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Ultrabright difuranfluoreno-dithiophen polymers for 
enhanced afterglow imaging of atherosclerotic plaques
Zhe Li1†, Hui Cao1†, Youjuan Wang1, Shiyi Liao1, Xu Li1, Baode Chen1, Xiaosha Wang2, Lihui Jiang2, 
Yingping Zou2, Xiao-bing Zhang1, Guosheng Song1,3*

Cardiovascular diseases, including stroke driven by atherosclerosis, remain a leading global health concern. Cur-
rent diagnostic imaging modalities such as magnetic resonance imaging fail to characterize oxidative stress 
within atherosclerotic plaques. Here, we introduce difuranfluoreno-dithiophen–based polymers designed 
for afterglow imaging, offering ultrabright luminescence, ultralow-power excitation (0.087 milliwatts per square 
centimeter), and ultrashort acquisition times (0.01 seconds). Through a molecular engineering strategy, we have 
optimized polymers for enhanced reactive oxygen species (ROS) generation capability, ROS capturing capability, 
and fluorescence quantum yield, resulting in an increase in afterglow intensity (~130-fold) compared to com-
monly used 2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylenevinylene polymer (MEHPPV). Additionally, we have 
developed ratiometric afterglow nanoparticles doped with oxidative stress–responsive molecules, enabling im-
aging of oxidative stress markers in atherosclerotic plaque. This approach provides a tool for cardiovascular imag-
ing and diagnostics, which is conducive to the auxiliary diagnosis and risk stratification of atherosclerosis.

INTRODUCTION
Cardiovascular diseases represent a global health challenge, ranking 
as leading causes of mortality and morbidity worldwide. Among 
these, stroke stands as the third leading cause of death, following 
closely behind cancer and ischemic heart disease (1–3). The under-
lying pathophysiology of stroke is frequently attributed to athero-
sclerosis, a condition predominantly resulting from the rupture of 
atherosclerotic plaques (4, 5). Differentiating between eroded and 
stable plaques is crucial for assessing plaque burden and vulnerabil-
ity, which can guide the selection of appropriate pharmacotherapy 
for plaque stabilization, thereby improving patient outcomes (6). 
Moreover, research has established that both chronic and acute in-
flammation, leading to elevated levels of reactive species, plays a 
pivotal role in the development of atherosclerosis by promoting 
plaque instability and vulnerability (7, 8).

Despite advances in imaging modalities such as magnetic reso-
nance imaging, positron emission tomography, and computed tomog-
raphy, which can detect the presence and location of plaques, these 
techniques fall short in adequately reporting on oxidative stress and 
inflammation within plaques, particularly in the carotid artery (9–11). 
In recent years, the exploration of near-infrared fluorophores for im-
aging carotid atherosclerotic plaques has expanded, including agents 
like chlorin e6, indocyanine green, Bodipy, and aggregation-induced 
emission (AIE)-based organic dots (table S1) (12–21). However, their 
application in vivo has been limited because of the autofluorescence 
observed in living models. Afterglow luminescence, known for its 
long-persistent luminescence after the cessation of light excitation, 
emerges as an alternative by reducing autofluorescence and thereby en-
hancing the signal-to-background ratio (SBR) for more sensitive and ac-
curate imaging (22–24). This technique has shown potential across 
various in vivo biomedical applications, such as imaging orthotopic 

tumors in mice, detecting hepatotoxicity, imaging-guided surgery or 
therapy, and monitoring therapeutic process (25–31). Despite its 
promise, the development of afterglow probes specifically designed for 
assessing oxidative stress levels in plaques remains scarce, underscor-
ing an urgent need in this area.

 Historically, inorganic nanoparticles have been used to enhance 
afterglow luminescence; however, concerns regarding systemic tox-
icity due to potential heavy metal leakage have limited their applica-
tion (32, 33). Organic afterglow nanoparticles, recognized for their 
biocompatibility and degradability, present a viable alternative (34–
39). Yet, they are not without limitations, including lower photo-
afterglow conversion efficiency, diminished luminescent intensity, 
required high-power laser excitation, extended acquisition times, 
and susceptibility to photobleaching during repeated imaging ses-
sions (24, 40, 41). For instance, the use of high-power density laser 
excitation (1 W/cm2 for an 808-nm laser), necessary for 2-methoxy-5-
(2′-ethylhexyloxy)-1,4-phenylenevinylene polymer (MEHPPV)–based 
organic afterglow systems, poses risks of phototoxicity and tissue 
damage, which are concerns for safe clinical application (24, 42).

To address these challenges, we have developed the difuranfluoreno- 
dithiophen–based polymers capable of achieving ultrabright after-
glow luminescence with ultralow-power excitation (0.087 mW/
cm2) and ultrashort acquisition times (down to 0.01 s). This ap-
proach enhances the sensitivity, accuracy, and longevity of in vivo 
molecular imaging. By using a molecular engineering strategy, we 
systematically modulated the electron-deficient ability of the accep-
tor units within the polymers for enhanced reactive oxygen species 
(ROS) generation capability, ROS capturing capability, and fluores-
cence quantum yield (QY) (Fig. 1). This comprehensive strategy re-
sulted in an enhancement of afterglow luminescence intensity, with 
our leading polymer nanoparticle formulation outperforming exist-
ing benchmarks (table S2) (22, 24, 28, 29, 31, 35, 40, 41, 43–50). Fur-
thermore, we introduced ratiometric afterglow nanoparticles (RANPs) 
doped with oxidative stress–responsive molecules (ORM) for the 
precise quantification of oxidative stress markers. These RANPs 
demonstrated targeted affinity for plaque in vivo, enabling the imag-
ing of intraplaque oxidative stress levels.
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RESULTS
Design and synthesis of afterglow semiconducting polymers
To address the need for advanced materials in afterglow lumines-
cence imaging, we synthesized polymers by linking various accep-
tors (A) and donor (D) units. These included quinoxaline (Qx, M1), 
dithiophene-substituted quinoxaline (M2), dithiophene-substituted 
difluoroquinoxaline (M3), and dithiophene-substituted benzotri-
azole (DTBTz, M4) as the A units, alongside furan-fused fluorene 
(M5) as the D unit (Figs. 2 and 3A). The polymers A1, A2, A3, and 
A4 were formulated with these units, where A1 comprised a Qx A 
unit and a furan-fused fluorene D unit, while A2, A3, and A4 were 
composed of thiophene-substituted A units paired with the same D 
unit. The synthetic routes and characterization of the A1 through 
A4 polymers were detailed in Fig. 2 and figs. S1 to S13. The synthesis 
of M1, M2, and M3 units followed methodologies described in pre-
vious literature (51), while M4 and M5 units underwent a series of 
reactions starting from benzotriazole and 2,7-dihydroxy-9-fluore‑ 
none, respectively. The 2 was obtained by introducing 1-bromo-2- 
methylpropane, followed by the electrophilic substitution reaction 
of benzotriazole introducing two bromine atoms to obtain 3. Stille 
coupling reaction between 3 and tributyl (thiophen-2-yl)stannane 
produced 4, which was then synthesized by bromination reaction 
under N-bromosuccinimide condition to form M4. Starting with 
2,7-dihydroxy-9-fluorenone (5), nucleophilic substitution reaction 
of 1-bromo-2,2-diethoxyethane and 5 produced 6. The 7 was syn-
thesized by Wolff-Kishner-Huang-Minlon reduction reaction, and 
two hexyl chains were introduced into 7 to obtain 8. Intramolecular 
cyclization reaction in polyphosphoric acid condition produced 
9. M5 was synthesized by substitution reaction between trimethyltin 

chloride and 9. The desired polymers were synthesized by Stille 
coupling reaction between the corresponding brominated mono-
mers (M1 to M4) and M5. The corresponding compounds were 
confirmed via 1H nuclear magnetic resonance, aligning well with 
anticipated structures.

These polymers exhibited excellent solubility in common organ-
ic solvents such as tetrahydrofuran (THF), chloroform, and dichlo-
romethane. We assessed their ultraviolet-visible (UV/vis) absorption 
and fluorescence spectra in THF solutions, noting that the A4 poly-
mer displayed absorption shoulder peaks at 488 and 519 nm. Poly-
mers A1, A2, and A3 exhibited a slight redshift of 18, 36, and 14 nm, 
respectively in absorption (fig. S15). The fluorescence emission spec-
tra revealed that A1 and A4 showed a same maximum peak at ap-
proximately 596 nm, with A2 and A3 showing red shifts of 91 and 
67 nm, respectively (fig. S15).

The polymers were processed into nanoparticles using nanopre-
cipitation with Pluronic-F127 as a surfactant, under consistent con-
ditions (Fig. 3B). The A4-based nanoparticles (A4-NPs) were further 
examined using transmission electron microscopy and dynamic 
light scattering, revealing a hydrodynamic diameter of 80 to 90 nm 
and maintaining a spherical morphology with stable colloidal prop-
erties over 24 hours (Fig. 3C and fig. S16). UV/vis absorption and 
fluorescence spectra of these nanoparticles confirmed distinct ab-
sorption peaks at about 550, 558, 546, and 518 nm and maximum 
fluorescent emissions at about 610, 730, 720, and 620 nm, varying 
across the A1-NPs through A4-NPs (Fig. 3, D and E).

Afterglow luminescence was then quantified using an in vivo im-
aging system (IVIS) in bioluminescence mode. The thiophene-
based nanoparticles (A2, A3, and A4) exhibited markedly stronger 

=

Fig. 1. Schematic illustration of molecular engineering, molecular property, afterglow property, afterglow imaging, and ratiometric afterglow imaging athero-
sclerosis mice. FQx, fluoro-quinoxaline; BTz, benzotriazole.
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afterglow luminescence compared to the thiophene-free A1, under-
scoring the critical role of thiophene in facilitating afterglow lumi-
nescence (Fig. 3, F and G). Notably, A4-NPs demonstrated a higher 
afterglow intensity than their counterparts, achieving an afterglow 
intensity approximately 576 times greater than that of A1-NPs and 
substantially surpassing A2-NPs and A3-NPs by approximately 55 
and 260 times, respectively.

Afterglow luminescence mechanism
Previous research has highlighted that elevated afterglow intensity 
in organic materials is contingent upon three critical factors: high 
production of singlet oxygen 

(

1O2

)

, efficient capturing of 1O2, and 
high fluorescence efficiency (22, 52). To elucidate the mechanisms 
underlying increased afterglow intensity, we embarked on a com-
prehensive study, examining the ROS generation capability, ROS 
capturing capability, and fluorescence quantum yield (Fig. 4A).

For ROS generation capability, we firstly demonstrated the types 
of generated ROS under illumination and further evaluated the 
total ROS generation capacity. We used singlet oxygen sensor green 
(SOSG) as indicators to measure 1O2 production of polymer-based 
nanoparticles. Light irradiation increased SOSG fluorescence inten-
sity at 530 nm, indicating 1O2 generation (fig. S17). The polymer- 

based nanoparticles exhibited the increased fluorescence intensity, 
confirming the 1O2 generation (fig. S16). The A4-NPs showed the 
highest 1O2 generation among polymers (Fig. 4B). Next, we tested the 
•OH and O2

∙− generation by electron spin resonance (ESR) spectra, 
using 3,4-dihydro-2,2-dimethyl-2H-pyrrole N-oxide (DMPO) as in-
dicators. In the presence of both DMPO and nanoparticles under 
light irradiation, the typical resonance peak for DMPO-•OH adducts 
(1:2:2:1) and DMPO-O2

∙− adducts (1:1:1:1) were observed, confirm-
ing the generation of •OH and O2

∙− based on polymer nanoparticles 
(Fig. 4, C and D). Subsequently, total ROS generation ability was eval-
uated by using 1.3-diphenylisobenzofuran (DPBF) as a ROS indicator. 
We calculated the ROS generation capacity by calculating the DPBF 
degradation percentage (the calculation formula of ROS generation 
capacity is in the “ROS generation capability” section of the Supple-
mentary Materials). These corresponding values of formula were ob-
tained from fig. S18 and shown in table S3. By substituting these values 
into calculation formula of ROS generation capacity, the calculated 
ROS generation capacity of A1-NPs, A2-NPs, A3-NPs, and A4-NPs 
were 20.80, 16.32, 14.74, and 33.29%, respectively. The results showed 
that A4-NPs had the highest ROS generation capability (Fig. 4E).

To analyze the reasons for the highly 1O2 generation, we calcu-
lated the singlet-triplet energy gap (ΔEST) by density functional 

Fig. 2. Schematic illustration of polymers synthesis. MeOH, methanol; TBAB, tetrabutylammonium bromide; NBS, N-bromosuccinimide; DMF, N,N′-dimethylformamide; 
DEG, diethylene glycol; PPA, polyphosphoric acid; DCE, 1,2-dichloroethane.
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theory (DFT) calculations. The polymer structures are simplified to 
a monomer polymer with a polymerization degree of one. The small 
ΔEST promoted the intersystem crossing efficiency and further im-
proved the 1O2 generation (53). The calculated ΔEST for monomer 
polymers A1, A2, A3, and A4 were 0.97, 0.97, 0.86, and 0.20 eV, re-
spectively (Fig. 4F). Compared to A1 to A3 monomer polymers, the 
A4 monomer polymer owned the smallest ΔEST, which was consis-
tent with the highest 1O2 generation of A4-NPs. The A2 and A3 
monomer polymers show small deviation between ΔEST and 1O2 
generation, due to deviations between the theoretical calculations 
based on simplified polymers and actual testing based on polymer-
based nanoparticles. In addition, to analyze the reasons for the highly 
•OH and O2

∙− generation, we investigated the photocurrent genera-
tion of polymers. The high photocurrents indicated high photoex-
cited electrons and holes, which was conducive to produce O2

∙− and 
•OH, respectively (54, 55). For measuring photocurrents, the devices 

based on the polymers was fabricated by the spin coating method 
and showed in Fig. 4G. After light irradiation, the devices based on 
the A4 polymer showed the highest photocurrents among polymers, 
which was consistent with the high •OH and O2

∙− generation of A4-
NPs (Fig. 4H).

For ROS capturing capability, the polymers could be degraded by 
ROS, resulting in decrease of fluorescence intensity (56). Further-
more, the ROS capturing capability was calculated by calculating the 
fluorescence decrease percentage of polymer-based nanoparticles 
after addition of ROS (the calculation formula of ROS capturing ca-
pability is in the “ROS capturing capability” section of the Supple-
mentary Materials). These corresponding values of formula were 
obtained from fig. S19 and shown in table S4. For A1-NPs, it showed 
almost zero capturing capacity of 1O2, •OH, and O2

∙−, due to the 
lack of thiophene units as ROS capturing unit (Fig. 4I). For A2-NPs 
and A3-NPs, they showed the higher 1O2, •OH, and O2

∙− capturing 
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Fig. 3. Characterization of nanoparticles. (A) Molecular structures of acceptors, donor, and polymers. (B) Illustration of nanoparticle preparation via nanoprecipitation. 
(C) Transmission electron microscope of A4-NPs. (D) The absorption spectra and (E) fluorescence spectra of four nanoparticles. (F) Photographs (top) and afterglow im-
ages (bottom) of nanoparticles. (G) Quantification of afterglow intensities of nanoparticles in (F) (n = 3). Data are shown as mean ± SD. DTQx, dithiophene-substituted 
quinoxaline; DTFQx, dithiophene-substituted difluoroquinoxaline; DTBTz, dithiophene-substituted benzotriazole.
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capacity (around 2 to 12%), compared with A1-NPs. For A4-NPs, it 
showed the highest 1O2, •OH, and O2

∙− capturing capacity (around 
20%) among polymers (Fig. 4I). The results indicated that A4-NPs 
owned the highest ROS capturing capability, and A1-NPs owned the 
lowest ROS capturing capability due to the absence of thiophene units.

To further validate the role of thiophene units, we synthesized a 
polymer, A5, from which thiophene units were removed from the 

A4 structure (figs. S14 and S20B). We then measured the afterglow 
luminescence of A5-NPs under identical conditions to A4-NPs. The 
A5-NPs exhibited luminescence near the background level, which 
were similar to A1-NPs (the absence of thiophene groups in A1-
NPs, resulting in a background signal) (fig. S20, A to D). Meanwhile, 
the A4-NPs showed afterglow intensity 319 times greater than A5-
NPs (fig. S20E). This stark contrast underscores the indispensable 

A

B C D E

F G H I

J K L

M N

Fig. 4. Afterglow luminescence mechanism. (A) General schematic illustration of afterglow luminescence mechanism. (B) 1O2 generation capacity of various nanopar-
ticles with light irradiation (12 mW/cm2) for 60 s (n = 3). The production of (C) •OH and (D) O2

•− by ESR. (E) The ROS generation capability of polymers under irradiation 
(4 W/cm2, 10 s). (F) DFT calculation of polymers energy levels of excited single state (S1) and excited triplet state (Tn). (G) Device structure of testing photocurrent. 
(H) Photocurrent responses (light on/off cycle: 20 s; duty cycle: 50%). (I) 1O2, •OH, and O2

•− capturing capability of polymer. (J) DFT calculation of polymers HOMO and 
LUMO energy levels. (K) Quantification of energy levels of polymers in (J). (L) FTIR spectra of A4 before and after irradiation. (M) DFT calculation for reaction pathways of 
A4 with ROS. (N) Energy values of corresponding structure and transition state. Data are shown as mean ± SD.
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role of thiophene moieties in facilitating robust afterglow lumi-
nescence.

To analyze the reasons for the highly 1O2, •OH, and O2
∙− captur-

ing, we calculated the highest occupied molecular orbital (HOMO) 
levels of monomer polymers (A1 to A4) by DFT calculations. The 
HOMO picture and energy values were shown in Fig. 4 (J and K). The 
A4 monomer polymer showed the highest HOMO levels (−4.69 eV), 
and the A1 monomer polymer showed the lowest HOMO levels 
(−5.28 eV). A high HOMO made the polymer more easily oxidized, 
thus promoting the ROS capturing (57). Hence, the A4-NPs obtained 
the highest ROS capturing capability.

To further understand the reaction process between ROS and A4 
polymer, we analyzed the effects of light-induced ROS production 
on the A4 polymer through absorption, fluorescence, and Fourier 
transform infrared (FTIR) spectra. The FTIR spectra indicated 
the appearance of carbonyl peak (1725 cm−1) and hydroxyl peak 
(3444 cm−1) after long-term light irradiation, suggesting the oxidation 
of thiophene units (Fig. 4L). The oxidation of thiophene units could 
lead to the destruction of the polymer skeleton, thereby reducing 
the absorption and fluorescence intensity of the polymer. Mean-
while, we tested the absorption and fluorescence spectra after long-
term light irradiation. The result showed the reduced absorption 
and fluorescence spectra after light irradiation (fig. S21). Hence, we 
proposed the possible reaction paths between ROS and A4 by DFT 
calculations. The calculated structure of A4 was simplified with 
benzotriazole-furan–substituted thiophene (SA4). Because of the 
similar transition states experienced by 1O2 and O2

∙− in the reaction 
with aromatic hydrocarbons, we only calculated the reaction be-
tween 1O2, •OH, and SA4 (56, 58–60). The possible paths and cor-
responding energy were showed in Fig. 4 (M and N). The calculations 
revealed that 1O2 could oxidize the S─C bond of thiophene through 
a π2-π2 cycloaddition reaction, leading to the formation of unstable 
intermediates (IM1), which then underwent O─O bond cleavage to 
form carbonyl derivatives (IM2) (56, 61). Similarly, •OH was shown 
to add to the α-C and β-C of thiophene, forming reactive intermedi-
ates (PC1) (58). PC1 could transform to IM3 via attacking α-C of 
thiophene. Next, S─C bond was broken to form IM4.

For fluorescence quantum yield (QY), we measured QY of polymer- 
based nanoparticles, using rhodamine B as a reference (QY = 65% in 
ethanol) (the calculation formula of QY is in the “Fluorescence 
quantum yield” section of the Supplementary Materials) (62, 63). 
These corresponding values of formula were obtained from fig. S22 
and shown in table S5. The QY values of polymer-based nanoparti-
cles were 83.66% for A1-NPs, 5.16% for A2-NPs, 5.20% for A3-NPs, 
and 75.43% for A4-NPs, respectively. The results indicated that A1-
NPs and A4-NPs owned the higher fluorescence quantum yield 
compared with A2-NPs and A3-NPs. To better elucidate the high 
quantum yield of A1-NPs and A4-NPs, we calculated the radiative 
and nonradiative rates (kr and knr) and kr/knr of nanoparticles (the 
calculation formula of rates is in the “Radiative and nonradiative 
rates” section of the Supplementary Materials). These correspond-
ing values of formula were obtained from fig. S23 and table S5 and 
shown in table S6. The result showed that A4-NPs owned the 20-
fold higher kr (0.45) and a 2-fold lower knr (0.15) compared to A2-
NPs and A3-NPs. These numbers favor the radiative rate while 
suppressing nonradiative rate, jointly enhancing the fluorescence 
quantum yield of A4-NPs. For A1-NPs, although A1-NPs have a 4-
fold lower kr than A4-NPs, it also exhibits a lower knr by 7-fold, re-
sulting in a 1.7-fold higher kr/knr ratio. This suggests that nonradiative 

processes are markedly suppressed in A1-NPs, contributing to the 
highest fluorescence quantum yield among the tested polymers. For 
the polymer structure, compared to A2 to A4 polymers, the A1 had 
no thiophene units, which avoided the rotation between the thio-
phene and other units in polymers. The decreased rotation of the A1 
polymer was conducive to reducing energy loss, leading to low knr 
and high fluorescence quantum yield. Meanwhile, we calculated the 
oscillator strength of the monomer polymers A1 to A4 by DFT cal-
culations (table S7).

Together, the afterglow intensity of organic materials was pro-
portional to three critical factors: ROS generation capability, ROS 
capturing capability, and fluorescence quantum yields (table S8). To 
enhance afterglow luminescence, synergistic improvement of these 
three factors was essential. Therefore, we further analyzed these fac-
tors and presented their values in table S8. For ROS generation ca-
pability, A4-NPs owned the highest ROS generation capability. The 
A2-NPs and A3-NPs owned the lower ROS generation capability 
compared with A1-NPs and A4-NPs. For ROS capturing capability, 
A4-NPs owned the highest 1O2, O2

∙− and •OH capturing capability 
among polymers. The A1-NPs owned the lowest 1O2, O2

∙− and •OH 
capturing capability (around 0%) due to the absence of thiophene as 
a ROS capturing unit. For fluorescence quantum yield, A4-NPs and 
A1-NPs owned the higher around 15-fold quantum yields com-
pared with A2-NPs and A3-NPs. Hence, the A4-NPs achieved the 
highest afterglow luminescence, due to the highest ROS generation 
capability, the highest ROS capture capability, and the higher QY 
among polymers. The A1-NPs obtained the lowest afterglow lumi-
nescence, due to the absence of thiophene as a ROS capturing unit, 
resulting in a zero ROS capturing. Compared to A3-NPs, the A2-
NPs had a slightly stronger afterglow than A3-NPs, due to A2-NPs 
exhibiting higher ROS generation capability and higher ROS cap-
ture capability at similar QY values. These results demonstrated that 
A4-NPs achieved the highest afterglow intensity by simultaneously 
improving ROS generation capability, ROS capturing capability, and 
fluorescence QY.

Optimization of afterglow performance in A4-NPs
To enhance afterglow imaging capabilities, we focused on optimiz-
ing the afterglow performance of A4-NPs, selected for their superior 
luminescence intensity. When compared under identical conditions 
to traditionally used organic afterglow polymers, such as MEHPPV 
and poly[2,7- (9,9-di-octyl-fluorene)-alt-4,7-bis (thiophen-2-yl)benzo- 
2,1,3-thiadiazole] (PFODBT) (24, 56), A4-NPs demonstrated higher 
afterglow intensity—approximately 130 times greater than MEHPPV- 
based nanoparticles (MEH-NPs) and 169 times that of PFODBT-
based nanoparticles (PFO-NPs) (Fig. 5, A to C). This remarkable 
efficiency in afterglow luminescence not only augments the efficacy 
of excitation but also enables the use of ultralow-power light sources 
for excitation, including mobile phone flashlights and room light, 
thereby mitigating the risk of photo-induced tissue damage.

Further investigation into the afterglow luminescence of A4-NPs 
across various excitation powers (white light: 12, 0.78, and 0.087 mW/
cm2) and acquisition times (10, 1, and 0.01 s), A4-NPs produced a 
strong afterglow signal even under room light (0.087 mW/cm2) or an 
acquisition time of 0.01 s (Fig. 5, D to G). In contrast, PFO-NPs 
displayed negligible afterglow under the same conditions. This capa-
bility to maintain high luminescence intensity with ultralow-power 
excitation (0.087 mW/cm2) and short acquisition times (0.01 s) 
minimizes the chemical decomposition of the afterglow polymers, 
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enhancing the durability of the imaging process. Upon reexcitation, 
the afterglow signals of A4-NPs maintained their maximum intensity 
without observable decay over more than 20 cycles (Fig. 5H), show-
casing exceptional stability and reliability for repeated and dynamic 
molecular imaging applications.

In our systematic optimization efforts, we explored various sur-
factants to improve afterglow luminescence, with Pluronic F-127, 
distearoyl phosphoethanolamine–poly(ethylene glycol) 2000, and 
styrene maleic anhydride copolymer (PSMA) being evaluated. F-127 
emerged as the optimal choice, enhancing the ROS generation, ROS 

A B C D

E F G H

I J L
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Fig. 5. Optimization afterglow performance of A4-baesd nanoparticles. (A) Chemical structures of A4, PFODBT, and MEHPPV. (B) Afterglow intensity of A4-NPs, PFO-
NPs, and MEH-NPs with white light (12 mW/cm2) for 20 s. (C) Quantification of afterglow intensity in (B) (n = 3). (D) Afterglow intensities in different power density (12, 0.78, 
and 0.087 mW/cm2) for 20 s. (E) Quantification of afterglow intensities in (D) (n = 3). (F) Afterglow intensities with different acquisition time (12 mW/cm2). (G) Quantifica-
tion of afterglow intensities in (F) (n = 3). (H) Afterglow reexcitation cycles of A4-NPs with white light (0.087 mW/cm2) for 20 s (n = 3). (I) Afterglow intensities of A4-NPs in 
different surfactants with white light (12 mW/cm2) for 20 s (n = 3). (J) Afterglow emission of A4-NPs in GFP (510 to 570 nm), Dsred (570 to 650 nm), Cy5.5 (690 to 770 nm), 
and ICG (820 to 880 nm) channels with white light (12 mW/cm2) for 20 s (n = 3). (K) Afterglow intensities of A4-NPs with different concentrations with white light (12 mW/
cm2) for 20 s (n = 3). (L) The dynamics of afterglow luminescence of A4-NPs with white light (12 mW/cm2) for 20 s (n = 3). (M) Schematic illustration of ratiometric afterglow 
sensing. (N) Afterglow imaging of RANPs with different ORM doping amounts with white light (12 mW/cm2) for 20 s. (O) Quantification of AF1/AF2 values in (N) (n = 3). 
(P) Afterglow imaging of RANPs upon activation of ONOO− with white light (12 mW/cm2) for 20 s. (Q) The linear relationship of RANPs and ONOO− (n = 3). (R) Afterglow 
imaging of RANPs upon activation of ClO− with white light (12 mW/cm2) for 20 s. (S) The linear relationship of RANPs and ClO− (n = 3). Data are shown as mean ± SD. LOD, 
limit of detection.
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capture, and fluorescence efficiency and thereby increasing the af-
terglow intensity of A4-NPs (Fig. 5I and fig. S25). Spectral analysis 
across different emission channels revealed that A4-NPs exhibited 
their strongest luminescence in the 570- to 650-nm range, with in-
tensity increasing alongside nanoparticle concentration and irradia-
tion time (Fig. 5, J and K, and fig. S26).

Long-term afterglow luminescence dynamics were assessed by 
continuously acquiring images. The results highlighted A4-NPs’ ca-
pability to sustain luminescence with a half-life of approximately 
2 min, persisting for more than 14 min postirradiation cessation 
(Fig. 5L).

To create responsive afterglow probes, we doped A4-NPs with an 
ORM, forming RANPs capable of assessing oxidative stress levels 
through afterglow resonance energy transfer (Fig. 5M). This process 
allows for the precise quantification of oxidative stress markers by 
measuring the ratio of two emission signals (AF1/AF2). Optimiza-
tion of ORM doping levels was conducted to achieve efficient energy 
transfer from A4 to ORM (Fig. 5, N and O). Considering both the 
afterglow signal intensity of AF2 and AF1/AF2 values, the 5% doping 
level was chosen as optimal for subsequent imaging experiments.

The response of RANPs to increasing concentrations of ONOO− 
and ClO− was thoroughly analyzed, demonstrating a linear relation-
ship between the concentration of these oxidative stress markers and 
the AF1/AF2 ratio of afterglow signals (Fig. 5, P to S). This linear re-
lationship, coupled with the calculated limits of detection (0.34 μM 
for ONOO− and 0.48 μM for ClO−), confirms the efficacy of RANPs 
in quantitatively measuring oxidative stress levels. Thus, through 
meticulous optimization and innovative design, we have developed 

a highly sensitive and stable afterglow imaging system capable of 
precisely quantifying oxidative stress markers.

In vivo afterglow imaging performance
The remarkable afterglow performance of A4-NPs prompted an inves-
tigation into their imaging penetration depth and the SBR. Samples of 
A4-NPs, preirradiated with white light (12 mW/cm2) for 20 s, were 
overlaid with chicken tissues of varying thicknesses (4, 8, 10, 18, and 
22 mm), and their afterglow images were subsequently captured. The 
results demonstrated that the afterglow imaging could discern lumines-
cent signals through 22 mm of chicken breast tissue, in contrast to 
fluorescence imaging, which failed to produce visible signals in 18 mm 
of tissue coverage (Fig. 6A). This finding indicates a notable enhance-
ment in penetration depth for afterglow imaging. Moreover, the SBR of 
afterglow imaging was found to be 67-fold higher than that of fluores-
cence imaging with 18-mm covering tissue, suggesting that A4-NPs 
offer potential for high SBR and deep tissue imaging in vivo (Fig. 6B).

To further assess the in vivo imaging feasibility of A4-NPs, sub-
cutaneous afterglow imaging was performed. Initially, the afterglow 
luminescence performance of A4-NPs under varying excitation 
powers was evaluated. Following the subcutaneous injection of A4-
NPs into mice, different levels of power irradiation (12, 0.78, and 
0.087 mW/cm2) were applied. The afterglow luminescence signals 
were immediately captured using an IVIS imaging system. Robust 
afterglow luminescence signals were observed in the injection areas 
of the mice, with signals still evident under the lower excitation 
powers of 0.78 and 0.087 mW/cm2, underscoring the exceptional 
photoexcitation efficiency of A4-NPs (Fig. 6, C to E, and fig. S27).
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Fig. 6. Afterglow imaging performance in tissue or in vivo. (A) Penetration depth covered by different thickness of chicken breast tissues based on afterglow imaging 
(top) and fluorescence imaging (bottom). (B) SBR for afterglow and fluorescence from (A) (n = 3). (C) Schematic diagram of afterglow imaging of mice stimulated by mo-
bile phone light. (D) Afterglow imaging of mice with subcutaneous injection. Those mice were preirradiated by different power light (12, 0.78, and 0.087 mW/cm2) for 20 s. 
(E) Quantification of afterglow intensities in (D) (n = 3). (F) Afterglow reexcitation cycles of mice with power (0.087 mW/cm2) for 20 s. (G) Quantification of afterglow inten-
sities in (F) (n = 3). (H) Afterglow dynamic imaging of mice with white light (12 mW/cm2) for 20 s. (I) Quantification of afterglow intensities in (H) (n = 3). Data are shown 
as mean ± SD.
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Given the superior afterglow performance at ultralow-power 
light excitation, the reexcitation cycles of A4-NPs in subcutaneously 
injected mice were examined. Mice were subjected to multiple irra-
diations with ultralow-power light (0.087 mW/cm2), with each ir-
radiation followed by a period allowing for photon release about 
10 min before the next. Notably, distinct afterglow signals were ob-
served after each irradiation, with no obvious reduction in signal 
intensity across 9 cycles (Fig. 6, F and G). This reexcitation perfor-
mance suggests that A4-NPs can facilitate the quantification of af-
terglow signals during repeated imaging sessions.

In addition, the dynamics of afterglow luminescence following 
the cessation of irradiation were explored. Mice injected subcutane-
ously with A4-NPs underwent irradiation at 12 mW/cm2 for 20 s, 
with luminescence signals captured through continuous afterglow 
imaging. The dynamic imaging revealed persistent luminescence 
exceeding 15 min postirradiation (Fig. 6, H and I).

Last, biodistribution experiments were conducted to elucidate 
the in vivo distribution pattern of A4-NPs. Mice intravenously in-
jected with A4-NPs (2 mg/ml, 200 μl) were euthanized at 1 and 
24 hours postinjection, and major organs were collected for after-
glow imaging. The imaging results indicated a relatively strong sig-
nal presence in the liver, intestines, and lungs at both time points 
(fig. S28).

Afterglow imaging for assessing oxidative stress in 
atherosclerotic plaque in mouse model
Vascular dysfunction resulting from atherosclerosis (AS) contributes 
to the global burden of severe health issues, including high mortality 
and morbidity rates (1–3). Systematic inflammation exacerbates the 
condition by increasing inflammatory cell activity, which in turn el-
evates oxidative stress plaques, leading to enhanced recruitment of 
macrophages and neutrophils (64–68). This process is characterized 
by the activation of neutrophils due to oxidative stress, resulting in 
the overexpression of myeloperoxidase that produces hypochlorous 
acid (ClO−) (15,  69). Concurrently, macrophages respond to oxi-
dized low-density lipoprotein by expressing inducible nitric oxide 
(NO) synthase, which catalyzes the production of NO. This NO re-
acts with superoxide anions to form peroxynitrite (ONOO−), further 
exacerbating oxidative stress within the plaque (70, 71). This increased 
oxidative stress level facilitates the transition from stable to vulnera-
ble plaques (72–74). To address this issue, we introduce RANPs for 
imaging intraplaque oxidative stress in AS mouse models through 
afterglow imaging.

To induce atherosclerotic plaque formation in a mouse model, 
apolipoprotein E knockout (ApoE−/−) male mice were subjected to 
left carotid artery ligation, followed by high-fat feeding for 12 weeks 
(Fig. 7A). Subsequent measurements of blood cholesterol levels in 
these ApoE−/− mice, compared to healthy controls, revealed a 28-
fold increase, indicating sufficiently high to drive atherosclerosis 
(Fig. 7B). In addition, hematoxylin and eosin (H&E) staining con-
firmed the presence of plaques, confirming the successful establish-
ment of the AS model (fig. S29).

To accelerate the process of arteriosclerosis, lipopolysaccharide 
(LPS) was used to elevate systemic inflammation levels. Atheroscle-
rotic mice were subjected to nasal administration of LPS on three 
occasions (Fig. 7A) (19). Subsequently, we quantified white blood 
cell (WBC) counts in mouse blood samples and conducted H&E 
staining of lung tissues to evaluate the inflammation levels in AS 
mice treated with LPS. As depicted in Fig. 7C, an elevation in WBC 

counts was observed in AS mice treated with LPS compared to AS 
mice alone (**P = 0.0031). Post-LPS administration, H&E staining 
of lung tissues revealed the presence of severe inflammation (fig. S30).

Following this, we used RANPs for afterglow imaging to assess 
the oxidative stress levels in carotid plaque among AS mice and 
those with LPS treatment. Groups of AS mice and AS mice with LPS 
treatment (n  =  5 per group) were intravenously injected with 
RANPs (2.0 mg/ml, 200 μl). These mice were then exposed to white 
light irradiation (30 mW/cm2) for 20 s on the left carotid artery. 
Subsequent afterglow imaging was performed, capturing afterglow 
signals via the AF1 (Dsred) and AF2 [indocyanine green (ICG)] 
channels at various time points (1, 2, and 3 hours) postinjection.

The accumulation of RANPs in the plaque led to an increase in 
both AF1 and AF2 signals. Specifically, RANPs, upon interaction with 
ONOO− and ClO− within the plaque, resulted in an enhanced AF1 
signal while diminishing the AF2 signal. Afterglow images indicated 
that the AF1 signal gradually intensified, stabilizing approximately 2 
to 3 hours postinjection (Fig. 7, D and E). Conversely, the AF2 signal 
initially increased and then exhibited a gradual decline (Fig. 7F). The 
augmentation of AF1 signals could be attributed to RANP accumula-
tion and their response to oxidative stress, which concurrently acti-
vated AF1 signals within the plaque. The observed changes in AF2 
signals were due to the initial boost followed by a deactivation over 
time, also in response to oxidative stress, leading to a progressive re-
duction. Notably, the ratio of AF1/AF2 signals increased over time 
(Fig. 7G) for AS mice with LPS treatment, demonstrating higher ra-
tios than AS mice at 3 hours postinjection (*P = 0.0414), indicative of 
elevated oxidative stress levels.

To further corroborate the oxidative stress levels within the 
plaques, carotid arteries were harvested from euthanized mice. These 
samples were stained with 2′,7′-dichlorofluorescin diacetate (DCFH-
DA), a recognized ROS indicator. Confocal fluorescence imaging 
revealed that the fluorescence intensity of carotid plaques in the AS 
mice with the LPS treatment group was higher compared to that in 
AS mice (Fig. 7H), aligning with the in vivo afterglow imaging find-
ings and confirming the capability of RANPs to reflect oxidative 
stress within plaques.

In addition, we analyzed macrophage and neutrophil infiltration 
in the carotid plaque ex vivo through immunofluorescence staining. 
Applying anti-F4/80 and anti-Ly6G antibodies—markers for mac-
rophages and neutrophils, respectively—revealed that the mean 
fluorescence intensity of carotid plaques in the AS mice with the 
LPS treatment group was 2.2 and 4.5 times higher than that in the 
AS mouse group, respectively (*P = 0.048 and ***P = 0.00004), in-
dicating a higher infiltration of both macrophages and neutrophils 
(Fig. 7, I and J). Furthermore, the H&E-stained images of carotid 
plaques revealed the higher level of necrotic areas in plaques in AS 
mice with LPS treatment (figs. S29 and S31). In addition, H&E 
staining of other major organs post-afterglow imaging did not re-
veal pathological changes (fig. S32).

Subsequently, we evaluated the accumulation of nanoparticles in 
the plaques of a spontaneous atherosclerosis model using afterglow 
imaging. To establish this model, ApoE−/− mice were fed a high-fat 
diet for 20 weeks. Subsequently, these mice were intravenously ad-
ministered RANP. Two hours postinjection, the aortas were excised, 
segmented into four parts (control and segments 1, 2, and 3), and 
subjected to afterglow imaging (as detailed in fig. S33). The H&E 
staining was performed on the aortic segments to confirm the induc-
tion of atherosclerosis. The H&E staining revealed atherosclerotic 
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Fig. 7. Afterglow imaging of carotid atherosclerotic mice in vivo and ex vivo. (A) Schematic illustration for afterglow imaging of atherosclerotic mice and model 
preparation. (B) The blood cholesterol levels of AS mice and healthy mice (n = 9). (C) WBC counts of different mice (n = 5). (D) Afterglow imaging of AS mice and AS mice 
with LPS treatment before and after injection of RANPs. (E) AF1, (F) AF2, and (G) AF1/AF2 values of AS mice and AS mice with LPS treatment (n = 5). (H) Fluorescent confo-
cal images of DCFH-DA within the plaque. Scale bar, 50 μm. Fluorescent confocal images of (I) macrophage infiltration and (J) neutrophil infiltration within the plaque. 
Scale bars, 50 μm. (K) Quantification of intraplaque mean orange fluorescence and red fluorescence intensity in [(I) and (J)], respectively (n = 3). Data are shown as 
mean ± SD (two-tailed Student’s t test, *P < 0.05, **P < 0.01, and ***P < 0.001).
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plaques in segments 1 through 3, characterized by necrotic cores, 
while the control segment showed no plaque formation (fig. S33). 
Further analysis involved measuring the percentage of necrotic area 
using images from H&E staining. We observed increasing necrotic 
core percentages from segments 1 to 3 (fig. S33). Afterglow imaging 
was used to assess nanoparticle accumulation in the aortic segments. 
The ratio of afterglow signals (AF1/AF2) increased sequentially from 
segment 1 to 3, suggesting elevated oxidative stress levels (fig. S34).

Furthermore, macrophage and neutrophil infiltration was as-
sessed using anti-F4/80 and anti-Ly6G staining, respectively. These 
immunostainings revealed distinct patterns of infiltration that inten-
sified from segment 1 to segment 3, as reflected by increasing mean 
fluorescence intensities (fig. S35). To further corroborate the increas-
ing oxidative stress levels, we used DCFH-DA staining, which showed 
escalating fluorescence intensity across the segments (fig. S36). In ad-
dition, the levels of malondialdehyde (MDA) and glutathione (GSH) 
were quantified to directly assess oxidative stress within the plaques. 
Results from MDA and GSH assays indicated an increase in MDA 
and a decrease in GSH across the aortic segments, confirming the 
trend of increasing oxidative stress (fig. S37).

DISCUSSION
Here, we introduced difuranfluoreno-dithiophen–based polymers to 
achieve the ultrabright afterglow luminescence, ultralow-power exci-
tation, ultrashort acquisition time, and negligible photobleaching for 
high-sensitivity, lossless, and longitudinal molecular imaging in vivo. 
To enhance afterglow luminescence beyond previous reports, we used 
a molecular engineering strategy to rationally regulate molecular 
structures of polymer. Specifically, we incorporated fluoro-quinoxaline, 
Qx, and benzotriazole for modulating the electron-donating ability of 
the “acceptors (A) unit” of polymers, so as to systematically control the 
ROS production capability, ROS capturing capability, and fluorescence 
QY of polymer and further improve afterglow luminescence.

We synthesized four kinds of polymers by linking different 
dithiophene-substituted “A units” and furan-fused fluorene “D units.” 
Notably, A4-NPs that incorporated dithiophene-substituted benzo-
triazole unit and furan-fused fluorene unit had the high efficacy in 
producing and capturing ROS, as well as in luminescent intensity. 
Consequently, 576-fold, 55-fold, and 260-fold enhancements of af-
terglow luminescence intensity of A4-NPs were achieved compared 
to A1-NPs, A2-NPs, and A3-NPs, respectively. Moreover, A4-NPs 
showed approximately 130-fold higher afterglow luminescence in-
tensity than the commonly used afterglow polymer (MEHPPV). 
Thereby, the A4-NPs achieved ultralow-power light excitation 
(0.087 mW/cm2) and ultrashort acquisition time (down to 0.01 s). 
In addition, the enhanced excitation efficiency allowed A4-NPs to 
be reexcited more than 20 cycles with no observable photobleaching.

Furthermore, we developed RANPs by doping A4-NPs with the 
ORM for accurate quantification of ClO− or ONOO− via the ratio of 
two emissions (AF1/AF2). RANPs could target the plaque of mice 
and detect levels of oxidative stress within plaques. Moreover, the 
ratiometric afterglow signals were positively correlated with intra-
plaque macrophage infiltration, neutrophil infiltration, and necrotic 
percentage. As such, this innovative approach provides a tool for 
cardiovascular imaging and diagnostics, which is conducive to the 
auxiliary diagnosis and risk stratification of atherosclerotic plaques.

Despite the molecular engineering strategy that has enabled the 
development of ultrabright afterglow luminescence for ratiometric 

afterglow imaging of intraplaque oxidative stress, several drawbacks 
remain that necessitate further investigation. First, the ratiometric 
signal variation of RANPs within atherosclerotic plaques is relatively 
modest, potentially compromising the sensitivity of the imaging mo-
dality. This limitation can be mitigated by the development of more 
sensitive and specific probes tailored to diverse biological targets. 
Second, while afterglow imaging avoids the interference of autofluo-
rescence, the reliance on light as an excitation source is constrained 
by its limited penetration depth. This presents a challenge in the con-
text of imaging deep disease model. To address this, the exploration 
and development of ultrasonic imaging techniques are warranted, as 
they offer the capability to visualize deep tissue structures. Last, ROS 
are widely used as biomarkers for assessing oxidative stress levels in 
inflammatory diseases. However, the reliance on ROS as a biomarker 
for certain diseases may be affected by factors such as diet, physical 
activity, and aging, which induce variations in ROS levels. Conse-
quently, there is a pressing need for further research aimed at devel-
oping more reliable diagnostic methodologies capable of detecting 
disease-specific biomarkers, such as proteases, for enhancing the pre-
cise the efficacy of disease diagnosis like atherosclerosis.

MATERIALS AND METHODS
Synthesis and afterglow performance testing 
of nanoparticles
Preparation of A1-NPs, A2-NPs, A3-NPs, and A4-NPs
For the synthesis of various nanoparticles, a solution of A1, A2, A3, 
or A4 polymer (0.2 mg) and pluronic-F127 (2.5 mg) in THF (1 ml) 
was rapidly injected into 9 ml of ultrapure water, followed by sonica-
tion for 2 min. Additional sonication for 10 min was performed be-
fore the solution was concentrated to 0.2 mg/ml (polymer mass basis) 
using ultrafiltration (100,000 molecular weight cutoff, 4000 rpm) after 
removing excess THF via rotary evaporation at 45°C. The solution 
was then stored in the dark at approximately 4°C.
Spectroscopic measurements
Absorption and fluorescence spectra in solution were recorded us-
ing absorption spectrometry and a spectrofluorometer FS5, respec-
tively. Polymer solutions in THF (3 μg/ml, 200 μl) for A1, A2, A3, or 
A4 and nanoparticle solutions (10 μg/ml, 200 μl) for polymer-based 
nanoparticles were prepared for these measurements.
Afterglow luminescence of A1-NPs, A2-NPs, A3-NPs, 
and A4-NPs
To assess the afterglow intensity of various polymer nanoparticles, 
samples including A1-NPs, A2-NPs, A3-NPs, and A4-NPs (50 μg/
ml, 10 μl) were distributed into polymerase chain reaction tubes and 
then preirradiated with white light (12 mW/cm2) for 20 s. The after-
glow luminescence was conducted using the IVIS Lumina XR imag-
ing system, operating under bioluminescence (without excitation). 
The imaging parameters for afterglow luminescence included an open 
filter setting, an acquisition time of 30 s, and a field of view set to 
C. Afterglow luminescence images underwent region of interest analy-
sis via Living Image 4.0 Software.

Afterglow imaging of atherosclerotic mice in vivo 
and ex vivo
Preparation of carotid atherosclerotic models
All animal experiments were conducted in strict accordance with rel-
evant laws and institutional guidelines, receiving approval from the 
Institutional Animal Care and Use Committee of Hunan University 



Li et al., Sci. Adv. 11, eads4646 (2025)     26 March 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

12 of 14

[protocol number: SYXK (xiang) 2022-0007]. Female BALB/c and 
male C57 mice were procured from Hunan Slake Jingda Laboratory 
Animal Co. Ltd., while ApoE−/− male mice were sourced from Gem-
Pharmatech Co. Ltd.

For establishment of arteriosclerosis (AS) mouse models, the left 
carotid artery of ApoE−/− male mice (8 weeks) was surgically ligated. 
Then, male mice were fed with high-fat diet for 12 weeks to obtain 
carotid atherosclerotic mice. For establishment of AS mice with the 
LPS treatment model, the carotid atherosclerotic mice were in-
tranasally instilled with LPS (2 mg/ml, 25 μl) once every 3 days 
(three times).
Measuring the blood cholesterol levels
Blood cholesterol levels were measured in AS model mice and com-
pared to healthy C57 male mice. Blood samples were centrifuged at 
2200 rpm for 15 min to obtain serum, which was analyzed for cho-
lesterol levels using a total cholesterol detection kit.
Measuring WBC
WBC counts were performed on blood samples from healthy mice, 
plaque-bearing mice, and plaque-bearing mice with LPS treatment. 
Cell smears were analyzed under a fluorescent inverted microscope, 
with the number of WBCs counted in each field of view.
Afterglow imaging of AS mice and AS mice with LPS treatment
For in vivo afterglow imaging, mice were divided into two groups 
(n  =  5): (i) AS mice and (ii) AS mice with LPS treatment. Both 
groups were intravenously injected with RANPs (2.0 mg/ml, 200 μl) 
containing 5% ORM and then irradiated with white light (30 mW/
cm2, 20 s) on the left carotid artery, while the right carotid artery 
was shielded. Afterglow images were captured at different time 
points (1, 2, and 3 hours) using Dsred (AF1) or ICG (AF2) channels.
H&E staining of carotid artery
Carotid arteries were harvested from atherosclerotic mice and imme-
diately embedded in optimal cutting temperature (OCT) compound, 
followed by rapid freezing at −80°C for 30 min. Subsequently, the 
samples were sectioned to a thickness of 15 μm.

For H&E staining, carotid artery sections were first stained with 
hematoxylin (10  μl) for 5 min at room temperature, followed by 
rinsing thrice with ultrapure water. Eosin (10 μl) was then applied 
for 10 s. After dehydration through three times with ethanol (10%), 
a drop of neutral balsam was added. Sections were then coverslipped 
and imaged using a digital slice scanning system. The necrotic core 
area was quantified by dividing its area by the total plaque size, with 
calculations performed using ImageJ.
Immunofluorescence staining of carotid artery
For DCFH-DA staining, carotid artery sections were rinsed with ul-
trapure water twice before incubation with DCFH-DA (10 μM) at 
37°C for 60 min. After a secondary rinse with ultrapure water, the 
sections were labeled with 4′,6-diamidino-2-phenylindole (DAPI) 
for 10 min at 37°C. Immunofluorescence imaging was then con-
ducted using a laser confocal microscope.

Macrophage detection involved rinsing the artery sections twice 
with ultrapure water, followed by incubation with F4/80 antibody 
(1:500; Bio-Rad, MCA497GA) for 60 min at 37°C. After three rinses 
with deionized water, sections were incubated with a fluorescein 
isothiocyanate (FITC)–labeled secondary antibody applied for 10 min 
at 37°C for nuclear staining, before proceeding to immunofluorescence 
imaging on a laser confocal microscope.

Neutrophil staining required a similar protocol, where sections 
were first rinsed and then incubated with a FITC anti-mouse Ly6G 
antibody (1:200; BioLegend, 127605) for 60 min at 37°C. Following 

two rinses, sections were stained with DAPI (10 μM) for 10 min at 
37°C, with immunofluorescence imaging performed on a laser confo-
cal microscope. Immunofluorescence imaging used a Nikon Confocal 
Microscopy, with DCFH-DA excited at 488 nm, both the anti-F4/80 
and directly labeled anti-Ly6G antibodies also excited at 488 nm, and 
DAPI at an excitation wavelength of 405 nm.
Preparation of spontaneous atherosclerosis model
To induce spontaneous atherosclerosis in mice, the ApoE−/− mice 
(8 weeks) were fed with the high-fat diet for 20 weeks.
The accumulation of RANP in spontaneous 
atherosclerosis model
To evaluate the accumulation of RANP in spontaneous atheroscle-
rosis model, we measured the afterglow signal of the aorta. The mice 
were intravenously injected with RANP (3.0 mg/ml, 200 μl). Two 
hours postinjection, the aorta was excised, segmented into four 
parts (control and segments 1, 2, and 3), and subjected to afterglow 
imaging. Subsequently irradiated with white light (30 mW/cm2) for 
20 s, the afterglow images were recorded at Dsred (AF1) or ICG 
(AF2) channels using the IVIS imaging system operating under bio-
luminescence (without excitation).
The H&E staining of different segments (control and segments 
1, 2, and 3)
Each segment of aorta was harvested from atherosclerotic mice and 
immediately embedded in OCT compound, followed by rapid freez-
ing at −80°C for 30 min. Subsequently, the samples were sectioned 
to a thickness of 15 μm.

For H&E staining, the aortic slices of each segment were stained 
with hematoxylin (10 μl) for 5 min at room temperature, and then 
those slices were rinsed three times with ultrapure water and stained 
with eosin (10 μl) for 10 s. Next, those slices were dehydrated three 
times with 10% ethanol and added one drop of neutral balsam. Last, 
those slices were covered with a coverslip and scanned by the Digi-
tal Slice Scanning System. The proportion of the necrotic core rela-
tive to the total plaque area was quantitatively assessed using ImageJ 
software.
Immunofluorescence staining of different segments (segments 
1, 2, and 3)
For macrophage staining experiment, the aortic slices of each seg-
ment were rinsed with ultrapure water and incubated with a F4/80 
primary antibody (1:500; Bio-Rad, MCA497GA) for 60 min at 
37°C. Following this, the slices were rinsed again with ultrapure wa-
ter, incubated with a FITC-labeled secondary antibody for 60 min at 
37°C, and then labeled with DAPI for 10 min. The images of the 
slices were captured using Nikon Confocal Microscopy with FITC 
excited at 488 nm and DAPI excited at 405 nm.

For neutrophil staining experiment, the aortic slices of each seg-
ment were rinsed with ultrapure water and incubated with a FITC 
anti-mouse Ly6G antibody (1:200; BioLegend, 127605) for 60 min at 
37°C. Following this, the slices were rinsed again with ultrapure wa-
ter and labeled with DAPI for 10 min. The images of the slices were 
captured using Nikon Confocal Microscopy with anti-Ly6G anti-
bodies excited at 488 nm and DAPI excited at 405 nm.

For DCFH-DA staining, the aortic slices of each segment were 
rinsed with ultrapure water twice before incubation with DCFH-
DA (10 μM) for 60 min at 37°C. After a secondary rinse with ul-
trapure water, the slices were labeled with DAPI for 10 min at 
37°C. Immunofluorescence imaging was then conducted using a 
laser confocal microscope with DCFH-DA excited at 488 nm and 
DAPI excited at 405 nm.
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MDA and GSH content measuring of different segments 
(segments 1, 2, and 3)
The collected aorta of different regions was prepared respectively 
into a 10% homogenate solutions. The homogenate was centrifuged 
(8000 rpm, 4°C), and then the supernatant was obtained. The MDA 
and GSH contents of the supernatant were tested respectively using 
an MDA assay kit (A003-1-2, purchased from Nanjing Jiancheng 
Bioengineering Institute) and a GSH assay kit (BC1175, purchased 
from Beijing Solarbio Science and Technology Co. Ltd.) according to 
the standard protocol.

Statistics and data analysis
Results were expressed as the mean ± SD. Statistical significance was 
performed by two-tailed Student’s t test (*P < 0.05, **P < 0.01, and 
***P < 0.001).

Supplementary Materials
This PDF file includes:
Tables S1 to S8
Supplementary Materials and Methods
Figs. S1 to S37
Density functional theory (DFT) calculations
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