular conformation and energy level after NO treatment. a, The 

optimized molecular geometries and b, corresponding changes in the electronic energy levels of 

OTTAB before and after NO treatment. 
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Figure 4 | Characterizations and reactivity of the NPs. a, Schematic illustration showing the 

nanoprecipitation method. b, Representative DLS and TEM results of the NPs. c, PL spectra of 

OTTAB NPs (10-5 M) before and after NO treatment (The excitation wavelengths before and 

after NO treatment are 460 and 680 nm, respectively). d, Changes of the absorption intensity of 

OTTAB NPs at 690 nm with the treatment of different species. a: no treatment, b: Ca2+, c: Fe2+, d: 

Fe3+, e: Cu2+, f: GSH, g: Hcy, h: H2O2, i: •OH, j: O2-, k: ClO-, l: SO3
2-, m: H2S, n: NO3-, o: 

ONOO-, p: NO. Inset shows the relationship between the absorption intensity of OTTAB NPs at 

690 nm and the concentration of added NO. 
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Figure 5 | In vitro detection of NO. a, PA spectrum of the NO-treated OTTAB NPs (10 µM). b, 

Plots of the PA intensity of NO-treated OTTAB NPs (λex = 690 nm) and indocyanine green (ICG, 

λex = 790 nm) in a phantom (10 µM) against number of laser pulses (17.5 mJ cm-2 laser and 10 

Hz pulse repetition rate). c, PA amplitudes and the corresponding representative PA images of 

the NO-treated OTTAB NPs as a function of concentration. Data are presented as the means ± 

SD (n = 3). d, PA amplitudes and the corresponding representative PA images of OTTAB NPs 

(1 µM) after the treatment with different concentrations of NO. Data are presented as the means 

± SD (n = 3). *P < 0.05, ***P < 0.001, ****P < 0.0001. 

 



30 
 

 

Figure 6 | In vivo PA imaging of encephalitis in different severities. a, Representative in vivo 

noninvasive PA images and b, the corresponding PA intensity of saline-treated brain (normal) 

and LPS-induced encephalitis after infusing OTTAB NPs at different time points as indicated. 

Data are presented as the means ± SD (n = 4 mice). c, Representative in vivo noninvasive PA 

images and d, corresponding PA intensity of the mouse brains treated with different 

concentrations (µg kg-1) of LPS as indicated after administrating OTTAB NPs for 8 h. Data are 

presented as the means ± SD (n = 4 mice). e, Relative inducible nitric oxide synthase (iNOS) 
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mRNA level versus the concentration of injected LPS. Scale bar = 1 mm. *P < 0.05, **P < 0.01, 

***P < 0.001. 


