nature communications

Article https://doi.org/10.1038/s41467-024-50688-0

Imaging-guided companion diagnostics in
radiotherapy by monitoring APEI activity
with afterglow and MRI imaging
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Companion diagnostics using biomarkers have gained prominence in guiding
radiotherapy. However, biopsy-based techniques fail to account for real-time
variations in target response and tumor heterogeneity. Herein, we design an
activated afterglow/MRI probe as a companion diagnostics tool for dynami-
cally assessing biomarker apurinic/apyrimidinic endonuclease 1(APE1) during
radiotherapy in vivo. We employ ultrabright afterglow nanoparticles and
ultrasmall FeMnO, nanoparticles as dual contrast agents, significantly broad-
ening signal change range and enhancing the sensitivity of APE1 imaging (limit
of detection: 0.0092 U/mL in afterglow imaging and 0.16 U/mL in MRI). We
devise longitudinally and transversely subtraction-enhanced imaging (L&T-
SEI) strategy to markedly enhance MRI contrast and signal-to-noise ratio
between tumor and normal tissue of living female mice. The combined after-
glow and MRI facilitate both anatomical and functional imaging of APE1
activity. This probe enables correlation of afterglow and MRI signals with APE1
expression, radiation dosage, intratumor ROS, and DNA damage, enabling
early prediction of radiotherapy outcomes (as early as 3 h), significantly pre-
ceding tumor size reduction (6 days). By monitoring APE1 levels, this probe
allows for early and sensitive detection of liver organ injury, outperforming
histopathological analysis. Furthermore, MRI evaluates APE1 expression in
radiation-induced abscopal effects provides insights into underlying
mechanisms, and supports the development of treatment protocols.

M Check for updates

Radiation therapy is a widely used treatment modality for cancer
patients, with the objection of targeting and eliminating tumor tissue
through the induction of DNA damage via ionizing radiation (e.g., X-
ray)'. However, the heterogeneity of tumors and individual variations
necessitate a personalized approach to radiotherapy for improving
treatment effectiveness and minimizing adverse effects>*. Companion
diagnostics, an emerging technology, aims to develop suitable

diagnostic and treatment strategies based on individual patients’
therapeutic responses to specific biomarkers*>. Currently, most FDA-
approved biomarkers for companion diagnostics are assessed through
in vitro or ex vivo biopsy-based analysis, which fails to account for
tumor heterogeneity in different individuals and real-time changes in
target response in living systems’”. Imaging-guided companion diag-
nostics, such as MRI, PET, SPECT, or photoacoustic imaging, offer real-
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time, non-invasive, and dynamic insights into biomarker status in vivo,
surpassing the capabilities of in vitro or ex vivo analysis techniques®™.
Combining imaging-based companion diagnostics with radiotherapy
has the potential to facilitate personalized dose prescriptions based on
real-time biomarker activity, addressing the challenges posed by
tumor heterogeneity and individual variations”. However, there are
rare reports using molecular imaging technology for companion
diagnostics in external beam radiation therapy (Supplementary
Table 1).

The selection of biomarkers is crucial for imaging-guided com-
panion diagnostics in radiotherapy®. While several biomarkers have
been introduced for predicting tumor response and tissue toxicity
under radiotherapy, utilizing a single biomarker for analyzing
DNA damage or ROS level alone is insufficient for a comprehensive
evaluation or prediction of radio-sensitivity, radio-resistance, or radio-
induced toxicity*” ™. A key protein called apurinic/apyrimidinic
endonuclease 1 (APE1) has been identified as playing a pivotal
role in regulating cell response to oxidative stress and repairing
damaged DNA during radiotherapy'®”’, making it a potential
biomarker for monitoring and predicting therapeutic outcomes and
radiation-associated toxicity'. Currently, several methods exist for
detecting APE], including enzyme-linked immunosorbent assay, elec-
trophoresis radioactivity, electrochemiluminescence methods, liquid
chromatography-mass spectrometry, and Western Blotting, mostly in
cells or ex vivo?. Recently, spatially selective monitoring of APEl
level in mitochondria in cancer cells through fluorescence imaging has
been employed to evaluate the outcome of photodynamic therapy” >,
Several fluorescence probes labeled with Cyanine have also been used
for real-time imaging of APE1 in cancer cells (Supplementary Table 2),
however, those fluorescence probes may suffer from autofluorescence
interference and inadequate imaging depth*2°.

Afterglow luminescence, also known as long-persistent lumines-
cence, offers delayed luminescent signals after cessation of light irra-
diation with ultrahigh signal-to-noise ratio compared to fluorescence
imaging® %, eliminating the need for real-time light excitation and
reducing autofluorescence of biological tissues'®*°*% However, cur-
rent afterglow imaging techniques face challenges such as low after-
glow intensity, high laser excitation requirements, rapid signal
attenuation, and toxicity, limiting their application for imaging APE1
activity, resulting in no report about afterglow imaging for APEL
Magnetic resonance imaging (MRI), a versatile clinical diagnostic
technology, offers non-invasive and high-resolution imaging, as well as
precise structural information for intratumor biomarkers*?**. How-
ever, there have been no reports on MRI imaging of APE1 until now,
due to the intrinsic low sensitivity of MRI technology®*°. Therefore,
combining the advantages of afterglow luminescence and MRl imaging
can provide molecular information on APE1 level and offer both ana-
tomical and functional imaging for APE1 activity based on MRI and
afterglow.

In this study, we develop a core-satellite structure, with the core
consisting of an afterglow nanoparticle (TA NPs) as a luminescence
donor and the satellites comprising quencher molecule-labeled
FeMnO, nanoparticles serving as an afterglow acceptor and MRI con-
trast agents (Fig. 1). This design strategically positioned the APE1-
cleaved sites outside of the probe, minimizing steric hindrance for
enzyme cleavage and improving the efficiency of APE1 cleavage. The
ultrabright afterglow nanoparticle has developed for imaging APE1
activity in deep-seated tissues of living animals. Additionally, in a
buffered solution environment, our system significantly extends the
detectable range of APE1 concentration to 0—4 U/mL and improves the
detection sensitivity with a limit of detection of 0.0092 U/mL. Ultra-
small manganese-doped iron oxide nanoparticles (FeMnO,) as dual
contrast agents in both T; and T, MRI models*®, significantly ampli-
fies the signal dynamic ranges, detection range, and detection sensi-
tivity (limit of detection: 0.16 U/mL) for APEL This enabled real-time,

whole-body imaging for APE1 activity in living mice with high sensi-
tivity, based on MRI technology. Additionally, we develop a long-
itudinally and transversely subtraction-enhanced imaging (L&T-SEI)
strategy to further enhance MRI contrast of APEI-probe for tumors.
Specifically, the APE1-responsive afterglow/MRI probe is performed as
a companion diagnostics tool for early monitoring of tumor response
and toxicity during radiotherapy in living female mice. The probe
specifically targets the tumor, enabling real-time imaging of APEL
activity through afterglow luminescence and MRI imaging. Notably, it
demonstrates correlations between afterglow and MRI signals with
radiation dose-dependent APE1 expression, intratumor ROS yield,
intratumor DNA damage, and therapeutic outcome. This valuable
companion diagnostics tool can monitor APE1 levels in tumors, offer-
ing early prediction of radiotherapeutic outcomes. Exceptionally, the
probe rapidly detects radiation dose-induced APE1 expression as early
as 3 h, much earlier than the shrinkage in tumor size (6 days). Addi-
tionally, the APEl-responsive afterglow/MRI probe is utilized for eval-
uating radiation-induced liver organ injury. It provides a more
sensitive, earlier, and dynamic evaluation of liver organ injury, redu-
cing detection time windows. Furthermore, MRI imaging is used to
evaluate the APE1 level in radiation-induced abscopal effect, providing
insights into the underlying mechanisms and optimizing treatment
protocols.

Results and discussion

Programmed self-assembly for APEl-activated core-satellite
nanoprobe

In order to achieve high-sensitivity afterglow imaging, we synthesized
trianthracene derivatives (TA) based on the previous report (Supple-
mentary Fig. 1)*. The successful synthesis of TA molecules was con-
firmed through MALDI-TOF mass spectroscopy (Supplementary
Figs. 2-8). By employing an electron transfer strategy, we greatly
improved afterglow luminescence intensity. Subsequently, we syn-
thesized afterglow nanoparticles (TA NPs) through one-step nano-
precipitation using electron-rich trianthracene molecules, a
semiconducting polymer (PFODBT), polymethacrylates (PSMA), and a
polyethylene-polypropylene glycol polymer (F127) (Fig. 2a). Notably,
the addition of PFODBT enhanced the structural rigidity of nano-
particles. PSMA was employed to introduce the carboxyl group on the
surface of TA NPs for subsequent modification. The as-prepared TA
NPs had a mean diameter of 34 + 8 nm, as determined by transmission
electron microscopy (TEM) images (Fig. 2b). The average hydro-
dynamic size of TA NPs in water was measured to be 38 + 3.9 nm with
zeta potential of —18 + 1.8 mV (Supplementary Fig. 9). Additionally, TA
NPs exhibited a maximal absorption wavelength of 595nm and a
fluorescent emission wavelength of 630 nm, as evidenced by the
spectra (Supplementary Fig. 10), which supported the quantification of
TA NP concentrations using the relative standard curve of the
absorption of TA molecules at 595 nm (Supplementary Fig. 11).

To characterize the afterglow luminescence of TA NPs, we initially
optimized the irradiation parameters for exciting the afterglow signal.
White light irradiation time was varied from O to 60s (10 mW/cm?,
0-60s) while keeping the acquisition time fixed at 60 s to promote
afterglow signal generation. The results showed that an irradiation
time of 10 s was optimal for exciting the strongest afterglow lumi-
nescence (Supplementary Fig. 12). Furthermore, to determine a sui-
table acquisition time, we varied the acquisition time from 1 to 100 s
while maintaining a fixed irradiation time of 10 s (10 mW/cm?) to col-
lect the afterglow signal. It was observed that a more stable and
stronger afterglow signal was obtained at an acquisition time of 60 s
(Supplementary Fig. 13). Besides, under increasing power density, TA
NPs exhibited a corresponding enhancement in the afterglow signal
(Supplementary Fig. 14). Moreover, to determine the half-life period of
the afterglow luminescence signal, TA NPs were irradiated with a
radiation time of 10 s, and the afterglow signal was collected with an
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Fig. 1| APEl-responsive afterglow/MRI probe for monitoring of tumor response as a companion diagnostics tool during radiotherapy.

acquisition time of 60 s. Continuous acquisition of afterglow images
revealed that the long-lasting afterglow luminescence of TA NPs per-
sisted for over 60 min after cessation of light, with a prolonged half-life
of ~15 min (Fig. 2¢, d and Supplementary Fig. 15). This half-life was even
longer than that of common afterglow materials, such as MEHPPV-
based nanoparticles, which have a half-life of about 6 min'>*, Finally,
we recharged TA NPs through 10 cycles of light irradiation and
observed that the maximum afterglow intensity of TA NPs did not
exhibit any significant decay (Fig. 2e, f and Supplementary Fig. 16),
ensuring accurate quantification of afterglow signals during prolonged
and repeated molecular imaging (Supplementary Table 3). Notably,
compared to common organic afterglow molecules (such as MEHPPV
or its analog), afterglow NPs exhibited an ultra-strong afterglow
luminescence that was significantly higher than that of MEHPPV-based
nanoparticles (Fig. 2g, h).

Next, we modified TA NPs with amino-labeled DNA1 through a
cross-linking reaction (Fig. 2a). The successful preparation of TA NPs-
DNALI was confirmed by the enhanced absorption intensity of DNAI at
260 nm compared to free TA NPs-COOH (Supplementary Fig. 17).
Additionally, the dynamic light scattering (DLS) analysis revealed an
increase in the diameter to 48.4 nm + 4.0 nm (Supplementary Fig. 18).
The modification ratio of DNAIL/TA NPs was determined to be
250 mmol DNA1/2 g TA NPs based on the absorbance of excess DNA1 at
260 nm (Supplementary Fig. 19).

For the synthesis of magnetic nanoparticles as MRI contrast
agents, ultrasmall FeMnO, was prepared through thermal decom-
position using iron-eructate and manganese-oleate®. The TEM images
revealed that the as-synthesized FeMnO, had a mean diameter of
3.4+ 0.9 nm (Fig. 2i), corresponding to a DLS size of 3.2+0.2nm in
CHClI; (Supplementary Fig. 20). In addition, more characterizations
such as X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), energy dispersive X-ray analysis (EDX), further confirmed the
successful preparation of FeMnO, nanoparticles. Subsequently,
FeMnO, was modified with phosphorylated/azide-polyethylene glycol
(p-PEG-N3) and 2-bromo-2-methylpropanoic acid (BMPA) through a
ligand exchange process to yield FeMnO,-Ns, which was further
modified with amino-modified BHQ; quencher molecules (H,N-BHQ5)
to form FeMnO,@BHQ;-N3 (Fig. 2a). The successful preparation
resulted in the transformation of hydrophobic FeMnOy (yellow color)
into hydrophilic FeMnO,@BHQ-N; (green color) (Supplementary
Fig. 21). FeMnO,@BHQ5-N3 exhibited noticeable absorbance of BHQ;
at the wavelength of 600 nm, with an average hydrodynamic diameter

of 9.6+ 0.8nm and a potential of -14 + 0.2 mV. Fourier-transformed
infrared (FTIR) spectra indicated the conjugation of BHQ3 on FeMnO,.
We determined the MRI contrast ability of FeMnO,@BHQ-N; using a
7T-MRI scanner. From MRI images (Fig. 2j, k), monodispersed
FeMnO,@BHQ-N; displayed increased brightness (positive contrast)
in T; MRI images, while demonstrating darkness (negative contrast) in
T, MRI images as the FeMnOy concentration increased, suggesting
contrast ability in T; MRI and T, MRI.

Subsequently, FeMnO,@BHQs-N; was conjugated with alkyne-
labeled DNA2 (alkyne-DNA2) through the click reaction, resulting in
the formation of DNA2-functionalized FeMnO,@BHQ3-N3 (FeMnO,-
DNA2) (Fig. 2a). The preparation of FeMnO,-DNA2 was confirmed by
an increase in the DLS size to 12.9+1.1nm and a decrease in zeta
potential to -16.1+1.4 mV (Supplementary Fig. 22). Based on the
hybridization of DNA1 and DNA2, we assembled TA NPs-DNA1 with
FeMnO,-DNA2 to form the core-satellite assembly of TA NPs and
FeMnO,, named APEl-probe (Fig. 2a and Supplementary Fig. 23). The
preparation of APE1-probe was verified through TEM images, which
revealed a core-satellite structure where afterglow NPs served as the
core and multiple FeMnO, acted as satellites attached closely to the
surface of TA NPs (Fig. 2I). The DLS analysis determined an average
diameter of 83.0 + 7.2 nm with a potential of -37 + 2.6 mV, and showed
excellent colloidal stability in different buffer over the observed time
period (Supplementary Fig. 24).

Due to the spectral overlap between the absorption of
FeMnO,@BHQ; and the afterglow luminescence of TA NPs (Fig. 2m),
the close attachment of multiple FeMnO, onto the surface of TA NPs
would quench TA NPs’ afterglow signal by adjacent BHQ; molecules
through afterglow resonance energy transfer (ARET) (Fig. 2n). To
confirm this, we compared the afterglow signal intensity of TA NPs-
DNALl before and after assembling with FeMnO,-DNA2. As anticipated,
the afterglow luminescence of TA NPs was significantly quenched to
~95.0 +£3.0% by BHQ; molecules within FeMnO,-DNA2 (Fig. 20), sug-
gesting FeMnO,-DNA2. This reduction of the afterglow signal before
the response was advantageous to decreasing the initial afterglow
signal, enhancing the signal-to-noise ratio, and expanding the dynamic
range. Additionally, we optimized the assembly ratio of TA NPs-DNA1
and FeMnO,-DNA2 (Fig. 2p and Supplementary Fig. 25). We observed
that as the assembly ratio between FeMnO,-DNA2 and TA NPs-DNAL
increased, the afterglow signal decreased. According to the afterglow
signal, we chose a suitable ratio of 25 ug FeMnO,-DNA2/2 ug TA NPs-
DNAL for the preparation of APE1-probe in subsequent experiments.
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Fig. 2 | Preparation and characterization of TA NPs-FeMnO, assembly (APE1-
probe). a Schematic illustration for afterglow luminescent mechanisms of TA NPs
and preparation of APE1-probe. b Representative TEM images of TA NPs (n=3
independent samples). ¢, d Afterglow images and signal attenuation of TA NPs after
irradiation (30 pg/mL, n =3 independent samples). e, f Afterglow images and signal
intensity of TA PNs under 10-recycle recharge (30 ug/mL, n =6 independent sam-
ples). g, h Afterglow images and signal intensity of TA NPs nanoparticle and
MEHPPV-based nanoparticle (n =3 independent samples). i Representative TEM
images of FeMnOy (n = 3 independent samples). j, k MRI images and signal intensity
of various concentrations of FeMnO,@BHQ5-N3 (n =3 independent samples).

(APE1-probe)

1 Representative TEM images of TA NPs-FeMnOy assembly (APE1-probe) (n=3
independent samples). m Overlap of TA NPs-DNAL’s afterglow luminescence
spectrum and BHQj3's absorption spectrum. n Schematic illustration for the after-
glow resonance energy transfer (ARET) between TA NPs donor and BHQ; quencher.
o Afterglow images and signal intensity of TA NPs-DNA1(10 pg/mL, n =6 indepen-
dent samples) before and after assembling with FeMnO,-DNA2. p Afterglow signal
intensity of TA NPs-DNALI (10 ug/mL, n = 6 independent samples) assembling with
various ratio of FeMnO,-DNA2. All afterglow imaging were obtained with white light
irradiation (10 mW/cm?) time of 10 s and acquisition time of 60 s. Data are pre-
sented as means + SD. Source data are provided as a Source Data file.
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Fig. 3 | APE1-activated afterglow and MRI in APEI-probe solution. a Scheme
illustration for APE1-activated TA NPs-FeMnO, assembly (APE1-probe) for afterglow
and MRI contrast comparison between TA NPs-Fe;0,4 and TA NPs-FeMnO, (APE1-
probe). b Hydrodynamic size distribution of APE1-probe before and after incuba-
tion with APE1 (10 U/mL). c-e Afterglow imaging of APEl-probe after incubating
with various concentrations of APE1 (0-10 U/mL) (containing 5 pg/mL TANPs, n=6
independent samples). ¢ Afterglow images. d A near-liner curve between the
afterglow signal and APE1 concentration. e Signal-to-noise ratio of afterglow signal.
f-1 Relaxation time and MRI measurement of APE1-probe (containing 5 ug/mL TA
NPs, n =3 independent samples) treated with various concentrations of APEL. f1/T;
and 1/T, values. g T; MRI and T, MRI images. h Quantified T, and T, MRI signal
intensity from (g). i Relaxation time mapping images of different concentrations of
APEl-probe before and after APE1 (10 U/mL) incubation. j MRI signal range (AT;,

AT,, and AT;-AT, value) of APEI-probe treated with various concentrations of APEL
k Correlated curve between AT;-AT, value and APE1 concentration.

1 Corresponding limit of detection under MRI signal ranges from (j). m-o MRI
images and quantification of TA NPs-FeO treated with various concentration s of
APE1(0-4 U/mL) (containing 5 ug/mL TA NPs, n = 3 independent samples). m T; MRI
and T, MRI images. n Quantified T, and T, MRI signals from (m). o AT;-AT, value
calculated from (n). All afterglow imaging were obtained with white light irradiation
(10 mW/cm?) time of 10 s and acquisition time of 60 s. Data are presented as
means + SD. Statistical significance was determined using two-tailed Student’s t-test
for pairwise comparisons, and one-way ANOVA analysis of variance for multiple
groups. p values > 0.05 were considered non-significant, while p values < 0.05 were
considered statistically significant. Source data are provided as a Source Data file.

Core-satellite probe for afterglow and MRI imaging of APE1
activity with larger dynamic range and higher sensitivity
In the design of APEl-cleavable apurinic/apyrimidinic (AP) sites within
the DNA sequence, the APE1-cleaved AP sites were positioned outside of
the core-satellite structure in the APE1-probe. We hypothesize that this
configuration would reduce steric hindrance at the catalytic sites, thus
improving the efficiency of APEl-mediated cleavage, as depicted in
Fig. 3a. Consequently, when the double-strands of the DNA1-DNA2
region outside the core-satellite structure encounters the APE1 enzyme,
the AP site in DNAL1 is promptly cleaved by APEL. This cleavage results in
the release of FeMnOx@BHQs, which facilitates the rapid recovery of
the afterglow signal due to the disruption of the ARET effect between
TA NPs and FeMnOx@BHQj3. Furthermore, the liberation of FeMnO,
from APEl-probe results in its dispersion to release free FeMnOy
nanoparticles, contributing to an enhanced positive contrast in T;-
weighted MRI (manifesting as increased brightness) and an augmented
negative contrast in T,-weighted MRI (resulting in greater darkness).
We incubated the APEl-probe with APE1 enzyme (10 U/mL) and
measured the change in their hydration diameter. As illustrated in

Fig. 3b, incubation with APE1 caused the average DLS size of APEI-
probe to decrease to 49.7 + 4.1 nm from the original size of APE1-probe
(83.0 £ 7.2 nm), confirming that APE1 could trigger the disassembly of
APEl-probe by cleaving the AP sites. To further investigate the APE1-
dependent afterglow signal recovery, we incubated APE1-probe with
varying concentrations of APEL, ranging from O to 10 U/mL. After 4 h of
incubation, we detected the afterglow signals using an IVIS Lumina XR
imaging system under a bioluminescence model, following a 10-s light
irradiation. As shown in Fig. 3¢ and Supplementary Figs. 26 and 27, the
afterglow luminescence gradually increased with increasing APEL
concentration, suggesting that APE1 can progressively activate APE1-
probe for afterglow signal recovery by cleaving the AP sites and dis-
rupting the ARET effect between TA NPs and FeMnO,@BHQs;. The
afterglow signal recovery was calculated to be 28.0 +2.0% in APE1 (4 U/
mL) (Supplementary Fig. 28).

Notably, due to the ultrahigh afterglow luminescence of TA NPs,
the range of recovered afterglow signal could reach -10° when the APE1
concentration increased from O to 10 U/mL (Supplementary Fig. 27).
This extensive dynamic range of afterglow signal recovery facilitated
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the detection of APElL over a wide range, without the risk of signal
saturation. Consequently, it enabled accurate measurement of APE1L
concentration in biological conditions. Additionally, a nearly linear
relationship was observed between the increased afterglow signal and
APE1 concentration within the range of O to 4 U/mL. The limit of
detection for the APE1 enzyme was calculated to be 0.0092 U/mL using
the formula (3o/k) (Fig. 3d). This value was significantly lower than that
of most fluorescence probes used for APE1 detection (Supplementary
table 2). Importantly, the signal-to-noise ratio exhibited an increasing
trend as the afterglow signal recovered (Fig. 3e). Taken together, these
results demonstrated that the APEl-probe can detect APE1 through
afterglow signal recovery, offering a wider signal range (-10°), a
broader detection range for APE1 (0-10 U/mL), and enhanced detec-
tion sensitivity (limit of detection: 0.0092 U/mL).

To improve the sensitivity of MRI in detecting APE1, we opted for
ultrasmall FeMnOy as the MRI contrast agent. FeMnO, demonstrated
dual-contrast ability in both T; and T, MRI models®’*® (Fig. 2j). Speci-
fically, when a core-satellite probe responsive to APE1 was employed,
FeMnO, nanoparticles detached from the core of the probe, leading to
the manifestation of dual-contrast ability in both T; and T, MRI models
as the APE1 concentration increased (Fig. 3a). Using a Bruker Minispec
analyzer (60 MHz) and a 7 T MRI scanner, we conducted experiments
to observe the MRI signal change when APE1-probe responded to APEL
The relaxation time results indicated that as the APEL concentration
increased from O to 10 U/mL, both T; and T, relaxation times of APEI-
probe gradually decreased (Supplementary Fig. 29). This resulted in an
increase of 1/T; from 3.1s™ to 10.6s™ and an increase of 1/T, from
5.9m™ to 84.8 s (Fig. 3f).

To further investigate the MRI contrast enhancement, we
acquired MRI images of APE1-probe treated with various concentra-
tions of APEL Due to the application of FeMnO,, the initial APE1-probe
(0 U/mL of APE1) exhibited no discernible MRI contrast, which facili-
tated to reduce of the background noise of the APEl-probe itself in
normal tissues. In contrast, following incubation with APE1, the T; MRI
images displayed positive contrast enhancement (increased bright-
ness) and an elevation in T; MRI signal intensity as the APEI con-
centration increased from O to 10 U/mL, as illustrated in Fig. 3g, h.
Conversely, the T, MRl images gradually darkened, indicating negative
contrast enhancement, and the T, MRI signal intensity decreased.
Furthermore, we employed a 7 T MRI scanner to measure the change
of relaxation time as APEI-probe responded to APE1, using T; or T,
mapping sequences. The color-coded mapping images demonstrated
that after APE1 treatment, both values of T, and T, relaxation times
decreased for various concentrations of the probe, compared to those
in the absence of APE1 (Fig. 3i and Supplementary Fig. 30). Besides,
APEl-probe showed high selectivity toward APEL in solution test
(Supplementary Fig. 31).

Given the inverse change in T; and T, MRI signal intensities, sub-
tracting the T; MRI signal intensity from the T, MRI signal intensity
could significantly enhance the dynamic range of MRI signal
change*®*, thereby improving the sensitivity and detection range of
APEL Thereby, we calculated the increased T; MRI signal (AT; value)
and decreased T, MRI signal (AT, value) as APEl concentration
increased from O to 10 U/mL. Consequently, the AT;-AT, values were
calculated by subtracting the MRI signal intensity between AT, value
and AT, value. As expected, the AT;-AT, values of APE1l-probe were
significantly amplified to -10°, compared with a single T; MRI or T, MRI
signal of ~10*, as demonstrated in Fig. 3j. This amplified response signal
greatly enhanced the sensitivity of MRI. Notably, a close linear rela-
tionship between AT;-AT, value and APE1 concentration was observed
within the range of 0 to 2 U/mL, as depicted in Fig. 2k. Accordingly, the
limit of detection for APE1 was calculated to be 0.16 U/mL. In com-
parison, using the single AT; value or AT, value to correlate with APE1
resulted in a limit of detection values of 0.36 U/mL and 0.27 U/mL,
respectively (Fig. 31). Therefore, subtracting the T; MRI signal from the

T, MRl signal can significantly amplify the MRI dynamic range from 10*
to 10°, expand the APE1 detection range (0-10 U/mL), and increase the
detection sensitivity (limit of detection: 0.16 U/mL), compared to using
a single T; MRI signal or single T, MRI signal for APE1 quantification.

Ultrasmall iron oxide nanoparticles (FeO,) have been reported as
a positive contrast agent in T; MRI imaging studies*>**>. We also com-
pared the MRI contrast effect of FeO,, commonly used as a T; contrast
agent in MRI imaging studies. In this study, we utilized ultrasmall FeOy
nanoparticles (3.9 +0.5nm) as a control group to demonstrate the
superior performance of FeMnO, in our designed system (Supple-
mentary Fig. 32). We compared the MRI contrast effect of FeO, to that
of FeMnO, nanoparticles. As shown in Supplementary Fig. 33, FeOy
exhibited an increasing brightness in both T; and T, MRI images as the
FeO, concentration increased. We further explored the use of FeO, as
an MRI contrast agent in the synthesis of TA NPs-FeO,, achieved by
assembling FeO,-DNA2 with TA NPs-DNAI, as illustrated in Supple-
mentary Fig. 34. Initially, TA NPs-FeO, exhibited negative contrast in
both T; and T, MRI models until activated by APEL. Following activa-
tion, TA NPs-FeO, demonstrated positive imaging capability in both T;
and T, MRI models (Fig. 3m). However, it is important to note that the
MRI signal intensity increased simultaneously with increasing APEL
concentration (Fig. 3n), thereby subtracting the T; MRI signal intensity
from the T, MRI signal intensity (AT;-AT,) would not expand the
dynamic range of MRI, compared with that of TA NP-FeMnO, (Fig. 3g).
Furthermore, the AT;-AT, values of TA NPs-FeO, were not correlated
with the concentration of APE1(Fig. 30), suggesting that the AT;-AT,
values of TA NPs-FeO, cannot be used to quantify the concentration of
APEL These results demonstrated the superiority of using FeMnO, in
constructing the APE1-probe, facilitating a higher MRI contrast, higher
dynamic ranges, and higher sensitivity for APE1 detection.

APEl-activated afterglow/MRI imaging for monitoring radiation
dose-dependent APE1 expression in cancer cells

During radiotherapy, X-rays are utilized to induce DNA damage and
the generation of reactive oxide species, aiming to eliminate tumor
cells*. The extent of DNA damage and oxidative stress is directly
influenced by the administered radiation dose**. Interestingly, when
cancer cells are exposed to increasing doses of X-ray radiation, they
upregulate the expression of APE1**¢, APEl is involved in the base
excision repair process for damaged DNA repairment or activates
transcription factors to balance the intracellular redox environment
and reduce oxidative stress*’. Consequently, the upregulated APE1
promotes tumor growth, increases tumor burden, and inhibits the
radiosensitivity of tumors*®, Therefore, APE1 may serve as a potential
companion diagnostics biomarker for monitoring and predicting
therapeutic outcomes, as well as radiation-associated toxicity during
radiotherapy. To monitor the radiation dose-dependent upregulation
of APE1 expression, we proposed the utilization of dual-mode imaging
by combining afterglow and MRI.

Firstly, we prepared an APEl-irresponsive probe (APEl-ir-probe)
consisting of TA NPs-DNA3 and FeMnO,-DNA2 to demonstrate that the
change in afterglow and MRI was indeed induced by APEI1 cleaving the
AP sites and the disassembly of FeMnO, and TA NPs (Fig. 4a). The
DNA3 sequence was similar to DNA1 but did not contain AP sites
cleaved by APEI, as shown in Supplementary Fig. 23. The DLS size and
Zeta potential data confirmed the preparation of APEl-ir-probe (Sup-
plementary Fig. 35). We incubated APEl-ir-probe with APE1 (10 U/mL)
or not, and measured the changes in the afterglow signal and MRI
images. Figure 4b shows that no significant enhancement of the
afterglow signal was observed before or after APE1-ir-probe incubating
with APEL. Moreover, both T; MRI and T, MRI images exhibited no
apparent change in the MRI signal, as depicted in Fig. 4c, d. These
results indicated no disassembly of FeMnO, from TA NPs in APEl-ir-
probe treated with APEL. Thus, these findings confirmed that the
response of APE1-probe in afterglow and MRI was indeed caused by the
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Fig. 4 | APEl-activated afterglow/MRI imaging for monitoring radiation dose-
dependent APEI1 expression in cancer cells. a Scheme illustration and DNA
sequences of the irresponsive probe (APEl-ir-probe, no contain AP sites) and
responsive probe (APE1-probe, containing AP sites). b, ¢ APEl-ir-probe (containing
5 ug/mL TANPs) incubated with APE1 (10 U/mL) or not (n = 6 independent samples).
b Afterglow images and quantified signal intensity. ¢ T; and T, MRI images (n=3
independent samples). d Quantified MRI signal intensity from (c). e-g The HelLa
cells incubated with APE1-ir-probe, APE1-probe, and APE1 inhibitor/APE1-probe
respectively, for afterglow/ MRI imaging (4 x 107 cells/mL, n =3 independent bio-
logical samples) after DPBS washing. e Afterglow images and signal intensity. f T;
and T, MRI images. g Quantified T; and T, MRI signal intensity. h Scheme illustra-
tion of dual-mode afterglow/MRI for monitoring radiation dose-dependent APE1
activity. i-m A various number of HeLa cells treated with various radiation doses (0,

2 4 6
Radiation Dose (Gray)

2,4, and 6 Gray) and then incubated with APE1-probe, for afterglow/ MRI imaging
(n=3 independent biological samples) after DPBS washing. i Afterglow images.

j Afterglow signal intensity. k T; MRI images. I T, MRI images. m Subtracted MRI
signal intensity (AT;-AT, value). n, 0 Western bolting determination and quantified
APE1 level of the HeLa cells at post-treatment of 2 h under various radiation doses
(n=3 independent biological samples). All cell afterglow imaging was obtained
with white light irradiation (10 mW/cm?) time of 10's and acquisition time of 60 s.
Data are presented as means + SD. Statistical significance was determined using a
two-tailed Student’s t-test for pairwise comparisons, and a one-way ANOVA analysis
of variance for multiple groups. p values > 0.05 were considered non-significant,
while p values < 0.05 were considered statistically significant. Source data are
provided as a Source Data file.

specific cleavage of AP sites outside of APE1-probe by APE], leading to
the disassembly of FeMnO,@BHQ3; from TA NPs.

Next, we investigated the specificity of APEl-probe for imaging
intracellular APEL. Human cervical cancer cells (HeLa cells) were cho-
sen as the target cancer cells. Three groups were established: (1) HeLa
cells incubated with an APEl-irresponsive probe (APEl-ir-probe), (2)
Hela cells incubated with an APE1-responsive probe (APE1-probe), and
(3) HelLa cells incubated with an APE1 inhibitor (CRT0044876) to
inhibit APE1 activity and APEl-probe***°, Subsequently, all cell sus-
pensions from the three groups were subjected to afterglow/MRI
imaging. After analyzing the afterglow images and signal intensity
(Fig. 4e), it became evident that cells incubated with APEI-ir-probe did
not exhibit significant afterglow signal recovery. Conversely, cells

treated with APEl-probe displayed pronounced afterglow signals,
confirming the ability of APE1-probe to detect intracellular APE1 levels.
Additionally, the cells treated with APEl inhibitor+ APEl-probe
revealed a decrease in afterglow signal associated with inhibited
APEI activity, thus confirming the ability of APEI-probe to specifically
detect intracellular APEL

Similar findings were observed when reviewing the MRI images of
these cells. APE1-probe-incubated cells exhibited positive contrast
(brightness) and an increased T; MRI signal compared to the cells
incubated with APEl-ir-probe. Upon inhibiting APE1 activity using the
inhibitor, the T; MRI signal decreased, confirming the activation of
APEl-probe by intracellular APE1 for MRI imaging of cancer cells
(Fig. 4f, g). Similarly, T, MRI images displayed negative contrast
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(brightness) in APE1-probe-incubated cells compared to APEl-ir-probe-
incubated cells, affirming these consistent findings. The MRI results
further confirmed the specificity of APEl-probe in imaging APEL
activity in cancer cells and verified the accuracy of afterglow and MRI
imaging through cross-validation.

We employed APEl-activated APE1-probe for afterglow/MRI ima-
ging radiation dose-associated APEl1 expression in cancer cells
(Fig. 4h). Typically, HeLa cells were exposed to various radiation doses
(0, 2, 4, and 6 Gray, respectively). After 2 h, those cells were incubated
with APE1-probe for 4 h. Subsequently, a series of cell samples were
collected for afterglow imaging and MRI analysis. Obviously, increas-
ing the radiation dose was positively correlated with an enhancement
in the afterglow signal of cancer cells, according to afterglow images
(Fig. 4i, j and Supplementary Fig. 36). Especially, at cell number of
2 x107 cell/mL, the afterglow signal intensity was increased by 2.7-fold
for 6 Gray, 2.1-fold for 4 Gray, and 1.3-fold for 2 Gray, compared
to O Gray.

In a series of complementary experiments, we utilized HEK293
cells to represent a normal cellular context. These cells were exposed
to varying levels of radiation and subsequently treated with the APE1-
probe. Afterglow imaging demonstrated that the signal intensity
emanating from the irradiated cancer cells was markedly higher than
that from the normal cells (Supplementary Fig. 37). Furthermore, a
time-course study was performed to elucidate the dynamics of after-
glow emission and APEl expression in response to radiation. The
results indicated a progressive increase in afterglow luminescence
from 0.5 to 4 h post radiation exposure (Supplementary Fig. 38). To
quantify the cellular uptake of the APEl-probe, we employed induc-
tively coupled plasma mass spectrometry (ICP-MS) to confirm a gra-
dual augmentation in the internalization of the FeMnO, component of
the probe (Supplementary Fig. 39).

In parallel, MRI images of cancer cells treated with different
radiation dosages were obtained. The T; MRI images showed increased
brightness as the radiation dose increased, while the T, MRI images
became darker (Fig. 4k, 1). By calculating the AT;-AT, value of the MRI
signal across various cell numbers (0-2 x 107 cells/mL), it was apparent
that radiation dose-dependent signal differences could be identified
(Fig. 4m and Supplementary Fig. 40), indicating a positive correlation
between the AT; and AT, value of the MRI signal and the radiation
dose. To validate the relationship between radiation dose and APE1
upregulation, western blotting was performed to measure APEL
expression within the cells following exposure to various doses (0, 2, 4,
and 6 Gray) of radiation. As shown in Fig. 4n, o and Supplementary
Fig. 41, the APEI1 expression level gradually increased with the higher
radiation doses. Those findings further corroborated the positive
correlation between afterglow and MRI signals, radiation dose, and
intracellular APE1 expression.

APEl-probe for afterglow/MRI imaging of radiation dose-
dependent APE1 activity in tumor

In order to enhance the tumor-targeting capability of APE1-probe, we
incorporate the specific tumor-targeting aptamer (AS1411) into APEI-
probe. AS1411 is known for its ability to specifically recognize nucleo-
lin, a protein that is overexpressed on the surface of cancer cells and
tumor vasculature®. This modification allows APE1-probe with AS1411
to selectively target tumor cells. For comparison purposes, we also
construct an APEI-probe (no targeting), which consisted of TA NPs-
DNA4 and FeMnO,-DNA2 (Fig. 5a). In this configuration, DNA4 has the
same DNA sequence as DNA3 but lacks the AS1411 DNA sequence in the
3’ domain (Supplementary Fig. 23).

To evaluate their effectiveness, we intravenously injected mice
bearing subcutaneous Hela xenograft tumors with either APE1-probe
or APE1-probe (no targeting). The afterglow images showed a gradual
increase in afterglow luminescence at the tumor sites after injection of
APEl-probe or APE1-probe (no targeting). Analysis of afterglow images

revealed that the tumor injected with APEL-probe exhibited a 2.11-fold
higher afterglow luminescence intensity compared to the tumor
injected with APEI-probe (no targeting) at 6 h post injection (Fig. 5b, d,
h and Supplementary Figs. 42, 43a), confirming the tumor-targeted
imaging of APEl-probe. In addition, when comparing the afterglow
imaging to the fluorescence imaging (Fig. 5b, ¢ and Supplementary
Figs. 42, 44), afterglow imaging presented a higher signal-to-noise ratio
(Fig. 5i), which presented the intrinsic merit of signal-to-noise ratio for
afterglow imaging. A comparative analysis of the afterglow images
reveals that tumors administered with the targeted APEI-probe
exhibited higher afterglow luminescence intensity than those receiv-
ing the non-targeted probe at various time points, after radiation (6
Gray) (Supplementary Fig. 45).

From the T; MRI images (Fig. 5j, k and Supplementary Figs. 46, 48),
the T; MRI signal intensity of the tumor areas showed a larger increase
for the tumor injected with APEl-probe (incorporating AS1411) com-
pared to APEl-probe (no targeting) (Fig. 50). Meanwhile, the T, MRI
signal intensity of the tumor areas showed a larger decrease for the
tumor injected with APE1-probe (Fig. 5p).

To substantiate the in vivo relationship between dose-dependent
radiation and afterglow/MRI imaging, we treated the mice bearing
subcutaneous Hela xenograft tumors with radiation doses ranging
from O to 6 Gray. After a 2-h interval, APEl-probe was intravenously
injected into the treated mice, and subsequent afterglow and MRI
imaging of the tumors was captured. Analysis of the afterglow images
(Fig. 5d-g and Supplementary Fig. 43) revealed a gradual increase in
afterglow luminescence at the tumor sites with an increase in radiation
dose. Additionally, a positive correlation was observed between
radiation dose and afterglow signal in tumors (Fig. 5h). Specifically, the
afterglow intensity of tumors was increased by 6.8-fold for 6 Gray, 3.3-
fold for 4 Gray, and 2.6-fold for 2 Gray, respectively at 1-h post injection
APEl-probe. Notably, a discernible difference between 0 and 6 Gray
was visible as early as 0.5 h (Fig. 5d-g), suggesting the early visualiza-
tion of changes in APEI levels during radiotherapy using APE1-probe.
Subsequently, the mice were euthanized, and both the tumors and
main organs were harvested for afterglow imaging (Supplementary
Fig. 47). The dose-dependent afterglow signals observed in the tumor
ex vivo further confirmed the reliability of APEl-probe for imaging
APE1 during radiotherapy.

Next, we collected MRI images of tumors treated with varying
radiation doses. Analysis of the T; MRI images revealed that with a
radiation dose of 6 Gray, the images of tumor regions gradually
brightened, and the T; MRI signal increased over time from O to 6 h
(Fig. Sk—n and Supplementary Figs. 48-51). At the 6-h mark, the T; MRI
images of the tumor exhibited an increased brightness corresponding
to the elevated radiation dose, accompanied by an increase in T; MRI
signal intensity within the tumors (Fig. 50). Conversely, the analysis of
T, MRI images showed a gradual darkening in the tumor and a
decreasing T, MRI signal with an increase in radiation dose from 0 to 6
Gray. Furthermore, a comparison of T, MRI images of tumors treated
with radiation doses of 0, 2, 4, and 6 Gray revealed increasing darkness
and a decrease in signal intensity within the tumors as the radiation
dose increased (Fig. 5p). These results established the correlation
between afterglow MRI signals and radiation doses.

Since APE1-probe can simultaneously create positive contrastin T,
MRI and negative contrast in T, MRI, this amplifies the contrast and
difference between T; and T, signals within the same tumor slice.
Therefore, we calculated the increased T signal (AT, positive value),
and increased T, signal (AT,, negative value), and subsequently sub-
tracted AT, from AT; to obtain AT,-AT, value, thus amplifying the
dynamic range and improving sensitivity. As demonstrated in Fig. 4q,
the post-subtraction AT;-AT, value significantly amplified the degree
of MRI signal change among different radiation-treated tumors.
Increasing radiation dose treatments resulted in a substantial enlar-
gement of the subtraction comparison within the MRI signal. Notably,
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a distinguishable difference between 0 and 6 Gray was visible as early
as the first hour through the AT;-AT, MRI signal.

MRI subtraction has been reported not only to enhance MRI
imaging contrast but also to improve the signal-to-noise ratio® . To
enhance MRI contrast of APEl-probe for tumors, we employed a
longitudinally and transversely subtraction-enhanced imaging (L&T-
SEI) strategy for APE1-probe. Specifically, we planned to longitudinally
subtract (L-SEI) the T; MRI images and T, MRI images at different time
points to the original images for acquiring subtracted T, images (AT,
images) and subtracted T, images (AT, images), respectively. These
AT; and AT, images were then transversely subtracted (T-SEI) to obtain
AT;-AT, images using the Image] software (Fig. 5r and Supplementary
Figs. 52).

To compare the signal-to-noise ratio among tumors treated with
various radiation doses, we employed the longitudinal and transverse
subtraction on the T; MRI images and T, MRI images of tumors irra-
diated with 6 Gray doses at 5min and 1h to obtain AT,-AT, images
(1 h-5min) (Fig. 5r). By evaluating the aforementioned L&T-SEl images,
it outlined the tumor region. We compared the signal-to-noise ratio
effects induced by subtraction among T, images, T, images, AT; ima-
ges, and AT;-AT, images of tumors treated with a radiation dose of 6
Gray at 1 h. Notably, the signal-to-noise values for T; images, T, images,
and AT; images were calculated to be 1.28+0.1, 1.65+0.4, and
3.86 +1.4, respectively. Specifically, the signal-to-noise value for
AT;—-AT, images increased to 18.38 + 6.0 (Fig. 5s). Thus, it was worth
noticing that by eliminating background signal interference through
longitudinal subtraction and emphasizing tumor signals through
transverse subtraction, L&T-SEI greatly enhanced MRI contrast for the
tumor and minimized background noise, thus improving the signal-to-
noise ratio between the tumor and normal tissue.

Moreover, we subtracted the AT;-AT, images of tumors treated
with a radiation dose of 6 Gray at different time points and the analysis
revealed a gradual increase in signal-to-noise values as time extended
(Fig. 5t, u). Moreover, the signal-to-noise values of AT;-AT, images
were greatly higher than that of the corresponding T; images at dif-
ferent times. Furthermore, by calculating AT;-AT, images from 1 h to
5min, the signal-to-noise ratio with 2 Gray, 4 Gray, and 6 Gray was
twofold, 2.6-fold, and 4.8-fold higher, respectively, compared to that
of 0 Gray (Fig. 5v, w). This suggests that after L&T-SEI treatment, MRI
images indicating APE1 changes induced by radiation doses can be
observed as early as 1 h.

Afterglow/MRI imaging for early prediction of tumor radio-
therapy effects

The heterogeneity of tumors and the variations among individuals in
terms of demographic, racial, and genetic factors necessitate a
reconsideration of the traditional one-size-fits-all approach that uti-
lizes a maximum dose of radiation®*’. Therefore, the adoption of a
personalized approach for radiotherapy is highly desirable to enhance
treatment effectiveness and mitigate adverse effects’*°. This perso-
nalized therapy can be achieved via the evaluation of specific mole-
cular biomarkers, phenotypes, or genomics associated with radiation
and its toxicity®®®.. In this work, considering the heterogeneity of
tumors and individual variations of tumors, we propose combining
MRI and afterglow imaging-guided radiotherapy.

The use of radiotherapy in cancer treatment is based on the
generation of cytotoxic ROS and DNA damage through X-ray expo-
sure, resulting in the apoptosis of cancer cells. To examine the pro-
duction of X-ray-induced ROS and DNA damage at various radiation
doses, we collected tumor samples after radiotherapy for staining
purposes. Initially, the tumor slices were stained using an intracellular
ROS indicator called 2’,7"-dichlorofluorescein diacetate (DCFH-DA). By
analyzing confocal images and corresponding quantification results
(Fig. 6b, c¢), we observed a progressive increase in fluorescence signal
in the tumor slices with higher radiation doses. This finding suggested

that higher radiation doses enhance ROS generation within tumors.
Subsequently, we assessed intratumor DNA damage levels through
immunofluorescence analysis utilizing H,AX antibody staining on
tumor slices. Analysis of confocal images and corresponding quanti-
fication (Fig. 6d, e) indicated that higher radiation doses led to ele-
vated fluorescence signals, indicating more severe DNA damage. Given
that intratumor DNA damage and ROS production stimulate the
upregulation of APE1, which served to balance the intracellular redox
environment and facilitate DNA repair, we stained the tumor slices
with an APE1 antibody to test its expression. The confocal images and
quantification results shown in Fig. 6f, g demonstrated a gradual
increase in fluorescence signal within tumor slices as the radiation
dose increased from O to 6 Gray, confirming the radiation dose-
dependent upregulation of APEL.

Subsequently, we monitored the growth of the tumors by sub-
jecting mice with HeLa tumors to different radiation doses (0, 2, 4, and
6 Gray) and tracking tumor growth over 12 days. Analysis of the tumor
growth curves and measurements of tumor weight taken at day 12
post-irradiation (Fig. 6h, i and Supplementary Fig. 53) revealed that a
radiation dose of 2 Gray induced partial inhibition of tumor growth
compared to the control group. Treatment with 4 Gray of radiation
resulted in even greater inhibition of tumor growth, while 6 Gray of
radiation significantly suppressed tumor growth. Additionally, histo-
logical damage observed in the H&E-stained and TUNNEL images fur-
ther corroborated the finding that higher radiation doses were
associated with more pronounced therapeutic outcomes (Fig. 6j, k),
supporting the notion of a radiation dose-dependent response.

Next, we created a heating map for those parameters. The heating
map showed a good positive correlation between radiation dose and
the enhancement of afterglow and MRI signals in the APE1-probe, as
well as the increased ROS generation, intratumor DNA damage, and
APE1 expression (Fig. 6l). It meant that the afterglow and MRI imaging
can track the dynamic levels of APE1 during radiotherapy, which is
benefited for evaluating ROS production, intratumor DNA damage,
and predicting therapeutic outcomes (Fig. 6a). Moreover, our findings
indicated that afterglow and MRI imaging can detect changes in APE1
levels as early as 3 h after irradiation, whereas therapeutic outcomes
based on tumor size can only be observed after -6 days. This highlights
the potential utility of early APE1 detection in predicting radiotherapy
outcomes. Future investigations could focus on exploring the probe’s
potential to guide personalized radiotherapy strategies and enhance
therapeutic efficacy.

Afterglow/MRI imaging of APEI activity in radiation-induced
liver injury

It is important to acknowledge that there is a potential side effect of
radiation therapy known as radiation-induced liver organ injury, which
refers to the damage inflicted upon liver tissue during the course of
treatment®>®, This injury can lead to the development of diseases such
as hepatitis, fibrosis, cirrhosis, and even cancer®’. Therefore, it
becomes crucial to diagnose and monitor liver injury to effectively
manage and intervene®.

However, due to the intricate structure of the liver and its invol-
vement in multiple physiological processes, identifying early signs of
liver organ injury can be quite challenging®®. In the initial stages, liver
organ injury often manifests itself through general symptoms like
fatigue, nausea, or loss of appetite, which can easily be attributed to
other causes or even the cancer itself”. The absence of specific
symptoms adds another layer of complexity to the situation, making it
difficult to differentiate between liver organ injury and other
conditions®’. Additionally, symptoms of liver organ injury may not
present themselves immediately after radiation therapy, sometimes
taking several weeks or even months to emerge®>**®%, The timing of
symptoms can vary based on a variety of factors such as radiation
dosage, fractionation, and individual patient characteristics®*°®.
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tunnel immunofluorescence of tumor slice treated with various radiotherapy
doses. 1 Correlation between radiotherapy and afterglow/MRI signal intensity for
early prediction of therapeutic outcome (n = 5 mice per group). Data are presented
as means + SD. Statistical significance was determined using two-tailed Student’s ¢-
test for pairwise comparisons, and one-way ANOVA analysis of variance for multiple
groups. p values > 0.05 were considered non-significant, while p values < 0.05 were
considered statistically significant. Source data are provided as a Source Data file.

Imaging modalities like ultrasound and computed tomography may
lack the sensitivity required to detect early signs of liver organ injury,
especially in instances of subtle or localized liver organ damage®.
We proposed the afterglow/MRI imaging of APE1-probe to eval-
uate APE1 level in liver organ injury. Firstly, we irradiated the liver
region of nude mice with varying doses of X ray radiation (ranging
from O to 6 Gray). After 2 h, all mice received an intravenous injection
of APEl-probe for afterglow and MRI signal detection. The afterglow
images clearly showed a gradual enhancement of the afterglow signal
in the liver area as the radiation dose increased (Fig. 7b, c). Specifically,
at 4 h post injection of APEIl-probe, the afterglow intensity increased
by 4.2-fold for 2 Gray, 6.5-fold for 4 Gray, and 8.1-fold for 6 Gray.
Moreover, at 8 h post injection of APEl-probe, the liver organs were
harvested from each group for afterglow imaging. The afterglow

images of the liver organs demonstrated a positive correlation
between the afterglow signal intensity and the radiation dose
(Fig. 7d, e). These results indicated that afterglow imaging could more
sensitively report the radiation-induced APEI level change in the liver,
even at 2 Gray of radiation. Notably, the change in afterglow signal
could be detected as early as 2 h post injection of APE1-probe (4-h post
radiation treatment), providing a much earlier detection time window.

MRI is a high-resolution clinical diagnostic technology that can
provide clear anatomical structure visualization®*”°. Since APE1-probe
can provide molecular information on APE1 levels using MRI (indicat-
ing functional MRI), combined with anatomical MRI, APE1-probe can
offer both anatomical and functional imaging, enabling the precise
identification of injury regions within the liver (Fig. 7a). In our study, we
obtained MRI images of the liver region treated with varying radiation
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Fig. 7 | Afterglow/MRI imaging of APEL1 activity in radiation-induced liver
injury. a Scheme illustration for APEl-activated afterglow/MRI imaging for evalu-
ating radiation-induced liver organ injury. b—i Liver region of mice was treated with
various radiation dose (0—6 Gray) and then injected with APE1-probe (n = 3 mice per
group). b, ¢ Afterglow luminescence images and increased signal intensity.

d, e Afterglow images and signal intensity of in-vitro liver organ after injection of
APEl-probe for 8 h. f T; MRI and T, MRI images of liver region of mice treated with
various radiation dose (0-6 Gray). g, h Increased T; MRl intensity and decreased T,
MRIintensity. i Subtracted MRI signal intensity (A T;-AT, value). j L&T-SEl images of

2 4 6
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the liver region with various radiation treatment (at 2-h post-monitoring) (n=3
mice per group). k Quantified signal intensity of L&T-SEI images (A T,-AT, value),
data from (j). All afterglow images were obtained with a white light irradiation
(10 mW/cm?) time of 10 s and an acquisition time of 60 s. Data are presented as
means + SD. Statistical significance was determined using two-tailed Student’s ¢-test
for pairwise comparisons, and one-way ANOVA analysis of variance for multiple
groups. p values > 0.05 were considered non-significant, while p values < 0.05 were
considered statistically significant. Source data are provided as a Source Data file.

doses (Fig. 7f and Supplementary Fig. 54) and calculated AT; (positive
value) or AT, (negative value). T; MRI images of the liver illuminated
and AT, signal of tumor areas increased over time, with increasing
radiation doses (Fig. 7f, g). Conversely, T, MRl images showed gradual
darkness in the tumor as the radiation dose increased (Fig. 7f). By
comparing T, MRI images of tumors treated with different radiation
doses, we observed that higher doses resulted in lower signal intensity
in the liver region (Fig. 7h).

To amplify the contrast between T; MRI and T, MRI images at the
same liver slice for improving sensitivity, we subtracted AT, from AT,
obtaining AT;-AT, (Fig. 7i). As the irradiation dose increased, the value
of AT;-AT, increased, indicating a good relationship between MRI
signal and X-ray dose. This subtraction significantly increased the
change range of MRI signals among different radiation doses.

Furthermore, to enhance the MRI image contrast between the
liver region and normal tissue, we employed the L&T-SEI strategy to
distinct the MRI images of the liver region treated with different
radiation doses at 2-h post injection of APE1-probe (Fig. 7j). The mean
L&T-SEI intensity gradually enhanced with the X-ray dose increased
(Fig. 7k). Therefore, APE1-probe for afterglow and MRI imaging can
detect subtle changes in APE1 level in the radiation-treated liver as
early as 2 h post injection of the probe.

To analyze radiation-induced ROS yield, DNA damage, and APE1
upregulation in liver tissue, we harvested liver tissue at 6 h post
injection of APEl-probe for sectioning and various staining. The
fluorescence confocal images of liver slices stained with DCFH-DA
revealed increased fluorescence intensity with higher radiation doses,
implying enhanced ROS generation (Fig. 8b, c). Staining liver slices
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Fig. 8 | Determination of radiation-induced liver injury. a Scheme illustration for
APEl-activated afterglow/MRI imaging for evaluating radiation-induced liver organ
injury. b, c Liver slice staining with DCFH-DA for testing ROS yield (n =3 mice per
group). d, e Liver slice incubating with H,AX antibody and Cy3-labeled IgG for
testing DNA damage (n = 3 mice per group). f, g Liver slice incubating with anti-APE
antibody and Cy3-labeled IgG for testing APEI level (n =3 mice per group). h

-k Representative H&E staining analysis of liver treated with various radiation dose

(0-6 Gray) (n =3 mice per group).l Correlation between radiate on does, afterglow/
MRI signal intensity, ROS generation, DNA damage level and APE1 level (n =3 mice
per group). Data are presented as means + SD. Statistical significance was deter-
mined using two-tailed Student’s t-test for pairwise comparisons, and one-way
ANOVA analysis of variance for multiple groups. p values > 0.05 were considered
non-significant, while p values < 0.05 were considered statistically significant.
Source data are provided as a Source Data file.

with H,AX antibody showed more severe DNA damage in response to
higher radiation doses (Fig. 8d, e). Additionally, APE1 levels in the liver
exhibited a radiation dose-dependent increase (Fig. 8f, g). Further-
more, pathological analysis of liver organ tissue using H&E staining was
performed. Interestingly, no significant evidence of liver organ injury
was observed when radiation doses ranging from O to 6 Gray were
administered (Fig. 8h-k). These findings suggest that H&E staining
alone lacks the necessary sensitivity to detect liver organ injury at early
stages and under low-dose X-ray radiation. Furthermore, biochemical
assay results revealed a dose-dependent increase in alanine amino-
transferase (ALT), aspartate aminotransferase (AST), total bilirubin
(TBIL), and total bile acids (TBA) (Supplementary Fig. 55).

Next, we created a heat map that showed a good correlation
between, afterglow/MRI signal intensity, radiation dose, ROS gen-
eration, DNA damage level, and APE1 level in the liver, it was evident
that all tested parameters were dose-dependent (Fig. 8l). Based on
the strong correlation among these parameters, APEl-probe for
afterglow and MRI imaging can monitor the dynamic level of APE1
during radiation-induced liver injury. Additionally, significant
changes in APE1 level in the liver can be detected as low as 2 Gray of

radiation and as early as 2 h via afterglow imaging and MRI, which
showed more sensitivity compared with histopathology analysis
(H&E staining), showcasing its potential utility in assessing
radiation-induced liver damage early on. Thus, this advancement
holds significant promise for informing treatment responses to
radiotherapy and its toxicity.

MRI imaging of APE1 activity in radiation-induced

abscopal effect

Radiation therapy is known to induce oxidative stress and DNA
damage not only in irradiated tumors but also in neighboring uni-
rradiated tumors, referred to as the radiation-induced abscopal
effect’””%. The abscopal effect has potential benefits in tumor control as
it can cause damage to neighboring cancer cells that were not directly
irradiated, enhancing the overall effectiveness of radiation therapy’”>.
Additionally, the release of signaling molecules and immune mod-
ulators from irradiated cells can stimulate the immune system and
promote an anti-tumor immune response, potentially improving
tumor control and outcomes in tumors receiving both radiation
therapy and immunotherapy’. Despite these promising aspects, there
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Fig. 9 | MRI imaging of APEL1 activity in radiation-induced abscopal effect.

a Scheme illustration. b Scheme illustration of the Group 1 mice with radiation
treatment only in right tumor and then intravenous injection of APE1-probe.

¢ Scheme illustration of the Group 2 mice with intravenous injection of APE1-probe.
d MRI images of the Group 1 mice with radiation treatment only in right tumor and
then intravenous injection of APE1-probe (n =3 mice per group). e Increased T; MRI
intensity and decreased T, MRI intensity for Group 1. f MRI images of the Group 2
mice with intravenous injection of APE1-probe (n =3 mice per group). g Increased

T; MRl intensity and decreased T, MRI intensity for Group 2. h AT,-AT, signal value
from (e, g). i L&T-SEIl images from Group 1 and Group 2 at 2-h post-monitoring.

j Signal-to-noise ratio from (i). Data are presented as means + SD. Statistical sig-
nificance was determined using two-tailed Student’s t-test for pairwise compar-
isons, and one-way ANOVA analysis of variance for multiple groups. p values > 0.05
were considered non-significant, while p values < 0.05 were considered statistically
significant. Source data are provided as a Source Data file.

are challenges in understanding the complex interactions between
radiation and the immune system’*.

In this part, we employed APE-probe for imaging of APE1 activity
in radiation-induced abscopal effect (Fig. 9a). We established the nude
mice model bearing two subcutaneous HelLa xenograft tumors and
selectively irradiated the right tumor with 6 Gray (right tumor of Group
1, +X ray) while completely shielding the left tumor from X-ray irra-
diation (left tumor of Group 1, -X-ray) (Fig. 9b). Two hours after irra-
diation, we administered an intravenous injection of APE1-probe to the
mice in Group 1 for MRIimaging. As a control, nude mice with right and
left tumors received no X-ray radiation and were injected with APE1-
probe (right and left tumors of Group 2, -X-ray) (Fig. 9¢). From the T,
MRI images (Fig. 9f, g, and Supplementary Fig. 56), we observed that
when both tumors on the same mice received no irradiation (Group 2),
there was no discernible difference in MRI contrast and signal between
the right and left tumors. In contrast, irradiation of the right tumor

with X-ray resulted in increased brightness not only in the irradiated
tumor but also in the non-irradiated left tumor on the same mice
(Group 1) (Fig. 9d, e, and Supplementary Fig. 57). Correspondingly, T,
MRIimages demonstrated a reverse change in MRI signal compared to
T: MRI images. Next, we calculated the AT;-AT, value of MRI signal
intensity for each tumor. At 2 h post injection of APE1-probe, we found
that radiation improved the AT;-AT, MRI signal of the right tumor that
received radiation (right tumor of Group 1, +X-ray), as well as elevating
the MRI signal of the left tumor that received no X-ray radiation
treatment in (left tumor of Group 1, -X-ray). In contrast, no discernible
difference in AT;-AT, MRI signal was observed for both the right and
left tumors in Group 2, when no X-ray radiation was applied to the
mice (Fig. 8h).

To amplify the signal change, we employed MRI subtraction by
longitudinally and transversely subtracting the T; and T, MRI images in
2-h monitoring periods to obtain AT;-AT, images. As illustrated in
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Fig. 9i, j, this approach efficiently removed background signal inter-
ference, resulting in a substantial enhancement of MRI contrast for
tumors. By comparing the signal-to-noise ratio (tumor to normal tis-
sue), we observed that the irradiation not only enhanced the APE1 level
in the irradiated tumor (right tumor of Group 1, +X-ray) but also in the
non-irradiated tumor on the same mouse (left tumor of Group 1, -X-
ray). The afterglow images revealed a marginal increase in the after-
glow signal for the irradiated right tumor relative to the non-irradiated
left tumor (Supplementary Fig. 58). Additionally, immunohistochem-
ical fluorescence analysis corroborated an upregulation of APE1L
expression in the irradiated tumor (Group 1, +X ray) in contrast to the
non-irradiated tumor (Group 1, -X-ray) (Supplementary Fig. 59). Con-
sequently, this probe can effectively detect the upregulation of APE1 in
tumors adjacent to radiation-treated tumors, which provides a tool to
gain insights into the underlying mechanisms and develop strategies
to maximize their synergistic effects.

Methods

Ethical statement

All research complied with all relevant ethical regulations: in an adult
mouse with a single tumor, the mean diameter of the tumor (measured
by (L x W?)/2) must not exceed 15 mm. For studies where two tumors
are grown on contralateral flanks on one animal, the size of these
should be less and should not exceed the maximum burden of a single
tumor. The animal experiments are conducted following the principles
of Laboratory Animal Care and the guidelines of the Institutional Ani-
mal Care and Use Committee of Hunan University (SYXK 2022-0007
(Xiang)). Nude mice (female, 4-6 weeks old) are obtained from Hunan
SJA Laboratory Animal Co. Ltd (Changsha, China). All mice (5 mice per
cage) are housed in a specific pathogen-free environment with a light
cycle of 12h:12h at a temperature of 18-22°C and a humidity of
50-60%. All mice are promptly euthanized using CO, gas after finish-
ing the animal experiment.

Materials. Polymethacrylates (PSMA, M,,=~2000), pluronic-F127
(F127, M, =-12,600), poly[2,7-(9,9-dioctylfluorene)-alt-4,7-bis(thio-
phen-2-yl) benzo-2,1,3-thiadiazole] (PFODBT, M,,=10,000 -~ 50,000),
and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEHPPV, M,, =40,000 ~70,000) are purchased from Sigma-Aldrich
(USA).  1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[meth-
oxy (polyethylene glycol)] (DSPE-PEG, M,, =2000) are obtained from
ToYong Bio Tech. Inc. (Shanghai, China). Iron chloride (FeCl;-6H,0,
99%), erucic acid (80%), manganous chloride (MnCl,-4H,0, 99%), oleic
acid (96%), ascorbic acid (AA, 99%), sodium hydroxide (NaOH, 97%),
copper sulfate (CuSO,4, 99%), 1-(3-Dimethylaminopropyl)-3-ethyl car-
bodiimide hydrochloride (EDC) are purchased from Aladdin Chemical
Ltd (Shanghai, China). Oxhydryl-poly (ethylene glycol)-azide (HO-PEG-
N3, Mw =2000 Da) was purchased from Ponsure Biological Tech. Inc.
(Shanghai, China). Phosphoryl chloride (POCI;) is purchased from
Energy Chemical (Shanghai, China) Co., Ltd. Tris-hydroxylpropyl tria-
zolylamine (THPTA, >98%) is bought from Glen Research (USA). 2-
bromo-2-methylpropionic acid (BMPA) is purchased from Sahn Che-
mical Technology Co., Ltd (Shanghai, China). Sodium carbonate
(Na,COs;, AR), hydrochloric acid (HCI, GR), sodium chloride (NaCl, AR),
magnesium chloride (MgCl,:6H,0, AR) ethanol (AR), hexane (AR),
tetrahydrofuran (AR), chloroform (AR), N, N-dimethylformamide (AR),
and petroleum ether (AR), are purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Dulbecco’s modified eagle med-
ium (DMEM), fetal bovine serum (FBS), and penicillin-streptomycin are
obtained from Gibco, Life Technologies (USA). APE1 primary antibody
is purchased from Abcam (UK). H,AX primary antibodies, HRP, or Cy3-
conjugated secondary antibodies are purchased from Beyotime
(Shanghai, China) Biotechnology Co., Ltd. Dulbecco’s phosphate-
buffered saline (DPBS) is obtained from Thermo Fisher Scientific
(USA). Trypsin/EDTA (0.25%) is purchased from Hyclone. 2,7-

dichlorofluorescin diacetate (DCFH-DA, >97%) is purchased from
bought from Sigma-Aldrich (Shanghai, China). APE1 enzyme and 10x
Nebuffer are purchased from New England Biolabs (NEB, USA).
CRT0044876 inhibitor is purchased from Med Chem express (MCE,
USA). Human embryonic kidney cell lines (HEK293 cells) and Human
cervical cancer cell lines (HeLa cells) are obtained from the National
Collection of Authenticated Cell Cultures (Shanghai, China). All DNAs
are obtained from Sangon Biotech Co., Ltd (Shanghai, China) with
HPLC-CE purification. Water (18.2 MQ) is purified by the Milli-Q Direct-
8 water purification system (Millipore).

The DNA sequences (from 5’ to 3’) of the involved oligonucleo-
tides are listed in as follows:

DNA1 (amino): 5’-NH,-AAAAAATATCGATG/idsp/GT*T*A*G*C*G*

A3

DNA2 (alkyne): 5-G*G*T*G*G*T*GGTGGTTGTGGTGGTGGTGGTC

GCTAACCCATC

GATAAAAA-alkyne-3’

DNA3 (amino): 5’-NH,-AAAAAATATCGATGGGT*T*A*G*C*G*A-3’

DNA4 (alkyne): 5’-C*G*C*T*A*A*CCCATCGATAAAAA-alkyne-3’

(*stands for phosphorothioate bonds)

Characterization. Transmission electron microscopy (TEM) and
energy dispersive X-ray (EDX) analysis are performed by JEM-2100F
(JEM-2010, JEOL, Japan) with an accelerating voltage of 200 kV.
Dynamic light scattering (DLS) measurements are performed on a
Zetasizer Nano ZS90 (Malvern) with a 90° scattering angle and a He-Ne
laser. The absorbance is measured by UV-vis spectrophotometer (UV-
1800, Shimadzu). Fluorescence spectra and afterglow luminescence
spectra are collected by Edinburgh Instruments F-S5 fluorescence
spectrometer. The transverse relaxation time is measured on a Bruker
Minispec analyzer (60 MHz, Bruker, Germany). X-ray diffraction (XRD)
measurement is performed on a XRD6100 (Rigaku) X-ray dif-
fractometer. X-ray photoelectron spectroscopy (XPS) analysis is con-
ducted on Thermo Scientific K-Alpha (ThermoFisher Scientific, USA).
Fourier-transformed infrared (FTIR) spectroscopy is performed using
a Fourier Transform Infrared Spectrometer (FOLI20). Magnetic reso-
nance imaging and mapping imaging are performed with a 7T MRI
scanner (Pharma Scan 70/16 US, Bruker). Afterglow luminescence and
fluorescence imaging of solution or animal are performed using an IVIS
Lumina XR imaging system under bioluminescence (no excitation) and
fluorescence modes, respectively. The amount of metallic element is
measured by inductively coupled plasma-mass spectrometry (ICP-MS,
8900, Agilent). Radiation treatment is arranged using RS 2000 Small
Animal Irradiator. The lead plate with thickness of 1cm was used for
shielding against X-ray radiation of 6 Gray (shielding efficiency to be
nearly 100%). Living Image® software (IVIS imaging systems) was used
to analyze afterglow signal and fluorescence data. Para Vision
360 software was used to analyze MRI signal data. Image ] software was
used to subtract MRI images and analyze subtraction MRI data,
immunofluorescence data, and western blotting data. Data was
represented by Origin2018 and Excel.

Programmed self-assembly for APEl-activated core-satellite
nanoprobe

Synthesis of TA. The synthesis procedure is depicted in Supplemen-
tary Fig. 1. To synthesize Compound 1, a solution of 3,6-dibromo-
naphthalene-2,7-diol (15.0g, 47 mmol) in a mixture of methanol
(600 mL) and water (1.8 L) in a volumetric ratio of 1:3 is subjected to
dropwise addition (one drop per second) of 0.05M KMnO, (1.86 g,
11.7 mmol), followed by stirring for 36 h at room temperature. The
progression of the reaction was monitored using TLC to ensure the
complete consumption of the starting material. Once the reaction
reached completion, it was terminated by adding 1M HCI (pH=2).
Precipitates were obtained through filtration and subsequent washing
with water. The resulting residue was then purified via recrystallization
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from methanol, yielding compound 1 (14.4 g, 97% yield) in the form of a
dark solid.

To synthesize Compound 2, a solution of compound 1 (3.00g,
4.8 mmol) in methanol was treated with Na,S,0, (3.33 g, 19.2 mmol)
under an argon atmosphere and stirred for 48 h at room temperature.
The progress of the reaction was monitored using TLC to confirm the
consumption of the starting material. Upon completion, the reaction
was quenched by the addition of 1 M HCI (pH = 2). Following filtration,
the residue was washed with water and dried, resulting in a yellow
crude Compound 2 (2.90 g) obtained without further purification for
the subsequent step.

To synthesize Compound 3, a solution of compound 2 (300 mg,
0.48 mmol) in dry dioxane and tetrabutylammonium bromide (2.24 g,
3.84 mmol), KOH (160 mg, 2.88 mmol), n-Butyl bromide (5mL) was
added at room temperature. The mixture then was slowly warmed up
to 80°C and stirred for 48 h. Upon completion, the solution was
extracted with water (50 mL) and ethyl acetate (50 mL). The organic
section was dried by anhydrous MgSO,. After filtration, the organic
layer was evaporated for dryness. The residue was purified by column
chromatography on silica gel (petroleum ether) to afford compound 3.

To synthesize Compound 4, Compound 3 (1.0 g, 1.2 mmol) was
dissolved in dry DMF (50 mL) under an argon atmosphere, and Cul
(1.4 g, 7.2mmol) was added. Then, a solution of MeONa in methanol
(42.5mL, 12 mmol) was added dropwise (one drop per second). The
resulting mixture was stirred at 120 °C, and the progress of the reaction
was monitored by thin-layer chromatography (TLC) to ensure the
consumption of the starting material. After completion, the reaction
was stopped with water, extracted with dichloromethane (250 mL),
and dried with MgSO,. The solvent was removed, and the residue was
purified by silica gel chromatography (petroleum ether: dichlor-
omethane =3:2) to yield compound 4 (601 mg, 76%) as a green-
yellow solid.

For the synthesis of Compound 5, Compound 4 (200 mg,
0.30 mmol) was dissolved in dichloromethane (80 mL) under an argon
atmosphere at -78°C. N-bromosuccinimide (NBS) (0.60 mmol,
108 mg) was then added gradually. The reaction progress was mon-
itored by TLC to ensure the consumption of the starting material. After
reaction completion, the mixture was incubated to room temperature
and diluted with dichloromethane (20 mL) and water (15mL). The
organic layer was dried with anhydrous MgSO,. The solvents were
evaporated, and the residue was purified by silica gel chromatography
(petroleum ether: dichloromethane=5:1) to obtain compound 5
(100 mg, 41%) as a yellow solid.

To synthesize Compound 6, compound 5 solution (0.12 mmol,
100 mg) in dry toluene (25mL) was prepared. To this solution, Pd
(PPh3)4 (0.012 mmol, 14 mg), 2-formylphenylboronic acid (0.24 mmol,
37 mg), and aqueous solution K,CO5 (2 M, 5 mL) were added under an
argon atmosphere. The mixture was stirred at 80 °C, and TLC was used
to monitor the progress of the reaction. Upon completion, the organic
layer was dried with anhydrous MgSO,. After removing the solvents,
the residue was purified by silica gel chromatography (petroleum
ether: dichloromethane =2:1) to yield compound 6 as a yellow solid.

For the synthesis of afterglow molecules (TA), a solution of
compound 6 (0.08 mmol, 70 mg) in dry tetrahydrofuran (50 mL) was
prepared, and 2-mesitylmagnesium bromide (1M in THF, 1mL) was
added slowly. The mixture was stirred at room temperature, and TLC
was employed to monitor the reaction progress. After completion, the
reaction was stopped with water, extracted with dichloromethane
(150 mL), and the organic layer was dried with anhydrous MgSO,. After
removing the solvent, the crude diol, without further purification, was
used directly for the next step. The diol was dissolved in dry dichlor-
omethane (30mL), and boron trifluoride etherate (0.10mL,
0.32 mmol, 4.00 equiv.) was added slowly. The reaction progress was
monitored by TLC. Upon completion, the reaction was quenched with
H,O0 (8 mL), extracted with dichloromethane, and dried with MgSO, to

yield the residue. The residue was dissolved in toluene, and 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (27 mg, 0.16 mmol) was
added, followed by stirring for 0.5 h. Toluene was evaporated, and the
residue was purified by silica gel chromatography (petroleum ether:
dichloromethane =10:1) to yield compound TA (63 mg, 73% in two
steps) as a red solid.

Preparation of TA nanoparticle. To prepare afterglow nanoparticles
(TANPs), asolution of PSMA, F127, PFODBT, and TA in tetrahydrofuran
(THF) with specific concentrations was prepared. The TA NPs were
synthesized using a one-step nanoprecipitation method. In this pro-
cess, a solution containing TA (1 mg/mL, 0.05 mL), PFODBT (1 mg/mL,
0.05mL), PSMA (10 mg/mL, 0.25 mL), and F127 (10 mg/ml, 0.25mL) in
THF (0.40 mL) was rapidly injected into ultrapure water (6 mL). Sub-
sequently, Na,COj solution (10 mg/mL, 1 mL) was added. The mixture
was sonicated for four minutes and then evaporated at 40 °C using
rotary evaporation to remove excess THF. The resulting TA NPs were
purified using ultrafiltration (100,000 MWCO, 3500 xg, 4 min).
Throughout the synthesis process, the lab light was kept off to prevent
unwanted reactions. Following synthesis, the nanoparticles were
stored in a brown reagent bottle covered with tinfoil in a refrigerator at
~4 °C. The concentration of TA NPs was determined by measuring the
absorption at 595 nm.

Preparation of MEHPPV nanoparticles (MEHPPV NPs). To prepare
MEHPPV-based afterglow nanoparticles, the same synthesis process as
that for TA NPs was conducted. A mixing solution was prepared, which
contained MEHPPV (1 mg/mL, 0.10 mL), PSMA (10 mg/mL, 0.25mL),
F127 (10 mg/mL, 0.25 mL), and THF (0.40 mL). The solution was rapidly
injected into ultrapure water (6 mL), followed by the addition of
Na,COj; solution (10 mg/mL, 1 mL). After sonication and purification,
the as-prepared MEHPPV nanoparticles were stored in the dark at
around 4 °C.

Afterglow luminescence determination. To compare the afterglow
signal of TA NPs and MEHPPV-based nanoparticles, we prepared var-
ious concentrations of TA NPs or MEHPPV nanoparticles (0, 1.25, 2.5,
5.0,7.5,and 10 pg/mL). After light irradiation (10 mW/cm?) for 10 s and
an acquisition time of 60s, we captured their afterglow images and
recorded their signal intensity using an IVIS Spectrum imaging system
(Lumina XR) without excitation.

To optimize the irradiation time for exciting the afterglow of TA
NPs, we used a concentration of 20 pg/mL and exposed them to var-
ious irradiation times (0, 5, 10, and 20 s, 10 mW/cm?). The acquisition
time was fixed at 60 s. We recorded the afterglow images and signals
using the IVIS Spectrum imaging system (Lumina XR) without
excitation.

To optimize the acquisition time for capturing the afterglow of
TA NPs, we used a concentration of 20 pg/mL and applied an irra-
diation time of 10 s (10 mW/cm?). We varied the acquisition times (1,
10, 20, 40, 60, 80, and 100 s) and recorded the afterglow images and
signals using the IVIS Spectrum imaging system (Lumina XR) without
excitation.

To determine the lifetime of TA NPs, we exposed TA NPs (30 pg/
mL) to light irradiation (10 mW/cm?) for 10 s and immediately captured
the afterglow signal every 2.5 min with an acquisition time of 60 s.

To determine the photobleaching effect of TA NPs, we subjected
TA NPs (30 ug/mL) to 10 cycles of light irradiation (10 mW/cm?) and
observed the signal after 0 and 60 min.

To determine the power density of white light to activate TA NPs
luminescence, we treated TA NPs (20 pg/mL) with various power
density irradiation (0.06, 5, 6, 8, 10, 15, 20, and 27 mW/cm?, respec-
tively) for 10 s, and immediately captured the afterglow signal with an
acquisition time of 60s using the IVIS Spectrum imaging system
(Lumina XR) without excitation.
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Preparation of DNA1-modified TA NPs. TA nanoparticles (TA NPs)
modified with amino-labeled DNA1 were prepared by conjugating an
amide bond (CO-NH) between the carboxyl group of TA NPs and
amino groups on DNA1 molecules. The procedure involved dispersing
TA NPs solution (I1mL, 80 pg/mL) and DNA1 (100 pL, 100 puM) in 1x
DPBS (pH 7.4, 2 mL) through shock treatment, followed by the addi-
tion of EDC (250 mM) and stirring for 4 h. The reaction solution was
then purified three times with H,O using ultrafiltration (100,000
MWCO, 3500 x g, 5 min) and stored at 4 °C.

To determine the number of DNA1 molecules conjugated to TA
NPs, 20 pg/mL (50 pL) of TA NPs were mixed with various concentra-
tions of 20 pM DNAL1 (0.78, 1.56, 3.12, 6.25, and 9.38 pL, respectively) in
1x DPBS (pH 7.4, 0.2 mL) through shock treatment. EDC (250 mM) was
then added, and the mixture was stirred for 4 h. The solution was
purified using Microsep™ Advance Centrifugal Devices (30k, Pall
Corporation) through centrifugation (3500 x g for 5min) to collect
free DNAL in solution. The concentration of free DNAL was measured
using a UV-vis spectrophotometer.

Synthesis of FeMnO, nanoparticles. Manganese-doped iron oxide
nanoparticles (FeMnO,) were synthesized using the following
procedure”. First, iron-erucate complexes were prepared by dissol-
ving 10.2 g of erucic acid (30 mmol, 80%, Aladdin) and 2.7 g of iron
chloride (FeCl;-:6H,0, 99%, 10 mmol) and in 50 mL of methanol. Next, a
solution of 1.2 g of sodium hydroxide (30 mmol, 96%) dispersed in
100 mL of methanol was slowly added to the iron-erucate complex
solution at 40 °C under magnetic stirring. After the completion of the
reaction, the precipitate containing the iron-erucate complex was
washed thrice with deionized water and methanol. The resulting
complex was then dried in a vacuum for 12 h.

To prepare the manganese-oleate complex, 1.44 g of manganese
chloride (MnCl,-4H,0, 10 mmol, 98%) and 5.65g of oleic acid
(20 mmol, Aladdin, 96%) were dispersed in 50 mL of methanol®’. Next,
a solution of 0.8g of sodium hydroxide dispersed in 100 mL of
methanol was slowly added to the manganese-oleate complex solution
at 40 °C under magnetic stirring. After the completion of the reaction,
the solution was then transferred to a separating funnel, and the upper
organic layer containing the manganese-oleate complex was washed
several times with distilled water. The resulting complex was dried in a
vacuum for 12 h.

Finally, FeMnO, nanoparticles were synthesized by the simulta-
neous thermal decomposition of the manganese-oleate complex and
iron-erucate complex in the presence of oleyl alcohol and oleic acid in
benzyl ether or 1-octadecene”. In a typical synthesis of 3 nm-sized
FeMnO,, 1.5 mmol of the manganese-oleate complex (1.0 g), 2 mmol of
the iron-erucate complex (2.14 g), 2 mmol of oleic acid (0.57 g), and
6 mmol of oleyl alcohol (1.61 g) were dissolved in 10 g of benzyl ether at
room temperature. The mixture was then heated to 265 °C at a speed
rate of 5°C/min and maintained for 30 min under a constant argon
flow. After cooling the mixture to room temperature, 20 mL of ethanol
was added and the precipitated nanoparticles were separated by
centrifugation. The as-synthesized FeMnO, nanoparticles were dis-
persed in chloroform and stored at 4 °C. The quantitation of FeMnO,
(Fe + Mn) was performed using ICP-MS.

Synthesis of FeO, nanoparticles. In order to synthesize ultra-small
iron oxide nanoparticles (FeO,), the first step involved preparing the
iron-oleate complex***. This was achieved by reacting 10.8 g of iron
chloride hexahydrate (FeCl3:6H,0, 10 mmol, 99%) with 36.6g of
sodium oleate (98%) in a mixture of 80 mL ethanol, 60 mL water, and
140 mL hexane at a temperature of 70 °C for a duration of 4 h. Sub-
sequently, the organic phase containing the iron-oleate complex was
washed three times with water. Any excess hexane was removed
through rotary evaporation, resulting in the obtained dried iron-oleate
complex.

To proceed further, 3.6 g of the iron-oleate complex and 6.44 g of
oleyl alcohol were dissolved in 20 g of diphenyl ether. The mixture was
then heated to 70 °C under vacuum for 1 h to eliminate any presence of
oxygen and water. Subsequently, the temperature of the mixture was
raised to 250 °C and maintained for a period of 30 min. Following the
removal of the heating source, the colloid was stirred until it cooled
down to room temperature. The FeO, solution was then washed with
cyclohexane and precipitated using acetone. Finally, the purified FeO
was dispersed in chloroform and stored at a temperature of 4 °C. The
quantification of FeOy (Fe) was performed using ICP-MS.

Preparation of phosphorylated polyethylene glycol. Phosphory-
lated polyethylene glycol (p-PEG-N;) was synthesized through the
reaction of oxhydryl-poly (ethylene glycol)-azide (HO-PEG-N3,
M,, =2000 Da) and phosphoryl chloride (POCl5)*. To prepare p-PEG-
N3, 250 mg of HO-PEG-N; in 1.875 mL of tetrahydrofuran was added
dropwise (one drop per second) to a mixture containing 125 pL of
POCI; and 1.875 mL of tetrahydrofuran in an ice bath. The resulting
solution was stirred for 4 h and the products were precipitated and
washed with diethyl ether three times. The phosphorylated p-PEG-N3
was then dried in vacuo at room temperature.

Preparation of FeMnO,@BHQ3-N3. FeMnO,@BHQ5-N; was prepared
using FeMnO,, BMPA, AA, and p-PEG-Ns. In a typical experiment,
7.5 mg of FeMnO, was transferred into a mixed solution of chloroform
(4 mL) and N, N-dimethylformamide (4 mL). Then, p-PEG-N; (5mg),
BMPA (150 mg), AA (15mg), and NH,-BHQ; (80 pg) were added. The
mixture was shaken for 12h at 30°C. After the reaction,
FeMnO,@BHQ3-N; was precipitated with ice ether and washed three
times with water using ultrafiltration (100,000 MWCO, 3500 x g,
5min). The as-prepared FeMnO,@-N; was dispersed in water and
stored at 4 °C.

Preparation of FeO,@BHQ3-N3. FeO,@BHQ5-N; was prepared simi-
larly by mixing FeO, (5 mg), BMPA (150 mg), AA (15mg), NH,-BHQ3
(80 pg), and p-PEG-N; (5 mg) in a mixed solution of chloroform and N,
N-dimethylformamide (1:1, viv, 8 mL). After shaking for 12 h at 30 °C,
FeO,@BHQ3-N; was collected by precipitating with ice ether and
washing with water. The as-prepared FeO,@-N; was dispersed in water
and stored at 4 °C.

Preparation of DNA2 modifying FeMnO,.. The conjugation of alkyne-
DNA, and FeMnO,@BHQ;-N3 was carried out using a previously
reported protocol (3). In a typical procedure, alkyne-DNA2 (10 nmol)
was mixed with FeMnO,@-N3 solution (containing 1 mg Fe + Mn). A
small volume of the CuSQ,, ascorbic acid (AA), and THPTA mixture was
added to achieve final concentrations of 200 uM CuSO,, 2 mM AA, and
800 UM THPTA, respectively, for the click reaction. The solution was
incubated at 37 °C for 4 h and then purified with water by ultrafiltration
(10,000 MWCO, 3500 x g, 5min). The resulting FeMnO,-DNA2 was
dispersed in water and stored at 4 °C.

MRI determination of FeMnO,. To test the MRI performance of
FeMnO,, a series of certain concentrations of FeMnO,@BHQ3-N3
solution (Mn+Fe, 0, 0.027, 0.053, 0.11, 0.21, and 0.31 mM, respec-
tively) were prepared for MRI determination.

MRI determination of FeO,. To test the MRI performance of mono-
dispersed FeOy, a series of certain concentrations of FeO,@BHQ;3-N3
solution (Fe, 0, 0.028, 0.056, 0.11, 0.22, and 0.43 mM, respectively)
were prepared for MRI determination.

MRI images and relaxation time were collected following acqui-
sition parameters of the 7T-MRI animal system:

FOV =40 x40 mm?,

Matrix = 256 x 256,
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Slice thickness = 0.7 mm;
T; MRIETR =280 ms, TE=4.5ms,
T, MRI: TR=2800 ms, TE=35ms,

Assembly of TA NPs-DNA1 and FeMnO,-DNA2. APEl responsive
probe (APEl-probe) was prepared by mixing TA NPs-DNA1 (100 pL,
50 pg/mL) and FeMnO,-DNA2 (62.5 pL, 1 mg/mL) in 1x DPBS contain-
ing 50 mM NaCl and 5 mM MgCl, at 37 °C for 6 h. Then, samples were
purified with DPBS by ultrafiltration (10,000 MWCO, 3500 x g, 5 min).
The obtained TA NPs-FeMnO, assembly (APE1-probe) was redispersed
in 1x DPBS.

Determination of assembly ratio between TA NP-DNA1 and
FeMnO,-DNA2. To optimize the assembly ratio of TA NPs-DNA1 and
FeMnO,-DNA2 for the TA NP-FeMnO, assembly (APEl-probe), we
mixed 30.3 pL of TA NPs-DNALI (at a concentration of 33 pg/mL) with
various volumes of FeMnO,-DNA2 (ranging from O to 64 pL, with
concentrations of 0.78 mg/mL) in the presence of 50 mM NaCl and
2.5mM MgCl,. After a 4-h incubation, the afterglow signal was col-
lected using an IVIS Spectrum imaging system (Lumina XR) with no
excitation, an irradiation time of 10 s, white light irradaition of 10 mW/
cm?, and an acquisition time of 60's.

Core-satellite probe for afterglow and MRI imaging of APE1
activity with larger dynamic range and higher sensitivity
APE1-activated afterglow of APE1-probe. APEl-probe (containing
5pg/mL TA NPs) was incubated with various concentrations of APE1
enzyme (0, 0.2, 0.5,1, 2, 4, 6, 8, and 10 U/mL, respectively) in 1x Neb-
uffer (10 mM Bis-tris propane-HCI, 10 mM MgCl,, 100 pg/ml BSA,
pH =7.0) with final volume of 100 pL. After incubation at 37 °C for 2 h,
afterglow imaging of the solution was recorded using an IVIS Spectrum
imaging system (Lumina XR) (no excitation, white light irradiation of
10 mW/cm?, irradiation time of 10 s, and acquisition time of 60's).

APE1-activated MRI of APE1-probe. The relaxation time of APEI-
probe (containing 5pg/mL TA NPs) incubated with various con-
centrations of APE1 enzyme was measured using a Bruker Minispec
analyzer (60 MHz). The T, or T, MRI images and T, or T, relaxation
time were collected using a 7T-MRI animal system.

To acquire the mapping images of APEl-probe treated with APE1L
or not, APEl-probe (containing 5 pg/mL TA NPs) was incubated with
APEI1 (10 U/mL) in 1x Nebuffer. After 4 h, the above solution was diluted
into various concentrations (Fe + Mn, mM) for mapping imaging. in
contrast, various concentrations of APEl-probe untreated with APEL
were determined as the control groups.

To conduct selectivity experiments of APE1-probe, we incubated
APE1-probe (5 pg/mL) with various types of enzymes including DNase |
(5U/mL), BSA (500 ng/mL), MMP-2 (500 ng/mL), and APE1 (4 U/mL)
respectively, then arranged them for afterglow imaging using the IVIS
Spectrum imaging system (Lumina XR) with a white light irradiation
(10 mW/cm?), irradation time of 10's, and an acquisition time of 60s.
Besides, T; and T, MRI were collected using a 7T-MRI animal system.

Assembly of TA NPs-DNA1 and FeMnO,-DNA2. APE1 responsive
probe (APEl-probe) was prepared by mixing TA NPs-DNA1 (100 pL,
50 pg/mL) and FeMnO,-DNA2 (62.5 pL, 1 mg/mL) in 1x DPBS contain-
ing 5 mM MgCl, and 50 mM NaCl at 37 °C for 6 h. Then, samples were
purified with DPBS by ultrafiltration (10,000 MWCO, 3500 x g, 5 min).
The obtained TA NPs-FeMnO, assembly (APE1-probe) was redispersed
in 1x DPBS.

Preparation of DNA2 modifying FeO,. FeO,-DNA2 was prepared by
mixing FeO,@BHQ5-N3 (containing 1 mg Fe), alkyne-DNA2 (10 nmol),
CuSO,4, THPTA, and AA for the click reaction. As-prepared FeO,-DNA2
were dispersed in H,0O and stored at 4 °C conditions.

Assembly of TA NPs-DNA1 and FeO,-DNA2. TA NP-FeO, assembly
was prepared by mixing TA NPs-DNA1 (100 pL, 50 pg/mL) and FeO,-
DNA2 (62.5pL, 1pg/pL) in 1x DPBS containing 2.5mM MgCl, and
50 mM NaCl at 37 °C for 6 h. Then, samples were purified with DPBS by
ultrafiltration (10,000 MWCO, 3500 x g, 5 min). The obtained TA NPs-
FeO, assembly was redispersed in 1x DPBS.

MRI determination of APEl-activated TA NP-FeO,. To test the
response of TA NP-FeO, assembly, TA NP-FeO, (containing 5 pg/mL TA
NPs) probe was incubated with various concentrations of APE1 enzyme
(0,0.1,0.5,1, 2, 3, and 4 U/mL, respectively) in 1x Nebuffer (10 mM Bis
Tris Propane-HCI, 10 mM MgCl,, 100 pg/ml BSA, pH =7.0) with final
volume of 100 pL. After incubation at 37 °C for 2 h, the T; or T, MRI
images were collected using a 7T-MRI animal system.

MRI images and relaxation time were collected following acqui-
sition parameters of the 7T-MRI animal system:

FOV =40 x 40 mm?,

Matrix = 256 x 256,

Slice thickness = 0.7 mm;

T; MREETR =280 ms, TE=4.5ms,

T, MRI: TR=2800 ms, TE=35ms,

T; mapping images: TR =356-5500 ms, TE=8.5 ms;

T, mapping images: TR =2200 ms, TE=8-96 ms;

APEl-activated afterglow/MRI imaging for monitoring radiation
dose-dependent APE1 expression in cancer cells

Preparation of DNA-3 modified TA NPs. TA NPs-DNA3 was prepared
by mixing a solution of TA NPs (1mL, 80 pg/mL) with DNA1 (100 pL,
100 pM) dispersed in 1x DPBS (pH = 7.4, 2 mL). The mixture was then
treated with EDC (250 mM) and stirred for 4 h. The reaction solution
was purified with H,O by ultrafiltration (100,000 MWCO, 3500 x g,
5 min) three times for purification and stored at 4 °C.

Preparation of APE1-ir-probe. The APE1 irresponsive probe (APEl-ir-
probe) was prepared by mixing TA NPs-DNA3 (100 pL, 50 pg/pL) with
FeMnO,-DNA2 (62.5 pL, 1 mg/mL) in the presence of 5 mM MgCl, and
50 mM Nacl at 37 °C for 6 h. Subsequently, the samples were purified
with DPBS by ultrafiltration (10,000 MWCO, 3500 x g, 5min). The
obtained APEl-ir-probe was redispersed in 1x DPBS.

Afterglow imaging and MRI performance determination of APE1-ir-
probe. To test the MRI performance of APEl-ir-probe, APEl-ir-probe
(containing 5pg/mL TA NPs) was incubated with 4 U/mL APElL or
without APEI in 1x Nebuffer solution (100 pL final volume). After
incubation at 37 °C for 2 h, afterglow images and MRI images of the
solution were recorded.

Cell culture. Hel a cells (human cervical cancer cells) were cultured in
DMEM supplemented with 1% antibiotics penicillin/streptomycin
(100 U/mL) and 10% fetal bovine serum in a humidified incubator at
37 °C with 5% CO,.

APE1-activated afterglow/MRI imaging for cancer cells. To detect
APEl-activated afterglow and MRI in living cells, HeLa cells were seeded
into a 6-well plate for 24 h and then treated with APEl-ir-probe (con-
taining 10 pg/mL TA NPs) and APEl-probe (containing 10 pg TA NPs)
for 4 h. In addition, HeLa cells were incubated with the APE1 inhibitor
CRT0044876 (300 uM, 1 mL DMEM) for 2 h, and then the inhibitor-
treated cells were incubated with APE1-probe (containing 10 pg/mL TA
NPs, 1 mL DMEM) for 4 h. The treated cells were then collected after
DPBS washing and counted for afterglow imaging and MRI.

To detect radiation-mediated afterglow and MRI of cells, HelLa
cells were seeded into a 6-well plate for 24 h, and then the cells were
treated with various doses of radiation (0, 2, 4, and 6 Gray). After 2 h,
the treated cells were incubated with APE1-probe (containing 10 pg/mL
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TA NPs) for 4 h. The cells were collected after DPBS washing, counted,
and diluted to specific concentrations (0, 0.5, 0.75, 1.0, 15, and
2.0x107 cells/mL, respectively) for afterglow imaging, or specific
concentrations (0, 0.4, 0.8,1.2,1.6, and 2.0 x 107 cells/mL, respectively)
for MRI imaging.

Detection of protein expression at cellular level. To assess intra-
cellular protein expression using western blot assay, HeLa cells were
plated in 12-well plates for 24 h and subjected to varying radiation
doses ranging from O to 6 Gray. After 2 h, the cells were gently washed
twice with cold 1 x DPBS to remove any residual contaminations. Next,
the cells were lysed using 50 pL of ice-cold RIPA Lysis for 30 min for
extracting intracellular protein. The protein concentration was then
accurately measured using a Microvolume UV-Vis spectro-
photometer. A specific amount of extracted protein was mixed with 5x
SDS-PAGE protein loading buffer from Beyotime Biotechnology
(Shanghai, China). The mixture was incubated at 95 °C for 10 min to
ensure complete denaturation of the protein. Following denaturation,
the total proteins were separated by SDS-PAGE and transferred onto
polyvinylidene difluoride (PVDF membranes, FFP32, Beyotime). The
membranes were blocked with 5% BSA for 1h at room temperature,
incubated with primary antibody Tubulin (AF1216, 1:1000, Beyotime)
overnight at 4 °C, alternately washed using the TBS (ST661, Beyotime)
and TBST (99.9%TBS/0.1% Tween 20, v/v) buffer for three time, incu-
bated with HRP-conjugated secondary antibodies (A0208, 1:1000,
Beyotime) for 60 min, and imaged with enhanced chemiluminescence
detection system. Subsequently, the membranes were rinsed in dis-
tilled water for 5min, rinsed using protein elution buffer (P0025,
Beyotime) on a shaker for 5 min, rinsed in distilled water for 5 min. As-
eluted membranes were incubated with primary antibody APElL
(ab137708, 1:1000, Abcam) overnight at 4 °C, alternately washed using
the TBS and TBST buffer for three times, incubated with HRP-
conjugated secondary antibodies for 60 min, and imaged with
enhanced chemiluminescence detection system. The quantification of
specific protein bands were analyzed using Image J software.

Afterglow/MRI Imaging for monitoring radiation dose-
dependent APEI1 in tumor in vivo

Animal experiment. for establishing the subcutaneous xenograft
tumor model, a suspension of HeLa cells (50 pL, 5 x 10° cells, in DPBS)
was subcutaneously implanted. Once the tumor size reached ~6-8 mm,
the mice underwent in vivo MRI imaging.

Preparation of DNA4-modified FeMnO,. To prepare FeMnO,-DNA4,
alkyne-DNA4 (10 nmol) was mixed with FeMnO,@-N3 solution (con-
taining 1 mg Fe + Mn). Then, a small volume of the mixture of CuSOy,
ascorbic acid (AA), and THPTA was added to achieve final concentra-
tions of 200 mM CuSO,, 2 mM AA, and 800 mM THPTA, respectively,
under click reaction conditions. After incubation at 37 °C for 4 h, the
mixture was purified with HO by ultrafiltration (10,000 MWCO,
3500 x g, 5 min). The FeMnO,-DNA4 particles were then dispersed in
H,0 and stored at 4 °C.

Preparation of APE1-probe (no targeting). APE1-probe (no targeting),
which does not contain the tumor-targeting aptamer ASI1411, was
prepared by assembling TA NPs-DNA1 and FeMnO,-DNA4. Specifically,
TA NPs-DNA1 (100 pL, 50 pg/mL) was mixed with FeMnO,-DNA4
(62.5 puL, 1 mg/mL) in 1x DPBS containing 5 mM MgCl, and 50 mM NacCl
at 37°C for 6 h. The samples were then purified with DPBS by ultra-
filtration (10,000 MWCO, 3500 x g, 5 min). The resulting APE1-probe
(no targeting) was re-suspended in 1x DPBS.

Afterglow and fluorescence imaging for tumor in vivo. To evaluate
the targeting imaging of the probe in vivo, mice bearing subcutaneous

Hela xenograft tumors were treated with various doses of radiation
in situ (O and 6 Gray, respectively). After 2 h, the mice were intrave-
nously injected with APEI-probe (no targeting) that does not contain
the tumor-targeting AS1411 aptamer (120 pL, containing 80 pg/mL TA
NPs). Afterglow imaging of the mice was performed using an IVIS
Spectrum imaging system (Lumina XR) with no excitation wavelength,
10s of light irradiation (10 mW/cm?), and 60s of acquisition time.
Fluorescence imaging was captured with an excitation wavelength of
605 nm and emission in the Cy5.5 channel.

To investigate the radiation dose-dependent afterglow imaging of
APEl-probe, mice bearing subcutaneous HelLa xenograft tumors were
treated with various doses of radiation in situ (0, 2, 4, and 6 Gray,
respectively). After 2h, the mice were intravenously injected with
APEl-probe (120 pL, containing 80 pg/mL TA NPs) for afterglow ima-
ging using the IVIS Spectrum imaging system with no excitation
wavelength, 10 s of light irradiation (10 mW/cm?), and 60 s of acquisi-
tion time. After intravenous injection for 8 h, tumors, and major organs
of the mice from each group were harvested for ex vivo afterglow
imaging (10s of light irradiation, 10mW/cm?, and 60s of
acquisition time).

MRI imaging for tumor in vivo. For MRI of mice injected with APE1
probe (no targeting), mice bearing subcutaneous HelLa xenograft
tumors were intravenously injected with APE1 probe (no targeting)
(120 pL, containing 80 pg/mL TA NPs). The mice were then scanned
using a 7T-MRI scanner (Pharma Scan 70/16 US, Burker) with T; and T,
sequences.

To determine the radiation dose-dependent MRI of mice in vivo,
mice bearing subcutaneous HelLa xenograft tumors were treated with
various doses of radiation in situ (O, 2, 4, and 6 Gray, respectively).
After 2h, the mice were intravenously injected with APEl-probe
(120 pL, containing 80 pg/mL TA NPs), and then scanned for MRI
imaging. The MRI images were collected using the following acquisi-
tion parameters of the 7T-MRI animal system: FOV =40 x 40 mm?,
Matrix =256 x 256, Slice thickness=0.7 mm; T; MRI: TR=280ms,
TE=4.5ms; T, MRI: TR =2800 ms, TE=35ms.

Longitudinal and transversal subtraction enhanced imaging (L&T-
ESI) for tumor. Subtractive MRI images of the tumor and their quan-
tification were reconstructed from datasets using Image J software.
The details of the subtraction process and origin images are displayed
in Supplementary Fig. 52. The T; MRI images and T, MRI images of the
tumor were collected at different time points (5min, 0.5h, 1h, and so
on) after injecting APEl-probe. The original T; MRI images at 5min
were subtracted from the later T; MRI images at 1 h to obtain AT; MRI
images. Similarly, AT, MRI images were acquired by subtracting the
original T, MRI images at 5min from the later T, MRI images at 1h.
Finally, the AT; images were transversally subtracted (T-SEI) from the
AT, images to acquire AT;-AT, images. Overall, AT;-AT, images were
obtained via longitudinal and transversal subtraction-enhanced ima-
ging (L&T-ESI) from the T; MRI images and T, MRI images.

Afterglow/MRI imaging for early prediction of tumor radio-
therapy effects

Detection of intratumor ROS generation. To detect the generation of
reactive oxygen species (ROS), DNA damage, and APE1 levels in the
tumor, the tumors were collected 10 h after radiation treatment ran-
ging from O to 6 Gray (8 h after injection of the APEl-probe). The
tumors were blocked with cryo-embedding media (OTC) and prepared
for cryo-sections. For the detection of ROS generation, the tumor sli-
ces were stained with DCFH-DA (10 uM) and DAPI (1 pg/mL) for 30 min,
respectively. Fluorescence (FL) images were recorded using a Confocal
Laser Scanning Microscope with an excitation wavelength of 488 nm
and an emission wavelength of 500-530 nm.
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Detection of DNA damage. To detect the level of DNA damage, the
tumor slices were stained with H,AX antibody (AF5836, 1:500, Beyo-
time) for 12 h, Cy3-labeled IgG H&L secondary antibodies (A0516, 1:500
Beyotime) for 6 h, and DAPI (1 pg/mL) for 0.5 h, respectively. Fluores-
cence images were recorded using a Confocal Laser Scanning Micro-
scope with an excitation wavelength of 560nm and emission
wavelength of 600-720 nm.

Detection of intratumor APE1 expression. To detect the level of APE1
expression, the tumor slices were stained with APE1 antibody (1:500)
for 12 h, Cy3-labeled IgG H&L secondary antibodies (1:500) for 6 h, and
DAPI (1pg/mL) for 0.5h, respectively. Fluorescence images were
recorded using a Confocal Laser Scanning Microscope with an exci-
tation wavelength of 560nm and emission wavelength of
600-720 nm.

Radiotherapy for tumor in vivo. To study the therapy effect depen-
dent on radiation dosage, mice bearing subcutaneous HelLa xeno-
graft tumors were treated with various doses of radiation in situ (O,
2, 4, and 6 Gray, respectively). Each group contained 5 mice. The
body weight and tumor volume of the mice were recorded every two
days. The tumor volume was calculated using the formula: volume
(mm?®) = 0.5 x width? x length.

Histopathological analysis of tumor tissue. For the histopathological
analysis, the tumors were collected on the 12th day of therapy mon-
itoring. The tumors were embedded in paraffin, sectioned, and stained
with H&E and Tunnel staining. The H&E images were recorded using a
digital slice scanning system (Pannoramic MIDI) and analyzed with
Case Viewer software. Tunnel images were collected using Microscopy
detection with Cy3, which emits red fluorescence (excitation wave-
length of 510-560 nm and emission wavelength of 590 nm).

Afterglow/MRI for evaluating radiation-induced liver

organ injury

APE1-probe for afterglow/MRI imaging of radiation-treated Lliver
organ in mice. Mice without xenograft tumors were subjected to
various doses of radiation in the liver region (0, 2, 4, and 6 Gray,
respectively). After 2h, the mice were intravenously injected with
APEl-probe (120 pL, containing 80 ug/mL TA NPs). Afterward, after-
glow and MRI images were recorded at different time intervals. The
afterglow images were acquired using the IVIS Spectrum imaging
system with no excitation wavelength, white light irradiation (10 mW/
cm?) of 10s, and acquisition time of 60s. parameters on a 7T-MRI
animal system: The MRI images were acquired using the following
parameters on a 7T-MRI animal system: Field of View (FOV) =40 x 40
mm?, Matrix =256 x 256, Slice thickness =0.7 mm, T; MRI: TR =280
ms, TE=4.5ms, T, MRI: TR=2800 ms, TE =35 ms.

Detection of intratissue ROS generation in the liver organ. To detect
ROS generation, DNA damage, and APEL1 levels within the radiation-
treated liver, the liver region of mice was exposed to various doses of
X-ray radiation (0, 2, 4, and 6 Gray, respectively). After 8 h, the liver
organs were harvested and cryo-embedded. Cryo-sections were pre-
pared for further analysis. For ROS detection, the liver tissue slices
were stained with DCFH-DA (10 uM) and DAPI (1pug/mL) for 30 min.
Fluorescence images were recorded using a Confocal Laser Scanning
Microscope with an excitation wavelength of 488 nm and an emission
wavelength range of 500-530 nm.

Detection of intratissue DNA damage in liver organ. To assess DNA
damage levels, the liver tissue slices were stained with H,AX antibody
(1:500) for 12 h, Cy3-labeled IgG H&L secondary antibodies (1:500) for
6 h, and DAPI (1 ug/mL) for 0.5 h. Fluorescence images were captured
using a Confocal Laser Scanning Microscope with a Cy3 fluorescence

excitation wavelength of 560 nm and an emission wavelength range of
600-720 nm.

Detection of intratissue APE1 expression in liver organ. To deter-
mine the expression levels of APE], the liver tissue slices were stained
with APE1 antibody (1:500) for 12 h, Cy3-labeled IgG H&L secondary
antibodies (1:500) for 6 h, and DAPI (1 ug/mL) for 30 min. Fluorescence
images were captured using a Confocal Laser Scanning Microscope
with a Cy3 fluorescence excitation wavelength of 560 nm and an
emission wavelength range of 600-720 nm.

Histopathological analysis of liver organ tissue. For histopatholo-
gical analysis, the liver organ tissues were embedded in paraffin and
sectioned for hematoxylin and eosin (H&E) staining. The H&E images
were recorded using a digital slice scanning system (Pannoramic MIDI)
and analyzed with Case Viewer software.

Hematology analysis. After anesthesia, we irradiated mice (n =5 mice
per group) without xenograft tumors at varying doses (0, 2, 4, and 6
Gray) directed specifically to the liver region, using a lead shield to
protect the head and abdomen of mice. Those mice were sacrificed at
24 h post irradiation and the blood samples were collected for blood
biochemistry assay by Wuhan Service bio Technology, which included
key liver function tests.

Afterglow/MRI imaging for observing the radiation-induced
abscopal effect

To establish a subcutaneous xenograft dual-sided tumor model,
1x107 HeLa cells were inoculated on two sides of nude mice. The
mice were then divided into two groups: Group 1and Group 2. Group
1 consisted of mice with subcutaneous dual-sided HelLa xenograft
tumors, of which the right tumor was treated with 6 Gray of radiation
while the left tumor was shielded with a lead plate. After 2 h, the mice
received an intravenous injection of APE1-probe (150 pL, containing
80 pg/mL of TA NPs). Subsequently, afterward, afterglow, and MRI
images were recorded at different time intervals. Afterglow imaging
of the mice was performed using an IVIS Spectrum imaging system
(Lumina XR) with no excitation wavelength, 10 s of light irradiation
(10 mW/cm?), and 60 s of acquisition time. The mice were scanned
for MRI imaging. In contrast, Group 2 mice with dual-side tumors
were directly intravenously injected with APEl-probe (150 pL, con-
taining 80 pg/mL of TA NPs) for MRI imaging. This group served as
the control group.

MRI images were obtained using the following acquisition para-
meters on a 7T-MRI animal system: Field of View (FOV) =40 x 40 mm?,
Matrix =256 x 256, Slice thickness=0.7mm, T; MRI: TR=280ms,
TE=4.5ms, T, MRI: TR=2800 ms, TE =35 ms.

To determine the expression levels of APE1, we selectively irra-
diated the right tumor with 6 Gray (right tumor of Group 1, +X-ray)
while shielding the left tumor from X-ray irradiation (left tumor of
Group 1, -X-ray). 8 h after radiation, the tumor tissue slices from Group
1were stained with APE1 antibody (1:500) for 12 h, Cy3-labeled IgG H&L
secondary antibodies (1:500) for 6 h, and DAPI (1 ug/mL) for 30 min. As
a control, the tumor slice from the nude mice with right and left
tumors received no X-ray radiation was used for a comparison.

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

Data availability

All data of this study are available in the main text and its supple-
mentary files. Any additional requests for information can be directed
to, and will be fulfilled by, the corresponding authors. Source data are
provided with this paper.
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