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ABSTRACT: Immune adjuvants are essential components in chemo-immunotherapy; however, determining the optimal
administration timing to synchronize them with recruited immune cells is challenging due to the difficulty in in vivo tracing of
immunogenic cell death (ICD). Current ex vivo ICD assessment methodologies delay reporting and are thus incapable of guiding in
situ chemo-immunotherapy. Here, we develop a cell Membrane-Anchored NIR-II Fluorescent Timer-Embedded Drug (MANTED)
to real-time track ICD and guide adjuvant administration timing. MANTED is constructed by conjugating a DNA NIR-II ATP
reporter to rare earth nanoparticles (RENPs), loading with chemotherapy drugs to the DNA helix, and anchoring to a 4T1 cell
membrane via a biorthogonal click reaction, which prevents endocytosis and intracellular ATP interference. The ATP reporter is
functionalized with the quencher FD1080 to quench NIR-II fluorescence of RENPs and is blocked with a photocleavable
complementary strand to suppress tumor microenvironment ATP interference before the ICD process. Upon 980 nm laser
irradiation, the UV upconversion emission of RENPs cleaves the PC linker, releasing the drug for chemotherapy and activating
MANTED. Subsequent 808 nm laser irradiation induces RENPs’ downconversion NIR-II fluorescence recovery upon ATP
recognition, which is monitored in real time. The optimal timing for adjuvant administration is chosen when the fluorescence
intensity is saturated. MANTED-guided chemo-immunotherapy enhances therapeutic efficiency.

Chemo-immunotherapy synergistically combines chemo-
therapeutic agents with immunotherapies to enhance

antitumor efficacy, and is now becoming a popular clinical
treatment model.1−4 The immunogenic cell death (ICD)
process, which is induced by cell death and stimulates dendritic
cell (DC) maturation and T-cell activation,5−10 plays an
important role in chemo-immunotherapy. To strengthen ICD-
induced immune responses, immune adjuvants, including
small-molecule agonists, such as resiquimod R848,11 oligonu-
cleotide cytosine phosphoguanine (CpG),12 and immune
checkpoint inhibitors,13 are usually applied in therapeutic
processes to rejuvenate the tumor immune microenvironment.

To achieve a sufficient concentration of adjuvants within the
tumor while minimizing toxicity, the timing of adjuvant
administration plays an important role in immune enhance-
ment. Improper use, such as performing at an inappropriate
time or with cell death modalities that are incapable of
inducing the ICD process,14−16 can impair therapeutic

effects,17 even leading to significant systemic toxicity18 and
adverse effects.19 Spatiotemporally synchronizing immune cell
recruitment and adjuvant administration in chemo-immuno-
therapy is important but challenging, considering the varying
times at which ICD corresponding immune activation occurs
in different individuals.20 In vivo monitoring of the ICD
process can guide whether to add an adjuvant and the timing
of its administration, thereby enhancing the efficacy of chemo-
immunotherapy.

ICD is characterized by the preapoptotic exposure of
calreticulin (CRT) on the cell surface and postapoptotic
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release of the chromatin-binding protein high mobility group
B1 (HMGB1), and adenosine triphosphate (ATP).14,15,21

Despite the success of the development of ICD reagents in
recent years,22−24 techniques to report the in vivo ICD process
in real time are still rare. Current methodologies for ICD
assessment mainly rely on ex vivo detection of damage-
associated molecular patterns (DAMPs), which is a complex
and time-consuming process, including invasive sampling.25−28

Vaccination/rechallenge-based functional assays measure in
vivo immune response by tumor size measurements, which
significantly delays reporting time to weeks.29,30

Fluorescence imaging offers a real-time evaluation tool that
in situ reports biological processes with good spatial and
temporal resolution.31,32 An ATP recognition probe33−35 that
has a self-quenched duplex structure and gives a fast response
of fluorescence recovery could act as a real-time ICD indicator.
Though ROS,36−38 proteases,39−43 or temperature44 detection
probes have been coloaded with therapeutic drugs for self-
evaluation of therapeutic effects, integrating chemotherapeutic
agents with ATP imaging probes for in vivo reporting of the
ICD process has not been achieved due to the following

challenges: (1) extending the detection window of the ATP
probe to near-infrared window II (NIR-II, 1000−1700 nm)
with superior tissue penetration depth and signal-to-noise
ratio; and (2) distinguishing the small amount of ATP secreted
by tumor cells during ICD from the large amount of ATP
present inside the tumor cells. Here, we develop a cell
Membrane-Anchored NIR-II fluorescent Timer-Embedded
Drug (MANTED) for real-time ICD monitoring during
chemotherapy, which guides adjuvant administration timing
to boost chemo-immunotherapy. As the main component of
MANTED, a duplex-structured ATP recognition reporter
functionalized with the NIR-II quencher FD1080 (RepATP-
1080) is constructed by hybridization of FD1080-function-
alized single-strand containing an ATP aptamer (Apt-1080)
and its photocleavable complementary strand (com-DNAPC)
(Scheme 1a, RepATP-1080). Apt-1080 is prepared by
conjugating FD1080, which serves as a NIR-II imaging
quencher, to the 5′ end of the ATP aptamer. Com-DNAPC
consisted of a leaving region and an anchoring region
connected by a photocleavable linker (PC linker) and is
functionalized with SH at the 3′ end to conjugate the as-

Scheme 1. (a) Designof MANTED and (b) Its Working Mechanism and Application for NIR-Activatable, Membrane-Anchored
NIR-II Imaging of Extracellular ATP during ICD and Timing-Guided CpG Administration
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obtained RepATP-1080 to rare earth nanoparticles. Multilayer-
structured rare-earth nanoparticles (RENPs) contain an
upconversion core of NaGdF4:Yb,Tm, an inert shell of
NaYF4, and a downconversion shell of NaYF4:Nd, and produce
NIR-II downconversion emission at 1060 nm and UV
upconversion emission upon 808 and 980 nm irradiations,
respectively (Scheme 1a, RENPs). Through a ligand exchange
reaction, the UCNP surface is functionalized with the
bisphosphonate ligand ADA, and subsequently conjugated
with NHS-PEG-Mal and NHS-PEG-DBCO (Scheme 1a,
RENPs-Mal/DBCO). The above-obtained RepATP-1080 is
then covalently linked to RENPs-Mal/DBCO via the SH/
Mal reaction to obtain the NIR-activatable Membrane-
Anchored NIR-II ATP Reporter RENPs-Rep1080/DBCO
(MANR), while the DBCO functional group remained for
cell membrane anchoring. FD1080 is located close to the
RENP surface and correspondingly quenches its NIR-II
luminescence through the LRET process to form a self-
quenched MANR (Scheme 1a, MANR). Chemotherapy drugs
are then embedded into the DNA helix of RepATP-1080, which
is immobilized on MANR to obtain MANTED for chemo-
immunotherapy with in vivo ICD process monitoring (Scheme
1a, MANTED).

Artificial receptors are created on cancer cell membranes
using metabolic engineering by injecting azide-labeled sugar
molecules (Ac4ManNAz)45−48 into a 4T1 tumor-bearing
mouse model. MANTED is injected intravenously into mice
and anchored onto 4T1 cancer cell membranes through a
bioorthogonal click chemistry reaction (Scheme 1b, MANTED
anchoring), which effectively prevents its endocytosis during
the ICD monitoring period, thus avoiding the false-positive
signal from intracellular ATP. The 27 nt ATP aptamer was
sealed by the leaving region and anchoring region, which keep
RepATP-1080 unresponsive to extracellular ATP in the tumor

microenvironment and provide a clean detection background
before the ICD process. Upon 980 nm laser irradiation, the UV
upconversion emission of RENPs cleaves the PC linker in
com-DNAPC, which liberates the leaving region, releases the
chemotherapy drug for chemotherapy, and activates the ATP
aptamer by generating a half-duplex structure for RepATP-1080
(Scheme 1b, drug release). The mice are then exposed to 808
nm irradiation to monitor the ICD process. The dying 4T1
cells release ATP, which dehybridizes the ATP aptamer from
the anchoring region that was immobilized on the RENP
surface, thus separating FD1080 and RENPs to recover NIR-II
fluorescence at 1060 nm for in vivo ICD reporting (Scheme 1b,
ICD reporting). In vivo NIR-II fluorescence recovery indicates
the effectiveness of chemotherapy in stimulating the ICD
process, as well as the efficiency of antigen-presenting cells
(e.g., dendritic cells (DCs)) recruited to the tumor position,
which acts as an in vivo fluorescence timer to guide adjuvant
administration. The immune adjuvant CpG is administered
when NIR-II fluorescence recovery is saturated, which
synchronizes with antigen-presenting cell recruitment to
boost DC maturation, thus promoting cytokine secretion and
improving the activation and infiltration of cytotoxic T cells to
boost chemo-immunotherapy.

■ RESULTS AND DISCUSSION

Preparation and Characterization of NIR-Activatable
Membrane-Anchored NIR-II ATP Reporter (MANR)

To verify photocontrolled responsiveness of the duplex-
structure ATP reporter, a self-quenched ATP reporter in the
visible region, RepATP-Cy3/BHQ2, was prepared by hybrid-
ization of the BHQ2-labeled ATP aptamer (Apt-BHQ2) and
its Cy3-labeled photocleavable complementary DNA strand
(Com-DNAPC-Cy3). Com-DNAPC-Cy3 was composed of a 12-

Figure 1. Synthesis and characterization of MANR. (a) TEM images of NaGdF4:Yb,Tm@NaYF4@NaYF4:Nd (scale bar: 50 nm). (b)
Upconversion and downconversion luminescence spectra of RENPs-Mal/DBCO and MANR under 980 and 808 nm irradiations. (c) UV−vis
absorption spectra of RENPs-Mal/DBCO and MANR. (d) Schematic illustration of NIR-activated MANR for ATP detection in the NIR-II region.
(e) Luminescence lifetimes of RENPs-Mal/DBCO and MANR in the absence and presence of ATP.
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nt anchoring region and a 10-nt leaving region, which were
spaced by a photocleavable linker (PC linker), ortho-
nitrobenzyl (ONB) (Figure S1a, RepATP-Cy3/BHQ2). UV
exposure cleaved the PC linker, released the leaving region,
and activated RepATP-Cy3/BHQ2 for ATP recognition with
Cy3 fluorescence recovery (Figure S1b,c, UV+, ATP+). The
recovered Cy3 fluorescence intensity was similar to that of
Com-DNAPC-Cy3 (Figure S1b,c, Com-DNAPC-Cy3), indicat-
ing the response efficiency of the photoactivatable ATP
reporter to ATP. On the contrary, Cy3 fluorescence was
barely observed from RepATP-Cy3/BHQ2 in the absence of
UV exposure or ATP (Figure S1b,c, UV-, ATP+; UV+, ATP-),
indicating the efficiency of the photocontrolled activity of the
ATP reporter.

To achieve an NIR-controlled ATP response and extend its
response signal to the NIR-II range, an NIR-II quencher
FD1080-labeled ATP reporter (RepATP-1080) was prepared by
hybridization of Apt-1080 and its SH-functionalized comple-

mentary strand Com-DNAPC (Scheme 1a, RepATP-1080). Apt-
1080 was obtained by reacting the NH2-functionalized ATP
aptamer with FD1080-COOH, which demonstrated a DNA
characteristic absorbance peak at 260 nm and an FD1080
characteristic absorbance peak at 1046 nm (Figure S2).
Multilayer-structured RENPs were functionalized with NHS-
PEG-Mal and NHS-PEG-DBCO and conjugated with RepATP-
1080 to obtain MANR (Scheme 1a, MANR), which generated
orthogonal UV upconversion emission and NIR-II down-
conversion emission under 980 and 808 nm excitation,
respectively. RENPs were composed of an upconversion core
of NaGdF4:Yb,Tm, an inert shell of NaYF4, and a down-
conversion shell of NaYF4:Nd. The upconversion core
NaGdF4:Yb,Tm showed a uniform size of 10.4 ± 2.0 nm
(Figure S3a,b NaGdF4:Yb,Tm). The inert shell was epitaxially
grown onto NaGdF4:Yb,Tm, with the size increased to 40.6 ±
2.2 nm (Figure S3a,b, NaGdF4:Yb,Tm@NaYF4), while the
continued growth of downconversion shell NaYF4:Nd

Figure 2. MANR response to ATP. (a) NIR-II emission spectra of MANR in response to different concentrations of ATP with 980 nm irradiation
and (b) corresponding fluorescence intensity and linear relationship with and without 980 nm irradiation. The inset shows the calibration curve of
ATP with 980 nm irradiation. (c) Time-dependent colocalization images of FITC and cell membrane dye DiD for RENPFITC-Rep/DBCO-
anchored 4T1 cells. Scale bar: 20 μm. (d) Fluorescence image of MANRFITC/BHQ1-anchored 4T1 cells incubated with different concentrations of
ATP under 980 nm irradiation. Scale bar: 15 μm. (e) Schematic illustration and fluorescence images of MANRFITC/BHQ1- and ao-MANRFITC/BHQ1-
anchored 4T1 cells in response to 1 mM extracellular ATP with and without 980 nm laser irradiation. Scale bar: 15 μm. (f) NIR-II fluorescence
recovery from well-plate-cultured MANR-anchored 4T1 cells in response to different concentrations of ATP with and without 980 nm laser
irradiation, and (g) the corresponding quantification of fluorescence intensity. Error bars indicate the mean ± SD (n = 3).
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increased the particle size to 46.2 ± 2.0 nm (Figures 1a, S3b
NaGdF4:Yb,Tm@NaYF4@NaYF4:Nd).

To prepare the as-obtained RENPs for subsequent
functionalization, a bisphosphonate ligand, Alendronate
sodium (ADA), containing an amine terminus group, was
attached to the RENP surface via a ligand exchange reaction.
The as-obtained RENPs-ADA demonstrated a ζ-potential of
28.7 ± 1.2 mV and a hydrodynamic size of 53.6 ± 3.2 nm
(Figure S4a, RENPs-ADA). NHS-PEG-DBCO and NHS-
PEG4-Mal were then covalently conjugated to RENPs-ADA to
obtain RENPs-Mal/DBCO, where the DBCO functional
group acted as an anchor for tumor cell targeting, and the
Mal functional group facilitated the subsequent immobilization
of RepATP-1080. The as-obtained RENPs-Mal/DBCO de-
creased the ζ-potential to 11.5 ± 0.2 mV due to the formation
of amide bonds and increased the hydrodynamic diameter to
83.4 ± 3.7 nm (Figure S4a, RENPs-Mal/DBCO). The inert
shell could effectively prevent the cross-transfer of energy
between the upconversion core and downconversion shell.
Thus, the as-obtained RENPs-Mal/DBCO demonstrated UV/
vis upconversion emission at 345, 365, 455, and 475 nm under
980 nm excitation corresponding to the 1I6→3F4, 1D2→3H6,
1D2→3F4, and 1G4→3H6 transitions of Tm3+ (Figure 1b, 980
nm, RENPs-Mal/DBCO) and NIR-II downconversion emis-
sion at 1060 nm under 808 nm excitation corresponding to the
4F2/3→4I11/2 transitions of Nd3+ (Figure 1b, 808 nm, RENPs-
Mal/DBCO).

The above-obtained RepATP-1080 was then conjugated to
RENPs-Mal/DBCO to obtain RENPs-Rep1080/DBCO
(MANR), which demonstrated a significant decrease of the
ζ-potential to −10.0 ± 0.7 mV and an increase of the
hydrodynamic diameter to 135.7 ± 5.1 nm due to the
conjugation of negatively charged DNA strands (Figure S4a,
MANR). The successful conjugation of RepATP-1080 to
RENPs-Mal/DBCO was also confirmed by the appearance of
the FD1080 characteristic absorption in the 700−1100 nm
region49 for the as-obtained MANR (Figure 1c). The
proximity of FD1080 to the RENP surface and the good
overlap of the FD1080 characteristic absorption peak and
RENPs-Mal/DBCO downconversion emission peak (Figure
S4b) resulted in efficient luminance resonance energy transfer
(LRET) in the NIR-II region (Figure 1d, MANR), which
effectively suppressed the NIR-II fluorescence for MANR
under 808 nm excitation (Figure 1b, MANR). Luminescence
lifetimes were also measured to confirm the LRET process in
the NIR-II region, which were 117.80 and 44.38 μs for RENPs-
Mal/DBCO and MANR, respectively (Figure 1e, RENPs-Mal/
DBCO, MANR) with an LRET energy transfer efficiency of
62.32%. The 980 nm NIR irradiation cleaved the PC linker and
activated the responsiveness of MANR to ATP by releasing the
leaving region in com-DNAPC (Figure 1d, activated). Upon
ATP recognition, Apt-1080 dehybridized from the anchoring
region of com-DNAPC, which terminated the LRET process
and recovered NIR-II fluorescence under 808 nm NIR
irradiation (Figure 1d, NIR-II ATP response). The corre-
sponding lifetime for the MANR in response to 1 mM ATP
was extended to 76.42 μs (Figure 1e, MANR + ATP). The 980
nm irradiation-activated MANR showed gradual recovery of
NIR-II luminescence at 1060 nm according to ATP
concentration (Figure 2a) and demonstrated a linear range
of 50.0 to 800.0 μM (Figure 2b, 980 nm (+)) with a limit of
detection (LOD) of 23.03 μM. The LOD was comparable to
that of the previously reported ATP fluorescent probes in the

visible region,50−52 while offering the additional advantages of
NIR-II fluorescence for in vivo applications. When the NIR-II
fluorescence signal recovery saturated to above 800.0 μM, its
intensity reached 77.71% compared to that of RENPs-Mal/
DBCO (Figure 2a), indicating the efficient response of MANR
to ATP. Control experiments were also performed by
incubating MANR with the same series of ATP concentrations
in the absence of 980 nm excitation, and the “unactivated”
MANR did not show much NIR-IIb fluorescence recovery
(Figures S5a, 2b, 980 nm (−)). The NIR-controlled
MANTED was designed as a duplex DNA nanodevice that
responds sequentially to photocleavage and ATP binding to
achieve NIR-II signal activation. The responsiveness and NIR-
II detection sensitivity of MANR guaranteed its application for
in vivo ATP secretion monitoring in the ICD process.53 The
reaction specificity of MANR to ATP was also investigated by
incubating with 1 mM nonspecific nucleoside triphosphates,
such as UTP, CTP, and GTP, with 980 nm NIR irradiation,
which showed negligible NIR-II fluorescence recovery,
indicating good reaction specificity of MANR to ATP (Figure
S5b).
Anchoring of MANR to the Cell Membrane and In Vitro
Verification of Its Capability

Ac4ManNAz was incubated with 4T1 cells to produce artificial
azide receptors on the cell membranes via metabolic
glycoengineering.45−48 To verify the click reaction efficiency
on the cell membrane, Ac4ManNA-treated 4T1 cells were
incubated with DBCO-Cy5, which demonstrated obvious Cy5
fluorescence on the membrane, indicating successful mem-
brane labeling of azide artificial receptors (Figure S6). To
visualize the cell membrane anchoring process, azide-labeled
4T1 cells were incubated with FITC-labeled RENPFITC-Rep/
DBCO, and FITC fluorescence was colocalized with the cell
membrane dye DiD using CLSM. FITC fluorescence
demonstrated an obvious overlap with the cell membrane
labeling dye DiD luminescence upon 4 h of incubation (Figure
2c, 4 h), which remained stable during the 12 h incubation
period without falling or internalization (Figure 2c, 12 h),
guaranteeing enough time for in situ ATP secretion monitoring
during the ICD process. Azide-labeled 4T1 cells were also
incubated with DBCO-free RENPFITC-Rep to verify anchoring
specificity, which barely showed membrane FITC fluorescence
(Figure S7).

To evaluate the capability of membrane-anchoring MANR
for ATP detection, self-quenched MANRFITC/BHQ1 (RENPFITC-
RepBHQ1/DBCO) was prepared with the BHQ1-labeled ATP
reporter RepATP-BHQ1 instead of RepATP-1080 (Figure S8a).
4T1 cells were anchored with MANRFITC/BHQ1, activated under
980 nm laser irradiation, and challenged with different
concentrations of ATP. Gradual FITC fluorescence recovery
was observed on the cell membrane according to the ATP
concentration (Figures 2d, S8c, NIR(+)). On the contrary,
MANRFITC/BHQ1-anchored 4T1 cells barely showed FITC
fluorescence recovery when challenged with the same
concentrations of ATP in the absence of 980 nm laser
irradiation (Figure S8b,c, NIR(−)), indicating good NIR-
photocontrolled ATP detection capability. To verify that the
NIR switch could block false-positive signals, extra ATP was
mixed with azide-functionalized 4T1 cells to mimic the
extracellular ATP in the tumor microenvironment and
subsequently incubated with MANRFITC/BHQ1 and “always-
on” ATP probe ao-MANRFITC/BHQ1 (RENPFITC-aoRepBHQ1/
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DBCO) that was synthesized with aoRepATP-BHQ1 instead of
RepATP-BHQ1, followed by 980 nm irradiation. AoRepATP-
BHQ1 was obtained by hybridization of RepATP-BHQ1 and
the anchoring region of com-DNAPC, which always showed
ATP recognition capability independent of NIR exposure
(Figure 2e). MANRFITC/BHQ1 did not recognize extracellular
ATP before 980 nm irradiation due to the fully hybridized
structure of the ATP reporter and did not show much FITC
fluorescence recovery (Figures 2e, S9, MANRFITC/BHQ1,
NIR(−)). On the contrary, the “always-on” ATP probe ao-
MANRFITC/BHQ1 showed strong FITC fluorescence on the cell
membrane even before 980 nm irradiation (Figures 2e, S9, ao-
MANRFITC/BHQ1, NIR(−)). MANRFITC/BHQ1 and ao-MAN-
RFITC/BHQ1 showed similar FITC fluorescence on the cell
membrane after 980 nm irradiation (Figures 2e, S9, NIR(+)),
indicating effective activation of MANRFITC/BHQ1 under 980
nm irradiation. The NIR-controlled ATP recognition capability
was further investigated in the NIR-II window. 4T1 cells were
anchored with MANR, exposed to 980 nm irradiation, and the
cell culture well plate was imaged under an NIR-II in vivo
imaging system under 808 nm irradiation (Figure S10). The
as-treated 4T1 cells demonstrated gradual NIR-II fluorescence
recovery when challenged with different concentrations of
ATP (Figure 2f,g, NIR(+)), while the control group in the
absence of 980 nm irradiation barely showed NIR-II
fluorescence recovery (Figure 2f,g, NIR(−)). These results

confirmed the applicability of the MANR for in vivo ATP
secretion monitoring in the NIR-II window.
Preparation of MANTED and Verifying Its Capability for
Reporting the ICD Process during Chemotherapy

Chemodrugs with structures containing 2−4 aromatic rings
could be loaded onto the DNA helix due to the intercalation
reaction.54 For example, doxorubicin (DOX)55,56 was
incubated with the above-prepared MANR to prepare
MANTED-DOX, which demonstrated a characteristic fluo-
rescence emission peak of DOX at 590 nm (Figure S11a). By
comparing with the DOX calibration curve (Figure S11b), the
DOX loading efficiency was determined to be 57.7% with a
loading capacity of 11.54 μg DOX/mg MANR. To verify the
capability of NIR-controlled drug release, MANTED-DOX was
exposed to 980 nm laser irradiation, and the supernatant was
collected for the DOX fluorescence measurement, which
demonstrated a time-corresponding fluorescence increase
(Figure S12a,b) with the release efficiency saturated at 59.2%
within 40 min of incubation period (Figure S12b). On the
contrary, MANTED-DOX in the absence of 980 nm laser
irradiation did not show DOX fluorescence in the collected
supernatant during the incubation period (Figure S12c). These
results demonstrated good NIR-controlled drug release for
chemotherapy. The colloidal and optical stabilities of
MANTED were evaluated in RPMI 1640 medium supple-

Figure 3. Application of MANTED for ICD process monitoring in the NIR-II region at the cellular level. CLSM images of (a) MANTEDFITC-
DOX-anchored 4T1 cells in the presence and absence of 980 nm NIR irradiation. Scale bar: 10 μm. (b) MANTEDCy3/BHQ2-DOX-anchored 4T1
cells in the presence and absence of 980 nm irradiation. Scale bar: 15 μm. ATP secretion monitoring in the NIR-II region for (c) MANTED-DOX
(M-DOX), (d) MANTED-MTX (M-MTX), and (e) MANTED-CPT (M-CPT)-anchored 4T1 cells in a well plate in the presence and absence of
980 nm irradiation, and (f) corresponding quantification of fluorescence intensity with 980 nm irradiation. (g) ATP quantification in the cell
supernatant, and (h) immunofluorescence imaging of CRT expression on the cell membrane for MANTED-DOX (M-DOX), MANTED-MTX
(M-MTX), and MANTED-CPT (M-CPT)-anchored 4T1 cells with 980 nm irradiation. Scale bar: 30 μm. Data error bars in (f) and (g) indicate
the mean ± SD (n = 3).
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mented with 10% fetal bovine serum (FBS) at 37 °C for up to
7 days. The results showed a stable particle size without
aggregation (Figure S13a) and NIR-II emission intensities
(Figure S13b), indicating good stability under physiologically
relevant conditions. The storage stability was also evaluated in
HEPES buffer over 7 days, which showed small particle size
and NIR emission intensity variations (Figure S13c,d). The
photostability of MANTED was also evaluated under the
experimental period of 20 min irradiation at 980 nm (0.7 W/
cm2, irradiated for 10 min, break 1 min) and 30 s irradiation at
808 nm, which did not show NIR-II fluorescence intensity
variation (Figure S14), indicating that there was no photo-
bleaching or laser-induced degradation of MANTED. The
cytotoxicity of MANTED-DOX was investigated using the
CCK-8 assay, which demonstrated over 95% of cell viability
compared with untreated 4T1 cells in the absence of 980 nm
laser irradiation (Figure S15a, MANTED-DOX,980(−)),
indicating good biocompatibility. Cell viability significantly
decreased to 44.2% in the presence of 980 nm laser irradiation
(Figure S15a, MANTED-DOX, 980(+)), indicating the
efficiency of NIR-triggered chemotherapy. Calcein-AM/PI
live/dead staining experiments also showed a high level of
dead/live cells in the MANTED-DOX-treated 4T1 cell group
in the presence of 980 nm irradiation, while dead cells were
barely observed in the absence of 980 nm irradiation (Figure
S15b).

Considering the close relationship between ATP secretion
and immunogenic cell death,5 in vivo ATP imaging was used
for ICD process reporting. MANTED-DOX was then clicked
to azide-functionalized 4T1 cell membranes for chemotherapy
and ICD process reporting. Irradiation at 980 nm cleaved the
PC-linker, released DOX into 4T1 cells to perform chemo-
therapy, and dehybridized the leaving region from RepATP-
1080 to activate MANTED-DOX for NIR-II ICD process
imaging. Time-dependent CLSM imaging revealed a fast
intracellular DOX fluorescence increase within 1 h of 980 nm
irradiation, indicating efficient DOX release and intracellular
uptake (Figure S16). To verify NIR-controlled DOX release,
MANTEDFITC-DOX was prepared by conjugating RepAPT and
FITC with RENPs-Mal/DBCO at a molar ratio of 1:1, and
subsequently loaded with DOX. RepAPT was prepared by
hybridization of the ATP aptamer (Apt) and Com-DNAPC.
The as-prepared MANTEDFITC-DOX was anchored to the
4T1 cell membrane and showed obvious intercellular DOX
fluorescence upon 980 nm irradiation, indicating efficient DOX
release. RENPFITC-Rep/DBCO remained on the cell mem-
brane during the DOX release process without internalization
and demonstrated stable membrane FITC fluorescence
(Figure 3a, NIR (+)). On the contrary, there was no DOX
release from MANTEDFITC-DOX in the absence of NIR
irradiation, and DOX and FITC fluorescence remained well
overlapped on the cell membrane during the experimental
period (Figure 3a, NIR (−)). These results indicated an
efficient NIR-controlled drug release process. To monitor ATP
secretion during chemotherapy, MANTEDCy3/BHQ2-DOX was
prepared by conjugating RepAPT-BHQ2 and SH-Cy3 to
RENPs-Mal/DBCO, and subsequently loaded with DOX.
RepAPT-BHQ2 was prepared by hybridization of Apt-BHQ2
and com-DNAPC. The as-obtained MANTEDCy3/BHQ2-DOX
was anchored to the 4T1 cell membrane and demonstrated
time-corresponding Cy3 fluorescence recovery upon 980 nm
irradiation, reaching saturation at 8−12 h and gradually
decreasing at 16−24 h (Figure 3b, NIR (+)). In the absence of

980 nm irradiation, ICD could not proceed and showed little
Cy3 from the cell membrane (Figure 3b, NIR (−)). To
confirm that Cy3 fluorescence recovery was due to ATP
recognition instead of nonspecific activation, nonresponse
MANTEDCy3/BHQ2-DOX (NR-MANTEDCy3/BHQ2-DOX) was
prepared with nonresponse RepATP-BHQ2 (NR-RepATP-
BHQ2) and anchored to the 4T1 cell surface, which barely
showed Cy3 fluorescence recovery during the incubation
period (Figure S17).

The capability of ATP secretion monitoring in the NIR-II
region was then evaluated with MANTED-DOX-anchored
4T1 cells. Chemotherapy under 980 nm irradiation induced an
ICD process and ATP secretion from 4T1 cells. Upon ATP
recognition, Apt-1080 dehybridized from the anchoring region
of RepATP-1080 and separated the FD1080 quencher from
RENPs with NIR-II fluorescence recovery under 808 nm
irradiation. The as-treated cells demonstrated obvious time-
corresponding NIR-II fluorescence recovery, and fluorescence
saturation was observed at around 12 h post-980 nm
irradiation (Figure 3c, NIR (+), Figure 3f, M-DOX). The
control group was set as MANTED-DOX-anchored 4T1 cells
in the absence of 980 nm irradiation, which showed very low
fluorescence recovery in the same period of time (Figure 3c,
NIR (−), Figure S18a).

The capability of MANTED for reporting the ICD process
was further verified with two more drugs that have a structure
similar to DOX: mitoxantrone (MTX) that could also induced
ICD,57,58 and camptothecin (CPT) that fails to induce ICD.59

MANTED-MTX and MANTED-CPT were prepared by
loading MTX or CPT onto MANR, respectively, which
demonstrated a loading efficiency of 38.1% with a loading
capacity of 15.24 ug/mg MANR for MANTED-MTX (Figure
S19), and a loading efficiency of 42.1% with a loading capacity
of 14.65 ug/mg MANR for MANTED-CPT (Figure S20).
MTX and CPT were both rapidly released after 980 nm
irradiation and reached a release efficiency of 42.1% for
MANTED-MTX (Figure S21a,b) and 39.5% for MANTED-
CPT in 40 min (Figure S22a,b). Both MANTED-MTX
(Figure S21c) and MANTED-CPT (Figure S22c) showed
little drug release in the absence of 980 nm irradiation. ATP
secretion was then monitored in the NIR-II window for
MANTED-MTX-anchored 4T1 cells and MANTED-CPT-
anchored 4T1 cells. With 980 nm irradiation to trigger MTX
release, the time corresponding to NIR-II fluorescence
recovery was observed in MANTED-MTX-anchored 4T1
cells (Figure 3d, NIR (+); Figure 3f, M-MTX). On the
contrary, NIR-II fluorescence was barely observed in
MANTED-MTX-anchored 4T1 cells in the absence of 980
nm irradiation (Figure 3d, NIR (−); Figure S18b). CPT-based
chemotherapy could not induce the ICD process, which
showed little NIR-II fluorescence for MANTED-CPT-treated
4T1 cells both with and without 980 nm irradiation (Figures
3e, 3f, M-CPT; Figure S18c). In addition, nontherapeutic
MANR anchored to 4T1 cells in the absence of drug loading
did not show NIR-II fluorescence recovery from the well plate
with 980 nm irradiation due to the lack of chemotherapy
(Figure S23). ATP-responsive NIR-II fluorescence recovery
intensities for MANTED-CPT-, MANTED-MTX-, and
MANTED-DOX-anchored 4T1 cells demonstrated a gradually
increasing trend (Figure 3f), revealing that DOX was a
superior ICD inducer drug than MTX, while CPT could not
induce ICD, which were in accord with literature reported
drug properties.5,57−59
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The differences in ICD generation capability for MANTED-
CPT, MANTED-MTX, and MANTED-DOX were further
confirmed by quantifying ATP secretion from the cell culture
supernatant with a luciferin-based ATP assay (Figure 3g),
which demonstrated a similar increasing tendency as the NIR-

II fluorescence measurement from the cell membrane. The
ATP secretion signal collected from the supernatant showed a
delayed response compared with that collected from the cell
membrane, which only demonstrated a concentration differ-
ence at 8 h post-chemotherapy (Figure 3g). On the contrary,

Figure 4.MANTED in vivo reports of the ICD process. (a) Schematic illustration of the MANTED application for chemotherapy with in vivo ICD
process monitoring. (b) Time-corresponding NIR-II fluorescence images, (c) representative flow cytometry images of DCs (gated on CD11c+),
and (d) the corresponding percentage of mature DCs in the tumor. Serum levels of (e) IFN-γ, (f) TNF-α, and (g) the representative
immunofluorescence images showing infiltrating T lymphocytes in tumor tissues on day 5 for tumor-bearing mice administered with saline, MANR,
MANTED-CPT(M-CPT), MANTED-MTX(M-MTX), and MANTED-DOX (M-DOX), respectively, in the presence of NIR irradiation. Error
bars indicate the mean ± SD (n = 5). Scale bar: 25 μm. Statistical significance between the two groups was analyzed using a two-tailed unpaired
Student’s t-test. P < 0.05 was considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001; ##, not significant).
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cell membrane-anchored MANTED could report ATP
secretion differences for ICD-inducing chemotherapy and
ICD noninducing chemotherapy as early as 2 h post-therapy,
and differentiate ICD inducement effects for different chemo-
therapy drugs as early as 4 h post-therapy (Figure 3f).
Calreticulin (CRT), another ICD biomarker expressed on the
4T1 cell membrane, was stained with an Alexa 488-conjugated
antibody. The strongest Alexa fluorescence was observed in
MANTED-DOX-treated 4T1 cells (Figure 3h M-DOX), while
MANTED-MTX-treated 4T1 cells also demonstrated obvious
Alexa fluorescence with lower intensity (Figure 3h, M-MTX),
indicating an efficient ICD process. Alexa fluorescence was
barely observed in MANTED-CPT-treated 4T1 cells (Figure
3h, M-CPT) due to the failure of ICD generation. These
results demonstrated a similar tendency to the results from
membrane NIR-II fluorescence recovery and confirmed the
applicability of MANTED for in situ reporting of the ICD
process.
Application of MANTED for In Vivo ICD Process Reporting

A subcutaneous 4T1 breast cancer model was established in
BALB/c mice, which were intratumorally injected with
Ac4ManNAz once a day for 3 days to produce artificial azide
receptor-expressed tumors. The as-treated mice were randomly
divided into 5 groups: intravenously injected with saline,
MANR, MANTED-CPT, MANTED-MTX, and MANTED-
DOX, and exposed to 980 nm irradiation. The time
corresponding to NIR-II fluorescence recovery was monitored
under 808 nm irradiation (Figure 4a). To trace the systematic
circulation of MANTED, RENPs-Rep/DBCO was prepared by
conjugating RepATP to RENPs-Mal-DBCO, and intravenously
administered to 4T1 tumor-bearing mice, which showed a
gradual increase of RENP downconversion fluorescence at
1060 nm from the tumor growth position over time and
saturation at 9−10 h post-injection (Figure S24), indicating
effective accumulation of MANTED at the tumor position. Ex
vivo NIR-II imaging of major organs was also performed at 9 h
post-administration of RENPs-Rep/DBCO to demonstrate its
biodistribution among organs, which showed a strong signal in
the tumor. The liver also showed NIR-II fluorescence due to
the local accumulation of RENPs-Rep/DBCO, while other
major organs exhibited minimal signal intensity (Figure S25).
Therefore, 9 h was chosen as the time point for 980 nm
irradiation to perform chemotherapy, and the time correspond-
ing to NIR-II fluorescence images of the mice was monitored
by using an in vivo imaging system (IVIS) under 808 laser
irradiation. The NIR-II fluorescence signals were collected at 0,
2, 4, 8, 12, 16, and 24 h post-chemotherapy, which gradually
increased at the tumor site in the MANTED-DOX- and
MANTED-MTX-treated mice groups within the first 12 h.
Higher fluorescence intensity was observed in the MANTED-
DOX-treated mice group due to the stronger ICD induction
efficiency of DOX. A 12 h membrane anchoring time period is
sufficient to demonstrate ICD effect variations for different
chemotherapeutic reagents. The NIR-II fluorescence signal
largely decreased at 16 h post-chemotherapy and diminished at
24 h post-chemotherapy (Figure 4b, M-DOX, M-MTX; Figure
S26, MANTED-DOX, MANTED-MTX). The MANTED-
CPT- and MANR-administered mice group barely showed
NIR-II fluorescence recovery compared with the saline-treated
mice group due to the absence of the ICD process (Figure 4b,
M-CPT, MANR, Saline; Figure S26, MANTED-CPT, MANR,
Saline). NR-MANTED-DOX, which did not respond to ATP,

was also prepared with NR-RepATP-1080 instead of RepATP-
1080 and administered to 4T1 tumor-bearing mice, which
exhibited little NIR-II fluorescence recovery over the imaging
period (Figure S27), confirming that NIR-II fluorescence
recovery was due to ATP release and that the tumor
microenvironment did not generate nonspecific NIR-II
fluorescence recovery. Ex vivo imaging of harvested organs
and tumors collected 12 h after 980 nm light irradiation
showed a similar tendency. NIR-II fluorescence was observed
in both tumors of MANTED-DOX- and MANTED-MTX-
administered mice, while MANTED-DOX-administered mice
demonstrated higher fluorescence in the tumor. MANTED-
CPT- and MANR-administered mice barely showed NIR-II
fluorescence in the tumor (Figure S28).

Besides ATP, dying tumor cells release damage-associated
molecular patterns (DAMPs) in the ICD process, which leads
to DC maturation and secretion of cytokines (tumor necrosis
factor-α (TNF-α) and interferon-γ (IFN-γ)).8,60 Therefore, the
maturation status of DCs and cytokine release were also
investigated to evaluate downstream immune responses in vivo.
The above treatments were repeated on the third day for all
mice groups, and the tumor tissues was collected on the fifth
day for downstream immune response evaluation. The
MANTED-DOX- and MANTED-MTX-administered mice
groups showed mature DC percentages of 42.1 and 36.6%,
respectively, which were significantly higher compared with
those of MANTED-CPT (14.0%), MANR (10.1%), and
saline-administered mice group (10.2%) (Figure 4c,d).
Cytokine secretion was also evaluated by collecting serum
from mice at low temperatures and quantified using interferon-
γ (IFN-γ) and tumor necrosis factor-α (TNF-α) ELISA kits
(Figure S29). Similarly, MANTED-DOX- and MANTED-
MTX-administered mice groups demonstrated notable en-
hancement of approximately 35- and 10-fold of IFN-γ
secretion, respectively, compared with saline-treated mice
group (Figure 4e) and approximately 3.3- and 2.5-fold of
TNF-α secretion, respectively, compared with saline-treated
mice group (Figure 4f), while MANTED-CPT- and MANR-
administered mice groups demonstrated similar levels of IFN-γ
secretion (Figure 4e) and TNF-α secretion (Figure 4f)
compared with saline-treated mice group. The maturation
status of DCs and cytokine secretion patterns in the different
mice groups were consistent with the tendency of ATP-
responsive NIR-II fluorescence recovery in the different mice
groups. Mature DCs further migrated to lymph nodes to
activate T cells while recruiting activated T cells to tumor
sites;61 therefore, efficient infiltration of CD8+ and CD4+ T
cells was observed in tumor tissues for MANTED-DOX-
administered mice groups and MANTED-MTX-administered
mice groups (Figure 4g, M-DOX, M-MTX), while MANTED-
CPT- and MANR-administered mice groups did not show
much CD8+ and CD4+ T-cell infiltration compared with saline-
treated mice group (Figure 4g, M-CPT, MANR, Saline). These
results indicated the reliability of MANTED for real-time ICD
process reporting and may further predict the extent of
downstream immune activation. H&E staining histopathology
analysis of major organs (heart, liver, spleen, lung, and kidney)
harvested from imaging mice exhibited fewer lesions compared
with the saline-treated mice group (Figure S30), demonstrat-
ing the good biocompatibility of MANTED.
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Figure 5. Effect of adjuvant CpG administration on ICD-inducing chemotherapy and non-ICD-inducing chemotherapy. (a) Schematic illustration
of the therapeutic effect and immune activation evaluation for chemotherapy in the presence and absence of adjuvant CpG administration and
corresponding (b) tumor growth curves, (c) photographs of tumor tissues after treatment, (d) mice weight curves, (e) representative flow
cytometry images of DCs (gated on CD11c+), and (f) the corresponding percentage of mature DCs in the tumor. Serum levels of (g) IFN-γ and
(h) TNF-α. (i) Representative immunofluorescence images showing infiltrating T lymphocytes in tumor tissues on day 5 following various
treatments for subcutaneous 4T1 tumor-bearing mice groups: Groups1−6 in (b−i), respectively, administered with group 1: Saline; group 2: Saline
+ CpG; group 3: MANTED-CPT; group 4: MANTED-CPT + CpG; group 5: MANTED-DOX; and group 6: MANTED-DOX + CpG. All mice
groups were administered with 980 nm NIR irradiation. Error bars indicate the mean ± SD (n = 5). Scale bar: 25 μm. Statistical significance
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Application of MANTED as an NIR-II Timer for Guiding
Adjuvant Administration to Boost
Chemo-immunotherapy

In vivo reporting of the ICD process guides adjuvant
administration in chemo-immunotherapy. Adjuvant adminis-
tration to ICD-inducing chemotherapy could significantly
enhance the therapeutic effect. 4T1 tumor-bearing mice were
divided into 6 groups and administered (1) saline, (2) saline
and adjuvant CpG, (3) MANTED-CPT, (4) MANTED-CPT
and adjuvant CpG, (5) MANTED-DOX, and (6) MANTED-
DOX and adjuvant CpG. Mice were administered with
MANTED for chemotherapy on Days 1, 3, 5, 7, 9, and 11,
and CpG was intratumorally administered at 12 h post-980 nm
irradiation for mice groups (2), (4), and (6) (Figure 5a).
Group 6 mice (MANTED-DOX + CpG) showed an efficient
therapeutic effect with 95.7% suppression of tumor size
compared with the saline-administered mice group, while
group 5 mice (MANTED-DOX) demonstrated only 86.5%
suppression of tumor size, demonstrating the boosting effect of
CpG administration to chemo-immunotherapy (Figure 5b,c,
groups 5,6). On the contrary, CpG application to chemo-
therapy that does not induce ICD contribution little to the
therapeutic effect; thus, the mice groups administered with
MANTED-CPT (Figure 5b,c, group 3) and mice groups
administered with MANTED-CPT and CpG (Figure 5b,c,
group 4) demonstrated similar suppressions of tumor size.
CpG administration in the absence of chemotherapy did not
contribute to chemo-immunotherapy either, and showed a
similar tumor size as the saline-treated mice group (Figure
5b,c, group 1,2). Minor fluctuations in the body weight were
observed in all mice groups (Figure 5d), indicating negligible
systemic toxicity at the administered doses.
Application of MANTED as an NIR-II Timer for Guiding
Adjuvant Administration to Boost
Chemo-immunotherapy

In vivo reporting of the ICD process guides adjuvant
administration in chemo-immunotherapy. Adjuvant adminis-
tration to ICD-inducing chemotherapy could significantly
enhance the therapeutic effect. 4T1 tumor-bearing mice were
divided into 6 groups and administered (1) saline, (2) saline
and adjuvant CpG, (3) MANTED-CPT, (4) MANTED-CPT
and adjuvant CpG, (5) MANTED-DOX, (6) MANTED-
DOX, and adjuvant CpG. Mice were administered with
MANTED for chemotherapy on Days 1, 3, 5, 7, 9, and 11,
and CpG was intratumorally administered at 12 h post-980 nm
irradiation for mice groups (2), (4), and (6) (Figure 5a).
Group 6 mice (MANTED-DOX + CpG) showed an efficient
therapeutic effect with 95.7% suppression of tumor size
compared with the saline-administered mice group, while
group 5 mice (MANTED-DOX) only demonstrated 86.5%
suppression of tumor size, demonstrating the boosting effect of
CpG administration to chemo-immunotherapy (Figure 5b,c,
groups 5,6). On the contrary, CpG application to chemo-
therapy that does not induce ICD contributed little to the
therapeutic effect; thus, the mice groups administered with
MANTED-CPT (Figure 5b,c, group 3) and the mice groups
administered with MANTED-CPT and CpG (Figure 5b,c,

group 4) demonstrated similar suppressions of tumor size.
CpG administration in the absence of chemotherapy did not
contribute to chemo-immunotherapy either and showed a
similar tumor size as the saline-treated mice group (Figure
5b,c, group 1,2). Minor fluctuations in the body weight were
observed in all mice groups (Figure 5d), indicating negligible
systemic toxicity at the administered doses.

Immune activation corresponding to CpG administration
was also evaluated by dendritic cell (DC) maturation and
cytokine release. The MANTED-DOX-administered mice
group in the absence of CpG administration showed only a
slightly greater extent of DC maturation, IFN-γ, and TNF-α
secretion levels compared with the MANTED-CPT and saline-
administered mice groups (Figure 5e,f,g,h, groups 1−3). CpG
administration to mice groups that were not operated with
chemotherapy (Figure 5e,f,g,h, group 2) or mice groups that
were treated with non-ICD-inducing chemotherapy (Figure
5e,f,g,h, group 4) could not improve the therapeutic effect and
showed similar levels of DC maturation and cytokine
secretions compared with saline-treated mice groups (Figure
5e,f,g, group 1). On the contrary, applying adjuvant CpG to
the MANTED-DOX-treated mice group exhibited a significant
increase of immune activation, which increased DC maturation
from 16.4% (Figure 5e,f group 5) to 30.6% (Figure 5e,f, group
6), serum IFN-γ from 86.7 to 221.8 pg/mL (Figure 5g, group
5,6), and serum TNF-α from 84.0 to 113.9 pg/mL (Figure 5h,
group 5,6), indicating an effective boosting effect of CpG on
immune activation in the ICD process. The infiltration of
CD8+ and CD4+ T cells in the tumor position was further
evaluated with immunofluorescence staining, which showed
very limited T-cell infiltration in saline (Figure 5i, group 1)-
and MANTED-CPT (Figure 5i, group 3)-treated mice groups
due to the lack of ICD process, while obvious T-cell infiltration
was observed in the ICD-inducing drug MANTED-DOX-
treated mice group (Figure 5i, group 5). MANTED-DOX
combined with CpG administration further enhanced the
infiltration of both CD8+ and CD4+ T cells into tumor tissues
(Figure 5i, Group 6), indicating that ICD-inducing chemo-
therapy combined with immune adjuvant administration could
effectively enhance immune cell activation and infiltration,
making it suitable for combination immunotherapy. On the
contrary, CpG administration provided no additional immu-
nostimulatory benefit to non-ICD-inducing chemotherapy
(Figure 5i, group 3,4). The above results indicate that in situ
monitoring of the ICD process via NIR-II fluorescence
recovery can provide a theoretical basis for deciding whether
adjuvant administration is needed in chemotherapy, which
could not only enhance chemotherapy efficiency but also avoid
side effects from unnecessary adjuvant administration.

Apart from distinguishing between ICD-inducing and non-
ICD-inducing chemotherapy in order to decide whether to add
adjuvants in the treatment process, MANTED also acts as a
NIR-II fluorescent timer to indicate the optimal adjuvant
administration timing for ICD-inducing chemo-immunother-
apy. 4T1 tumor-bearing mice were glycometabolically labeled
with Ac4ManNAz, intravenously administered MANTED-
DOX, and randomly divided into 5 groups. Group 1 mice
were not administered CpG, while intratumoral injections of

Figure 5. continued

between the two groups was analyzed using a two-tailed unpaired Student’s t-test. P < 0.05 was considered statistically significant (*P < 0.05, **P <
0.01, ***P < 0.001; ##, not significant).
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equivalent CpG doses were given at 4, 8, 12, and 16 h post-980
nm irradiation for group 2−5 mice to evaluate the boosting
effect of adjuvant administration timing on chemo-immuno-
therapy. Chemotherapy and CpG administration were
repeated on days 1, 3, 5, 7, 9, and 11, and tumor volume
was evaluated on Day 13 to evaluate the therapeutic effect
(Figure 6a). Considering that MANTED-DOX was adminis-
tered to all 5 groups, they all demonstrated suppression of
tumor growth to some extent. The mice group that was
administered CpG at 4 h post-NIR irradiation showed no
obvious enhancement for tumor growth suppression compared
with the mice group that was only administered MANTED-
DOX (Figure 6b,c, No CpG, 4 h). The less efficient

therapeutic enhancement effect at 4 h post-chemotherapy
administration was probably due to the insufficient time for
immune cell recruitment. Delaying adjuvant administration
with a longer interval after chemotherapy spatiotemporally
coincides with the immune cells recruited to the tumor by the
ICD process, thus boosting chemo-immunotherapy more
efficiently. CpG administration at 8 h post-chemotherapy
showed higher suppression of tumor growth (Figure 6b,c, 8 h),
and CpG administration at 12 and 16 h post-chemotherapy
showed the best therapeutic effects with the highest
suppression of tumor growth (Figure 6b,c, 12 h, 16 h). The
as-optimized CpG administration timing coincided with the
time at which the NIR-II fluorescence recovery intensity

Figure 6. Effect of CpG administration timing on chemo-immunotherapy efficiency. (a) Schematic illustration of the therapeutic effect and
immune activation evaluation for MANTED-DOX-treated 4T1 tumor-bearing mice and corresponding (b) tumor growth curves, (c) photographs
of tumor tissues after treatment, (d) mice weight curves, (e) representative flow cytometry images of DCs (gated on CD11c+), (f) the
corresponding percentage of mature DCs in the tumor, and serum levels of (g) IFN-γ and (h) TNF-α, and (i) representative immunofluorescence
images showing infiltrating T lymphocytes in tumor tissues. The mice groups were treated in the absence of CpG administration (no CpG), and
administered with CpG at 4, 8, 12, and 16 h post-chemotherapy, respectively. Error bars indicate the mean ± SD (n = 5). Scale bar: 25 μm.
Statistical significance between the two groups was analyzed using a two-tailed unpaired Student’s t-test. P < 0.05 was considered statistically
significant (*P < 0.05, **P < 0.01, ***P < 0.001; ##, not significant).
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saturated during in vivo imaging of the ICD process (Figure 4b,
M-DOX, Figure S26, MANTED-DOX), which confirmed that
MANTED could act as an in vivo NIR-II fluorescence timer to
guide CpG administration timing in chemo-immunotherapy to
boost efficiency. Only minor body weight fluctuations were
observed across all mice groups during the treatment period
(Figure 6d), indicating satisfactory biosafety of MANTED.

The immunoactivation of administering CpG at different
times was also evaluated by quantifying DC maturation rates
and serum levels of IFN-γ and TNF-α on day 5 of the therapy
period (Figure 6a). The mice group that was administered
CpG at 4 h post-chemotherapy showed no significant
enhancement of DC maturation compared with the mice
group without CpG administration (Figure 6e,f, no CpG, 4 h).
Delayed CpG administration improved DC maturation, which
reached 34.8% for the 8 h post-chemotherapy group (Figure
6e,f, 8 h) and saturated at 48.8% for the 12 h post-
chemotherapy group (Figure 6e,f, 12 h) and 50.8% for 16 h
post-chemotherapy group (Figure 6e,f, 16 h). The secretion
profiles of cytokines IFN-γ and TNF-α demonstrated similar
trends, and the CpG administration 4 h post-chemotherapy
group showed no obvious difference compared with the no
CpG administration group (Figure 6g,h, No CpG, 4 h), while
both cytokine secretion levels increased for CpG admin-
istration at 8 h post-chemotherapy group (Figure 6g,h, 8 h)
and saturated for CpG administration at 12 and 16 h post-
chemotherapy groups (Figure 6g,h, 12 h, 16 h). Immuno-
fluorescence staining revealed negligible T-cell infiltration with
CpG administration within 4 h (Figure 6i, 4 h), whereas
substantial CD8+ and CD4+ T-cell recruitment was observed in
tumor tissues when CpG was delivered after 8 h (Figure 6i, 8
h), with optimal CD4+ and CD8+ T-cell infiltration achieved
when CpG was administered at 12 and 16 h post-chemo-
therapy (Figure 6i, 12 h, 16 h). These results confirmed that in
vivo ICD imaging-guided CpG administration could effectively
facilitate DC maturation and subsequent T-cell-mediated
antitumor immunity.

■ CONCLUSIONS
In summary, we developed MANTED for in vivo ICD
reporting in the NIR-II region and to guide adjuvant CpG
administration timing to boost chemo-immunotherapy. A
photoactivatable duplex-structured DNA strand that recog-
nizes ATP was conjugated to RENPs and loaded with
chemodrug to prepare MANTED, which was anchored on
the tumor cell membrane via bio-orthogonal click chemistry.
The stable anchoring and photocontrolled responsiveness
prevented false-positive signals and guaranteed ATP secretion
detection accuracy in the ICD process. Orthogonal RENPs
produced upconversion UV emission under 980 nm
irradiation, which released chemodrugs and activated ATP-
responsive DNA strands. ATP recognition resulted in NIR-II
downconversion luminance recovery at 1060 nm upon 808 nm
excitation, enabling real-time ICD process monitoring, which
also acted as an in situ timer to guide adjuvant CpG
administration timing and boost therapeutic efficiency. The
monitoring accuracy was evaluated with non-ICD-inducing
drug CPT and ICD-inducing drugs MTX and DOX, and
different CpG administration timings were tested at 4, 8, 12, 16
h post-chemo-immunotherapy. Considering that the depend-
ence of the MANTED system on metabolic prelabeling
(Ac4ManNAz) would increase operational complexity, future
optimization strategies may consider directly anchoring

MANTED to the cancer cell membrane through antibodies
recognizing membrane proteins or covalent fluorine−sulfur
exchange reactions.62 Imaging techniques that provide greater
penetration and whole-body readouts, such as PET and MRI,
would also offer advantages for potential clinical translation.

■ EXPERIMENTAL SECTION

Materials and Reagents
Rare-earth (III) anhydrous chlorides (Yb, Gd, Nd, Y, and Tm) were
purchased from Alfa Aesar and used as received. Sodium hydroxide
(NaOH), ammonium fluoride (NH4F), cyclohexene, acetone, oleic
acid (OA), 1-octadecene (ODE), alendronic acid (ADA), N,N-
dimethylformamide (DMF), 1-ethyl-(3-dimethyllaminopropyl)-
carbodiimide hydrochloride (EDC•HCl), N-hydroxysuccinimide
(NHS), and doxorubicin hydrochloride (DOX) were purchased
from Aladin Ltd. (Shanghai, China). Mitoxantrone hydrochloride
(MTX) and Camptothecin (CPT) were obtained from J&K Scientific
Ltd. (Beijing, China). The carboxyl-functionalized fluorescent dye
FD1080-COOH was purchased from Xi’an Rui Xi Biological
Technology Co., Ltd. NHS-PEG4-MAL and NHS-PEG-DBCO
(MW 2000) were purchased from ToYong Biotech (Shanghai,
China). Roswell Park Memorial Institute (RPMI) media 1640 and
Cell Counting Kit-8(CCK8) detection kit were bought from Keygen
Biotech (Nanjing, China). Fluorescein isothiocyanate (FITC) was
obtained from Fanbo Biochemicals (Beijing, China). Tris(2-
carboxyethyl)-phosphine hydrochloride (TCEP), Adenosine triphos-
phate (ATP), Uridine triphosphate (UTP), Guanosine triphosphate
(GTP), and Cytidine triphosphate (CTP) were purchased from
Sangon Biotech Co. Ltd. (Shanghai, China). The ATP assay kit and
DiD were purchased from Bi Yun Tian Biotech. Co., Ltd. (Shanghai,
China). Calreticulin (CRT) antibody and Alexa Fluor 488-conjugated
goat antirabbit IgG antibody were purchased from Abcam. Anti-
CD80-FITC and anti-CD86-APC were purchased from Bioryt (UK).
Anti-CD11c-PE was purchased from Sigma-Aldrich. Collagenase I
and hyaluronidase were purchased from Duly Biotech. Co., Ltd.
(Nanjing, China). The 4T1 cell lines were obtained from KeyGEN
Biotech. Co., Ltd. (Nanjing, China). All of the DNA oligonucleotides
were synthesized and purified by Sangon Biotech Co. Ltd.
Apparatus
Transmission electron microscoy (TEM) images were obtained on a
JEM-2800 transmission electron microscope (JEOL Ltd., Japan).
Absorption spectra were measured with a UV-3600 UV−vis-NIR
spectrophotometer (Shimadzu Company, Japan). The ζ-potentials
were measured with a Zetasizer Nano-ZS (Malvern Instruments, UK).
Dynamic light scattering (DLS) was performed on a ZetaPlus 90
Plus/BI-MAS (Brookhaven). Upconversion luminescence (UCL)
spectra were recorded on an F-7000 spectrometer (HITACHI,
Japan) under external 980 nm laser excitation. NIR-II fluorescence
spectra were recorded by an FL spectrometer F980 (Edinburgh
Instruments, UK) under external 808 nm laser excitation. The cell
images were obtained on a TCS SP8 STED 3X confocal laser
scanning microscope (CLSM) (Leica, Germany). Flow cytometry
analysis was performed on a Cyto Flex flow cytometer (Beckman-
Coulter). CCK8 assays were performed on a Hitachi/Roche System
Cobas 6000 (Bio-Rad). In vivo NIR-II fluorescence imaging was
carried out by using an NIR-II In Vivo Imaging System (Series III
900/1700, Suzhou NIR-Optics Technologies Co., Ltd., China)
equipped with an 808 nm diode laser (10 W/cm2) and a 1000 nm
long-pass (LP 1000) filter.
Preparation and In Vitro Verification of Photoactivatable
ATP Reporter
The self-quenched ATP reporter RepATP-Cy3/BHQ2 was prepared by
incubating 500 nM BHQ2-labeled ATP aptamer (Apt-BHQ2) with
500 nM Cy3-labeled photocleavable complementary strand (Com-
DNAPC-Cy3) in 10 mM HEPES buffer (pH 7.4, containing 150 mM
NaCl) at 37 °C for 1 h. The mixture solution was irradiated with UV
light (7 mW/cm2) for 5 min and continuously incubated at 37 °C for
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1 h in the presence and absence of 1 mM ATP, and Cy3 fluorescence
recovery was recorded at 550−600 nm.

Polyacrylamide Gel Electrophoresis (PAGE) Analysis
The ATP reporter probe (RepATP) was prepared by incubating 500
nM ATP aptamer (Apt) with 500 nM photocleavable complementary
strand (Com-DNAPC) in 10 mM HEPES buffer (pH 7.5, containing
150 mM NaCl) at 37 °C for 1 h. The mixture solution was irradiated
with UV light (7 mW/cm2) for 5 min and continuously incubated at
37 °C for 1 h in the presence and absence of 1 mM ATP. To perform
PAGE analysis, 5 μL of the reaction sample was mixed with 1 μL of 6
× loading buffer. Gel electrophoresis was run at 100 V for 75 min in 1
× TBE buffer, stained with SYBR Gold Nucleic Acid Gel Stain
(Thermo Fisher Scientific), and scanned with a Molecular Imager Gel
Doc XR.

Preparation of Multilayer-Structured RENPs
NdGdF4:Yb,Tm@NaYF4@NaYF4:Nd
To prepare the inert shell NaYF4 and the downconversion shell
NaYF4:Nd precursors, YCl3 (2.0 mmol) was mixed with 5 mL of OA
and 15 mL of ODE and heated to 150 °C for 90 min in vacuum. After
cooling down to 45 °C, 20 mL of methanol containing 8 mmol of
NH4F and 5 mmol of NaOH was added dropwise to the above
mixture and stirred for 30 min. The reaction mixture was heated to 80
°C for 30 min to completely remove methanol and obtain the inert
shell precursor NaYF4. The downconversion shell precursor
NaYF4:Nd was prepared according to the above procedure with
YCl3:NdCl3 in a molar ratio of 9:1.

The upconversion core was synthesized by adding GdCl3 (0.50
mmol), YbCl3 (0.49 mmol), and TmCl3 (0.01 mmol) to a three-
necked flask containing 5 mL OA and 15 mL ODE. The mixture was
heated to 150 °C for 90 min under vacuum to obtain a transparent
solution, which was then cooled down to 45 °C. Subsequently, 10 mL
methanol solution containing 4 mmol NH4F and 2.5 mmol NaOH
was added dropwise to the mixture and kept for 30 min. After
complete evaporation of methanol at 80 °C for 30 min, the reaction
mixture was heated to 290 °C gradually and kept for 90 min under a
nitrogen atmosphere. After naturally cooling to room temperature, the
as-obtained upconversion core NaGdF4:Tm,Yb was precipitated with
acetone, washed with ethanol, and redispersed in 10 mL cyclohexane
for further use.

The RENPs NdGdF4:Yb,Tm@NaYF4@NaYF4:Nd was prepared
with a one-pot successive layer-by-layer protocol. 2 mL of the above-
obtained upconversion core NaGdF4:Tm,Yb was mixed with 5 mL of
OA and 15 mL of ODE. The mixture was heated to 80 °C for 30 min
to completely remove cyclohexane and further heated to 300 °C
under a nitrogen atmosphere. After being heated to 150 °C, 4 mL of
the above-prepared shell precursor NaYF4 was hot-injected into the
upconversion core NaGdF4:Yb,Tm, and stirred at 300 °C for 20 min,
which was repeated 5 times to get a satisfactory thickness of the inert
shell. Subsequently, the shell precursor NaYF4:Nd (1.0 mmol) was
heated to 150 °C and injected into the reaction mixture at 300 °C for
30 min. The as-obtained NaGdF4:Yb,Tm@NaYF4@NaYF4:Nd was
precipitated with acetone, washed with ethanol, and redispersed in
cyclohexane for further use.

Preparation of NIR-Activatable Membrane-Anchored
NIR-II ATP Reporter (MANR) RENPs-Rep1080/DBCO
To disperse the above-obtained RENPs in aqueous solutions and
make them accessible for surface functionalization, ligand exchange
with ADA was performed. 100 mg of the above-prepared RENPs was
dispersed in 20 mL of 1 M HCl aqueous solution and stirred
overnight, and subsequently dispersed in 20 mL of 10 mM ADA
solution and continuously stirred for 12 h. The as-obtained ADA-
functionalized RENPs (RENPs-ADA) were washed with deionized
water three times and redispersed in DMF for further use. Then, 70
μL of 2 mM NHS-PEG-DBCO and 70 μL of 2 mM NHS-PEG4-Mal
were reacted with 1.0 mg RENPs-ADA in DMF for 12 h to obtain
RENPs-Mal/DBCO. The as-obtained products were centrifuged,
washed with water three times, and redispersed in HEPES buffer.

The NIR-II fluorescence quencher FD1080 functionalized ATP
reporter (RepATP-1080) was prepared by hybridization of FD1080-
functionalized ATP aptamer (Apt-1080) and its photocleavable
complementary strand (Com-DNAPC). To prepare Apt-1080, a 1
mM FD1080-COOH aqueous solution was mixed with 0.1 M EDC
and 0.4 M NHS, stirred for 1 h, and then reacted with NH2-
functionalized ATP aptamer overnight and purified via ultrafiltration
(Mw = 10 KD) to remove unreacted FD1080-COOH. Com-DNAPC
was reduced with TCEP for 30 min at room temperature to reduce
the disulfide bonds at the 3′ terminus. 10 μM of as-obtained Apt-1080
and com-DNAPC were mixed with a total volume of 400 μL to obtain
RepATP-1080.

To evaluate the NIR-activatable ATP response, NIR-activatable
visible ATP reporter (RENPFITC-RepBHQ1/DBCO) was prepared by
conjugating BHQ1-labeled ATP reporter (RepATP-BHQ1) to an
FITC-labeled RENP-Mal/DBCO (RENPFITC-Mal/DBCO). FITC-
labeled RENP-Mal/DBCO (RENPFITC-Mal/DBCO) was prepared by
mixing 1.0 mg of RENPs-Mal/DBCO with 10 μL of 2 mM FITC and
stirring for 12 h. RepATP-BHQ1 was prepared by incubating 500 nM
BHQ1-labeled ATP aptamer (Apt-BHQ1) with 500 nM Com-DNAPC
in 10 mM HEPES buffer (pH 7.4, containing 150 mM NaCl) at 37
°C for 1 h. RENPFITC-RepBHQ1/DBCO was prepared by reacting 1.0
mg RENPFITC-Mal/DBCO with 400 μL of 50 μM RepATP-BHQ1
overnight. The as-obtained RENPFITC-RepBHQ1/DBCO was centri-
fuged, washed with HEPES buffer three times, and redispersed in
HEPES buffer.

NIR-activatable membrane-anchored NIR-II ATP reporter
(MANR) (RENP-Rep1080/DBCO) was prepared by reacting 1.0 mg
RENPs-Mal/DBCO with 400 μL of 50 μM RepATP-1080 overnight.
The as-obtained MANR (RENPs-RepFD1080/DBCO) was centrifuged,
washed with HEPES buffer three times, and redispersed in HEPES
buffer.

In Vitro Verification of MANR for ATP Detection in the
NIR-II Region
250 μL of 1 mg/mL above-obtained MANR RENPs-Rep1080/DBCO
was activated with 980 nm laser irradiation (0.7 W/cm2) for 20 min,
and subsequently added to various concentrations of ATP (50, 100,
200, 300, 400, 500, 600, 700, 800, 1000, 1200, 1500 μM) and
continuously incubated at 37 °C for 2 h. The corresponding NIR-II
fluorescence recoveries of the RENPs were measured at 1060 and 808
nm excitation. The control group was set by performing the same
experiments in the absence of 980 nm laser irradiation. The reaction
specificity of MANR was also confirmed by incubating with 1 mM
UTP, GTP, and CTP in the absence and presence of 980 nm laser
irradiation. The NIR-II fluorescence recoveries of MANR were
measured under 808 nm excitation, and the results were compared
with those obtained after incubation with 1 mM ATP.

Chemodrug Release Assay
For the DOX release assay, 250 μL of the above-obtained MANTED-
DOX (1 mg/mL) was irradiated with or without 980 nm light
irradiation (0.7 W/cm2) for 20 min. The DOX release efficiency was
calculated by measuring the fluorescence intensities of the supernatant
at 590 nm and comparing them with the DOX standard calibration
curve. Accordingly, MTX and CPT release assays were performed
following the same procedure, and the supernatant fluorescence was
measured at 633 and 365 nm, respectively, and compared with their
respective standard calibration curves.

Cell Culture
4T1 cells were cultured in RPMI 1640 medium (KeyGEN
KGM31800-500) supplemented with 10% FBS at 37 °C in a
humidified atmosphere containing 5% CO2 and 95% air. Cell
numbers were determined with a Petroff−Hausser cell counter.

Cytotoxicity of MANR
A CCK-8 assay was performed to evaluate the cytotoxicity of MANR
(RENP-RepFD1080/DBCO). Briefly, 4T1 cells were seeded in 96-well
plates at a density of 5 × 104 cells mL−1 (100 μL per well, i.e., 5 × 103

cells per well) and allowed to adhere at 37 °C for 12 h. The medium
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was then replaced with a fresh medium containing 200 μg mL−1

MANR. For the irradiation group, cells were exposed to a 980 nm
laser at 0.7 W/cm2 for 20 min, whereas the nonirradiated group was
kept under identical conditions without laser exposure. After
incubation for 48 h, 10 μL of the CCK-8 reagent was added directly
to each well (containing 100 μL of medium), followed by incubation
for an additional 4 h at 37 °C protected from light. The absorbance at
450 nm was recorded by using a microplate reader (Bio-Rad). The
background absorbance from wells containing the medium and CCK-
8 but no cells was subtracted. Each condition was tested in triplicate,
and the experiment was independently repeated three times.

Preparation of Cell Membrane-Anchored NIR-II
Fluorescent Timer-Embedded Drug (MANTED)
Chemodrug molecules, including DOX, MTX, and CPT, containing
3−5 aromatic condensed rings, can embed in DNA via groove
binding. Generally, a cell membrane-anchored NIR-II fluorescent
timer-embedded DOX drug (MANTED-DOX) was prepared by
mixing 5 μL of 5 mg/mL DOX solution with 1 mL of 1 mg/mL
MANR RENPs-RepFD1080-DBCO and incubating at room temper-
ature for 3 h with slight shaking. Afterward, the obtained MANTED-
DOX was centrifuged, washed with HEPES to remove excess
nonspecifically adsorbed DOX, redispersed, and stored in 1 mL
HEPES. MANTED-MTX and MANTED-CPT were also prepared
using the above procedure. The loading capacity and loading
efficiency of chemodrugs to RENPs-Rep1080/DBCO were determined
from the fluorescence intensities of the MANTED solution and the
supernatants by comparing them with the standard calibration curves
of the respective chemodrugs.

Calcein-AM/PI Live/Dead Staining Method
4T1 cells (5 × 104 cells per well) were seeded in four-well confocal
dishes and cultured for 24 h, followed by incubation with MANTED-
DOX (200 μg/mL). For the irradiation group, cells were exposed to a
980 nm laser (0.7 W/cm2), while the control group was kept under
identical conditions without irradiation. After incubation, the cells
were stained with Calcein-AM (2 μM) and PI (4.5 μM) for 15 min at
37 °C in the dark, washed with PBS, and imaged by confocal
microscopy.

Confocal Fluorescence Imaging
200 μL of a 4T1 cell suspension was seeded in a 4-well confocal dish
(5 × 104 cells) and cultured at 37 °C for 12 h. Each well was treated
with Ac4ManNAz (200 μL, 50 μM) and cultured for 48 h at 37 °C.
To verify the efficiency of metabolic labeling, the as-treated 4T1 cells
were washed 2 times with PBS and incubated with 100 μL of 50 μM
DBCO-Cy5 for 1 h.

To verify the anchoring efficiency of the NIR-II ATP probe on the
cell membrane, RENPFITC-Rep/DBCO was prepared by conjugating
RepATP to the above-prepared RENPFITC-Mal/DBCO. The azide-
labeled 4T1 cells were incubated with 100 μg/mL RENPFITC-Rep/
DBCO for different times (0, 2, 4, 8, 12 h), followed by 10 min of
staining with the cell membrane labeling dye DiD (200 μL, 10 μM)
for the colocalization experiment. Each well was washed with PBS
thoroughly three times to remove free RENPFITC-Rep/DBCO and
DiD, and colocalization of FITC and DiD fluorescence was observed
by CLSM. To demonstrate the specific anchoring of RENPFITC-Rep/
DBCO on the cell membrane, 4T1 cells were incubated with 100 μg/
mL DBCO-free RENPFITC-Rep for 4 h, and the fluorescence images
were collected using CLSM.

To verify the ATP imaging capability, azide-labeled 4T1 cells were
incubated with 200 μL of 100 μg/mL RENPFITC-RepBHQ1/DBCO for
4 h. Different concentrations of ATP (0, 200, 400, 800 μM) were
added to the wells and incubated at 37 °C for 1 h in the absence and
presence of 980 nm laser irradiation for 20 min. FITC fluorescence
recovery images were recorded with CLSM.

LRET Energy Transfer Efficiency Simulation
The energy transfer efficiency (η) was calculated according to the
equation

1 2/ 1= (1)

where τ1 and τ2 are the fluorescence lifetimes of the 1060 nm
emission for RENPs-Mal/DBCO and RENPs-RepFD1080/DBCO,
respectively.
In Vitro Verification of Immunogenic Cell Death (ICD)
ICD induced by chemodrugs was verified by measuring ICD
biomarkers, including ATP release and surface exposure of CRT.
Briefly, 4T1 cells were seeded into 12-well plates (5 × 104 cells) and
cultured at 37 °C for 24 h. The cells were treated with 200 μg/mL
MANTED-DOX, 200 μg/mL MANTED-MTX, and 200 μg/mL
MANTED-CPT, and irradiated with a 980 nm laser for 20 min (0.7
W/cm2). The cell supernatant was collected after different incubation
times, and the release of ATP in the cell supernatant was detected by
a Chemiluminescence ATP Determination Kit according to the
manufacturer’s protocols. Each group was replicated three times.

The surface exposure of CRT was assessed by immunofluor-
escence. 4T1 cells were seeded into four-well confocal dishes (5 × 104

cells) and cultured at 37 °C for 24 h. The cells were treated with 200
μg/mL MANTED-DOX, 200 μg/mL MANTED-MTX, and 200 μg/
mL MANTED-CPT, and irradiated with a 980 nm laser for 20 min
(0.7 W/cm2). After continuous incubation at 37 °C for various times,
the cells were washed twice with PBS and fixed in 4%
paraformaldehyde for 20 min at room temperature. The as-treated
cells were then incubated with anti-CRT (dilution 1:200) for 1 h at 4
°C, further washed twice with PBS, and incubated with Alexa Fluor
488-conjugated secondary antibody (dilution 1:200) for 1 h at 37 °C.
After staining with DAPI, the cells were observed under CLSM.
Verifying the Capability of MANTED for NIR-II Imaging of
the ICD Process in Chemotherapy
Azide-labeled 4T1 cells were incubated with 200 μg/mL MANR and
200 μg/mL MANTED-DOX at 37 °C, and both were treated with
and without 980 nm laser irradiation. NIR-II fluorescence recovery
images were collected at different times with an NIR-II imaging
system under 808 nm laser excitation. Untreated 4T1 cells served as
dark controls. In situ ATP secretion monitoring was also performed
via incubating 200 μg/mL MANTED-MTX and 200 μg/mL
MANTED-CPT with 4T1 cells, and NIR-II fluorescence recovery
was investigated with the same protocol as described above.
In Vivo NIR-II Imaging of the ICD Process in Chemotherapy
All animal experiments were performed in accordance with the NIH
Guidelines for the Care and Use of Laboratory Animals (NIH
Publication no. 85-23 Rev. 1985) and approved by the Animal Ethical
and Welfare Committee of Nanjing University with approval No.
IACUC-2301003. Female BALB/c mice (4−5 weeks old) were
purchased from Pusheng Biomedical Biotech. Co., Ltd. (Nanjing,
China). 1 × 107 4T1 cells were subcutaneously injected into the
lateral side of the right hind limb to construct a subcutaneous breast
cancer model. After the tumor volume reached around 70−80 mm3,
30.0 μL of a 50.0 μM Ac4ManNAz solution was intratumorally
injected into the 4T1 tumors once a day for 3 days. The as-treated
mice were randomly divided into 5 groups and were intravenously
administered (1) Saline, (2) 4 mg/kg MANR, (3) 4 mg/kg
MANTED-DOX, (4) 4 mg/kg MANTED-MTX, and (5) 4 mg/kg
MANTED-CPT, respectively. The tumor was irradiated with a 980
nm laser (0.7 W/cm2, irradiated for 10 min, break 1 min) for 20 min
at 9 h post-administration. NIR-II fluorescence images were obtained
at different time points (0, 2, 4, 8, and 12 h post-980 nm laser
irradiation) using an in vivo fluorescence imaging system with 808 nm
excitation (150 mW/cm2) and a 1000 nm long-pass emission filter.
The mice were euthanized to collect their main organs, including the
heart, liver, spleen, lung, kidney, and tumor, for ex vivo fluorescence
imaging. Major organs from mice were also sectioned for H&E
staining to investigate the biosafety of MANTED.
In Vivo Chemo-immunotherapy and Evaluation of
Immunological Response
The in vivo immunological response induced by chemodrugs was
evaluated using a tumor model. Tumor-bearing mice were intra-
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tumorally injected with 30.0 μL of Ac4ManNAz (50.0 μM) once a day
for 3 days. The as-treated mice were randomly divided into 6 groups
and treated, respectively, with (1) saline, (2) saline + CpG (5 μg), (3)
MANTED-CPT (4 mg/kg), (4) MANTED-CPT (4 mg/kg) + CpG
(5 μg), (5) MANTED-DOX (4 mg/kg), and (6) MANTED-DOX +
CpG (5 μg). Saline, MANTED-CPT, and MANTED-DOX were
injected intravenously. After the probe was enriched at the tumor site,
the tumor was irradiated with a 980 nm laser (0.7 W/cm2) for 20 min
to release the drug. For groups (2), (4), and (6), the immune
adjuvant CpG was injected intratumorally at 12 h after 980 nm
irradiation. The treatments were repeated on days 1, 3, 5, 7, 9, and 11,
and the tumor volumes and body weights of the mice were recorded.
On Day 13, all of the mice were sacrificed, and photos of the tumors
were taken.

To compare the immunological responses, the mice groups were
treated as above on Days 1, 3, and sacrificed on Day 5, and the tumors
were harvested for immunofluorescence analysis of CD4+ and CD8+

T-cell infiltration. The tumor tissues were also cut into small pieces
and immersed in DMEM (supplemented with 1.5 mg/mL collagenase
I, 125 U/mL hyaluronidase, and 0.5 mg/mL DNase I) for 1 h for
tissue digestion. The tissue suspension was filtered through nylon
mesh filters (70 μm) and washed twice with DMEM by centrifugation
at 800 g for 5 min to prepare a single-cell suspension. To analyze the
activated DCs, the cells were stained with anti-CD11c-PE (dilution
1:100), anti-CD86-APC (dilution 1:100), and anti-CD80-FITC
(dilution 1:100), and analyzed with flow cytometry gated on
CD11C+. Blood was collected from mice and centrifuged at 4 °C
to obtain the serum. The cytokine levels in the serum were
determined using interferon-γ (IFN-γ) and tumor necrosis factor-α
(TNF-α) ELISA kits, according to the manufacturer’s instructions.
Serum samples were diluted as needed with the kit diluent, and
cytokine concentrations were calculated from the recombinant
standard curves.

In Vivo ICD Process Reporting Guided
Chemo-immunotherapy
To compare the therapeutic effects of adjuvant administration at
different times, 4T1 tumor-bearing mice were intratumorally injected
with 30.0 μL of Ac4ManNAz (50.0 μM) once a day for 3 days. The as-
treated mice were randomly divided into 5 groups; group 1 was
intravenously injected with MANTED-DOX (2 mg/kg), irradiated
with a 980 nm laser, and had no CpG administration. Groups 2−5
were intravenously injected with MANTED-DOX (2 mg/kg),
irradiated with a 980 nm laser, and intratumorally administered
with CpG (5 μg) at 4 h (group 2), 8 h (group 3), 12 h (group 4), and
16 h (group 5) post-980 nm laser irradiation. The treatment was
performed on Days 1, 3, 5, 7, 9, and 11, and the tumor volumes and
body weights of the mice were recorded. All mice were sacrificed on
Day 13, and photos of tumors were taken.

To compare the immunological responses, the mice groups were
treated as above on Days 1, 3, and sacrificed on Day 5. The DC
activation, IFN-γ, TNF-α secretions, and CD4+ and CD8+ T-cell
infiltration in tumors were analyzed according to the above-
mentioned approaches.
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