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a b s t r a c t

Tumor microenvironment (TME)-activatable probes have been proven to effectively increase signal-to-

background ratios (SBRs) and improve the success rate of complete tumor resection. However, many fluo-

rescence probes have to be loaded into a nanocarrier for tumor targeted delivery, which consequently en-

counters poor drug loading, heterogeneous composition and non-encapsulated drug aggregates occurred

during nanoformulation fabrications. Herein, a nitroreductase (NTR)-activated “OFF-ON” near-infrared flu-

orescence nanoprobe, named NanoBodipy, was synthesized by the spontaneous self-assembling of NTR-

responsive dye-polyethylene glycol (PEG) amphiphilic polymer in water. The NTR-responsive dye acted as

the hydrophobic segment in the amphiphilic polymer, yielding a homogeneous composition and a high

loading of 12.2 wt% (according to calculation) in the synthesized NanoBodipy. The synthesized NanoBod-

ipy can efficiently accumulate in tumors via the enhanced permeability and retention (EPR) effect, en-

abling non-invasive tumor-targeted fluorescence imaging and guiding complete tumor resection. Once the

synthesized NanoBodipy entered the tumor cells, they dissociated and were activated by overexpressed

NTR. With the real-time fluorescence guide of NanoBodipy, complete tumor resection surgery was per-

formed successfully.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tumor fluorescence imaging enables non-invasive and precise

diagnosis of tumors, even those with small sizes [1,2]. Compared to

pathologic analysis of tissues, tumor fluorescence imaging offers a

better way to intraoperatively determine tumor margins with less

time consumption and improved precision [3–5]. As a result, tu-

mor fluorescence imaging has become an important technology for

tumor diagnosis and is applied in clinic [6,7]. With the assistance

of tumor-targeted fluorescence nanoprobes, fluorescence imaging-

guided tumor resection surgery can be performed with reduced

surgical hazards and increased probabilities of complete tumor re-

section [8–10]. However, conventional fluorescence probes often

suffer from poor signal-to-background ratios (SBRs) [11–13], which
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triggered the demand of designing tumor microenvironment (TME)

activatable probes.

It is well-known that TME activatable fluorescence probes can

switch their fluorescence from an “OFF” state to an “ON” state in

response to TME indicators, which not only amplifies the signal at

the tumor site but also minimizes the background signal in normal

tissues [14–16]. Consequently, the SBRs can be increased, result-

ing in improved bioimaging contrast [17–19]. It is widely recog-

nized that nitroreductase (NTR) is overexpressed in many tumors

and has been explored as a TME factor to design smart probes

with increased SBRs for tumor detection [20–24]. Hence, an NTR-

activated “OFF-ON” fluorescence probe possessing increased SBRs

can be a powerful tool for non-invasive tumor diagnosis [25,26].

However, most smart fluorescence probes intrinsically lack the

ability of tumor-targeted accumulation and need to be integrated

into various drug delivery platforms, especially nanocarriers [27].

https://doi.org/10.1016/j.cclet.2023.109165
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Fig. 1. (a) Schematic response mechanism of tumor-targeted NIR fluorescence imaging achieved by self-assembled NTR-activated nanoprobe NanoBodipy. (b–d) Characteri-

zation of NanoBodipy. (b) TEM image of NanoBodipy. Scale bar: 500nm. (c) UV-visible-NIR absorbance spectrum of NanoBodipy in deionized water and dimethyl sulfoxide

(DMSO). (d) Fluorescence spectrum of activated NanoBodipy in Tris buffer containing 3% DMSO.

Nevertheless, the poor drug loading resulted in a large volume

of drug solution for further intravenous injection, heterogeneous

nanomedicine composition and non-encapsulated drug aggregates

occurred during nanoformulation fabrications, which have posed

challenges for optimizing the nanoprobe systems [28,29]. In or-

der to overcome these drawbacks, various strategies for designing

nanocarriers have been explored in recent years [30–33].

Herein, an NTR-activatable “OFF-ON” near-infrared (NIR) fluo-

rescence nanoprobe, called NanoBodipy, was synthesized by conju-

gating a hydrophobic bodipy dye with a hydrophilic polyethylene

glycol (PEG) chain, which further self-assembled into a nanoprobe

spontaneously (Fig. S1 in Supporting information). The synthesized

NanoBodipy possessed a fixed composition and a significantly high

loading (12.2 wt% according to calculation). In addition, the syn-

thesized NanoBodipy itself plays a role in assisting drug delivery

with less use of inert materials, thus achieving a high drug load-

ing capacity and low toxicity. In vitro tests demonstrated that the

synthesized NanoBodipy can be selectively activated by NTR in so-

lution and switch on its fluorescence in cancer cells under TME-

mimic hypoxic conditions. Further in vivo studies demonstrated

that NanoBodipy can achieve tumor-targeted fluorescence imag-

ing by the dual-effects of passive targeting and NTR activation.

After intravenous injection, NanoBodipy accumulated at the tu-

mor by enhanced permeability and retention (EPR) effect. When

NanoBodipy entered tumor cells, they dissociated into amphiphilic

PEG-Bodipy molecules in the intracellular lipophilic environment

and was further activated into fluorescent Bodipy by the overex-

pressed NTR, accompanying with the disappearance of electron-

withdrawing effect (Fig. 1a) [34–36]. Importantly, NanoBodipy can

accurately determine the tumor margins and provide intraopera-

tive guidance for complete tumor resection by real-time fluores-

cence imaging. The hematoxylin and eosin (H&E) staining images

of major organs slices and blood biochemical analysis confirmed

the biocompatibility of the synthesized NanoBodipy.

Aiming for targeted imaging of in vivo hypoxic tumor, an ef-

ficient NTR-activated fluorescent probe NanoBodipy was designed.

NanoBodipy fabricated based on bodipy has an NIR optical win-

dow and displayed enhanced fluorescence for increased light pen-

etrability and minimal interference from autofluorescence [37–39].

The synthesis of PEG-Bodipy involved three steps, as shown in

Fig. S1. Firstly, 2-nitrobenzene was introduced into the bodipy

scaffold as a switch for NTR activation, obtaining G-Bodipy. Sec-

ondly, the 3,5-positions of the bodipy were substituted with 4-

formylphenoxyacetic acid to obtain R-Bodipy. With an extended π
conjugation system, the maximum excitation and emission peaks

of R-Bodipy were tuned into the NIR region, enhancing the light

penetrability, and reducing autofluorescence interference. Lastly, R-

Bodipy was conjugated with a PEG chain to obtain PEG-Bodipy

for enhanced biocompatibility. As shown in Fig. S2 (Supporting in-

formation), the synthetic R-Bodipy was identified to be pure. The

high-resolution MS (HRMS) spectrum suggested that the formula

of R-Bodipy was C37H30BF2N3O8 with a mass of 692.2149, which

were in accordance with the structure and chemical molecular

weight of R-Bodipy (Fig. S3 in Supporting information). The HPLC

profile in Fig. S4 (Supporting information) demonstrated the purity

of the synthesized R-Bodipy, with a retention time of 14.146min.

As shown in Fig. S5 (Supporting information), 1H nuclear magnetic

resonance (NMR) spectrum of PEG-Bodipy exhibited the charac-

teristic peaks of both Bodipy and PEG chains, confirming that R-

Bodipy was successfully conjugated with PEG chains. According to

Fig. S6 in Supporting information, the matrix-assisted laser desorp-

tion/ionization time-of-flight mass spectrometry (MALDI-TOF MS)

spectrum of PEG-Bodipy exhibited a molecular weight of approx-

imately 5700, which was consistent with the predicted chemical

molecular weight of PEG-Bodipy. In addition, there is no signal

observed at the molecular weight of approximately 10,000 in the

MALDI-TOF MS, suggesting that PEG modification only happen to

one -COOH in the R-Bodipy, ascribed to the steric hindrance. The

above results provided confirmation of the successful synthesis of

R-Bodipy and PEG-Bodipy. An effective NTR-catalyzed reaction was

preformed depending on enzyme-probe binding, enzyme catalysis

and finally product departure processes. The binding capability be-

tween probe and NTR is vital for the following catalysis and de-

parture steps. Thus, docking experiments were performed to eval-

uate the binding preference of PEG-Bodipy towards NTR, then pre-

liminarily investigate the practicability of the design of the NTR-

activated probe. However, owing to the unduly large molecular

weight of PEG-Bodipy, the calculation was failed to perform. Thus,
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R-Bodipy was substituted for PEG-Bodipy to investigate the bind-

ing capability between probe and NTR. As shown in Fig. S7a (Sup-

porting information), the distance between R-Bodipy and NTR were

determined to be between 1.8–2.2 Å, the short distance favored

the efficient probe-enzyme interaction. The probe-binding sites

was delineated to be ASN-41, LYS-75, SER-76, LYS-173 and GLN-

98 (Figs. S7b–d in Supporting information). In addition, the bind-

ing energy value of enzyme-probe complexes was estimated to be

−6.89 kcal/mol, suggesting the interaction between R-Bodipy and

NTR (Table S1 in Supporting information). Flavin mononucleotide

(FMN) group as the active site of NTR plays an important role

in the redox reaction. The distance between R-Bodipy and FMN-

300 was determined to be 10 Å (≤10 Å), suggesting that R-Bodipy

enabled to interact with NTR. However, the -COOH of R-Bodipy

was considered to have a great influence of binding capability. As

shown in Fig. S8a (Supporting information), a new molecule (like-

PEG-Bodipy) was designed to simulate the PEG-Bodipy. Then, the

binding capability of the new molecule and NTR was investigated

(Figs. S8a–d in Supporting information). The distance between like-

PEG-Bodipy and NTR was determined to be between 2.0–2.2 Å. The

binding sites were determined to be GLN-98, SER-76 and LYS-75.

Furthermore, the binding energy value of enzyme-substitute com-

plexes was estimated to be −7.28 kcal/mol (Table S2 in Support-

ing information). The distance between like-PEG-Bodipy and FMN-

300 was determined to be 8.0 Å (≤10 Å), suggesting that like-PEG-

Bodipy enabled to interact with NTR. The quantitative docking re-

sults of R-Bodipy and like-PEG-Bodipy provided the first line of ev-

idence that NanoBodipy might be an “OFF-ON” probe activated by

NTR.

Preparation and characterization of NanoBodipy are shown as

below. The amphiphilicity of PEG-Bodipy enabled the self-assembly

of NanoBodipy during the dialysis. As shown in Fig. S9 (Support-

ing information), critical micelle concentration value of NanoBod-

ipy was 1.375 μmol/L, which was defined by pyrene 1:3 ratio

method, indicating the self-assembly of NanoBodipy. The size of

NanoBodipy (≈100nm) detected by the transmission electron mi-

croscopy (TEM) and dynamic light scattering (DLS) showed that

NanoBodipy can accumulate in tumor via an enhanced EPR ef-

fect (Fig. 1b and Fig. S10 in Supporting information). Plus, TEM

result showed that NanoBodipy exhibited a spherical morphology

with a relatively uniform size. The results revealed that conjugat-

ing hydrophobic compound with a PEG chain is a simple but ef-

fective method to fabricate self-assembled nanomicelles with ex-

cellent performance. Furthermore, the size stability results showed

that NanoBodipy was stable in 24h in water and 1×phosphate

buffered saline (PBS, pH 7.4), but slightly coagulative in 48h (Fig.

S11 in Supporting information). However, NanoBodipy could accu-

mulate into tumor via EPR effect even with the coagulation for its

slight size enlargements.

For the further application, the absorbance and emission of

NanoBodipy were investigated. The UV–visible-NIR absorption

spectrum of NanoBodipy displayed a maximum absorption peak at

a wavelength of 652nm in water and 662nm in DMSO (Fig. 1c).

To observe the emission of activated NanoBodipy, the probe was

incubated with NTR in Tris buffer, and characterized with a fluo-

rescence spectrum. The fluorescence spectrum exhibited that the

emission of activated NanoBodipy maximized at 666nm (Fig. 1d).

The spectra revealed that both absorption and emission of

NanoBodipy were red-shifted to the NIR region (650–900nm) re-

sulting from the extension of π conjugation system [40,41].

To assess the extent of the NTR reaction, the fluorescence inten-

sity response of NanoBodipy was recorded at various time points

(0–140min). Fig. 2a showed that the fluorescence intensity was

continuously increased up to ∼2.3-fold at 120min upon the ad-

dition of 10μg/mL NTR, suggesting that NanoBodipy could be ef-

fectively activated by NTR. Furthermore, to evaluate the selectivity

of NanoBodipy for NTR, various potential interfering species were

examined, including metal ions (Ca2+, K+, Mg2+, Na+, Cu2+), com-

mon carbohydrate (glucose, sucrose, polysaccharide), amino acids

(l-glutamate, l-arginine, glycine), reducing agent carbamide and

oxidizing agent H2O2. Interfering species had little influence on the

NanoBodipy activation, compared to activation triggered by NTR

(Fig. 2b). The results indicated that NanoBodipy possessed sensi-

tivity and specificity for NTR activation.

The fluorescence images of NanoBodipy in 4T1 breast cancer

cells and L929 normal cells were further obtained to investigate

whether NanoBodipy was specifically and intensively activated in

4T1 cancer cells under hypoxic conditions. The images (Fig. 2c)

showed strong fluorescence in 4T1 cells cultured under hypoxic

conditions but little fluorescence in 4T1 cells cultured under nor-

moxic conditions. In addition, fluorescence was hardly observed in

L929 cells cultured under both hypoxic and normoxic conditions,

indicating that NanoBodipy could be effectively and specifically ac-

tivated in 4T1 cancer cells with NTR overexpression under hypoxic

conditions. To further confirm the specific activation of NanoBod-

ipy, the relative fluorescence intensities of 4T1 cells and L929 cells

cultured under different conditions were measured after 24h of

incubation (Fig. 2d). The results suggested that 4T1 cells cultured

under hypoxic conditions exhibited ∼30-fold stronger fluorescence

compared to 4T1 cells cultured under normoxic conditions, con-

firming the efficient activation of the probe by the overexpressed

NTR. Moreover, 4T1 cells cultured under hypoxic conditions exhib-

ited more than 30-fold stronger fluorescence compared to L929

cells cultured under both hypoxic and normoxic conditions, con-

firming the specific activation of NanoBodipy in cancer cells which

overexpressed NTR under hypoxic conditions. Notably, a higher flu-

orescence increase of NanoBodipy was observed in the cell fluores-

cence imaging compared to that measured in the PBS buffer. This

phenomenon can be ascribed to steric hindrance and aggregation-

induced fluorescence quenching. In the PBS buffer, the amphiphilic

PEG-Bodipy self-assembled into nanomicelles (NanoBodipy), which

made it difficult for the probe to be recognized and activated by

NTR due to the steric hindrance. In addition, even if amphiphilic

PEG-Bodipy was activated by NTR and regained its strong fluores-

cence, it can still maintain the status of a nanomicelle and exhib-

ited aggregation-induced fluorescence quenching. In comparison,

when NanoBodipy was endocytosed into the cancer cells, it will

dissociate into amphiphilic PEG-Bodipy molecules and be activated

by the overexpressed NTR in the lipophilic intracellular environ-

ment. Therefore, the cell fluorescence imaging exhibited a much

stronger fluorescence response than that in the PBS buffer.

In addition, cell cytoviabilities of 4T1 breast cancer cells and

human umbilical vein endothelial cells (HUVEC) normal cells were

carried out to evaluate the biological safety of NanoBodipy. The re-

sults suggested that NanoBodipy was nontoxic to the cells (Fig. S12

in Supporting information). As shown in Fig. S13 (Supporting infor-

mation), the red blood cells (RBCs) remain intact and precipitates

at the bottom in all the NanoBodipy solutions, contrarily, hemoly-

sis occurs in control group. The results showed that the fraction of

hemolysis in all concentrations of NanoBodipy are less than 0.5%,

demonstrating that the NanoBodipy did not cause hemolysis of

RBCs even at a concentration as high as 500μg/mL.

NanoBodipy, designed as the specific tumor-targeting fluo-

rescent probe, was further monitored fluorescence emission in

xenograft tumor mouse models in vivo and ex vivo. The animal

study was approved by the Biomedical Ethics Committee of Xi’an

Jiaotong University Health Science Center (No. 2021–1612). The 4T1

tumor-bearing mice were intravenously injected with NanoBodipy

(200 μL, 0.486mg/mL), then imaged at 2, 8 and 24h. As depicted

in Fig. 3a, obvious fluorescence signals in tumors revealed that

NanoBodipy rapidly accumulated at the tumor tissue and activated

by tumor-overexpressed NTR, even at 2h post injection.
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Fig. 2. Sensitivity and selectivity of NanoBodipy for NTR activation in the solution and in the cells. (a) Fluorescence emission spectrum of NanoBodipy reacted with NTR.

(b) Fluorescence responses of NanoBodipy (0.5 μmol/L) reacted with various species: control (NanoBodipy+500 μmol/L NADH) and with CaCl2 (50mmol/L), KCl (50mmol/L),

MgCl2 (50mmol/L), NaCl (50mmol/L), H2O2 (1mmol/L), glucose (10mmol/L), sucrose (10mmol/L), polysaccharide (10mmol/L), l-glutamate (1mmol/L), l-arginine (1mmol/L),

glycine (1mmol/L), carbamide (10mmol/L), and NTR (10μg/mL). (c) Fluorescence images of 4T1 and L929 cells incubated with NanoBodipy for 24h. Scale bar: 25μm. (d)

Relative fluorescence intensities of 4T1 and L929 cells incubated with NanoBodipy for 24h. Each point with an error bar represents the mean ± standard deviation (SD)

(n= 4). ∗∗∗∗P < 0.0001 (t-test).

Furthermore, the NanoBodipy started to exhibit the strongest

fluorescent signal in the tumor compared to biotic tissues at 8h

post injection, and this obvious contrast maintained until 24h post

injection, demonstrating the favorable capability of NanoBodipy as

a tumor-targeted NTR-activated fluorescent probe. To investigate

the metabolism and distribution of NanoBodipy, ex vivo fluores-

cence images of major organs and the tumor were carried out at 8

and 24h post injection. As shown in Fig. 3b, the tumor maintained

strong fluorescence signals until 24h post-injection, confirming

that NanoBodipy can remain in the tumor for an extended period,

thus benefiting tumor diagnosis through fluorescence imaging. Ad-

ditionally, the liver and kidney also exhibited relatively strong flu-

orescence signals. Previous studies have found that the liver and

kidney also have high NTR expression compared to other main or-

gans [42,43], leading to the activation of NanoBodipy probe and

strong fluorescence signals in the liver and kidney. The quantitative

results revealed that NanoBodipy can persist in tumor for more

than 24h, while being rapidly metabolized in normal tissues, ex-

cept for the liver and kidney (Fig. 3c). The retained fluorescence

signals in the liver and kidney at 24h post-injection remind us to

monitor the possible toxicity of the NanoBodipy probe to the liver

and kidney. The above results demonstrated that our probe could

be utilized as a prominent bioimaging tool for in vivo real-time

tumor-targeted imaging.

To further confirm the tumor-targeted capability of NanoBodipy,

a fluorescence imaging-guided surgery was performed. As shown

in Fig. 4a, the mouse with 4T1 tumor in its right hind leg was im-

aged firstly to identify the exact location of the tumor before the

operation. Then, the tumor was exposed and exhibited more in-

tense fluorescence after cutting into the fur. According to the flu-

orescence distribution pattern, the tumor was resected and was

believed to have been completely removed. However, the strong

fluorescence in the surgical incision suggested the residual of the

tumor tissue. Guiding by the fluorescence imaging, a second resec-

tion was performed to completely remove the tumor issue away

from the surrounding musculature. The complete tumor resection

was performed with the smallest possible incision, thereby re-

duced the possibility of incision infection.

To further validate the complete removal of the 4T1 tumor,

ex vivo fluorescence images and histology examination were con-

ducted on the resected tumor. As shown in Figs. 4b–d, the tu-

mor area exhibited strong red fluorescence, while the normal tis-

sue showed much weaker fluorescence, confirming the accumu-

lation of NanoBodipy at the tumor. The clear tumor margin also
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Fig. 3. In vivo and ex vivo fluorescence images of NanoBodipy at different time

points. (a) In vivo fluorescence images of 4T1 tumor-bearing mice injected with

NanoBodipy at 2, 8 and 24h. (b) Ex vivo fluorescence images of main organs and

tumor obtained at 8 and 24h post-injection. (c) Quantified fluorescence biodistri-

bution of NanoBodipy (H: heart; L: liver; SP: spleen; Lu: lung; K: kidney; ST: stom-

ach; I: intestine; T: tumor). Each point with an error bar represents the mean ± SD

(n= 3).

confirmed the complete removal of the tumor during the imaging-

guided surgery. In addition, the examination of H&E staining of the

tumor slice provided additional verification that the tumor was en-

tirely removed from the mouse with the assistance of NanoBodipy

guidance (Fig. 4e).

To further verify the biocompatibility of NanoBodipy, the his-

tological investigation of major organs harvested from the mouse

at 24h post-injection was carried out. The results showed that

there was negligible organ damage in the sections of the normal

organs, indicating that NanoBodipy had good biocompatibility (Fig.

S14 in Supporting information). The biochemical tests of NanoBod-

ipy measured at 24h post injection were carried out. In the bio-

chemical tests, levels of aspartate aminotransferase (AST) and ala-

nine aminotransferase (ALT) were measured as indicators of liver

injury, creatinine (CREA) and blood urea nitrogen (BUN) for kid-

ney injury. As shown in Fig. S15 (Supporting information), no sig-

nificant changes were observed in levels of AST, ALT, CREA and

BUN compared with that in the control groups, suggesting that

NanoBodipy did not cause any acute toxicity. The mice injected

with NanoBodipy solution (17.4mg/kg) were weighed and their

survival ratios were recorded for seven consecutive days, all mice

were survival and alive, and gained additional weight slowly in the

seven days (Fig. S16 in Supporting information). To further observe

their health conditions, blood biochemical tests were carried out,

and the results indicated that the liver and renal functions of the

mice injected with NanoBodipy solution remained healthy (Fig. S17

in Supporting information). Furthermore, the biocompatibility in-

vestigation of NanoBodipy measured and analyzed on the 14th day

post injection suggested that NanoBodipy do have good biocompat-

ibility. As shown in Fig. S18 (Supporting information), all the mice

were survival, and maintained a healthy body weight in fourteen

days. The results of biochemical tests suggested that levels of AST,

Fig. 4. Intraoperative guidance of NanoBodipy for complete tumor resection by flu-

orescence imaging. (a) Fluorescence-guided surgery of 4T1 tumor resection. Animal

had undergone the surgery at 24h after injection of NanoBodipy. 1: first resection;

2: second resection. (b–d) Ex vivo fluorescence images of 4T1 tumor resected at 24h

post intravenous injection of NanoBodipy. (e) Histology examination of 4T1 tumor

resected at 24h post intravenous injection of NanoBodipy. Scale bar: 100μm. DAPI:

4′ ,6-diamidino-2-phenylindole.

ALT, CREA and BUN in the mice were in the normal values (Fig.

S19 in Supporting information). The above results suggested that

the prepared NanoBodipy is highly biocompatible for intravenous

injection.

In summary, this article reports on the development of an NTR-

activated probe (NanoBodipy) with an NIR optical window based

on bodipy dye for tumor-targeted fluorescence imaging. The probe

exhibited the expected emission in the NIR region and a fluores-

cence OFF-ON response via the NTR-catalyzed reduction, enabling

the smart imaging of hypoxic tumor. With amphiphilicity, PEG-

Bodipy molecule can self-assemble into nanomicelles (NanoBod-

ipy) in aqueous solution. The NTR-responsive dye acted as the

hydrophobic segment in the amphiphilic polymer, yielding a ho-

mogeneous composition and a high loading of 12.2 wt% (accord-

ing to calculation) in the synthesized NanoBodipy. After accumu-

lation at the tumor via EPR effect, the synthesized NanoBodipy

was endocytosed by the tumor cells and dissociated into PEG-

Bodipy molecules. The dissociated PEG-Bodipy molecules were

subsequently activated by NTR overexpressed in tumor and per-

formed tumor-targeted fluorescence imaging. With the assistance

of NanoBodipy, complete tumor removal can be achieved under the

guidance of fluorescence imaging. Furthermore, NanoBodipy was

demonstrated to have excellent in vivo biocompatibility according

to histological investigation and biochemical tests, highlighting its

potential as a clinical optical probe.
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