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ABSTRACT: Near-infrared (NIR) chemiluminescence (CL) 

emission is highly favourable for deep-tissue imaging, but chemi-

cally conjugated NIR CL emitters with aggregation-induced emis-

sion (AIE) property for biotechnology are rarely reported. Herein, 

we designed an AIE-active NIR CL emitter TBL by conjugating 

luminol unit with electron-accepting benzothiadiazole and elec-

tron-donating triphenylamine, and subsequently prepared TBL 

dots using F127 as the surfactant. The CL emission of TBL dots 

can last continuously for over 60 minutes, and can be employed 

for quantitative (in vitro) and qualitative (in vivo) detection of 1O2. 

Strikingly, the NIR CL emission can penetrate through tissues 

with a total thickness of over 3 cm, exhibiting significantly better 

performance than NIR fluorescence emission and blue CL emis-

sion. Moreover, the successful differentiation of tumor and nor-

mal tissues by TBL-based CL imaging in vivo also paves the way 

for CL-guided cancer diagnosis and surgery. 

Fluorescence (FL) is widely used in real-time visualization of 

biomedical processes with great sensitivity and high resolution.1-3 

However, the penetration depth of FL is rather limited due to the 

requirement of excitation light and the autofluorescence from the 

biological structures.4 Although red and near-infrared (NIR) FL 

materials are popularly developed to reduce the tissue autofluo-

rescence,5 to achieve high penetration depth still remains a great 

challenge, especially considering the inadequate penetration of 

excitation light. In contrast, chemiluminescence (CL) usually has 

a higher penetration depth than FL, because no excitation light is 

required and the background autofluorescence can be avoided, 

therefore holding great promise for deep-tissue imaging.6-7  

The energy required to generate visible or NIR CL emission 

(400-1000 nm) is around 30-70 kcal mol-1,8 while the opening 

reaction of peroxide groups (-O-O-) can release energy of around 

60 kcal mol-1, so that peroxide groups are frequently utilized in 

CL reactions.9-10 For example, when the well-known CL emitter 

luminol is oxidized by reactive oxygen species (ROS), blue light 

can be observed during the decomposition of unstable peroxide 

intermediates.11 However, blue light is typically limited in tissue 

penetration. It is crucial to transfer the blue emission of luminol 

into the NIR region for enhanced penetration depth and efficiency, 

through deliberate molecular design principles. 

The CL emission originates from the excited reaction product 

or the excited fluorescent acceptor through energy transfer. If CL 

comes from the fluorescent product, the CL quantum yield (ΦCL) 

is expressed as: ΦCL = ΦR  ΦES  ΦF,8 where ΦR is the reaction 

yield, ΦES reflects the ratio of the product accessing the excited 

state, and ΦF is the fluorescent quantum yield of the reaction 

product. The CL-generating reaction of luminol involves many 

electron-rich intermediates like anions and radicals, so the reac-

tion yield can be enhanced by conjugating electron-withdrawing 

groups. Benzothiadiazole used herein is a strong electron acceptor 

that has been widely utilized in organic solar cells12 and organic 

light emitting diodes,13-14 and it can efficiently facilitate CL gen-

eration after being conjugated with luminol. In addition, many 

hydrophobic organic dyes suffer from aggregation-caused 

quenching (ACQ) effect due to strong π-π stacking, and the emis-

sion could be largely quenched in aqueous solutions. For example, 

the solubility and fluorescent quantum yield of the Nile red-based 

luminol cassette are relatively low in water, which restricts its 

further application in biological systems.15 In contrast, fluoro-

phores with aggregation-induced emission (AIE) properties exhib-

it intense emission in the aggregation state due to the restriction of 

their molecular motions, making them more favorable for bioim-

aging.16-17 Moreover, the addition of the electron-donating group 

triphenylamine can form a donor-acceptor structure, and enable 

the bathochromic shift  of the emission of luminol-containing 

fluorophore. Indeed, the fluorescent quantum yield of triphenyla-

mine-combined benzothiadiazole (TB) in aggregation state is very 

high because of its AIE property.18-19 According to these princi-

ples, a NIR CL emitter TBL was synthesized by conjugating TB 

with luminol (Figure 1A and Scheme S1), in which the emission 

could come from the whole reaction product directly or from lu-

minol unit to the whole molecule through energy transfer. 



 

 

Figure 1. (A) The proposed CL generation mechanism of TBL 

oxidized by 1O2. (B) Schematic illustration of the preparation of 

TBL dots and the generation of CL. 

In addition, if the CL emission is generated from the acceptor 

fluorophore by energy transfer, the fluorescent quantum yield of 

the acceptor (ΦF') and the energy transfer efficiency (ΦET) should 

be taken into consideration as well: ΦCL = ΦR  ΦES  ΦF'  ΦET.8 

The through-bond energy transfer was reported to be more effi-

cient than the through-space energy transfer,15,20 which was also 

proved by the chemically conjugated AIE nanoparticle NTPE-

PH.21 However, its blue CL emission is not ideal for deep-tissue 

imaging. Although some NIR CL systems have been developed 

by physically encapsulating the CL emitters with the NIR fluores-

cent materials in surfactant micelles,22-23 the preparation process is 

rather complicated and phase separation may occur during the 

long-term storage. More importantly, the energy transfer efficien-

cy is much lower than the chemical conjugation system. Therefore, 

chemically conjugated TBL can not only facilitate the energy 

transfer, but also is favorable for deep-tissue imaging attributed to 

its NIR CL emission. In addition, TBL dots are effective in differ-

entiating tumor and normal tissues, manifesting great potential for 

future CL-guided cancer diagnosis and therapy applications.  

 

Figure 2. (A) PL spectra of TBL (10-5 M) in different DMSO/H2O 

mixtures with the addition of water (λex: 460 nm). (B) The plot of 

relative maximum emission intensity (I/I0) of TBL in different 

DMSO/H2O mixtures. (C) Hydrodynamic size distribution of 

TBL dots in PBS solution (pH = 7.4). Inset: TEM image of TBL 

dots. (D) Normalized FL and CL spectra of TBL dots. 

The AIE property of TBL was firstly evaluated in different 

DMSO/H2O solutions. TBL was not emissive in DMSO solution 

because the energy was consumed by free molecular motion in the 

solution state. The emission increased gradually after more than 

30% water was added, due to the restriction of molecular mo-

tion,16 indicating that TBL is AIE active. The fluorescent quantum 

yield of TBL in solid state was measured to be 12.5%. (Figure 2A, 

B). However, TBL could form large particles and precipitate in 

PBS solution (pH = 7.4), making them no longer suitable for fur-

ther applications (Figure S11). To solve this problem, we utilized 

F127 as the surfactant to form TBL dots with diameters of around 

50 nm (Figure 1B, 2C). It was well studied that singlet oxygen 

(1O2) could burn the luminol units to generate successive CL,21,24 

so that we employed 1O2 produced by mixing H2O2 and NaClO 

solutions25 to initiate the CL process of TBL dots. In principle, the 

luminol unit of TBL could form radicals in the reaction with 1O2 

first, then it was oxidized to form the unstable TBL peroxide. 

During the decomposition process, the excited TBLCOOH was 

populated directly or by the excited luminol unit through energy 

transfer. Subsequently, the NIR emission centered at 658 nm was 

generated when the excited TBLCOOH came back to the ground 

state (Figure 1, S13). Moreover, the CL spectrum of TBL dots 

matched well with their FL spectrum (Figure 2D), and the DFT 

calculation also demonstrated that the energy levels of TBL and 

its oxidation product were almost unchanged (Figure S14), indi-

cating the CL emission might come from the excited TBLCOOH.  

 

Figure 3. (A) CL images of TBL dots (2 mM) with 1O2 (150 mM) 

and FL images of TBL dots (2 mM) covered by different slices of 

pork ham. The thickness of one slice pork ham is around 3 mm. 

Binning: 8; Exposure time: 4 min; f/Stop:1. (B) CL images of 

TBL dots (2 mM) with different concentration of 1O2 (left) and 

covered with one slice of ~3.0 mm-thick pork ham (right), the 

concentration of 1O2 is 5  10-4 M, 1  10-3 M, 2.5  10-3 M, 5   

10-3 M, 1  10-2 M from top to bottom. Binning: 4; Exposure time: 

0.5 min; f/Stop:1. (C) CL images of Luminol dots (1.2 mM) and 

TBL dots (1.2 mM) with 1O2 (8 mM) covered by one slice of ~3.0 

mm-thick pork ham. Binning:4; Exposure time: 4 min; f/Stop:1. 

We next investigated the quantitative detection of 1O2 by TBL 

dots. The CL intensity increased proportionally with the concen-

tration of added 1O2, and the limit of detection (LOD) was calcu-

lated to be 1.26  10-7 M by 3S0/K principle (Figure S15). Inter-

estingly, the CL emission of TBL dots could last continuously for 

over one hour (Figure S16), and the CL intensity exhibited a great 

linear relationship with the concentration of TBL dots (Figure 

S17). The above results suggest that TBL dots can be employed as 

a 1O2 indicator in analytical chemistry.  

The cell viability and hemolysis test of TBL dots were per-

formed before in vivo tissue imaging. As indicated in Figure 

S18A, TBL dots exhibited very low cytotoxicity over both 4T1 

and NIH 3T3 cells even when the concentration was as high as 

200 μM. TBL dots also displayed great biocompatibility in he-

molysis test, referenced by 0.2% Triton X-100 (Figure S18B). We 



 

next characterized the CL penetration depth of TBL dots by cov-

ering the reaction well with different slices of ~3.0 mm-thick pork 

ham (Figure 3A). Remarkably, our experiment manifested that the 

NIR CL emission of TBL dots could penetrate through 10 slices 

of pork ham, which was identical to a tissue thickness of over 30 

mm. As a comparison, the FL emission of TBL dots failed to 

penetrate through even one slice of pork ham. The tremendous 

advantage of CL emission over FL emission in tissue penetration 

could be attributed to the facts that CL emission does not require 

any excitation light and it can avoid the autofluorescence from 

tissue as well. The measured CL signals of TBL dots with differ-

ent concentration of 1O2 covered with one slice of pork ham was 

shown in Figure 3B. The signals through the tissue increased with 

the addition of 1O2 concentration, suggesting they may reflect the 

concentration of 1O2 qualitatively. In addition, the CL imaging of 

TBL dots was measured in comparison with that of luminol dots 

when both of them were covered by a slice of pork ham (Figure 

3C). Although CL signals of TBL dots were 4.8 times lower than 

luminol dots in PBS solutions, the CL signals of TBL dots pene-

trating through the pork ham were 4.3 times higher than those of 

luminol dots (Figure S21), which verified the better performance 

of NIR TBL dots than blue luminol dots in deep-tissue penetration. 

Subsequently, we evaluated the in vivo imaging of artificial 1O2 

by injecting a mixed solution of TBL dots (2 mM, 50 μL), H2O2 

(1 mM, 50 μL), and NaClO (1 mM, 50 μL) subcutaneously into 

the back of an anesthetized mouse (Figure 4). The CL emission 

decreased over time, which was similar to the in vitro kinetic 

curve (Figure S16). However, the signal-to-noise ratio of the CL 

signal still remained as high as 54 even after 60 minutes (Figure 

S22), which confirmed the possibility of using TBL dots for 1O2 

imaging in real physiological systems. 

 

Figure 4. In vivo images of CL signals in hair-shaved mice (left-

side body) after subcutaneous injection of TBL dots (2 mM, 50 

μL) with H2O2 (1 mM, 50 μL) and NaClO (1 mM, 50 μL) for 5 

min, 10 min, 30 min and 60 min. Binning: 16; Exposure time: 1 

min; f/Stop:1. 

More prominently, the CL imaging of TBL dots in vivo can un-

ambiguously differentiate tumor tissues from normal ones, with 

the amplification of H2O2 that is commonly used for clinical dis-

infection.26 As observed in Figure 5, when the mixture of TBL 

dots and H2O2 was injected into the tumor and normal areas re-

spectively, the intensity of CL signals in the tumor site was signif-

icantly higher than in the normal tissue. In this situation, the add-

ed H2O2 could react with HClO, the concentration of which was 

considerably higher in tumor microenvironment than in normal 

tissues,27 to generate large amount of 1O2 and HCl in the tumor 

site, therefore facilitating the CL generation reaction by TBL. In 

addition, the generated HCl could further react with H2O2, cata-

lyzed by myeloperoxidase that had a high expression in tumor-

associated neutrophils,28-30 to produce more HClO, which was 

also favorable to the CL process in the tumor sites. The selective 

illumination of tumor sites by CL emission of TBL dots revealed 

the great potential of TBL dots for CL-guided deep-tissue cancer 

diagnosis and surgery. 

 

Figure 5. (A) In vivo CL images, (B) intensity and signal-to-noise 

ratio of tumor (left) and normal tissue (right) after injection of 

TBL dots (2 mM, 200 μL) with H2O2 (400 mM, 50 μL). Bin-

ning:16; Exposure time: 2 s; f/Stop:1. 

In conclusion, we have designed and synthesized a new NIR 

CL emitter TBL by chemically conjugating luminol with benzo-

thiadiazole and triphenylamine. The electron-withdrawing group 

benzothiadiazole can facilitate the CL process, and the AIE prop-

erty of TBL ensures high NIR CL emission of TBL dots in aque-

ous solutions. In vitro and in vivo experiments have been con-

ducted to evaluate the potential application of TBL dots for 1O2 

detection in real biological systems. The NIR CL emission could 

penetrate through 3 cm-thick pork ham, showing great advantages 

over FL and blue CL emission. Furthermore, NIR CL emission of 

TBL dots can distinguish tumor tissues from normal ones success-

fully, which demonstrates the potential of this system for CL-

guided cancer diagnosis and surgery. 
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