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Abstract 

Incomplete tumor resection is the direct cause of the tumor recurrence and metastasis after surgery. Intraoperative 
accurate detection and elimination of microscopic residual cancer improve surgery outcomes. In this study, a pow-
erful D1–π–A–D2–R type phototheranostic based on aggregation-induced emission (AIE)-active the second near-
infrared window (NIR-II) fluorophore is designed and constructed. The prepared theranostic agent, A1 nanoparticles 
(NPs), simultaneously shows high absolute quantum yield (1.23%), excellent photothermal conversion efficiency 
(55.3%), high molar absorption coefficient and moderate singlet oxygen generation performance. In vivo experiments 
indicate that NIR-II fluorescence imaging of A1 NPs precisely detect microscopic residual tumor (2 mm in diameter) 
in the tumor bed and metastatic lymph nodes. More notably, a novel integrated strategy that achieves complete 
tumor eradication (no local recurrence and metastasis after surgery) is proposed. In summary, A1 NPs possess superior 
imaging and treatment performance, and can detect and eliminate residual tumor lesions intraoperatively. This work 
provides a promising technique for future clinical applications achieving improved surgical outcomes.
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Introduction
Incomplete tumor resection is a prevalent cause of the 
recurrence and metastasis after surgery [1–3]. Statisti-
cally, incomplete tumor resection occurs in 20% breast 
cancer, 28% colorectal cancer and 30% head and neck 
cancer, which has become a significant clinical prob-
lem [4–6]. Currently, intraoperative assessment about 
whether the tumor has been completely removed is 
mainly dependent on surgeons’ visual inspection and pal-
pation. However, identifying residual disease based on 
these subjective parameters is challenging [7]. Therefore, 
development of an intraoperative real-time imaging tech-
nique to accurately identify microscopic residual lesion is 
urgent needed.

Near-infrared (NIR) fluorescence imaging techniques 
provide new opportunities to address the above issues 
because of their high sensitivity, high resolution and 
real-time imaging capability [8, 9]. The clinical trials on 
NIR-I (700–900  nm) fluorescence imaging of OLT38, 
LUM015 and Bevacizumab-IRDye800CW have achieved 
rapid identification of residual tumor and lymph nodes 
during surgery for patients and may thus improve surgi-
cal outcomes [10–12]. Along with imaging technological 
developments, the second near-infrared window (NIR-II, 
1000–1700  nm) fluorescence imaging has been devel-
oped, which has shown the far superior imaging qual-
ity than traditional NIR-I fluorescence imaging because 
of high imaging resolution, low background and auto-
fluorescence, deep tissue imaging capability, etc [13–
15]. Our previous study about the liver-tumor surgery 
guided by indocyanine green (ICG) fluorescence imaging 

demonstrated that comparing with NIR-I imaging, NIR-
II imaging provides a higher minor tumor detection sen-
sitivity. However, the maximum emission wavelength 
of ICG is at 845  nm and its quantum yield in the NIR-
II window is relatively low. Therefore, there is an urgent 
need to develop applicable NIR-II fluorophores with both 
good biocompatibility and high quantum yield [16].

In many clinical practices, complete tumor resection 
is difficult and debulking surgery is usually used to relief 
the patient’s symptoms for some advanced tumors such 
as ovarian carcinoma, neoplasms of central nervous sys-
tem and lymphoma [17]. In order to prolong the patients’ 
lifetimes, efforts have been devoted to explore new intra-
operative adjuvant techniques to impede the residual 
tumour growth, such as intraoperative radiotherapy [18]. 
However, intraoperative radiotherapy can induce ioniz-
ing radiation damage. Recently, phototherapy including 
photothermal therapy (PTT) and photodynamic therapy 
(PDT) has attracted lots of attentions as a promising can-
cer treatment strategy for their feature of noninvasive 
and high selectivity [19, 20]. More importantly, PTT has 
been reported to supplement surgery and eliminate tiny 
residual tumor intra-operatively and achieved a better 
outcome [21, 22].

Aiming to reduce incomplete tumor resection rate 
and improve surgical outcome, we developed a multi-
functional phototheranostics though a novel molecular 
design strategy in this study. The key structural feature 
of D1–π–A–D2–R type fluorophore A1 is the integra-
tion of planar π-conjugated units and twisted motifs into 
one molecule: (1) The planar motif has good conjugation 
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and can increase the absorptivity; (2) the twisted unit can 
produce a higher ΦPL in aggregate because of the restric-
tion of intermolecular interactions; (3) intramolecular 
motions are still active due to their loose packing in aggre-
gate state. A1 NPs simultaneously shows high absolute 
quantum yield (1.23%), excellent photothermal conver-
sion efficiency (55.3%), high molar absorption coefficient 
and moderate singlet oxygen generation performance. In 
addition, it was found that NIR-II fluorescence imaging 
of A1 NPs accurately detected residual tumor and meta-
static lymph nodes in tumor-bearing mice models. Most 
importantly, we proposed an integrated strategy that NIR-
II fluorescence-guided primary tumor resection and sub-
sequent intraoperative fluorescence-guided phototherapy 
elimination of unresectable residual tumors to further 
improve surgical margins. In summary, this work pro-
vided new insight for effectively reducing the local recur-
rence and reoperation rate after surgery.

Results
Design, synthesis and characterization of the A1 molecule
The excitation and emission of luminogens are strongly 
linked to band gap between the highest occupied 
molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) of the ground state 
and excited state, respectively. So far, most NIR-II AIE-
gens are designed adopting the donor–acceptor–donor 
(D–A–D) structure, which reduces the band gaps by 
enhancing the D–A effect. Benzo[1,2-c:4,5-c′]bis([1,2,5]
thiadiazole) (BBTD) is an extremely electron-deficient 
unit which has been widely used as an important part 
of the NIR-II emitter. Cheng’s group designed a new 
type of NIR II organic fluorophore CH1055 composed 
of the BBTD acceptor and triphenyl amine donor with 
the dihedral angles between donor and acceptor units 
over 30°  recently. This torsional distortion reduces the 
delocalization of donor-acceptor π-electrons due to 
poor overlap of orbital interactions, resulting in a low 
absorption coefficient [14]. As reported before, the 
molar absorption is sensitive to the conformation of the 
central π system. If a π system acquires a planar con-
formation, the electronic coupling can be optimized 
and would maximize the π-orbital overlap and oscilla-
tor strength. As a coplanar fluorophore, coumarin dyes 
have good photochemical properties such as large fluo-
rescence quantum yields, high molar extinction coef-
ficients, and tolerance to photobleaching. In this work, 
we proposed a kind of D1–π–A–D2–R type fluorophore 
termed A1 (Fig.  1a). Fluorophore A1 is comprised of 
7-(Diethylamino)coumarin (Donor 1), triphenylamine 
segment (Donor 2), Benzo[1,2-c:4,5-c′]bis([1,2,5]thia-
diazole) (BBTD, Acceptor) and tetraphenylethene (TPE, 
molecular rotor), in which the good conjugation enables 

strong absorption and the molecular rotation and vibra-
tion afford AIE signature. This fluorophore can be 
fine-tuned to achieve bright emission at NIR-II region 
with good absorption coefficient while subtly balanc-
ing the AIE effect. In addition, in the aggregated state, 
the highly distorted conformation of the TPE segment 
will lead to relatively loose accumulation of molecules, 
extending the intermolecular distance, helping to retain 
part of the intramolecular rotation, and thus conducive 
to non-radiative energy dissipation (e.g., nonradiative 
decay and ROS generation). As for the ROS generation, 
it attributes to the process of forming AIE aggregates of 
fluorophore A1 can improve the energy match between 
excited singlet and triplet states, thereby reducing their 
energy gap (ΔEST). Consequently, the yield of the tri-
plet excited state would be improved thanks to the pro-
moted intersystem crossing (ISC) rate, hence boosting 
1O2 generation.

The synthetic route of A1 is showed in Additional file 1: 
Scheme S1. Briefly, compound 1 and compound 3 were 
constructed through the previous method [23]. Com-
pound 2 was synthesized by two-step stannylation/Stille 
cross-coupling protocol from compound 1. The stan-
nylation of compound 3 with 1,1,1,2,2,2-hexabutyldistan-
nane afforded Compound 4, which was then reacted with 
Compound 2 at the catalyst of Pd(PPh3)4 affording com-
pound 5. Finally, A1 was obtained in 67% yield through 
Wittig reaction from compound 5 and 4,4′-((4-bromo-
phenyl)azanediyl) dibenzaldehyde.

To investigate the geometric and electronic proper-
ties of A1, we carried out density functional theory 
calculation. As shown in Fig.  1d, the dihedral angle 
between BBTD plane and triphenylamine segment was 
calculated to be 34°. Furthermore, the TPEPY moieties 
were oriented out of the plane of the conjugated back-
bone. These twisted conformations of A1 would prevent 
π–π stacking in aggregate state. There is a vinyl bridge 
between BBTD plane and coumarin group, it leads to a 
nearly coplanar conformation endowing A1 with a sig-
nificantly enhanced ε of 4.761  *   10− 4   M− 1   cm− 1 com-
pared with A2 (ε = 1.429  *   10− 4   M− 1   cm− 1) and A3 
(ε = 2.663 *   10− 4   M− 1   cm− 1) (Fig. 2a–c). In terms of the 
electronic structures, the HOMO wave functions are well 
delocalized along the whole molecule backbone, while 
the LUMO wave functions are mainly localized on the 
D1–π–A–D2 core with good conjugation (Fig.  1e). In 
addition, the AIE property of A1 was investigated in THF/
water mixtures with different water fractions  (fw). The 
results showed that the fluorescence intensity gradually 
decreased with an increase in  fw from 0 to 30%, increased 
when the  fw exceeded 40%. Besides, A1 showed a stronger 
NIR-II fluorescence signal at 70%  fw than at 0%  fw (Fig. 1b 
and c), indicating the typical AIE property of A1.
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Design, synthesis and characterization of the A1 NPs
A1 molecule showed poor water-soluble and was not 
conducive to biological applications, thus A1 nanopar-
ticles (NPs) were prepared using a nanoprecipitation 
method (Fig.  3a). Dynamic light scattering (DLS) was 
used to determine A1 NPs size. As shown in Fig.  3b, 
A1 NPs’ average hydrodynamic diameter was 149.6 nm. 
The A1 NPs exhibited fluorescence signal from 900 to 
1200 nm and the peak emission is at 1050 nm (Fig. 3c). 
NIR-II quantum yield (QY) of A1 NPs was calculated to 
be 1.23%. Subsequently, we obtained fluorescence signal 
intensity of different concentrations of A1 NPs (Fig. 3e). 
Specifically, the correlation between NIR-II imaging 

intensity and A1 NPs concentration was found to be 
Y = 503.0 × X + 1100  (R2 = 0.99) (Fig. 3f ). We then stud-
ied the photothermal performance of the A1 NPs. The A1 
NPs showed outstanding photothermal conversion, and 
the temperature increased with the concentration and 
laser power increased (Fig.  3g–i). No significant change 
of photothermal performance after five times ON/OFF 
laser cycles was observed, showing the high photother-
mal stability of the A1 NPs (Fig.  3j). The photothermal 
conversion efficiency of the A1 NPs was calculated to be 
55.3% (Fig. 3k). The photodynamic effect of A1 was also 
evaluated. It was seen that the fluorescence intensity of 
2′,7′-Dichlorofluorescein (DCFH) containing A1 NPs 

Fig. 1 a Chemical structure of A1. b FL spectrum of A1 in THF/water mixture different  fw. The concentration of A1 in the mixture is 7 nM. c I/I0 of A1 
in THF/water mixture with different water fractions. d Optimized confirmation of A1 structure from top-view and side-view respectively. e HOMO 
and LUMO wave functions in the geometrically optimized structures
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aqueous dispersion increased obviously post irradiation, 
indicating the A1 NPs have photodynamic effect (Fig. 3l). 
In addition, we monitored A1 NPs stability (Additional 
file  1: Fig. S12). The above results demonstrated that 
A1 NPs had attractive optical and treatment properties 
in vitro.

NIR‑II fluorescence imaging and biodistribution of A1 NPs 
in vivo
The NIR-II imaging efficacy of the A1 NPs in  vivo 
was examined. After A1 NPs was injected via tail 

vein in 4T1 tumor-bearing mice, it was found that 
the A1 NPs specifically accumulated at the tumor site 
(Fig.  4a, Additional file  1: Fig. S13) and the tumor-to-
background ratio (TBR) reached a maximum value 
(3.8 ± 0.35) at 24 h (Fig. 4b). Thus, 24 h post-injection 
of the A1 NPs was selected as the optimal imaging and 
phototherapy time point. Then, by using a homemade 
NIR-II fluorescence microscopy imaging system to 
image the tumor frozen sections, it was found that the 
probes accumulated in tumor tissues (Additional file 1: 
Fig. S14). Major organs were harvested at 108 h to study 

Fig. 2 a Schematic chemical structure of A1, Absorption curves of A1 in THF at different concentrations and corresponding Linear absorbance 
versus concentration; b Schematic chemical structure of A2, Absorption curves of A2 in THF at different concentrations and corresponding 
Linear absorbance versus concentration; c Schematic chemical structure of A3, Absorption curves of A3 in THF at different concentrations and 
corresponding Linear absorbance versus concentration
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Fig. 3 a Preparation of A1 NPs. b DLS data and TEM image of A1 NPs. c, d emission spectra and absorption spectra of A1 NPs in water. e Fluorescent 
images of different concentrations A1 NPs aqueous solution under 808 nm laser irradiation. f Function graph of fluorescence signal intensity at 
different concentrations. g The heating curve of different concentrations of A1 NPs under 808 nm irradiation (0.8 W/cm2). h Photothermal images 
of A1 NPs aqueous and PBS (330 µg/ml) after 5 min of 0.8 W/cm2 808 nm laser irradiation. i Photothermal heating curves of aqueous dispersions of 
A1 NPs (330 µg/ml) under different laser power. j Temperature change of A1 NPs aqueous solution over five on/off cycles of 808 nm laser irradiation 
(0.8 W/cm2, 330 µg/ml). k Temperature-increasing/decreasing curve. l Fluorescence spectra of DCFH under 808 nm laser irradiation (0.1 W/cm2) in 
the presence of A1 NPs at different post-irradiation times (0, 2, 4, 6, 8, and 10 min)
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the biodistribution of the NPs, the results showed that 
the highest fluorescence signal in liver and no signifi-
cantly fluorescence signal in lungs, kidney, heart and 
intestine (Fig.  4c and d). In addition, A1 NPs showed 
relatively long blood circulation times. Tumor vessels 

were clearly seen during 6 h post-injection. It was found 
that 4T1 breast tumors had a rich blood supply, and 
A1 NPs gradually distributed from tumor periphery to 
the tumor center after the injection (Fig.  4e–g). From 
high local magnification imaging of tumor, microvessel 

Fig. 4 a Representative NIR-II fluorescence images at various time points after tail-vein administration of A1 NPs. b Tumor TBR of different time 
points after tail-vein injection of A1 NPs. c, d NIR-II images and fluorescence signal intensity of the tumor and main organs at 108 h after A1 NPs 
injection. e–g Tumor and adjacent vascular imaging at different time points of tumor-bearing mice. h Cross-sectional fluorescence intensity profiles 
of white arrows as indicated in g 
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branches of tumor less than 300  μm in diameter were 
observed (Fig. 4h).

NIR‑II fluorescence imaging‑guided residual tumors 
and metastatic lymph nodes resection in vivo
Based on the finding that specific accumulation of A1 
NPs at the tumor and good TBR, NIR-II fluorescence 
imaging-guided surgery was performed. Before the 
start of surgery, fluorescence imaging delineated tumor 
boundaries and assist surgeon to make operative plan-
ning. After the surgeon subjectively felt that he had 
completely removed the tumor, an 808  nm laser was 
again used to scan the tumor cavity. Residual fluores-
cent signal was detected in the operation area in 4 mice 
and then was resected (Fig.  5a and b, Additional file  1: 
Fig. S15a, d). H&E staining results of all resected lesion 
confirmed the presence of the tumor tissue (Fig. 5c and 
d, Additional file 1: Fig. S15b, c, e, f ). The ratio of aver-
age fluorescence intensity from the residual tumors to 
that from surrounding normal tissues was 2.1. Owing 

to high signal-to-background ratio, microscopic tumor 
residues (2 mm in diameter) was clearly detected by the 
fluorescence imaging of the A1 NPs. All mice were cured 
without any local tumor recurrences during two months’ 
observation after surgery.

In this study, we also evaluated if NIR-II fluorescence 
imaging based A1 NPs could identify metastatic lymph 
nodes during operation. We successfully constructed 
positive lymph node models by monitoring biolumines-
cent imaging (BLI). Interestingly, a strong fluorescence 
signal was observed to match well with that of the BLI 
24  h post A1 NPs intravenous injection. Lesion with 
strong fluorescence signal was removed and confirmed 
to be metastatic lymph nodes by pathology. In addition, 
the remaining enlarged lymph nodes were removed from 
the euthanized mice. When imaging these lymph nodes 
in  vitro, it was found that they had only weak fluores-
cence and no bioluminescence signal, and finally they 
were confirmed to be non-metastatic lymph nodes by 
pathology (Fig.  6a–d, Additional file  1: Figs. S16–S18). 

Fig. 5 a, b Visible light images and corresponding NIR-II images of orthotopic 4T1 tumor resection procedure. c, d H&E staining images of excised 
tumor and residual lesion
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Therefore, A1 NPs were likely to specifically label meta-
static lymph nodes.

Anticancer and inducing anti‑tumor immune responses 
in vivo
The effects of synergistic phototherapy in anticancer 
and inducing anti-tumor immune responses were exam-
ined in  vivo (Fig.  7a). As evident from the tumor vol-
ume curve, tumors were significantly shrunk in size in 
NPs + Laser group (Fig.  7b). The tumors tissues were 
isolated on day 18 (Fig. 7f ), and the corresponding H&E 
and TUNEL immunofluorescent staining of tumor slices 

showed that tumor had been completely eliminated by 
synergistic phototherapy in NPs + Laser group (Addi-
tional file  1: Fig. S19). Whereas in other groups tumor 
volume was significantly increased (Fig.  7b). From the 
tumor temperature curve, we can see maximum tem-
perature of the tumor in NPs + Laser is 53.5 ℃, which is 
higher than in Laser group (Fig. 7c and d). As for verify-
ing the photodynamic effect of the A1 NPs in tumors, we 
performed ROS detection at the cell level and tissue level. 
Results showed ROS was produced in large quantities in 
tumor cells in NPs + Laser group (Additional file 1: Figs. 
S20b, S21). Mice weights were not significantly reduced 

Fig. 6 a BLI images detected a positive sciatic lymph node in orthotopic breast cancer mouse. A clear fluorescent signal matched well with that of 
the bioluminescence imaging (BLI). Positive lymph nodes were resected under the NIR-II fluorescence imaging. Afterwards, the mice were sacrificed, 
and the rest of the enlarged lymph nodes were harvested. All the ex vivo lymph nodes was performed immediately BLI and FLI. b An identical set of 
images about positive axillary lymph node. c, d H&E staining images of the positive sciatic lymph node and axillary lymph node
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after phototherapy (Fig. 7e). The above results confirmed 
that synergistic phototherapy based on A1 NPs had a 
superior performance to eliminate tumor.

Additionally, mature DC cells and CD8+ T cells were 
confirmed significantly higher in NPs + Laser group com-
pared with the other control groups through quantitative 

analysis of CD8+ T cells in spleen and mature DC cells 
in tumor draining lymph nodes among four groups 
(Fig.  7g–j), which indicated that the synergistic pho-
totherapy enabled by A1 NPs could induce antitumor 
T-cell immune responses. Next, the underlying mecha-
nism of the anti-tumor immune responses of synergistic 

Fig. 7 a The mice were received with the assigned schemes. b Tumor growth curve of four group mice after different treatment. c Photothermal 
images of 4T1 tumor-bearing mice in Laser group and A1 NPs + Laser group under laser irradiation for 10 min (808 nm, 1 W/cm2). d Tumor 
temperature curve at different time points of laser irradiation. e Changes in body weights of the mice among different groups. f Isolated tumor 
weights of different groups. g–j Flow cytometry analysis of DC maturation in tumor-draining lymph node (g, h) and CD3+ CD8+ lymphocytes 
(CTLs) in spleens (i, j) in different groups. (*P < 0.05, **P < 0.01)
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phototherapy was validated at cellular level. As reported, 
phototherapy often induces immunological cell death 
(ICD) of tumoral cells by releasing damage-associated 
molecular patterns (DAMPs) signals to trigger the matu-
ration of DCs and activation of CD8+ T cells. To confirm 
our speculation, immunostimulatory molecules were 
examined after the phototherapy, including endoplasmic 
reticulum chaperone calreticulin (CRT), high-mobil-
ity group protein B1 (HMGB1) and heat shock protein 
(HSP) 70. As we can see in Additional file 1: Fig. S20, the 
cells treated with PBS nearly have no exposure of CRT, 
HMGB1 and HSP 70 (Additional file 1: Fig. S20c), while 
obvious green fluorescence was observed after incubated 
with A1 NPs and laser irradiation (Additional file 1: Fig. 
S20d), indicating A1 NPs can enhance the ICD induction 
effect. Exposure of these immune proteins was favorable 
for immune response triggered by phototherapy in vivo.

A novel integrated strategy that achieves complete tumor 
eradication
We proposed a novel integrated strategy that NIR-II flu-
orescence-guided tumor resection and subsequent intra-
operative fluorescence-guided phototherapy to eliminate 
residual microtumors based multifunctional A1 NPs. In 
this group (iii group), we firstly removed tumor under 
the guidance of NIR-II fluorescence imaging and the tiny 
tumor near the blood vessel remained. In order to avoid 
intraoperative bleeding, we used 808 nm lasers to irradi-
ate the tumor cavity. We observed a rapid increase of the 
microtumors temperature in the tumor bed and up to 
53.9° within 15 min (Fig. 8e and f ). A marked increase in 
residual tumor temperature attributed to tumor-specific 
accumulation and excellent photothermal and photody-
namic properties of A1 NPs. After the irradiation, the 
incisions were sutured (Fig.  8c). In conventional exci-
sional surgery group (i group), the tumors were removed 
only by the same surgeon’ visual inspection and palpa-
tion. Until the surgeon thought the tumors have been 
completely removed, the incisions were sutured (Fig. 8a). 
In fluorescence imaging-guided surgery group (ii group), 
residual tumor lesions detected by NIR-II fluorescence 
imaging were surgically removed (Fig. 8b).

In conventional excisional surgery group, two mice 
developed local recurrence on day 5 and one of them 
was euthanized as tumor volumes had reached 2000 
 mm3 on day 30. Moreover, 13 lung metastasis nodules 
and 2 metastatic lymph nodes were detected. In fluo-
rescence imaging-guided surgery group, no local recur-
rence was observed by BLI. But tumor metastasis signal 
was detected in one enlarged tumor draining lymph node 
and 2.5 lung metastasis nodules was confirmed by path-
ological examination. It was a pleasant surprise that no 
local recurrence or distant metastasis in any mice in iii 

group was observed (Fig. 8d, h–j). In addition, there was 
not significantly different in mice weight among three 
groups, proving the safety of the novel integrated strategy 
(Fig. 8g).

The above follow-up results showed the novel inte-
grated strategy could significantly improve surgical out-
comes. The reason can be attributed to the real-time 
guidance of NIR-II fluorescence imaging and enhanced 
anti-tumor immune effect induced by intraoperative 
adjuvant phototherapy.

The biocompatibility and safety of A1 NPs
The systemic in vivo biocompatibility of the A1 NPs was 
evaluated in one week after various experiments. As 
shown in Additional file 1: Fig. S22a, there were no obvi-
ous damages in major tissues by histological analyses. In 
addition, blood biochemistry parameters of liver func-
tions, renal functions and serum lipids showed no sig-
nificant difference between different groups (Additional 
file 1: Fig. S22b). All results demonstrated the good bio-
compatibility of A1 NPs in vivo.

Discussion
Incomplete tumor resection is the direct cause of the 
recurrence and metastasis after surgery. Aiming to 
improve surgical outcomes, we need to develop new 
intraoperative real-time imaging and treatment meth-
ods to accurately identify and eliminate residual tumor 
lesions. Motivated by the above needs, we tactfully 
designed and constructed a powerful “one-for-all” photo-
theranostic. More importantly, its imaging and therapeu-
tic efficacy has been fully verified.

The current common practice for development of 
multifunctional phototheranostics is to integrate vari-
ous components with individual functions into one plat-
form [23]. Although this method is effective to a certain 
extent, it is unlike to achieve clinical applications because 
of complex preparation and formulation [24]. Aiming to 
realize clinical applications, we plan to construct a sim-
ple and one-for-all phototheranostics. However, this is 
still a challenging task because some of these processes 
are seriously competitive to each other from the perspec-
tive of energy consumption. According to the Jablonski 
diagram, upon photoexcitation, an energetically excited 
state is formed, which is then consumed through both 
radiative decay (emission of photon for FLI) or non-radi-
ative decay (for PTT and PDT) [25, 26]. How to tactfully 
regulate the balance between radiative and nonradiative 
energy dissipations is the key for development of mul-
tifunctional phototheranostics. Aggregation-induced 
emission (AIE)-active luminogens (AIEgens) have been 
developed for this attempt by tactfully controlling molec-
ular motions for balancing radiative and nonradiative 
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decays. While these fluorophores have good fluores-
cence quantum yield and excellent photothermal conver-
sion efficiency, it cannot guarantee good performance in 
imaging and therapy. This is because the total dissipation 

energy is also highly dependent on the light absorption of 
the molecule. Unfortunately, most AIEgens have an infe-
rior absorption coefficient, because molecular distortion 
inevitably destroys the conjugation [27]. In this study, we 

Fig. 8 a–c Representative images of different surgery treatment (i–iii). d BLI images of mice in different surgery treatment group. e, f Photothermal 
images and heating curve of iii group mice at the residual tumor site. g The mice weight change in the different groups within 40 days. h BLI 
images of tumor-draining lymph nodes in the different groups. i Photograph and H&E staining of lung metastases in different groups. j Number of 
pulmonary metastatic nodules in different groups
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designed and synthesized a D1–π–A–D2–R type fluo-
rophore A1 though integration of a planar π-conjugated 
units and twisted motifs into one molecule, endowing A1 
with a significantly enhanced ε (4.761 *  10− 4  M− 1  cm− 1). 
The ε of A1 exceeds that of most reported AIE molecules 
[28]. In addition, in this experiment, we compared A1 
with two representative D–A–D structure molecules 
A2 and A3. The results shows that the A1 molecule has 
a higher molar absorption coefficient, which highlights 
the asymmetric structure may be a good design strat-
egy for developing multifunctional fluorophores. In 
all, simultaneously shows high absolute quantum yield 
(1.23%), excellent photothermal conversion efficiency 
(55.3%), high molar absorption coefficient and moderate 
singlet oxygen generation performance. These superior 
performances lay a foundation for their future medical 
applications.

We successfully achieved detection of the residual 
small tumors in tumor bed by intravenous administration 
of A1 NPs in orthotopic breast mice models. The aver-
age SBR of residual tumor lesion was 2.1 and the small-
est detectable residual tumor lesion was 2 mm that can’t 
be detected by eye examination. Using the fluorescence 
imaging, the surgeon may alter the initial surgical plan 
and perform additional resection during surgery, avoid-
ing local tumor recurrence after surgery. We all know 
that the precise identification of metastatic lymph nodes 
intraoperative is a key clinical problem. If the metastatic 
lymph nodes can be accurately identified during sur-
gery, extensive lymph node dissection can be avoided 
which can cause lymphedema. Most notable in our study 
was the finding that metastatic lymph nodes could be 
detected specifically through intravenous injection of 
the A1 NPs. As for the relevant mechanisms for prefer-
ential uptake of A1 NPs in the metastatic lymph nodes 
is not very clear. The most likely hypothesis involves the 
enhanced permeability and retention (EPR) effect due to 
neoangiogenesis in metastatic lymph nodes. The mecha-
nisms need to be further explored.

In many clinical practices, complete tumor resection 
is difficult such as ovarian carcinoma, neoplasms of cen-
tral nervous system and lymphoma. For these situations, 
we proposed a novel integrated strategy that NIR-II flu-
orescence-guided primary tumor resection and adjuvant 
intraoperative phototherapy elimination of unresectable 
residual tumors under fluorescence-guided. We observed 
this new strategy achieved a good tumor treatment out-
come with none of the cases suffered recurrence or 
metastasis during postoperative follow-up. The poten-
tial reasons lie in: on the one hand, NIR-II fluorescence 
imaging clearly image tumor boundary and guide tumor 
resection. Even if there were some unresectable residual 
tumors that have not been removed during the operation, 

they could be detected and eliminated by targeted photo-
therapy under the guidance of fluorescence; on the other 
hand, phototherapy has been proved to enhance systemic 
antitumor T cell immunity by inducing ICD of cancer 
cells to eradicate disseminated tumor cells, and ultimately 
inhibit local recurrence and distant metastasis [20, 29]. 
Our preliminary results demonstrated the feasibility and 
effectiveness of this strategy. This new strategy is simple 
to carry out only though a single intravenous injection 
of the A1 NPs. If combined with immune therapeutics 
such as PD-1/PD-L1 inhibitors and CTLA4 antibody 
[30, 31], this strategy may achieve even better results. In 
a recent study, researchers induced the stronger immune 
responses by using PDT and PTT in sequence without 
additional therapeutics [32]. A large number of studies 
have proved the ability of phototherapy to destroy tumor 
cells, but limited by its penetration depth, it has not been 
used in clinic. In the current study, we used phototherapy 
in elimination of intraoperative residual tumors, which 
circumvents its limitations and facilitates its clinical 
translation. At present, there have been relevant research 
reports on postoperative phototherapy to eliminate 
residual tumors, but there is no report on an integrated 
strategy that can guide tumor resection during surgery 
and eliminate residual tumors after surgery. We believe 
that this new strategy can optimize debulking surgery 
and achieve better tumor cell control.

It should be noted that the tumor accumulation of A1 
NPs was mainly through the EPR effect. We next plan 
to link A1 NPs with some tumor targeting antibodies, 
such as anti-EGFR, anti-PMSA, anti-VEGF antibodies 
to construct tumor-targeted theranostic agents, as com-
bination of both passive and active targeting approaches 
might further improve theranostic effect. Furthermore, 
the study was only performed in orthotopic 4T1 mice 
model, and additional tumor models are needed to fully 
verify the A1 NPs imaging and treatment effects. In addi-
tion, we also will try other modal imaging to guide sur-
gical resection, such as Cerenkov luminescence imaging 
[33–36].

At present, a series of nanotechnology has entered 
clinical trials and began to play a role in tumor diagno-
sis and treatment [37–39]. The biocompatibility of AIE 
probes has been verified in Marmosets [40]. Addition-
ally, our preliminary data suggest A1 NPs is safe at both 
cell and live animal level. The nanoprobe developed has 
the potential to be translated in clinic to improve surgical 
results.

Conclusions
In summary, we successfully develop a powerful 
D1–π–A–D2–R type phototheranostic based on aggre-
gation-induced emission (AIE) allowing all of NIR-II FLI, 
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PTT, and PDT capabilities. The efficacy of each function 
is well balanced and maximized (NIR-II quantum yield: 
1.23%; photothermal conversion efficiency: 55.3%; high 
reactive oxygen species generation). By constructing 
orthotopic cancer model in mice, tumor and metastatic 
lymph nodes can be completely resected under NIR-II 
fluorescence-imaging guided using the A1 NPs. Further-
more, when there are unresectable residual tumor lesions 
during the operation, a novel integrated strategy can be 
performed to improve surgical outcomes.
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