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P H Y S I C S

Bioinspired large Stokes shift small molecular dyes 
for biomedical fluorescence imaging
Hao Chen1,2†, Lingjun Liu1,3†, Kun Qian1, Hailong Liu1, Zhiming Wang1, Feng Gao1, 
Chunrong Qu1, Wenhao Dai1, Daizong Lin1, Kaixian Chen1,2,3, Hong Liu1,2,3,4*, Zhen Cheng1,2,4*

Long Stokes shift dyes that minimize cross-talk between the excitation source and fluorescent emission to 
improve the signal-to-background ratio are highly desired for fluorescence imaging. However, simple small 
molecular dyes with large Stokes shift (more than 120 nanometers) and near-infrared (NIR) emissions have 
been rarely reported so far. Here, inspired by the chromophore chemical structure of fluorescent proteins, we 
designed and synthesized a series of styrene oxazolone dyes (SODs) with simple synthetic methods, which show 
NIR emissions (>650 nanometers) with long Stokes shift (ranged from 136 to 198 nanometers) and small 
molecular weight (<450 daltons). The most promising SOD9 shows rapid renal excretion and blood-brain barrier 
passing properties. After functioning with the mitochondrial-targeted triphenylphosphonium (TPP) group, the 
resulting SOD9-TPP can be engineered for head-neck tumor imaging, fluorescence image–guided surgery, brain 
neuroimaging, and on-site pathologic analysis. In summary, our findings add an essential small molecular dye 
category to the classical dyes.

INTRODUCTION
Fluorescence imaging is widely used in preclinical biomedical 
research (1), clinical-pathological examination (2), and fluorescence 
image–guided surgery. It has the properties of low cost, easy to per-
form, minor light damage to the biological specimen, and high 
detection sensitivity (3). The biomedical applications of fluorescence 
imaging are highly dependent on the development of fluorescent 
dyes (4–6). The most critical features for fluorescent dyes are 
absorption/emission profile, absorption coefficient, quantum yield, 
Stokes shift, chemical property, and photochemical stability. However, 
few dyes have optimal properties in all of these categories. Several 
types of dyes, such as rhodamine, boron dipyrromethene (BODIPY), 
fluorescein isothiocyanate (FITC), cyanine, coumarin, and quin-
oline (7–16), have been widely used in clinical and preclinical research 
(Fig. 1A). These dyes show good application prospects in the clinic, 
biomedical research, and in vitro diagnosis. However, the emission 
wavelength of most of these dyes is less than 550 nm, which suffers 
from shallow penetration depth and notorious autofluorescence from 
biological tissues for in vivo optical imaging, broadly limiting their 
application. To obtain a sufficiently deep and sensitive signal for 
in vivo imaging, near-infrared (NIR) fluorescent dyes, including 
Nile red, cyanine dyes (Cy5, Cy5.5, and Cy7), IRDye800CW, indo-
cyanine green (ICG), etc. have emerged as attractive tools. In contrast, 
most of them show short Stokes shift (<70 nm) (Fig. 1A). The heavy 
cross-talk between excitation and emission light leads to a relatively 
low signal-to-background ratio (SBR) (17).

Developing long Stokes shift NIR dyes is thus highly demanded, which 
loses less fluorescent light and results in high SBR in fluorescence 

imaging because of the complete separation of the excitation and 
emission light. Moreover, the dyes also allow multiplexing applica-
tions due to the flexibility of choosing excitation light and emission 
filters. The typical short Stokes’ fluorophores use a relatively fixed 
single light source and emission filter (18). For decades, a great 
amount of effort has been dedicated to developing long Stokes shift 
NIR dyes, including the design of complicated structures and 
preparation of dyes through multistep reactions. Those efforts 
usually result in low synthesis yield and large conjugated rigid plane 
structure with high molecular weight, resulting in undesired phar-
macokinetics, increased metabolism burden, and prolonged body 
accumulation time (19–26). Among most attempts, simple small 
molecular dyes with large Stokes shift (>120 nm) and NIR emissions 
have rarely been reported. The lack of chemical structure fluorescence 
relationship theory may contribute a lot to this scenario.

Biodistribution and pharmacokinetics are other essential features 
of small molecular dyes. Dyes with favorable in vivo behaviors have 
broad preclinical or clinical applications. In one respect, most cen-
tral nervous system diseases are attributed to neurons’ denaturation 
(27), while the specific mechanisms of pathogenesis are still unclear. 
To verify the pathogenesis, it is vital to find out the nerve cell’s 
physiological activity and pathological process. Ginsberg et al. (28) 
used a sensitive, quantitative fluorescent method to study the time 
course and regional pattern of blood-brain barrier (BBB) opening 
after transient middle cerebral artery occlusion, demonstrating that 
neuronal activity can be observed with the aid of fluorescent dyes. 
Two/three-photon fluorescent microscopy has been widely used for 
brain science or neuron science imaging. However, one of the most 
substantial barriers in brain neuron science development is the BBB 
that hinders most of the dyes going into the brain. Few dyes could 
cross the BBB due to the large molecular weight and poor lipo-
philicity (29). The lack of BBB passing fluorescent dyes as imaging 
tools has hindered the development of brain science. Therefore, a 
small, compact NIR fluorophore (emission wavelength, >650 nm) 
that could rapidly penetrate the intact BBB is highly desired.

Furthermore, in the clinic, diagnosis of cancer/normal tissue in 
tumor surgery is crucial to improve recovery rates of tumor surgery 
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Fig. 1. Long Stokes shift SOD for biomedical fluorescence imaging. (A) Chemical structure, molecular weight, max absorption, and emission wavelength, Stokes shift 
of typical commercial fluorescent dyes. (B) The absorption, fluorescence spectrum (left), chemical structure (middle), quantum yield, molar extinction coefficient (in 
water), computed isodensity surfaces of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), and cell imaging of the represent 
styrene oxazolone dye 9 (SOD9). (C) Triphenylphosphonium (TPP)–modified SOD9 for cell mitochondrial, in vivo head-neck cancer, and brain neuron imaging. a.u., arbitrary 
units; PI, post injection.
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therapy and survival rates (30). Usually, clinical diagnosis depends 
on the hematoxylin and eosin (H&E) stain, which is time-consuming 
and inconvenient. Contrasted to the traditional clinical diagnosis 
and confocal microendoscopy, using fluorescence imaging to create 
a local image of human tissue with special fluorescent dyes is a faster 
and more promising approach. Although a wide variety of molecu-
lar dyes have been reported (31–33), only a few fluorescent dyes 
provide real-time monitoring of the physiological process and 
morbid state, since the tissue autofluorescence and probe cytotoxicity 
limit most of the dyes’ applications (34, 35). Overall, there is a tre-
mendous demand for fluorescent dyes with long Stokes shift, high 
biocompatibility and effectiveness, and BBB crossing properties.

Since being discovered in the 1960s (36), fluorescent proteins (FPs) 
have emerged as one of the most commonly used fluorophores. 
From green FP (GFP) to red FP (RFP), the relationship between the 
optical properties and the core chromophore chemical structure has 
been fully explored (37, 38). Learning from the FP chromophore evolu-
tion process would be an excellent method for developing long Stokes 
shift dyes (39). Here, inspired by the 4-(p-hydroxybenzylidene)-5-
imidazolinone (p-HBI) chromophore conjugation changing that 
caused the redshift from the GFP to RFP, we designed and synthe-
sized a series of styrene oxazolone dyes (SODs) as previously 
unreported dyes (Fig. 1B). These SODs showed superior optical 
and photochemical properties such as long Stokes shift (>130 nm), 
small molecular weight (<450 Da), easy modification, fast response, 
and low cytotoxicity (Fig. 1B). The most promising dye, SOD9, was 
then chosen for further in vitro and in vivo studies. Impressively, it 
showed a good capacity of the cell staining, rapid renal excretion, 
and BBB crossing properties (Fig.  1B). SOD9 conjugated with 
triphenylphosphonium moiety (SOD9-TPP) displayed selectively 
for brain neurofluorescence imaging with not obviously toxic. More-
over, SOD9-TPP accumulated in the orthotopic head and neck squa-
mous cell carcinoma (HNSCC) for in vivo fluorescence imaging, 
which simplified tumor diagnosis, fluorescence image–guided 
tumor surgery, and on-site pathologic analysis (Fig. 1C). This study 
reports the first high-efficiency SODs as long Stokes shift dyes, 
which add an essential small molecular dye category to the classical 
dyes and provide a new strategy for in vivo fluorescence imaging.

RESULTS
Design and synthesis of SODs
FPs have been widely studied and used in biological research. It is 
conceived that the FPs generally share the same core skeleton of 
imidazolinone moiety and an exocyclic double bond, depending on 
the cis-trans isomerism of the fluorescent chromophore to switch 
between the dark state and the bright state (40). Despite the rigidity 
of the FP chromophore, the main peculiarity of the core skeleton is 
the isomerization and protonation progress of the chromophore 
responsible for protein fluorescent occurring with light or pH 
changes, causing neutral trans isomer (off-state) to anionic cis 
isomer (on-state) (41). While imaging the dynamic process of the 
occurrence and development of biological processes, it is considered 
that fluorescence keeps on-state all the time. Given that the off-state 
of FP chromophore with twisted intramolecular charge transfer 
arises from the exocyclic double-bond configuration, structural 
modifications can be performed to inhibit the rotation.

In another aspect, FP chromophore essentially serves as one of 
the small molecular dyes for biomedical fluorescence imaging. One 

of the most common methods to increase the fluorescence imaging 
sensitivity and quantification capability is using long Stokes shift 
NIR small molecular dyes (42, 43). Donor (D)–п-acceptor (A)–п-
donor (D) architecture is a common platform for constructing an 
organic fluorescent probe with a long Stokes shift to lower the energy 
gap and extend the wavelength (33, 44). Usually, the rate constant of 
intersystem transition from п* to п is small, enhancing fluorescent 
efficiency and favoring fluorescent occurrence (45).

Inspired by p-HBI chromophore of the GFP/RFP and the molecu-
lar mechanisms described above (Fig. 2A), we designed and synthe-
sized a series of previously unreported dyes with styrene oxazolone 
as a fundamental skeleton instead of the imidazolinone (Fig. 2B 
and fig. S1). Unexpectedly, we found that this modification inhibits 
the rotation of the exocyclic double bond, leading the configuration 
to keep as cis-isomer (on-state), which was confirmed by x-ray (fig. S2). 
It saves room for structural modification, resulting in improved 
optical properties with extending Stokes shift. A conjugated struc-
ture with a rigid plane can lower molecular vibration frequency to 
strengthen fluorescence intensity by decreasing interaction with dissol-
vent (46). N,N′-dimethylamino is a well-known redshift absorption- 
pushing group when substituted on the para-position of an aromatic 
ring (47). The existence of oxazolone offered both п-п–conjugated 
and p-п–conjugated effects. Thus, we selected N,N′-dimethylamino 
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group and oxazolone as the donor and acceptor groups, respectively, 
linked by phenylethylene. We introduced another donor moiety on 
the central component to generate a neutral form, making the 
system more polarized and shifting to a red region. Following the 
described strategy, SODs were synthesized with a simple procedure. 
Oxazolone derivatives, generated from cinnamylic acid via conden-
sation, reacted with different aldehydes under room temperature 
within 2 hours to afford SODs in good yields. The chemical struc-
tures of SODs (Fig. 2C) were characterized by standard 1H nuclear 
magnetic resonance (NMR), 13C NMR, and high-resolution mass 
spectrometry spectra in the Supplementary Materials.

Characteristics of SODs
We first investigated their spectroscopic properties in aqueous 
media. Because of the presence of cis-configuration of the exocyclic 

double bond, all the SOD dyes displayed strong fluorescence. Most 
of them exhibited long Stokes shift (136 to 198 nm), with their 
absorption wavelengths at around 485 nm and fluorescence emission 
wavelengths over 635 nm (Fig. 3, A, B, and E). All of the SOD dyes 
showed good photostability, except SOD8, which bleached markedly 
over a 45-min test (Fig. 3C). Different substituted groups at the donor 
side had a negligible effect on the dyes’ absorption spectrum but 
substantial affected the fluorescence spectrum (Fig. 3, D and E). The 
extension of the п system led to a redshift fluorescence spectrum 
(SOD1 versus SOD2). SOD4 showed the most notable fluorescence 
and Stokes shift, indicating that fluorescence redshift benefited 
from the electron-withdrawing group substituted by naphthalene 
(SOD1 and SOD3 versus SOD4). Meanwhile, the electron-donating 
group resulted in a fluorescence spectrum blueshift (SOD5 versus 
SOD6). Fluoro-substituted SOD8 demonstrated the shortest 
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absorption/fluorescence and the highest relative quantum yield in 
water, implying fluorine’s substantial and unique effect on the opti-
cal property. Other researchers also found a similar phenomenon 
(48). Another interesting finding was SOD11, which contained the 
indole as the donor group. It showed the largest absorption and the 
lowest fluorescence peak, resulting in the shortest Stokes shift.

The difference in spectroscopic properties could be derived from 
the electrical property and the position of substituents. Screening 
the bandgap by density functional theory (DFT) calculation and the 
actual measurement, all SODs had a similar bandgap identified with 
the absorption and fluorescence wavelengths (Fig. 3, D and E, and 
figs. S3 and S4). SOD4 exhibited the largest Stokes shift (198 nm). 
Notably, SOD8 and SOD11 displayed sufficiently high relative fluo-
rescence quantum yield in water or alcohol (ɸ  =  37.6 and 25.1, 
rhodamine 6G as the reference).

The molar absorption coefficients () of SODs were around 
1.0 × 103 to 1.0 × 104 M−1 cm−1, except for SOD8, which was about 
200 M−1 cm−1(Fig. 3E). The highest  was SOD9, similar to GFP or 
RFP as 1.0 × 104 M−1 cm−1, which perhaps contributed to the struc-
tural similarity. Compared to the high  cyanine dyes such as Cy5 
(2.5 × 105 M−1 cm−1) and ICG (2.621 × 105 M−1 cm−1), SOD dyes 
were not so dominant. But considering the widely used GFP and 
RFP, the  of some SODs, such as SOD7 and SOD9, was enough for 
fluorescence imaging applications.

In summary, a variety of factors affect the optical properties of 
SODs. The poor electron condensed ring attaching to the exocyclic 
double bond showed a redshift spectrum than the electron-rich one. 
The same result was found on the substituted polycyclic aromatic 
attaching to the exocyclic double bond as diolefins. Furthermore, 
for the same substitution group, multiple substituents showed 
better spectral properties than single substituents. In addition, the 
characteristics of SOD dyes were affected by various elements such 
as rigidity, solubility, and steric hindrance. Compared to rhodamine, 
some SODs showed good photostability (Fig. 3C).

Cytotoxicity of SODs was also examined on NIH-3T3 cell lines 
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
(MTT) assay. The results indicated that these dyes were nontoxic, 
demonstrating the good biological characteristics of those dyes (fig. 
S5). The cell uptake properties of SODs were investigated on the 
NIH-3T3 cell line (Fig. 4A and fig. S6) by fluorescent microscopic 
imaging. Fluorescence images showed that most SODs easily 
crossed the cell membrane, except SOD2, SOD4, SOD8, SOD10, 
and SOD12 (fig. S6). No specific organelle accumulation was found 
in SODs by fluorescent microscopy organelle costain experiment. 
Considering the optical spectrum, Stokes shift, quantum yield, and 
molar absorption coefficient, SOD9 stood out with the most attrac-
tive properties and was selected for further study.

SOD9’s in vivo pharmacokinetics by fluorescence imaging
Before in vivo fluorescence imaging, the in vivo imaging setup’s 
excitation wavelength and emission collection filter were screened 
out by directly imaging the SOD9 phosphate-buffered saline (PBS) 
solution in 1.5-ml Eppendorf tubes (fig. S7A). The excitation wave-
length was set at 535 nm, and the collection wavelength was set at 
659 nm (bandwidth, ~10 nm) because of the relatively longer wave-
length and higher fluorescent intensity (fig. S7B). After this, in vivo 
fluorescence imaging was performed. A substantial fluorescent signal 
was observed in mice’s bladder after the intravenous injection of 
SOD9 into mice (n = 3 per group) at 2.5 mg/kg (6.18 mol/kg) 

within 5 min (Fig. 4B). The bladder signal disappeared in 1.5 hours 
(Fig. 4C), indicating that SOD9 featured a fast renal excretion path-
way (Fig. 4D). Notably, the fluorescence in the brain was also found 
by 5 min postinjection (Fig. 4B). This implied that the dye quickly 
passed the BBB. After 2 hours postinjection, the mice were eutha-
nized, and the major organs were harvested for ex vivo fluorescence 
imaging. The biodistribution result showed that SOD9 mainly 
presented in the mice’s brain and gallbladder. In addition, SOD9 
also minorly existed in the bladder. Signal was also observed from 
brown adipose tissue (BAT), white adipose tissue (WAT), intestine, 
and stomach (49,  50). The high fluorescence in the gallbladder 
proved that SOD9 was also excreted by the liver. The fast high accu-
mulation and relatively long retention time of SOD9 in mice brains 
suggested that the dye crossed the BBB. It can be used for central 
nervous system fluorescence imaging, which most commercially 
available dyes do not accomplish. It is presumably owing to the low 
molecular weight and charge-free nature of SOD9.

In vivo pharmacokinetics and biomedical applications 
of SOD9-TPP
To demonstrate the use of SOD9 for biomolecule labeling, the 
alkylation reagent SOD9-Br was synthesized by simply changing the 
appropriate starting materials of SOD9 (fig. S8). Although SOD9-
Br can be used to label a variety of biomolecules, such as DNA, RNA, 
protein, and antibody, here, we used it to label a mitochondria-
targeted small molecule, triphenylphosphonium (TPP) salt, for 
general fluorescence imaging applications (Fig. 5A). TPP and its 
analogs are classical delocalized lipophilic cations (DLCs), famous 
for mitochondrial-targeted applications. They work as cargos to 
deliver dyes to most cells’ mitochondria due to the positive charge 
of the compounds and the mitochondrial membrane potential 
(51, 52). Through conjugation, TPP with SOD9 renders the resulting 
probe capability of staining cells, tissues, and organs. In addition, 
DLCs can also specifically accumulate in cancer cells due to the 
natural mitochondrial membrane potential difference between 
cancer cells (c, approximately −220 mV) and normal cells (n, 
approximately −140 mV), which could be used for the specific 
in  vivo imaging of tumor (53,  54). The molecular weight of 
SOD9-TPP was almost doubled as that of the original SOD9 (815 Da 
versus 404 Da; Fig. 5A). With all of the above expectations, SOD9-
TPP was synthesized in a high yield. Incubation of SOD9-TPP with 
NIH-3T3 and U87MG human glioblastoma cells and then costaining 
with MitoTracker Red and LysoTracker Red proved that SOD9-TPP’s 
mitochondria specifically targeted property in vitro (Fig. 5B, fig. S9, 
and movie S1). The mean fluorescent intensities of SOD9-TPP in 
NIH-3T3, U87MG, and SCC090 cell lines were compared with the 
same incubation concentration and time. The result showed that the 
probe accumulated much more in the tumor cells than in normal 
cells, which proved its tumor-specific targeting properties (fig. S10).

After in vitro imaging of SOD9-TPP in normal and cancer cells, 
the in vivo biocompatibility was evaluated by intravenous injection 
of SOD9-TPP (5.0 mg/kg) into mice. After 24 hours, the mice were 
euthanized, and the major organs were harvested for histological 
analysis. After being modified with TPP, the probe was primarily 
excreted by the liver, not the renal. In addition, SOD9-TPP did not 
show toxicity compared with the control group injected with PBS 
(fig. S11). Then, in vivo imaging using orthotopic xenograft HNSCC 
mouse models was further performed (Fig. 5C). The orthotopic 
HNSCC tumors were verified by small animal 3T magnetic resonance 
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imaging and pathologic analysis (Fig. 5D). HNSCCs were usually 
developed from the mucosal epithelium of the oral cavity, pharynx, 
and larynx, which are the most common malignancies in the head 
and neck (55). HNSCC of the oral cavity is generally treated with 
surgical resection, followed by adjuvant radiation and chemotherapy 
plus radiation, depending on the disease stage. Surgery faces incomplete 
tumor resection, and radiotherapy suffers severe side effects (56). 
Fluorescence imaging to guide surgery was considered to play an 
important role in head and neck cancer therapy due to the improved 
resection accuracy during surgery (57). At 5 min after intravenous 
injection of SOD9-TPP (5.0 mg/kg, 6.13 mol/kg) into the orthotopic 
HNSCC mice (SCC090 cell line; Fig. 5C), the tumor fluorescent signal 
was observed with the tumor-to-background ratio (TBR) around 2 
(Fig. 5, E and F). The TBR kept stable during the first 30 min post-
injection and then reached the maximum, around 3 after 60 min 
postinjection, followed by a sharp decrease from this moment and 
kept about 1.5 after 120 min postinjection (Fig. 5, E and F).

Mice were then euthanized, and the major organs were harvested 
for biodistribution study at 2 hours postinjection. In general, the 
clearance of SOD9-TPP was much slower than that of SOD9. 
Although injecting a similar mole dosage (6.1 mol/kg), almost all 

of the SOD9-TPP organ fluorescent intensity was much higher than 
that of SOD9 (Figs. 4F and 5H). Meanwhile, the fluorescent intensity 
was the same for the same mole concentration of SOD9 and SOD9-
TPP (1.236 mM) solution. Both probes showed up in the mice’s 
brains and gallbladders (Figs. 4E; 5, G and H; and 6F). Since 18F-labeled 
TPP derivatives were not found in the brain, the BBB passing property 
was attributed to the SOD9 component (54). SOD9-TPP also accu-
mulated in mice’s adrenal glands, intestine, liver, WAT, and BAT 
(Figs. 5, G and H, and 6F and fig. S12). 18F-labeled TPP derivatives 
were found in mouse intestines, liver, and adipose tissue. Therefore, this 
distribution pattern could be partially contributed by TPP moiety in 
SOD9-TPP. SOD9-TPP was found in the mouse adrenal gland. Notably, 
SOD9-TPP was not located in the mice’s hearts, different from the 
distribution pattern of the most 18F-labeled TPP positron emission tomog-
raphy probes (58). SOD9 and TPP’s combination changed their in vivo 
behavior, respectively. The previously unreported probe SOD9-TPP 
can be used for tumors and the major organ fluorescence imaging.

The above studies found that 60 min postinjection was the best 
time for fluorescence image–guided tumor surgery. Therefore, we 
performed the fluorescence image–guided tumor surgery on the 
orthotopic HNSCC mouse models with in vivo fluorescence imaging 
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and the on-site pathologic examination using confocal endoscopic 
microscopy. With suitable dyes, confocal endoscopic microscopy 
observed pathological organs at cellular morphology in real time, 
instead of using the traditional procedure with tissue slice and H&E 
staining. After opening the skin, the tumors were carefully excised 
under the confocal endoscopic microscopy (Fig.  6A; FIVE2®, 
ViewnVivo, OptiScan) and the in vivo imaging setup (Fig. 6F; IVIS®, 

PerkinElmer). The excised tumors were also imaged by the confocal 
endoscopic microscopy immediately (Fig. 6A). Current tumor sur-
gery relies on frozen section analysis and gold standard pathologic 
analysis of formalin-fixed paraffin-embedded sections to identify 
positive margins intraoperatively (Fig. 6, C to E). It is inconvenient 
in terms of time and labor consumption during the surgery opera-
tion (57). On-site pathologic analysis using confocal endoscopic 
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microscopy and tumor-targeted dyes SOD9-TPP may be a good 
solution. The tumor tissue was found with irregular cell arrange-
ment and high fluorescence intensity, but the normal tissue showed 
low fluorescence intensity (Fig. 6B and movie S2). The dividing line 
between them is apparent. Here, pathologic analysis was used to prove 
the confocal endoscopic microscopy result (Fig. 6, B and C). Mean-
while, the normal tissue was found with a regular cell arrangement 
shape and relatively low fluorescence intensity (Fig. 6, G and H). It 
also has the potential to supplement the traditional organ toxicity 
investigation, which was used to accomplish by histology analysis. 
SOD9-TPP can be used for fluorescence image–guided tumor surgery 
and the on-site pathologic analysis to assist the precise resection.

The fast brain accumulation property of SOD9-TPP made it 
possible for cranial nerve dynamic imaging (Fig. 6, F and G). The 
mouse brain skull was opened, and the confocal endoscopic micros-
copy imaging probe was directly put on the brain. Then SOD9-TPP 
was intravenously injected. The results showed that SOD9-TPP 
leaked from blood vessels after 5 min postinjection and penetrated 
deeper tissues in 15 min (movie S3). After that, it approached stain-
ing the neuron cell in 25 min. At 45 min later, the original disorderly 
distributed SOD9-TPPs accumulated into the brain cells. Their strong 
fluorescence could pinpoint the neurons in the brains (Fig.  6G). 
This finding highlights that SOD9-TPP can be used for brain nerve 
dynamic monitoring, which is rarely achieved by most other small 
molecular dyes. The results should describe the experiments per-
formed and the findings observed. The results section should be 
divided into subsections to delineate different experimental themes. 
Subheadings should be descriptive phrases. All data must be shown 
either here or in the Supplementary Materials.

DISCUSSION
Most reported fluorescent dyes such as rhodamine, BODIPY, FITC, 
cyanine, coumarin, and quinoline rely on the conjugated system 
with п electrons and a low energy gap. The absorption and emission 
wavelength are correlated with the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO). The SOD design was inspired by the redshift seen in the 
RFP that results from p-HBI chromophore conjugation change and 
the D-п-A-п-D architecture molecular mechanisms. We have pre-
pared a series of oxazolone analogs and calculated their optimized 
geometry. The previously unreported structure of dyes shows a lower 
bandgap, contributing to a larger Stokes shift about 150 to 200 nm 
than that of traditional fluorescent dyes (<70 nm). Both the substituents 
and steric hindrance effect play an essential role in the spectroscopic 
properties of the dyes. SOD9 represents these dyes and proceeds to 
fluorescence imaging in vivo. It shows good optical and pharmaco-
kinetic properties with high SBR, rapid clearance, and low toxicity. 
Impressively, SOD9 displays an excellent ability to cross BBB after 
intravenous injection into mice, providing strong fluorescence to 
visualize neurons under confocal in vivo fluorescence imaging.

Moreover, SOD9 was modified with a TPP moiety to afford 
SOD9-TPP, allowing staining of the mitochondria in the living cell. 
Because of the difference between the mitochondrial activity of 
normal cells and tumor cells, SOD9-TPP can also be used for tumor 
imaging, fluorescence navigation surgery, and online tumor tissue 
identification, with confocal endoscopic microscopy to determine 
surgical boundaries and reduce surgical trauma. SOD9-TPP has 
specific strong fluorescence on tumors and the brain in the HNSCC 

mouse model. Compared to the traditional pathologic analysis 
methods, SOD9-TPP and confocal endoscopic microscopy monitor 
cellular morphology in real time, which simplifies the process of 
conventional histological examination including the preparation of 
slices and staining of tissues. They have the possibility to replace 
some of the complicated H&E staining procedures. SOD9-TPP also 
provides an opportunity for surgical navigation because of the 
in vivo tumor targeting ability after intravenous injection. Moreover, 
these SOD dyes may have many other applications, such as linking 
with carboxyl groups to label monoclonal antibodies, targeting peptides 
(Arginylglycylaspartic acid), DNA, and RNA. These further appli-
cations are still underway and will be pursued in future research.

In summary, inspired by the p-HBI chromophore change of the 
GFP/RFP and the D-п-A-п-D architecture molecular mechanisms, 
we have designed and developed SODs with styrene oxazolone 
scaffold as previously unreported long Stokes shift fluorescent dyes. 
Moreover, the most promising dye, SOD9, shows large absorption 
and emission wavelengths, high quantum efficiency, low cytotoxicity, 
rapid excretion, and the ability to cross BBB for fluorescence imaging. 
In addition, TPP-modified SOD9 has a specific and strong targeted 
fluorescence tumor imaging ability, confirmed by the optical imaging 
of the HNSCC mouse model and monitoring cellular morphology in 
real time. SODs are previously unreported and promising scaffold 
dyes for biomedical fluorescence imaging and surgical navigation.

MATERIALS AND METHODS
Synthesis and characterization of SODs
See the Supplementary Materials for the detailed synthesis charac-
terization information.

SOD derivatives optical properties
Absorbance and fluorescence
Ultraviolet (UV) absorbance of SODs was recorded on an Agilent 
8453 UV spectrophotometer at a concentration of 20 M in water. 
Fluorescence was recorded on a Fluoromax-3 spectrofluorometer 
(Jobin Yvon) at a concentration of 12 M in water.
Optical bandgaps calculated from UV-vis spectra of SODs
On the basis of each SODs’ UV–visible (vis) spectrum, the optical 
bandgap was estimated according to the equation below

	​​ E​ g(eV)​​ =  h × f  =  h × ​  c ─ 
a . e. ​  ≈ ​   1240 ─ 

a . e. (nm) ​ ​	

Eg represents the optical bandgap expressed in electron volts, and a.e. 
denotes the absorption edge wavelength expressed in nanometers, 
obtained from the offset wavelength derived from the low-energy 
absorption band as schematically represented in fig. S2 (59).
Photostability
A 75-W Xenon arc lamp (Hamamatsu, San Jose, California, USA) 
with a 420- to 470-nm bandpass filter (MF445-45, Thorlabs, Newton, 
New Jersey, USA) was used as the light source for the rhodamine 
6G. Analogously, a 540- to 580-nm bandpass filter (MF559-34, 
Thorlabs, Newton, New Jersey, USA) was used to excite SOD deriva-
tives. All the dyes were dissolved in water at a 10 M concentration 
in 700 l of micro quartz cuvettes (10 mm; Sigma-Aldrich, St. Louis, 
MO, USA). They were continuously excited for 45 min. During this 
period, the fluorescence intensity was measured every 5 min at 
525 (rhodamine 6G) or 600 nm (SOD derivatives). Relative fluores-
cence intensity change was monitored over time.
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Quantum yield
The fluorescence quantum yields of SODs were determined according 
to the literature in (60)
x = s(Fx/Fs) (As/Ax)
Where  is the quantum yield, F is the integrated area under the 

corrected emission spectrum, and A is the absorbance at the exci-
tation wavelength; the subscripts x and s refer to SODs and the stan-
dard, respectively. Rhodamine 6G (F = 95%) in ethanol was used 
as the standard. All SODs and rhodamine 6G were dissolved in 
ethanol in five different concentrations with an absorbance lower 
than 0.1 at 425 nm. The corresponding five different fluorescences 
of SODs and rhodamine 6G were excited at 425 nm, and the emission 
spectra from 450 to 850 nm were obtained for the following inte-
grated area measurement. All data were analyzed using Origin Pro 
9.0 software (OriginLab, Northampton, Massachusetts, USA) to get 
the SODs’ final quantum yield.

Cell culture, imaging, and cytotoxicity assay
Cell culture
NIH-3T3 was cultured in a Dulbecco’s modified Eagle’s medium 
(DMEM). SCC090 cells were cultured in DMEM containing high 
glucose (Gibco). U87MG cells were cultured in McCoy’s 5A me-
dium. All culture media were supplemented with 10% fetal bovine 
serum. The cells were incubated at 37°C in an atmosphere containing 
5% CO2. All of the cell lines were obtained from the American Type 
Tissue Culture Collection (Manassas, VA).
Cell imaging
For the SOD derivatives’ live-cell localization imaging, 3 M SODs in 
the medium were used to incubate with cells in a MatTek glass-bottom 
culture dish (Ashland, Massachusetts) for 1 hour, and then the cells 
were washed with PBS three times. After replacing the medium, the 
cells were imaged using a fluorescent microscope (Zeiss) with a 
20× objective lens (excitation, 453 to 490 nm; emission, 730 to 780 nm).

MitoTracker Red (Molecular Probes) and Hoechst (Thermo 
Fisher Scientific) were added to the medium to stain the mitochondria 
and nuclei, following the manufacturer’s procedures. Cells were 
photographed as previously described using a 20× objective lens.
Cytotoxicity assay
The SOD derivatives’ toxicity was determined in vitro with an MTT 
assay (Sigma-Aldrich, St. Louis, MO) on NIH-3T3 cells. Approxi-
mately 5000 cells were incubated per well with 200 l of DMEM 
growth medium and serially diluted SOD derivative solution (n = 6 
for each concentration). The cells were kept at 37°C in a humidified 
atmosphere containing 5% CO2 for 48 hours in the presence of SOD 
derivatives at different concentrations. Immediately before adding 
20 l of MTT (5 mg/ml), a colorimetric indicator of cell viability, the 
SOD derivative–spiked medium was removed from each well plate 
and replaced with 180 l of fresh medium. After 4 hours, the medium 
was carefully removed, and 100 l of dimethyl sulfoxide (DMSO) was 
added. Shaking for 10 min, the color change was quantified using a 
microplate reader (TECAN Infinite M100) and taking absorbance 
readings at 570 nm with a reference wavelength of 650 nm. Cell 
viability was plotted as a fraction of the absorbance of control wells 
incubated without SOD derivatives.

SCC090 orthotopic tumor model and imaging
All vertebrate animals were purchased from Shanghai Experimental 
Animal Center (Shanghai). All animal procedures were performed 
under the guideline approved by the Institutional Animal Care and 

Use Committee of the Shanghai Institute of Materia Medica, 
Chinese Academy of Sciences. Female athymic nude mice (nu/nu) 
from 4 to 6 weeks old were obtained from Shanghai Experimental 
Animal Center (Shanghai) and kept under sterile conditions. The 
HNSCC cells (SCC090; 5 × 105) were suspended in 15 l of PBS and 
inoculated in the nude mice’s buccinator.

When the tumors reached ~2 mm in diameter, the tumor-bearing 
mice were intravenously administered with SOD9-TPP (dissolved 
in 150 l of PBS, with 2 l of DMSO) at 5.0 mg/kg (6.13 mol/kg). 
Three mice were used for each group.

In vivo fluorescence imaging was taken at 5, 15, and 30 min and 1 and 
2 hours after the injection of SOD9-TPP (5.0 mg/kg, 6.13 mol/kg). 
IVIS spectrum instrument was used. The excitation wavelength was 
set at 535 nm. Collection wavelength was set at 650 to 800 nm, using 
a 3-s acquisition time. Three mice for each group were used. Mice 
were euthanized, and the organs were harvested after each set of 
in vivo imaging. Fluorescence images of the organs and normal 
mice were taken under the same settings.

Confocal fluorescent endomicroscopy imaging
FIVE2 (ViewnVivo) was used for confocal fluorescent endomicroscopy 
imaging with the excitation wavelength at 488 nm, and the emission 
wavelength was taken from 540 nm. In general, the imaging site was 
opened, and the probe was pressed on the imaged organs’ surface.

Histological study
The tumor tissues and major organs such as the liver, kidney, lung, 
and heart were isolated. After freezing, the specimens were sec-
tioned at 5 to 8 m and processed for standard H&E staining. Slides 
were viewed and photographed with the NanoZoomer digital pa-
thology image.

Statistical analysis
GraphPad Prism 5 (GraphPad Software, CA, USA) and SPSS 24.0 
software (SPSS Inc., Chicago, IL) were used for statistical analyses. 
All data are presented as means ± SD of n independent measure-
ments. Statistical analysis was performed using a Student’s t test. 
Statistical significance was assigned for P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo3289

View/request a protocol for this paper from Bio-protocol.
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