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A B S T R A C T

Although type I photodynamic therapy (PDT) holds significant advantages in treating hypoxic tumors, limited 
design strategies for type I photosensitizers, as well as aggregation-caused quenching (ACQ), still hinder its broad 
application. Herein, a simple donor cyclization strategy is proposed to convert a type II photosensitizer YD-1 into 
type I photosensitizer YD-2, thereby shifting the predominant ROS production from singlet oxygen (1O2) to 
superoxide anion (O2

•− ). Compared to YD-1, YD-2 demonstrates superior aggregation-induced emission (AIE) 
performance. Furthermore, by incorporating a magnetic resonance (MR) imaging unit (Gd3+-chelated DOTA) 
onto the surface of DSPE-mPEG2000-NH2-encapsulated YD-2 to construct YD-2-Gd nanoparticles (NPs), which 
offers much better over single fluorescence (FL) imaging modality. In vivo, studies have demonstrated that YD-2- 
Gd NPs successfully achieved precise and effective PDT for tumors under the guidance of near-infrared-II (NIR-II) 
FL/MR dual-modal imaging, with no apparent toxic side effects. This work offers a straightforward and effective 
strategy for improving the precise and efficient treatment of hypoxic solid tumors, providing valuable guidance 
for designing type I photosensitizers with AIE activity.

1. Introduction

Photodynamic therapy (PDT) is considered to be an effective alter-
native method for cancer treatment due to its non-invasiveness, high 
spatiotemporal selectivity, minimal toxic side effects, and the ability to 
overcome drug resistance [1–5]. Photosensitizers (PSs) are the essential 
agents for PDT, which generate reactive oxygen species (ROS) upon light 
irradiation to induce cancer cell death through either type I (electron 
transfer) or type II (energy transfer) mechanisms [6–12]. The majority of 
organic PSs primarily generate singlet oxygen (1O2) through the oxygen 
(O2)-dependent type II pathway, resulting in less effective treatment for 
hypoxic tumors [13–16]. On the other hand, type I PSs exhibit a reduced 
reliance on O2 and primarily generate superoxide anions (O2

•− ) and 
hydroxyl radicals (•OH), thus offering a potential solution to tumor 

hypoxia. However, the tedious synthesis of type I organic photosensi-
tizers hinders our understanding of their structure–property relation-
ships [17–20]. Therefore, an easy yet effective strategy is imperative to 
meet the growing demand for constructing type I PSs, which is greatly 
beneficial to oncology treatment.

Apart from achieving highly effective PDT, imaging-guided thera-
peutic strategies are a highly effective method for a trend to fit clinical 
practice in enhancing the accuracy of tumor localization and metastasis, 
thereby resulting in enhanced treatment outcomes and reduced adverse 
reactions [21–26]. MRI is a commonly used imaging tool in clinical 
diagnosis due to its high spatial resolution and superior soft-tissue 
visualization [27–29]. Nevertheless, one drawback of MRI is its low 
sensitivity in distinguishing small lesions from normal tissue. In com-
parison, optical imaging offers excellent sensitivity and satisfactory 
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spatial–temporal resolution [30,31]. In the field of optical imaging, the 
recent research focus has shifted from the traditional visible-wavelength 
range (0.4–0.7 μm) to the near-infrared-II (NIR-II, 1.0–1.7 μm) due to 
the deeper tissue penetration and ultralow auto-fluorescence [32–35]. 
By utilizing the NIR-II fluorescence imaging, precise images at the 
cellular or even molecular levels could be obtained [36]. However, the 
fluorescence of conventional fluorescent PSs would extremely decline 
under the biological environment due to the aggregation caused 
quenching (ACQ) effect [37]. The recently emerged aggregation- 
induced emission (AIE) luminous has fundamentally resolved the 
sticky issue of fluorescence quenching. Thus, by leveraging the syner-
gistic strengths of two imaging modalities, dual-modal imaging could 
provide accurate tracing and visualization to guide effective type I PDT 
for eliminating tumors [38,39]. Given the circumstances, the explora-
tion of an AIEgen to achieve NIR-II FL/MR imaging-guided type-I PDT 
for tumor treatment is urgently needed.

Herein, we propose a simple donor cyclization strategy to convert 
type II into type I PSs for NIR-II FL/MR imaging-guided PDT. We design 
and synthesize a NIR-II AIE PS (YD-1) based on donor–acceptor-donor 
(D-A-D) skeleton, and cyclize the triphenylamine donor moiety in YD-1 
to obtain the corresponding NIR-II AIE type I PS (YD-2) (Scheme 1). 
Notably, YD-2 exhibits enhanced AIE properties compared to YD-1. Both 
YD-1 and YD-2 demonstrate robust ROS generation capabilities. Spe-
cifically, YD-1 exclusively produces 1O2, while YD-2 selectively gener-
ates O2

•− through the type I pathway with low O2 dependence, which is 
advantageous for treating hypoxic tumors. Therefore, we employ YD-2 
for the subsequent treatment of hypoxic tumors. To enhance biocom-
patibility and endow MRI capability, photosensitizer YD-2 is encapsu-
lated with DSPE-mPEG2000-NH2 and further post-modified with Gd3+- 
chelated DOTA, enabling the prepared YD-2-Gd NPs suitable for dual- 
modal imaging. Due to the high density of Gd3+ on the surface of the 
nanoparticles (NPs), the signal intensity in T1-weighted images is higher 
than that of conventional commercial contrast agents (Gd-EOB-DTPA). 

Furthermore, compared to the clinically used indocyanine green (ICG) 
contrast agent (~3 mm), the fluorescence penetration depth of YD-2-Gd 
NPs can reach up to ~7 mm. In vivo, therapeutic results demonstrate that 
dual-modal NIR-II FL/MR imaging-guided type I PDT using YD-2-Gd NPs 
can precisely and effectively eradicate mouse tumors without detectable 
adverse effects. Therefore, we believe that this work provides a new 
approach to the designing of type I PS with AIE activity.

2. Materials and methods

Detailed experimental procedures including synthesis, character-
ization, fluorescence and ROS tests, cytotoxicity tests, and in vivo ex-
periments are given in the supporting information.

3. Results and discussion

3.1. Synthesis and photophysical properties

Compounds YD-1 and YD-2 with D-π-A-π-D scaffold were meticu-
lously synthesized via a sequence of classic chemical reactions. Within 
this scaffold, benzobisthiadiazole (BBTD) served as the electron acceptor 
unit, and 3,4-ethylenedioxythiophene (EDOT) acted as the π bridge. 
Triphenylamine and acridine were employed as the electron donor units 
for YD-1 and YD-2, respectively. All intermediates and final products 
were identified through nuclear magnetic resonance (NMR) spectros-
copy and matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOF-MS) analysis (Figs. S1–S10). The absorption 
and emission spectra of YD-1 and YD-2 were measured in dichloro-
methane (DCM). The maximum absorption for YD-1 and YD-2 were 
observed at 795 and 730 nm, respectively (Fig. 1A). Additionally, the 
maximum emission for YD-1 was located at 1105 and for YD-2 at 1000 
nm with Stokes shifts of 310 and 270 nm, respectively (Fig. 1B). 
Compared to YD-1, YD-2 exhibited a noticeable blue shift in both its 

Scheme 1. Schematic diagram of the design and principle of the NIR-II emitted AIE photosensitizer and FL/MRI imaging-guided PDT. (A) Chemical structure and 
design strategy of type I NIR-II emitting AIE photosensitizer. (B) Schematic illustration of the coordinated photophysical processes and generation of O2

•− by YD-2 
upon photoexcitation. (C) Preparation Process of YD-2-Gd NPs and application in dual-modal FL/MRI imaging-guided PDT.
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maximum absorption and emission peaks. This shift can likely be 
attributed to the cyclization of triphenylamine, which effectively re-
duces the coplanarity of the entire D-π-A-π-D molecule [33,40,41]. Then, 
the AIE characteristics of YD-1 and YD-2 using dimethyl sulfoxide 
(DMSO) as a good solvent and water as a bad solvent were further 
investigated. As shown in Fig. 1C, the FL intensity of both YD-1 and YD-2 
gradually decreases as water fraction (fw) increased from 0 to 50 %, 
while experiencing a significant increase from 50 % to 90 %. Addi-
tionally, as fw increased to 90 %, the fluorescence intensity of YD-1 
enhanced by ~1.2-fold compared to that of pure DMSO, while the 
fluorescence intensity of YD-2 improved by ~2.5-fold (Fig. 1C). These 
findings suggest that compared to YD-1, YD-2 exhibits superior AIE 
performance. This improvement was likely due to YD-2′s more twisted 
conformation, which suppresses intermolecular interactions during ag-
gregation. Additionally, the restriction of rotatable and vibrational units 
following TPA cyclization further enhances its AIE performance 
[42–44].

3.2. ROS generation and theoretical calculation

Subsequently, the ROS generation capacity of YD-1 and YD-2 was 
assessed. The total ROS generation capacity of YD-1 and YD-2 in the 
DMSO solution was investigated by using 2′,7′-dichlorodihydro-
fluorescein (DCFH) as an indicator. DCFH can be oxidized by various 
ROS to form dichlorofluorescin (DCF, λm = 525 nm), to emit green 
fluorescence. Due to the strong absorption of the synthesized AIE pho-
tosensitizers in the NIR region, an 808 nm laser was employed as the 
PDT light source. As illustrated in Fig. 1D and Fig. S11, in the presence of 
either YD-1 or YD-2, the fluorescence intensity of DCF significantly 
increased under laser irradiation (1 mW/cm2), while DCFH alone 
showed no significant change under laser irradiation. After 5 min of 
laser exposure, the DCF fluorescence intensity increased by ~76-fold 
and ~47-fold in the presence of YD-1 and YD-2, respectively, indicating 
excellent ROS generation capability (Fig. 1D and Fig. S11). Furthermore, 
the ROS generation capability of YD-2 was lower than that of YD-1, 

possibly due to the cyclization of triphenylamine suppressing the ICT 
effect of the entire molecule. To further clarify the types of generated 
ROS, we employed three free radical indicators, namely singlet oxygen 
sensor green (SOSG), dihydrorhodamine 123 (DHR123), and hydrox-
yphenyl fluorescein (HPF), for detecting 1O2, O2

•− , and •OH, respec-
tively. As shown in Fig. 1E and Fig. S12, when the mixture of SOSG and 
YD-1 was irradiated with an 808 nm laser (1 W/cm2, 5 min), a signifi-
cant increase in fluorescence intensity at 533 nm was observed for 
SOSG, while YD-2 showed almost no change. These results indicated 
that YD-1 mainly generated 1O2, while YD-2 hardly produced 1O2. This 
result was further confirmed by 9,10-anthracenediyl-bis(methylene) 
dimalonic acid (ABDA) indicators (Fig. S13) Surprisingly, when 
DHR123 was treated with YD-2 and laser irradiation, a sharp increase in 
fluorescence intensity at 530 nm was observed, while YD-1 had almost 
no apparent effect (Fig. 1F and Fig. S14). This suggested that YD-2 
primarily generated O2

− •, whereas YD-1 showed minimal capability to 
produce O2

− •. This result was further confirmed by dihydroethidium 
(DHE) fluorescent indicators (Fig. S15). Furthermore, the fluorescence 
intensity of HPF at 520 nm was negligible after treatment with either 
YD-1 or YD-2, under laser irradiation, indicating that neither of them 
had the ability to •OH (Fig. S16). To further confirm the types of ROS 
generated by YD-1 and YD-2 under laser irradiation, electron para-
magnetic resonance (EPR) experiments were conducted using 2,2,6,6- 
tetramethylpiperidine (TEMP) and 5,5-dimethyl-1-pyrroline N-oxide 
(DMPO) as spin traps. As illustrated in Fig. S17, YD-1 exclusively ex-
hibits a distinct 1O2 signal characteristic, whereas YD-2 exclusively 
shows a distinct O2

•− signal characteristic. Time-resolved fluorescence 
spectroscopy reveals that both YD-1 and YD-2 had relatively short 
fluorescence lifetimes (Fig. S18). Notably, YD-2 exhibited a shorter 
fluorescence lifetime (328 ps) compared to YD-1 (684 ps). This suggests 
that under 808 nm laser irradiation, YD-2 underwent a faster electron 
transfer process, thereby enhancing the Type I PDT pathway. Further-
more, we conducted photocurrent experiments to evaluate the charge 
separation abilities of YD-1 and YD-2. The results showed a significant 
increase in photocurrent for YD-2 compared to YD-1 (Fig. S19), 

Fig. 1. Characterization and properties of the compounds. (A) Normalized absorption spectra and (B) normalized emission spectra of YD-1 and YD-2 in DCM so-
lution. (C) Plots of relative fluorescence intensity (I/I0) of YD-1 at 1105 nm and YD-2 at 1000 nm with varying water fractions. Inset: NIR-II fluorescence images 
(1000 LP, 808 nm excitation, 28 mW/cm2, 5 ms) of YD-1 and YD-2 in DMSO and DMSO/water (fw = 90 %). (D) ROS generation of YD-1 (15 μM) and YD-1 (15 μM) 
under 808 nm laser irradiation (1 W/ cm2) for different times. (E) SOSG, and (F) DHR123 fluorescence enhancement in the presence of YD-1(15 µM) and YD-2(15 
µM) under 808 nm laser irradiation. Values were expressed as the mean ± SD (n = 3).
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indicating that YD-2 had a higher charge transfer rate, which favored 
electron transfer to produce type-I ROS. These results implied that 
through a simple triphenylamine cyclization, a type II PS could be 
converted into a type I PS. Additionally, the photothermal effects of YD- 
1 and YD-2 were investigated. As shown in Fig. S20, after 808 nm laser 
irradiation for 5 min, the temperature of both YD-1 and YD-2 gradually 
increased with increasing concentration, reaching peaks exceeding 
50 ◦C. This demonstrated their good photothermal effects, which were 
beneficial for subsequent tumor treatments.

To further investigate the mechanism of converting type II to type I 
PSs, theoretical calculations were conducted for YD-1 and YD-2 using 
density functional theory (DFT) at the B3LYP/6-311++G(d, p) level 
(Table S1 and S2). As shown in Fig. 2A and B, compared to YD-1, the 
dihedral angle between the EDOT and the BBTD core in YD-2 after TPA 
cyclization increased to 39.5◦ (38.8◦ for YD-1). Notably, after TPA 
cyclization, the acridine group was almost perpendicular to the BBTD 
core, with a dihedral angle of 89.4◦. These changes reduced the coplanar 
conformation of YD-2, which may explain the blue shift in the emission 
wavelength and the more pronounced AIE effect observed in YD-2. 
Further studies on the molecular orbitals of these two molecules 
demonstrated that the lowest unoccupied molecular orbitals (LUMO) 
electron clouds of YD-1 and YD-2 were predominantly distributed over 
the benzothiadiazole moiety, while the highest occupied molecular 
orbital (HOMO) was mainly contributed by the orbitals of triphenyl-
amine and acridine, indicating a well-separated HOMO-LUMO charac-
teristic. The HOMO-LUMO energy gap increased from 1.70 eV (YD-1) to 
1.78 eV (YD-2), resulting in a blue shift in the absorption spectra of YD- 
2, consistent with the experimental data (Fig. 2C). Furthermore, YD-1 
(0.07 eV) and YD-2 (0.22 eV) possessed relatively narrow energy gap 
(ΔEST) between the S1 and T1 states, which was conducive to the 
generate ROS (Fig. 2C). Additionally, it was found that the energy dif-
ference from T1 to S0 (ΔET1-S0) between 3O2 and 1O2 (1.61 eV from TD- 

DFT calculation) [17,45–47] was higher than that of YD-2 but lower 
than YD-1 (Fig. 2C). This result indicated that YD-2 exhibited a lower 
efficiency in type II energy transfer, thus elucidating its reduced pro-
duction capacity of 1O2. Taken together, these theoretical data were 
consistent with the experimental results described above, further sup-
porting the successful conversion of type II to type I PSs through the 
donor cyclization strategy.

3.3. Preparation and characterization of YD-2-Gd NPs

Based on the above description, we chose YD-2 for further research 
because it exhibits superior type I PDT and NIR-II AIE performance 
compared to YD-1. To endow YD-2 with MRI capability and enhanced 
biocompatibility, YD-2 was encapsulated to form uniform NPs using 
DSPE-mPEG2000 and DSPE-mPEG2000-NH2. Subsequently, DOTA-Gd (an 
MRI contrast agent) was covalently modified onto the surface of the NPs 
through amine and active ester reactions to prepare YD-2-Gd NPs 
(Fig. 3A). The results of dynamic light scattering (DLS) measurements 
and transmission electron microscopy (TEM) imaging revealed that YD- 
2-Gd NPs formed uniformly spherical nanoparticles with an approxi-
mate diameter of ~61 nm (Fig. 3B). Such nanoscale particles are 
conducive to the enhanced permeability and retention (EPR) effect at 
tumor sites. As depicted in Fig. 3C and Figs. S21 and S22, YD-2-Gd NPs 
exhibited excellent stability in ultrapure water, phosphate-buffered sa-
line (PBS), and 10 % fetal bovine serum (FBS) in 90 % PBS. Compared to 
the DCM solution, the absorption and fluorescence spectra of YD-2-Gd 
NPs exhibited a blue shift trend in water, with maximum peaks 
located at 705 nm and 995 nm, respectively (Fig. 3D). To assess the 
optical penetration ability of YD-2-Gd NPs, a liquid containing 1 % 
intralipid was utilized to simulate tissue thickness under physiological 
conditions. Due to their longer emission wavelength and excellent NIR-II 
fluorescence performance, the penetration depth of YD-2-Gd NPs can 

Fig. 2. Theoretical calculation. (A) Chemical structure of YD-1 and YD-2. (B) Optimized S0 geometries of YD-1 and YD-2. (C) Frontier molecular orbital diagram of 
LUMO and HOMO determined at the theoretical B3LYP/6–311++G(d, p) level. (D) Energy profile for a putative type II energy transfer from the T1 level of YD-1 and 
YD-2 to 3O2.
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reach ~7 mm, compared to only ~3 mm for ICG (the US Food and Drug 
Administration (FDA)-approved agent) (Fig. 3E). To investigate the MRI 
performance of YD-2-Gd NPs, we conducted a comparison with the 
commercial contrast agent Pomex (Gd-EOB-DTPA). Both YD-2-Gd NPs 
and Gd-EOB-DTPA exhibited an increase in signal intensity on T1- 
weighted MR images with increasing concentration (Fig. 3F). At 
equivalent concentrations of Gd3+, the magnetic resonance signal of YD- 
2-Gd NPs surpassed that of Gd-EOB-DTPA. The r1 relativity of YD-2-Gd 
NPs is 15.03 ± 0.12 mM− 1s− 1, which was 3.6-folds higher than that of 
Gd-EOB-DTPA (4.09 ± 0.09 mM− 1s− 1) (Fig. 3G). Subsequently, aiming 
to confirm that the encapsulation of DSPE-mPEG2000 would not affect 
the ROS generation performance of YD-2, we further investigated the 
ROS generation capability and types of YD-2-Gd NPs. As depicted in 
Fig. S23, YD-2-Gd NPs also exhibited efficient ROS generation. Addi-
tionally, under 808 nm laser irradiation, YD-2-Gd NPs exclusively pro-
duce O2

•− (Fig. 3H), with minimal production of 1O2 and •OH (Figs. S24 
and S25), suggesting that the encapsulation of DSPE-mPEG2000 does not 
alter the PDT type of photosensitizer YD-2.

3.4. In vitro anticancer efficacy study

First, the uptake of YD-2-Gd NPs by cancer cells was investigated. As 
shown in Fig. 4A and Fig. S26, after incubating 4 T1 cells with YD-2-Gd 
NPs for 2 h, the NIR-II fluorescence within the cells reached its 
maximum. With prolonged incubation time, the corresponding average 

fluorescence intensity within the cells gradually decreased. Subse-
quently, the dark cytotoxicity of YD-2-Gd NPs on normal cells was 
evaluated through CCK-8 assay. After incubating L-02 and 16HBE cells 
with varying concentrations of YD-2-Gd NPs for 12 h, the cell viability 
remained above 85 % for both cell lines, indicating excellent biocom-
patibility of YD-2-Gd NPs (Fig. S27).

Given the excellent type I photodynamic performance of YD-2-Gd 
NPs, we further evaluated their cytotoxicity against 4 T1 cells under 
normoxic and hypoxic conditions using the CCK-8 assay. As depicted in 
Fig. 4B,C and Fig. S28, under dark conditions, YD-1-Gd NPs and YD-2-Gd 
NPs exhibited almost no toxicity to 4 T1 cells. After irradiation with an 
808 nm laser for 5 min, the antitumor capability of YD-1-Gd NPs was 
higher than that of YD-2-Gd NPs under normoxic conditions (Fig. 4B,C 
and Fig. S28). However, under hypoxic conditions, the antitumor 
capability of YD-1-Gd NPs was significantly reduced (Fig. S28). In 
contrast, YD-2-Gd NPs exhibited good antitumor effects under both 
normoxic and hypoxic conditions (Fig. 4B and C). These results indi-
cated that YD-2-Gd NPs had the capability to overcome the hypoxic 
tumor microenvironment. To assess the degree of cytotoxicity mediated 
by PDT or photothermal therapy (PTT), N-acetylcysteine (NAC, an 
effective ROS scavenger) and an ice bath (to inhibit heat generation) 
were used in the CCK-8 assay. Under normoxic conditions, after treating 
4 T1 cells with YD-2-Gd NPs and 808 nm laser irradiation, the survival 
rate of NAC-pretreated cells increased from ~21 % to ~67 %, while the 
survival rate of ice bath-pretreated cells increased only to ~34 %. This 

Fig. 3. Characterization and properties of YD-2-Gd NPs. (A) Preparation schematic of DSPE-mPEG2000 and DSPE-mPEG2000-NH2 encapsulating YD-2 and covalently 
modifying DOTA-Gd to form YD-2-Gd NPs. (B) DLS distribution of YD-2-Gd NPs in aqueous solution. Inset: TEM image of YD-2-Gd NPs. Scale bar: 50 nm. (C) DLS 
analysis of the stability of YD-2-Gd NPs in pure water, PBS, or 10 % FBS solution. (D) Normalized absorption and emission spectra of YD-2-Gd NPs in aqueous 
solution. (E) NIR-II fluorescence images of YD-2-Gd NPs and ICG in a capillary tube under different depths of 1 % intralipid (28 mW/cm2, 150 ms, LP 1000). (F) T1- 
weighted MR images of YD-2-Gd NPs and Gd-EOB-DTPA at different Gd3+ concentrations. (G) Effective r1 relativities of YD-2-Gd NPs and Gd-EOB-DTPA. (H) 
Fluorescence spectrum of the solution of YD-2-Gd NPs (15 µM) and DHR123 (20 µM) under 808 nm laser irradiation (1 W/ cm2) for different times.
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indicated that the anticancer effect of YD-2-Gd NPs was primarily due to 
the PDT effect. Under hypoxic conditions, the experimental results 
showed a similar trend (Fig. S29). To visually demonstrate the cyto-
toxicity of YD-2-Gd NPs, calcein AM (green) and propidium iodide (PI) 
were used to stain live cells (green fluorescence) and dead cells (red 
fluorescence), respectively. As shown in Fig. 4D and Fig. S30, under 808 
nm laser irradiation, YD-2-Gd NPs exhibited bright red fluorescence in 4 
T1 cells under normoxic/hypoxic conditions, indicating their excellent 
ability to eliminate tumor cells.

To observe the apoptotic effect induced by YD-2-Gd NPs on tumor 
cells, we conducted a quantitative analysis using flow cytometry. As 
illustrated in Fig. 4E, under normoxic/hypoxic conditions, YD-2-Gd NP- 
treated 4 T1 cells exhibited an apoptotic rate exceeding 59 % with laser 
irradiation. Subsequently, the ROS generation ability of YD-2-Gd NPs 
was assessed at the cellular level. Although under normoxic conditions, 
4 T1 cells treated with YD-1-Gd NPs exhibited a more pronounced DCF 
green fluorescence signal compared to 4 T1 cells treated with YD-2-Gd 
NPs, under hypoxic conditions, the green fluorescence signal in cells 
treated with YD-1-Gd NPs was significantly weaker than that in cells 

treated with YD-2-Gd NPs (Fig. S31). Moreover, the production of O2
•−

was confirmed at the cellular level using the DHE probe. As shown in the 
Fig. 4F and Fig. S32, under 808 nm laser irradiation, 4 T1 cells treated 
with YD-2-Gd NPs displayed significant DHE red fluorescence under 
both normoxic and hypoxic conditions, whereas no similar results were 
observed for YD-1-Gd NPs. This finding indicates the outstanding ability 
of YD-2-Gd NPs to induce tumor cells apoptosis even under hypoxic 
conditions.

3.5. NIR-II FL/MR imaging-guided PDT in vivo

Given the excellent NIR-II FLI/MRI capabilities and PDT perfor-
mance of YD-2-Gd NPs, we further assessed their tumor therapeutic 
potential guided by in vivo FL/MR imaging. Before this, we first inves-
tigated the biocompatibility of YD-2-Gd NPs through a hemolysis assay 
and found no significant hemolytic effect (Fig. S33). Additionally, we 
determined that the half-life of YD-2-Gd NPs in blood was 12 h, con-
firming their relatively long circulation time in vivo (Fig. S34). Subse-
quently, we evaluated their NIR-II FL/MR imaging capabilities at the in 

Fig. 4. In vitro anticancer efficacy study. (A) Semi-quantitative analysis of 4 T1 cells with NIR-II fluorescence imaging. The cell viability of 4 T1 cells was incubated 
with different concentrations of YD-2-Gd NPs for 8 h in either (B) normoxic or (C) hypoxic conditions under 808 nm laser irradiation (1 W/cm2, 5 min). (D) Live/dead 
images of 4 T1 cells after different treatments. Scale bar: 500 μm. (E) The cell apoptosis rate of 4 T1 cells after different treatments was analyzed by flow cytometry. 
(F) Confocal imaging of intracellular O2

•− production under different conditions by using DHE staining. Scale bar: 50 μm.
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vivo level (Fig. 5A). After YD-2-Gd NPs were intravenously injected into 
4 T1 tumor-bearing BALB/c mice, the fluorescence signal at the tumor 
site gradually increased over time, peaking at 8 h post-injection 
(Fig. 5B). Concurrently, T1-weighted MR imaging showed the highest 
signal intensity at 8 h post-injection (Fig. 5C), showing a relatively good 
consistency between the fluorescence signal and the MR intensity at the 
tumor site (Fig. 5D).

Additionally, the ex vivo biodistribution of YD-2-Gd NPs was inves-
tigated 24 h postinjection (Fig. S35). The results showed high fluores-
cence intensity in the tumor, liver, and spleen, indicating that YD-2-Gd 
NPs were mainly metabolized by the hepatobiliary system. Subse-
quently, we evaluated the in vivo anti-tumor activity of YD-2-Gd NPs by 
monitoring tumor growth in 4 T1 tumor-bearing mice. After intravenous 
injection of PBS or YD-2-Gd NPs for 8 h, the mice were subjected to 5 
min of irradiation with an 808 nm laser (1 W/cm2). As depicted in 
Fig. 5E and Fig. S36, the tumor volume in the control groups, control +
laser groups and YD-2-Gd NPs alone exhibited rapid increases during the 
treatment period. Conversely, under 808 nm laser irradiation, YD-2-Gd 
NPs effectively suppressed tumor growth even 23 days post-treatment, 
demonstrating their remarkable anti-tumor efficacy (Fig. 5E and 
Fig. S36). Furthermore, we investigated their in vivo anti-cancer 
mechanism through tumor histology. As shown in Fig. 5F, 
hematoxylin-eosin (H&E) and terminal deoxynucleotidyl transferase- 
mediated dUTP nick-end labeled (TUNEL) staining of tumor sections 
revealed a significant presence of tumor cell apoptosis in tumors treated 
with YD-2-Gd NPs plus laser irradiation compared to other control 
groups. These results demonstrated that YD-2-Cd NPs effectively 
enabled NIR-II FL/MR- imaging guided type I PDT.

To evaluate the in vivo biosafety of YD-2-Gd NPs, we monitored the 
mouse body weight during treatment. As depicted in Fig. S37, there was 

no significant weight loss observed in mice during the observation time. 
Blood routine tests were conducted on experimental mice, revealing 
normal levels of liver function indicators (ALT, ALP, AST, ALB) and 
kidney function indicators (CREA, BUN) after YD-2-Gd NPs treatment 
(Fig. S38). Furthermore, H&E staining revealed no discernible signs of 
abnormal tissue morphology or pathology in the major organs (hearts, 
livers, spleens, lungs, and kidneys) of all experimental mice in different 
groups (Fig. S39). These findings indicate that YD-2-Gd NPs exhibited 
excellent biosafety.

4. Conclusion

In summary, we propose a simple donor cyclization strategy to 
convert type II PSs into type I PSs. Under light irradiation, YD-1 pri-
marily generated 1O2, while donor-cyclized YD-2 predominantly pro-
duced O2

•− , which was rarely dependent on the O2 concentration in the 
hypoxic tumor microenvironment. Furthermore, by modifying an MRI 
imaging unit (DOTA chelated with Gd3+) onto the surface of DSPE- 
mPEG2000-NH2 encapsulated YD-2, we resolve the issue of insufficient 
spatial resolution in single fluorescence imaging. The highly aggregated 
Gd3+ on the surface of NPs enhanced the signal in T1-weighted images 
compared to commercial contrast agents (Gd-EOB-DTPA). In vivo 
therapeutic experiments demonstrate that YD-2-Gd NPs achieve precise 
and effective type I PDT guided by NIR-II FL/MR dual-modal imaging in 
mice tumor model, with no apparent toxic side effects. This study pre-
sents a simple and effective strategy to enhance the precise and efficient 
treatment of hypoxic solid tumors, offering valuable guidance for the 
design of multifunctional type I PSs in the NIR-II region [48].

Fig. 5. NIR-II FL/MRI imaging-guided PDT in vivo. (A) Schematic diagram of tumor treatment in mice. (B) NIR-II fluorescence of 4 T1 tumor-bearing mice after the 
injection of YD-2-Gd NPs. (C) T1-weighted MR image of 4 T1 tumor-bearing mice after the injection of YD-2-Gd NPs. (D) Semi-quantitative analysis of FLI and MRI. 
(E) Tumor growth curves of 4 T1 tumor-bearing mice with different treatments. (F) H&E and TUNEL staining analysis of tumor tissues after various treatments. Scale 
bar: 100 μm.
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