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a b s t r a c t

D-D’-A type aza-borondipyrromethenes (aza-BODIPYs) were prepared by Suzuki cross-coupling reaction.

Photothermal conversion efficiency of self-assemble aza-BODIPY-based nanoparticles (DA-azaBDP-NPs)

with NIR-II emission (λem =1065nm) was 37.2% under near infrared (NIR) irradiation, and the outstanding

cytotoxicity was triggered by coexistence of DA-azaBDP-NPs and the NIR irradiation, with the decrease of

glioblastoma migration and the inhibition of glioblastoma proliferation. DA-azaBDP-NPs could promote

glioblastoma autophagy and accelerate the process of cell death. The photothermal therapy (PTT) of DA-

azaBDP-NPs can effectively induce glioblastoma death by apoptosis under the NIR irradiation, which is

highly promising to be applied in vivo experiments of brain.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Glioblastoma (GBM) is one of the most common primary tumor

in the central nervous system, which is characterized by high ma-

lignancy, strong invasion and poor prognosis [1,2]. Tumor resection

assisted postoperative radiotherapy and chemotherapy is the cur-

rent mainstream therapy of glioblastoma patients [3]. The clinical

doctors have been bothered by the situation that GBM is difficult

to be resected completely with poor sensitiveness to chemother-

apy drugs [4,5]. In addition, most drug molecules are unable to

fully penetrate into the intracranial focus and exert therapeutic ef-

fects because of the existence of blood-brain barrier [6]. Therefore,

it is urgent that the occurrence of new technology or new tar-

geted drugs facilitates the clinical treatment of glioblastoma. Very

recently, the great potential of optically active dye nanoparticles

with near-infrared active-targeting photothermal therapy (PTT) for

the treatment of brain tumors, has been attracting increasing in-

terest [7,8].

Near infrared (NIR) dyes with strong absorption in NIR-I win-

dow (NIR-Ⅰ, 700–900nm) can reduce the absorption and scattering
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of light by tissues, as well as the self-fluorescence of tissues,

resulting in a significant increase in imaging depth [7,9]. However,

it still cannot meet the needs of clinical applications for deep

tissues [10,11]. NIR II (900–1700nm) fluorescence imaging is a low

scattering, deep tissue and organ penetration, and high-resolution

imaging [12-16]. In vivo imaging technology with resolution and

no risk of ionizing radiation has received widespread attention

in the field of tumor diagnosis and treatment [17-21]. Due to the

advantages of deep tissue penetration depth and high spatiotem-

poral resolution, fluorescence imaging technology in NIR-II region

has rapidly developed, and its potential application in clinical

diagnosis and treatment of tumors has been attracted increasing

attention. Especially, PTT has been regarded as an alternative way

of curing cancer [22-24]. PTT converts light energy into heat by

photothermal agents (PTAs) to increase the temperature of the

surrounding microenvironment, resulting in localized thermal

damage and eliminating cancer cells [25-31]. Owing to the out-

standing behavior, functional organic dyes are currently serving as

an appropriate platform for PTAs.

Among traditional functional organic dyes [32,33], aza-BODIPY

has attracted increasing interest, due to its long wavelength,

high molar extinction coefficient and modifiability [34,35]. Re-

cently, aza-BODIPY platform has shown unique applications in
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Scheme 1. (a) Synthesis of D-D’-A type aza-BODIPYs MA-azaBDP and DA-azaBDP.

(b) Self-assembly of DA-azaBDP-NPs. (c) Schematic diagram about effect of DA-

azaBDP-NPs under laser irradiation on the GBM cells.

biomedical applications [36,37]. However, there are few reported

cases in which the absorption or emission maxima of aza-BODIPY

have touched the NIR-II region [38]. Herein, thiophene-substituted

aza-BODIPY nucleus platform (λem =751nm) was wisely chosen

to prepare D-D’-A type molecules by electron donating groups

(Scheme 1a) [39], reaching the NIR-II region (DA-azaBDP-NPs:

λem =1065nm) (Scheme 1b) [40,41]. To enhance the water solubil-

ity and biocompatibility for photoimaging and phototherapy in bi-

ological system, self-assembled dye nanoparticles DA-azaBDP-NPs

were employed to explore photothermal therapy. Remarkable cyto-

toxicity was triggered by coexistence of NIR-II DA-azaBDP-NPs and

the NIR irradiation, with the decrease of GBM cell migration and

the inhibition of GBM cell proliferation (Scheme 1c). DA-azaBDP-

NPs could promote GBM cell autophagy and accelerate the pro-

cess of cell death. The PTT of DA-azaBDP-NPs can effectively in-

duce GBM cell death by apoptosis under NIR irradiation. In vivo

experiments of brain were estimated for the good tumor-inhibition

capability with promoting the apoptosis and autophagy level of

glioblastoma cells by the DA-azaBDP-NPs under the NIR irradiation

(Scheme 1c).

To construct aza-BODIPY dye with NIR-II emission, Suzuki

cross-coupling strategy was employed [42,43]. NIR-I absorbing aza-

BODIPY as a raw material was ingeniously chosen to couple with

(4-aminophenyl)boronic acid, introducing strong electron donat-

ing group (Scheme 1a) [44]. Monoaniline substituted aza-BODIPY

(MA-azaBDP) and dianiline substituted aza-BODIPY (DA-azaBDP)

were successfully prepared, respectively. Next, we first gain insight

into the spectral performance of the new aza-BODIPYs. The ab-

sorption maximum of MA-azaBDP is 784nm and bathochromic-

shifted by 47nm (Fig. 1a), comparing to that of the parent dye

aza-BODIPY (λabs =727nm in CH2Cl2) [44]. Especially, DA-azaBDP

absorbs at 838nm (Fig. 1a), along with high molar extinction coef-

ficient (ε = 195,000 L mol−1 cm−1) and full width half maximum

(FWHM=106nm). Moreover, the highest occupied molecular or-

bital (HOMO) is localized largely on the core including aniline seg-

ment in DA-azaBDP, while the lowest unoccupied molecular orbital

(LUMO) mainly lies on the core including 1,7-phenyl groups (In-

ner panel of Fig. 1a). Such a large separation of HOMO and LUMO

distributions is a typical characteristic of charge-transfer (CT)

molecule for DA-azaBDP, in which the push-pull effect (D-D’-A)

is remarkable (Fig. 1a, Scheme 1a). And, quantum-chemical study

between DA-azaBDP (LUMO/HOMO (eV)=1.70) and MA-azaBDP

(LUMO/HOMO (eV)=1.82) well explained and supported the dif-

ference of their absorption (Fig. S1 in Supporting information).

Using the amphiphilic co-polymer 1,2-distearoyl-sn–glycero-

3-phosphoethanolamine-N-[hydroxyl(poly(ethyleneglycol))−2000]

(DSPE-PEG2000) as the encapsulating medium [45,46], dye-

nanoparticles MA-azaBDP-NPs and DA-azaBDP-NPs by self-

assembly were obtained, respectively (Figs. 1b–f, Fig. S2 in

Supporting information). The hydrophobic segment aggregated

in the core, whereas the hydrophilic PEG2000 chain constructed

the shell, providing water-soluble DA-azaBDP-NPs (Scheme 1b).

DA-azaBDP-NPs showed spherical morphology (Fig. 1f), based on

the transmission electron microscopy (TEM) photographs. Dynamic

light scattering (DLS) of DA-azaBDP-NPs indicated that the dye NPs

hydrodynamic diameters was 137nm and the polymer dispersity

index (PDI) is 0.359 (Fig. 1e). Owing to the π-π stacking in the en-

capsulated dye polymer, the absorption maximum of DA-azaBDP-

NPs in aqueous solution was bathochromic-shifted to 876nm

and the absorption band became wider, covering from 700nm to

1000nm (Fig. 1b), comparing to that (838nm) of DA-azaBDP in

CH2Cl2 (Fig. 1a). The emission maximum of the DA-azaBDP-NPs is

923 and 1065nm in the NIR-II region (Figs. 1g and h). Additionally,

for MA-azaBDP-NPs, the absorption maximum in aqueous solution

was 808nm (Fig. 1b, Table S1 in Supporting information).

Based on Jablonski Diagram [47-49], a relaxed molecule in

the lowest vibrational level of the excited state is well-known

to return to the ground state mainly via the radiative transition

(fluorescence), the non-radiative transition (heat release) and

intersystem crossing (ISC) to the triplet, sensitizing oxygen to

produce reactive oxygen species (ROS) [50,51]. Due to the low

fluorescence quantum yield (Table S1) and low singlet oxygen

generation efficiency (Fig. S3 in Supporting information) of these

dyes, we will explore their photothermal conversion (Figs. 1i–n,

Figs. S4 and S5 in Supporting information). The temperature

increased remarkably by 915nm laser irradiation (0.8W/cm2) of

DA-azaBDP-NPs in the aqueous solution (Fig. 1i). When 5min

light irradiation, the solution temperature even reached 57.4 °C
from 28.5 °C (Fig. 1i), achieving strong light absorption ability and

thermal energy release properties. The temperature enhancement

at different concentrations of DA-azaBDP-NPs and different optical

power densities were measured. According to Figs. 1j and k,

temperature promotion is dependent on concentration and power

density. Higher concentration and stronger power density resulted

in better thermal conversion. In Fig. 1l, the solution temperature in

the heating phase achieved a rapid heating effect for 5min. Once

stopping the radiation, the temperature of the solution cooled

rapidly to near room temperature after 5min, and the cooling

effect was not significant for the next 5min. Based on Fig. 1l,

the temperature changes during the heating-cooling cycle of each

group are almost the same, indicating that DA-azaBDP-NPs had

the outstanding photothermal stability and can be applied for

photothermal therapy for multiple cycles. Moreover, the associated

time constant obtained by mapping the cooling time and driving

force temperature was brought into the reported formula for

calculating the photothermal conversion efficiency (PEC) (Figs. 1m

and n). The PEC of DA-azaBDP-NPs was calculated to be 37.2%,

which is great in agreement with that of the previously reported

reputable PTAs [52,53]. Additionally, the PEC of DA-azaBDP-NPs

with 808nm laser irradiation was calculated to be 34.6% (Fig. S5).

By using the cell counting kit-8 (CCK-8) assay, the phototox-

icity of DA-azaBDP-NPs to U251, LN229 and U87-MG glioblas-

toma cells was investigated. Without irradiation, the three glioblas-
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Fig. 1. (a) Normalized absorption spectra of MA-azaBDP (black curve) and DA-azaBDP (red curve) in CH2Cl2. Inner panel displayed frontier molecular orbitals of DA-azaBDP

at the B3LYP/6–31G(d) level with Gaussian 09. LUMO/HOMO (eV)=−2.92/−4.62. (b) Normalized absorption spectra of MA-azaBDP-NPs (black curve) and DA-azaBDP-NPs

(red curve) in aqueous solution. (c) DLS and (d) TEM of MA-azaBDP-NPs in aqueous solution. (e) DLS and (f) TEM of DA-azaBDP-NPs in aqueous solution. Scale bar: 200nm.

(g) Normalized emission spectra of MA-azaBDP (black curve) and DA-azaBDP (red curve) in CH2Cl2 at 298K. (h) Normalized emission spectra of MA-azaBDP-NPs (black

curve) and DA-azaBDP-NPs (red curve) in aqueous solution at 298K. (i) Photothermal imaging of DA-azaBDP NPs in aqueous solution (80μmol/L) at different temperature

before or after 915nm laser (0.8W/cm2) irradiation. (j) Photothermal conversion of DA-azaBDP NPs (80μmol/L) under 915nm laser irradiation with different power density

(0.2, 0.4, 0.6 and 0.8W/cm2). (k) Photothermal conversion of DA-azaBDP NPs at different concentrations (20, 40, 60 and 80μmol/L) under laser irradiation (0.8W/cm2).

(l) Photothermal stability study during five circles of heating-cooling processes. (m) Photothermal effect of DA-azaBDP NPs in aqueous solution irradiated by 915nm laser

(0.8W/cm2) for 5min and then irradiation. (n) Plot of cooling time of DA-azaBDP NPs versus negative natural logarithm of the temperature from the cooling test.

toma cell lines were tested for dose-dependent cytotoxicity of DA-

azaBDP-NPs (Figs. 2a–c). Even at high concentrations, the cytotoxi-

city was barely observed, indicating the strong biocompatibility of

DA-azaBDP-NPs. However, when exposed to a 0.3W/cm2 (808nm)

laser for 10min, there was a noticeable drop in cell viability

with the increasing concentration of DA-azaBDP-NPs. The findings

showed that low intensity NIR irradiation may cause the pho-

tothermal effect of DA-azaBDP-NPs in cells, leading to kill glioblas-

toma cells effectively. To visualize the effectiveness of photothera-

peutic capacity of DA-azaBDP-NPs, live-dead cell staining was per-

formed by double-staining calcein AM (green) and propidium io-

dide (PI, red) dyes. Green fluorescence represents the live cells

and red indicates the dead ones. As expected, DA-azaBDP-NPs in-

duced complete destruction of LN229 cells after NIR laser irradia-

tion (0.3W/cm2, 10min) as shown by the red fluorescence. How-

ever, only green fluorescence, the indicator of live cells, was ob-

served in the sole light or sole DA-azaBDP-NPs groups, suggesting

that remarkable cytotoxicity was triggered by coexistence of the

DA-azaBDP-NPs and NIR irradiation (Fig. 2d). Cell migration and

proliferation is a characteristic of tumors and is closely related to

the degree of malignancy of the tumor [54-56]. To evaluate the

ability of cell migration, the transwell assay was used (Fig. 2e).

The result of transwell assay demonstrated that the proportion of

crystal violet dye solution stained cells in Group NPs+Light was

smaller than Group Light or Group NPs, which reflected a signifi-

cant decrease of cell migration rate with incubation of DA-azaBDP-

NPs under NIR irradiation. Furthermore, the cells in proliferation

were stained with EdU (green), while nucleus stained with 4,6-

diamino-2-phenyl indole (DAPI) (blue) (Fig. 2f). Edu, belonging to

the thymidine nucleoside analogue, was regarded as the indicator

of cell proliferation. In Group NPs+Light, the green fluorescence

from EdU-stained cells was merely observed, while the images

from the other three groups showing the green fluorescence obvi-

ously, which suggested that the proliferative ability of cells stimu-

lated by the NIR irradiation or DA-azaBDP-NPs incubation only was

undamaged. The influence of DA-azaBDP-NPs about inhibiting cell

proliferation on glioblastoma cells was able to work under the cir-

cumstance of the existence of NIR irradiation.

Recently, autophagy is found to play an important regulatory

role in the biogenesis and development of various tumors. Au-

tophagy is a normal physiological process of cells, closely related

to the biogenesis and development of tumors. The level of au-

tophagy plays a key role in the proliferation and migration abil-

ity of tumor cells [57-59]. To investigate the photothermal effect
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Fig. 2. Photothermal effect of DA-azaBDP-NPs under 808nm laser irradiation on the migration and proliferation ability of glioblastoma cell. (a–c) Cell viability was analyzed

by CCK-8 assay in three glioblastoma cell lines (U251, LN229 and U87-MG) under different concentrations with 808nm laser irradiation. (d) Fluorescence images of calcein

AM and PI co-stained LN229 cells. (e) Representative images of transwell assay were used to evaluate the ability of cell migration. (f) Representative images of EdU staining

were used to evaluate the ability of cellproliferation. Data are presented as mean ± standard deviation (SD) (n=3). ∗P<0.05, ∗∗P<0.01 vs. Group 0μmol/L. Scale bar: 100μm.

Group Control: untreated glioblastoma cell LN229; Group Light: glioblastoma cellLN229 under 808nm laser irradiation (0.3W/cm2) for 10min without incubation of DA-

azaBDP-NPs; Group NPs: glioblastoma cell LN229 incubated by 30μmol/L DA-azaBDP-NPs without laser irradiation (0.3W/cm2) for 10min; Group NPs+Light: glioblastoma

cell LN229 incubated by 30μmol/L DA-azaBDP-NPs under laser irradiation (0.3W/cm2) for 10min. 30 μmol/L DA-azaBDP-NPs were abbreviated as NPs in Fig. 2.

of DA-azaBDP-NPs mediated glioblastoma cell death, we first start

with autophagy as the entry point. Firstly, we observed the ex-

pression levels of autophagy related biomarkers in each group of

cells (Figs. 3a–c). The Western blot results showed the expres-

sion level of Beclin1 and the ratio of MAP1LC3 (LC3)-II/LC3-I in

Group NPs+Light were higher than the other three groups, while

the expression level of p62 reduced correspondingly. Electron mi-

croscopy, as a commonly used measurement in cell autophagy

researches, can be used for observing the ultrastructure of cells

more directly, reflecting typical autophagic manifestations such as

changes in mitochondrial structure and secretion of autophagic

vesicles [60,61]. From the electron microscopy results, the mito-

chondrial structural damage and the secretion of more autophagic

vesicles were shown in Group NPs+Light (Fig. 3d). The above-

mentioned results indicate that DA-azaBDP-NPs could promote cell

autophagy and accelerate the process of cell death (Fig. 3d).

We further studied the role of cell apoptosis under hyperther-

mia induced by DA-azaBDP-NPs. Firstly, we observed the expres-

sion levels of apoptosis related biomarkers in each group of cells.

The Western blot results showed the expression level of BAX and

cleaved-caspase 3 in Group NPs+Light were higher than the other

three groups, while the expression level of BCL2 decreased ac-

cordingly (Figs. 4a and b). Flow cytometry assay was performed

to quantify the apoptosis level of glioblastoma cell. The apopto-

sis cells were stained with Annexin-V (green), while necroptosis

cells stained with PI (red). The second and fourth quadrants repre-

sent cells during the late and early apoptosis period, respectively

[62,63]. The percentage of apoptosis cells increased from 18.8%

(blank control) to 51.8% after treatment with 0.3W/cm2 from an

808nm NIR laser for 10min (Fig. 4c), further confirming the ef-

ficient apoptosis-inducing capacity of DA-azaBDP-NPs to glioblas-

Fig. 3. Effect of DA-azaBDP-NPs under 808nm laser irradiation (0.3W/cm2) on

the autophagy process of glioblastoma cell. (a–c) Protein expression levels of

autophagy-related indicators (Beclin 1, p62, LC3I, LC3II) were evaluated by West-

ern blot (a). Quantification analysis of expression of Beclin 1, p62, LC3-I, LC3-II

(b, c). (d) Representative transmisssion electron microscopy images of glioblastoma

cell LN229 (magnification 8000× and 20,000×, respectively). Scale bar: 2 μm for

8000×; 500nm for 20,000×. Data are presented as mean ± SD (n=3). ∗P<0.05,
∗∗P<0.01 vs. Group Control. 30 μmol/L DA-azaBDP-NPs were abbreviated as NPs in

Fig. 3. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

toma cells. The production of reactive oxygen species (ROS) was

usually accompanied with the occurrence of apoptosis [64]. To ex-

plore whether DA-azaBDP-NPs combined with 808nm NIR laser
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Fig. 4. Effect of DA-azaBDP-NPs under 808nm laser irradiation (0.3W/cm2) on the

apoptosis of glioblastoma cells. (a) Protein expression levels of apoptosis-related in-

dicators (B-cell lymphoma-2 (BCL2), BCL2-associated X (BAX) and cleaved-caspase

3 (Cl-caspase 3)) were evaluated by Western blot. (b) Quantification analysis of

expression of BCL2, BAX and Cl-caspase 3. (c) Flow cytometry assay was used to

quantify the apoptosis levels of glioblastoma cell LN229. (d) Representative images

of intracellular ROS level from four groups of glioblastoma cell LN229. Scale bar:

100μm. Data are presented as mean ± SD (n=3). ∗P<0.05, ∗∗P<0.01 vs. Group

Control. 30 μmol/L DA-azaBDP-NPs were abbreviated as NPs in Fig. 4.

would influence the production of ROS from glioblastoma, we used

the ROS probe DCFH-DA to indicate the ROS level from each group.

Under green light excitation, the fluorescence intensity from Group

NPs+Light was higher than the other three groups (Fig. 4d). Com-

bined with the above results, DA-azaBDP-NPs can effectively in-

duce tumor cell death under NIR irradiation with low intensity.

In view of the inspiriting results from the above experiments

about glioblastoma cells, in vivo experiments with 6 mice in each

group were conducted to further evaluate the apoptosis-inducing

effect of DA-azaBDP-NPs combined with 808nm NIR laser (Fig. 5).

All animal experiments were approved by the Animal Experimen-

tal Ethics Committee of China medical university. Firstly, the mice

were injected with a dose of 5×105 GL261 mouse glioblastoma

cells intracerebrally by a stereotaxic technique [65]. After 21 days,

they were randomly grouped into four groups, and each group was

received with different treatments, as follows: mice without treat-

ment (group Control); mice with irradiation of 808nm NIR laser

(group Light); mice with the injection of DA-azaBDP-NPs via the

tail vein (group NPs); mice with the combination of laser irradi-

ation and DA-azaBDP-NPs injection (group Light+NPs). To evalu-

ate the intracranial tumor size from four groups, HE staining was

performed to assess overall morphology of mouse brains. The re-

sults from HE staining showed that compared with group Con-

trol, the tumor size in the sole light and sole NPs groups was no

significant differences (Fig. 5a). However, the tumor size in the

group Light+NPs decreased obviously compared the other three

groups (Fig. 5a). Cellular proliferation and apoptosis may acted as

the main characters during the tumor growth [66,67]. Ki67 was

a cellular proliferation marker and positively correlated with the

malignant degree of glioblastoma [68]. The proliferation of tumor

cells can be examined by immunohistochemistry staining against

Ki67. Immunohistochemistry results revealed the expression level

of Ki67 in the area of intracranial tumors from group Light+NPs

Fig. 5. (a) HE stained images of the intracranial tumor area after different treat-

ments (5×). Scale bar: 2mm. (b) Immunohistochemical Ki67 (proliferation marker)

stained images of the intracranial tumor from four groups (400×). Scale bar: 50 μm.

(c) TUNEL (apoptosis marker) stained images of the intracranial tumor area after

different treatments (400×). Scale bar: 50 μm. (d) Immunohistochemical LC3 (au-

tophagy marker) stained images of the intracranial tumor from four groups (400×).

Scale bar: 50 μm.

was lower than group Light or group NPs, suggesting the combi-

nation of laser irradiation and DA-azaBDP-NPs injection could in-

hibit the cellular proliferation of glioblastoma (Fig. 5b). In the other

hand, the TdT-mediated dUTP nick-end labeling (TUNEL) staining

was used to measure the apoptosis level of intracranial glioblas-

toma from each group [69]. The apoptotic cells were stained with

TUNEL (Red), while nucleus stained with DAPI (blue). Similar to

the in vitro result, the combination of laser irradiation and DA-

azaBDP-NPs injection could promote the apoptosis of glioblastoma

on the basis of red fluorescent expression (Fig. 5c). LC3 is the es-

sential autophagy protein and represents the activity of autophagy

[70]. In our immunofluorescence experiments, autophagic tumor

cells were stained with LC3 (Green), while nucleus stained with

DAPI (blue). Immunofluorescence assay demonstrated that the au-

tophagic level of mouse glioblastoma cells from group Light+NPs

was upregulated compared with the other three groups accord-

ing to the fluorescent expression from LC3 (Fig. 5d). These results

clearly confirmed the good tumor-inhibition capability with pro-

moting the apoptosis and autophagy level of glioblastoma cells by

the DA-azaBDP-NPs under NIR irradiation.

In summary, using Suzuki cross-coupling reaction, monoani-

line substituted aza-BODIPY (MA-azaBDP) and dianiline substi-

tuted aza-BODIPY (DA-azaBDP) were synthesized by reaction of

thiophene-substituted aza-BODIPY with (4-aminophenyl)boronic

acid. Dye-nanoparticles MA-azaBDP-NPs and DA-azaBDP-NPs by

self-assembly absorb at 808 and 876nm respectively. Photother-

mal conversion efficiency of DA-azaBDP-NPs with NIR-II emission

(λem =1065nm) was 37.2% under NIR irradiation, and the out-

standing cytotoxicity was triggered by DA-azaBDP-NPs under the

NIR irradiation, with the decrease of glioblastoma cell migration

and the inhibition of glioblastoma cell proliferation. DA-azaBDP-

5



M. Gao, Z. Cui, Y. Shen et al. Chinese Chemical Letters 36 (2025) 110098

NPs could promote glioblastoma cell autophagy and accelerate the

process of cell death. The PTT of DA-azaBDP-NPs can effectively in-

duce glioblastoma cell death by apoptosis under the NIR irradia-

tion, which is highly promising to be applied in vivo experiments

of brain.
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