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Fluorescent or luminescent labeling of biomolecules, as biosensors, with high sensitive and 
spatiotemporal resolution enable it an outstanding imaging technique for detecting and tracking 
biomolecular dynamics in many areas of life sciences and biomedical research. Ir(III) complex IrCN 
with solvent ligands could selectively recognize His via covalent attachment to the His imidazole 
group, and serve as a reaction-based “turn-on” fluorescent probe for the detection of His and His 
containing proteins. Fibroblast growth factor 21 (FGF21) was an essential glucose and lipid metabolic 
regulator and a promising therapeutic target for metabolic disorder syndromes. In this study, a non-
emissive cyclometalated Ir(III) solvent complex IrCN was synthesized for FGF21 protein labeling. 
Binding test showed that the optimal binding ratio of IrCN and FGF21 protein was 1:100 (W/W). The 
binding between IrCN and FGF21 protein was very rapid, and the reaction could be completed in 
10 min. IrCN probe no longer bound to other proteins after it specifically bound to the FGF21 protein. 
Biocompatibility studies shown that IrCN exhibited low cytotoxicity and tissue toxicity when the 
concentration was not higher than 50 μg/mL. Whereas, high concentration of IrCN caused organ-
specific toxicity, with notable effects observed in both the spleen and skeletal muscle. Cell imaging 
experiments showed that revealed that unbound IrCN exhibits significant potential as a versatile 
cytoplasmic labeling agent, while its protein-conjugated form demonstrates effective protein tracing 
capabilities in cellular systems. Functional validation experiments by quantitative analysis of FGF21-
mediated downstream pathway markers demonstrated that IrCN labeling preserves the native 
biological activity of FGF21 protein. This study demonstrated that IrCN served as a highly sensitive 
and stable probe for cell imaging and protein fluorescent labeling applications, which established a 
solid foundation for further exploration of its potential applications in diverse areas of biomolecular 
research, particularly in protein tracking and live-cell imaging studies.
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Fluorescent or luminescent labeling of biomolecules, as biosensors, with high sensitive and spatiotemporal 
resolution enable it an outstanding imaging technique for detecting and tracking biomolecular dynamics in 
many areas of life sciences and biomedical research1. Metal complexes, due to their excellent photophysical 
properties, such as large Stokes shift, enhanced photostability, high damage threshold, long optical lifetime, high 
quantum yield and easy adjustment of the luminescence band, have been widely used in in many fields, such as 
sensing, organic light-emitting diodes, photodynamic therapy and anti-tumor2–6. Cyclometalated Iridium (Ir) 
complexes with favorable photophysical properties have been developed as a type of phosphorescent probes 
for amino acid detection, including cysteine (Cys), homocysteine and histidine (His)7–9. In particular, the 
nonemissive Ir(III) complex IrCN with solvent ligands could selectively recognize His via covalent attachment 
to the His imidazole group, and serve as a reaction-based “turn-on” fluorescent probe for the detection of His 
in solution9,10, which provided broad prospects for the study of His and His containing proteins. However, the 
knowledge about the biocompatibility of IrCN and its impact on protein function after labeling is still limited.

Fibroblast growth factor 21 (FGF21) was identified as an essential metabolic regulator involved in enhancing 
insulin sensitivity, lowing blood glucose and triglyceride (TG) levels, increasing brown adipocyte numbers, 
preserving β-cell function, inducing sustained weight loss, ameliorating hepatic steatosis and reducing 
cardiovascular disease risk11–14, which makes it a potential diagnostic marker and a promising therapeutic 
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target for metabolic disorder syndromes, such as type 2 diabetes (T2D), nonalcoholic fatty liver, hyperlipidemia, 
and cardiovascular diseases15,16. FGF21 exerts regulation effects mainly via FGF receptor 1 (FGFR1) and a 
cofactor, β-Klotho (KLB)-mediated downstream cascades17, including sirtuin 1 (SIRT1), phosphatidylinositol 
3-kinase (PI3K)/Akt signaling, AMPK/mTOR signaling, and ERK1/2 signaling18,19. FGF21 is mainly regulated 
by the nuclear receptor peroxisome proliferator‑activated receptor α (PPARα), PPARγ20 and transcriptional 
factor ATF4. PPAR and ATF4 can synergize to activate FGF21 transcription21,22. These findings allow a better 
understanding of the basic molecular mechanism of FGF21 and provided critical insights for the development 
of FGF21-based therapies. Efficient fluorescent labeling will help broaden the research progress and application 
field of FGF21 factor.

Camel can adapt to arid and semi-arid desert climates in the world mainly due to an efficient mechanism 
of lipid reserve and utilization in hump23. Our previous studies have claimed that camel FGF21 has distinct 
expression patterns and regulatory mechanisms compared to human and rodent13,23. In this work, a non-
emissive cyclometalated Ir(III) solvent complex [Ir(ppy)2(CH3CN)2] OTf− (IrCN) is prepared for labeling FGF21 
protein containing His tag in carboxy-terminal. After determining the binding conditions between the IrCN 
probe and FGF21 protein, the biological function of FGF21 is monitored via detecting the expression of FGF21 
downstream signaling pathway genes. This study attempts to reveal the effect of IrCN probe labeling on protein 
function, providing a basis for the research and application of IrCN probe for protein labeling and cell imaging.

Results
Preparation and characterization of IrCN
To explore the protein labeling function of IrCN, this study synthesized IrCN in the laboratory and their property 
was characterized by 1H nuclear magnetic resonance (NMR) NMR and high-resolution mass spectrometry (HR-
MS). As shown in Fig. 1, the cyclometalated IrCN complex were synthesized with following parameters, 1H 
NMR (400 MHz, DMSO-d6, δ ppm): 9.49 (d, J = 5.7 Hz, 2H), 8.40 (d, J = 8.1 Hz, 2H), 8.26 (dd, J = 11.4, 4.3 Hz, 
2H), 7.89 (d, J = 7.6 Hz, 2H), 7.72 (dd, J = 9.7, 3.7 Hz, 3H), 7.64 (s, 1H), 7.05 (t, J = 7.5 Hz, 2H), 6.91 (t, J = 7.5 Hz, 
3H), 5.91 (d, J = 7.6 Hz, 2H), 2.07 (s, 6H). In addition, the HR-MS spectrum data is in good agreement with the 
theoretical simulated result. These results suggested that high purity IrCN were obtained in this study.

Investigation of the binding kinetics between IrCN and FGF21 protein
To determine the optimal binding conditions of IrCN and FGF21 protein with His tag, including binding ratio, 
binding time, kinetic analysis, photostability and binding stability under different temperature, this study co-
incubated IrCN probe and FGF21 protein with different concentrations for different durations, respectively. 
Fluorescence intensity was captured in a fluorescence spectrometer and analyzed using ImageJ software. As 
shown in Fig. 2, the IrCN probe showed binding affinity for FGF21 protein, manifesting in a distinct absorbance 
peak at 280 nm and a corresponding emission maximum at 515 nm. The binding of IrCN to FGF21 resulted 
in a 39-fold enhancement of fluorescence intensity at 515 nm and the fluorescence quantum yield exhibited a 
30.67-fold enhancement (Fig. 2A and B). The fluorescence intensity resulting from IrCN-FGF21 interactions 
exhibited a monotonic increment with increasing IrCN concentration, reaching a saturation plateau at 20 μg/
mL, and the optimal stoichiometric interaction ratio of IrCN-FGF21 protein was 1:100 (W/W, Fig. 2C). Time-
resolved fluorescence spectroscopy showed that the IrCN probe exhibits rapid and specific binding kinetics 
with FGF21 protein. Significant fluorescence enhancement was observed within 2  min post-incubation and 
saturation of fluorescence intensity achieved at 10 min (Fig. 2D and E), indicating that the optimal binding 
time of IrCN and FGF21 protein was 10 min. Photostability assessment revealed that IrCN-FGF21 complex 
showed exceptional resistance to photodegradation under visible light irradiation of different wavelengths and 
continuous light exposure. Fluorescence intensity showed no attenuation after 10 min illumination (Fig. 2F and 

Fig. 1.  Chemical structure and characterization of the Ir(III) solvent complex (IrCN). (A) 1H NMR spectrum 
of IrCN in dimethyl sulfoxide (DMSO)-d6. (B) High-resolution mass spectrometry (HR-MS) spectrum of 
IrCN.
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G). The binding stability assays showed that the IrCN-FGF21 conjugate exhibits exceptional thermal stability, 
maintaining persistent fluorescence signals exceeding 20  d under diverse temperature conditions, including 
room temperature (25 °C), 4 °C and − 20 °C (Fig. 2H), indicating that IrCN-labeled conjugates possess good 
stability and a long half-life. These results demonstrated that IrCN is a sensitive and stable probe for labeling 
proteins.

Binding specificity of IrCN and FGF21 protein with His tag
Ir(III) complex IrCN could selectively bind to His via covalent attachment to imidazole group and “turn-on” 
fluorescent9,10. The His tandem tag is also a commonly used tool for protein purification. To understand the 
binding characteristics of IrCN with His-tagged proteins, FGF21 proteins purification used in this study were 
performed via His tag mediated column chromatography. Bovine serum albumin (BSA) was introduced as 
control. FGF21 proteins were incubated with IrCN of different concentrations for 15 min firstly, then BSA was 

Fig. 2.  Determination of the binding kinetics of IrCN and FGF21 proteins. (A) Determination of absorption 
spectra of IrCN binding to FGF21 protein. (B) Determination of emission spectra of IrCN binding to FGF21 
protein. (C) Determination of the optimal binding ratio of IrCN and FGF21 protein. (D) Investigation of 
binding kinetics between IrCN and FGF21 protein. (E) Determination of the optimal binding time between 
IrCN and FGF21 protein. (F) Photostability testing of IrCN binding to FGF21 protein under visible light 
irradiation of different wavelengths. (G) Photostability testing of IrCN binding to FGF21 protein under 
irradiation at 515 nm wavelength for different durations. (H) Determination of binding stability of IrCN 
and FGF21 protein under different temperature conditions, including room temperature (25 °C), 4 °C and 
− 20 °C. Fluorescence signals were captured in a fluorescence spectrometer and UV spectrometer system. The 
fluorescence intensity analyzed using ImageJ software.
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added and maintained for 15 min. The mixture was subjected for gel electrophoresis separation and fluorescence 
analysis. As shown in Fig. 3, FGF21 contains five discontinuous His within the protein and six continuous His at 
the C-terminus. BSA contains ten discontinuous His within the protein (Fig. 3A). As IrCN probe concentration 
decreases, the fluorescence brightness of FGF21 protein gradually decreases. When the ratio of IrCN to FGF21 
protein reaches below 1:200 (W/W), the fluorescence bands of BSA protein disappeared (Fig. 3B), suggesting 
that IrCN probe no longer binds to other proteins after it specifically binds to the FGF21 protein. The results 
indicated that IrCN probes can specifically bind to FGF21 proteins with His tag. When the concentration ratio 
between IrCN probe and FGF21 protein is below 1:200, there are no free IrCN binding to other proteins.

Biocompatibility of the IrCN
For a labeling probe, low cytotoxicity and good biocompatibility are usually prerequisites for their clinical 
applications. To ensure their potential for clinical application, the biocompatibility of IrCN was systematically 
assessed through a cytotoxicity assay, hemolysis experiment, and histopathological analysis, respectively. As 
shown in Fig.  4, two different cell lines BHK-21 and MAC-T cells, were exposed to varying concentrations 
of IrCN for 24 h at 37 °C. Addition of IrCN did not cause a significant decrease in cell survival rate until the 
concentration of IrCN reached 50 μg/mL (Fig. 4A), indicating that the working concentration of IrCN used for 
probe labeling should be maintained below 50 μg/mL to ensure proper cellular function.

The blood compatibility of IrCN was determined by a hemolysis assay. As shown in Fig. 4B, the hemolysis 
effect showed a concentration-dependent manner for IrCN. When the concentration of IrCN exceeds 100 μg/
mL, it will cause significant hemolysis of red blood cells, indicating that the concentration of IrCN in the 
circulatory system should be below 100 μg/mL when used for in vivo labeling.

Organ toxicity potentially induced by IrCN was evaluated through a histological examination base on H&E 
staining. As shown in Fig.  4C, the major organs including heart, liver, lung and kidney showed no marked 
pathological abnormalities or adverse effects after treating mice weighing 40 g with 50 or 200 μg IrCN. However, 

Fig. 3.  Binding specificity of IrCN and FGF21 protein with His tag. (A) Schematic diagram of protein 
molecules FGF21 with His tag and bovine serum albumin (BSA). The molecular weight of FGF21 and BSA is 
22 kD and 66 kD, respectively. The blue line represents the position of his in the polypeptide chain. (B) Each 
sample tube with addition of IrCN probe, FGF21 and BSA protein in turn. The mixture after reaction for 
15 min were subjected for gel electrophoresis and fluorescence detection, respectively.
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the mouse exposed to IrCN exhibited severe spleen lesions, including splenic corpuscle degeneration and 
atrophy, with blurred border boundaries as indicated by the black arrow in Fig. 4C, and severe infiltration of red 
blood cells and inflammatory cells in the red pulp as indicated by the red arrow in Fig. 4C. Additionally, high 
dose IrCN treatment (200 μg) caused diffuse necrosis and rupture of muscle fibers as indicated by the blue arrow 
in Fig. 4C, suggesting that high concentration IrCN demonstrated potential organ-specific toxicity, with notable 
effects observed in both the spleen and skeletal muscle..

IrCN probe has potential for cell imaging and protein tracing
To understand whether the IrCN probe can be used for cell fluorescence labeling and imaging, IrCN were 
subjected to co-culture with living cells and fixed cells, respectively. Fluorescence imaging was generated by a 
fluorescence microscope. As shown in Fig. 5, in living cells, IrCN treatment elicited prominent green fluorescence 
signals localized specifically in the cytoplasm. The fluorescence intensity exhibited a concentration-dependent 
relationship, with elevated IrCN concentrations yielding more intense cytoplasmic green fluorescence (Fig. 5A). 
In fixed cells, IrCN treatment resulted in intense green fluorescence specifically localized within the cytoplasmic 
compartment. (Fig.  5B). To precisely determine the subcellular localization of IrCN-induced fluorescence, 
confocal microscopy analysis was conducted, revealing that the fluorescence signals were predominantly 
localized in the perinuclear region of the cytoplasm (Fig.  5C). These results indicated that IrCN probe has 
potential for versatile cytoplasmic labeling both in living cells and fixed cells.

To further investigate the potential of the IrCN probe for protein tracing in cellular environments, we 
introduced IrCN-labeled FGF21-His protein into cultured cells. After 4 h incubation, the cells were fixed with 
4% paraformaldehyde and subjected to immunofluorescence staining with the use of anti-His tag IgG as the 
primary antibody and TRITC-conjugated secondary antibody. Fluorescence microscopy was then employed 
to capture the resulting signals. As illustrated in Fig. 5D, a significant colocalization was observed between the 
green fluorescence signal from the IrCN probe and the red fluorescence signal representing the FGF21 protein, 
particularly in the cell membrane and cytoplasmic regions, indicating a stable association between the IrCN 
probe and FGF21 protein within the cellular context. These findings demonstrated the potential utility of the 
IrCN probe as an effective tool for protein tracing applications in cells.

IrCN labeling did not affect FGF21 protein function
To determine whether IrCN labeling affect protein functionality, the study generated FGF21 proteins with 
C-terminal His tags from multiple species, including camel, mouse and human. BHK-21 cells were treated with 

Fig. 4.  Biocompatibility of the IrCN. (A) Cytotoxicity of BHK-21 and MAC-T cells was assessed by CCK8 
method after 24 h exposure to IrCN at different concentrations. (B) Hemolytic effect of the IrCN. (C) Principal 
organs morphology was examined using H&E staining after IrCN treatment for 3 d in mice. The arrows 
indicated the location of the lesion. Scale bar: 100 μm. *P < 0.05; ** P < 0.01.

 

Scientific Reports |        (2025) 15:12365 5| https://doi.org/10.1038/s41598-025-97470-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


either IrCN-labeled or unlabeled FGF21 proteins, followed by analysis of downstream pathway components. 
Gene expression levels were quantified using qPCR, while protein expression was assessed through western blot 
analysis. As demonstrated in Fig. 6, the expression level of FGF21 downstream pathway genes, including PI3K, 
Akt, and mTOR showed significantly increased both in mRNA levels and protein levels after FGF21 proteins 
treatment with or without IrCN labeling. Comparative analysis revealed no statistically significant differences 
in the expression patterns of these downstream genes between cells treated with IrCN-labeled and unlabeled 
FGF21 proteins (Fig. 6). The result collectively indicated that the IrCN labeling process does not compromise 
the biological activity or functional integrity of FGF21 proteins.

Discussion
Recently, Ir(III) complexes has gained widespread attention due to their excellent photophysical properties 
as a specific biomarker probes for biomolecule imaging and their great potential in the life sciences and 
biomedical field24–26. Intriguingly, Ir(III) complexes could selectively recognize His via covalent attachment 
to the imidazole group, and serve as a reaction-based “turn-on” fluorescent probe for the detection of His in 
solution, which provided broad prospects for the study of proteins containing His27,28. However, the knowledge 
about the biocompatibility of Ir(III) complexes and whether Ir(III) probes labeling will affect protein function 
is still limited. FGF21 was a novel metabolic regulator and showed great prospects for treatment of metabolic 
disorders, such as type 2 diabetes mellitus (T2DM), obesity and cardiovascular diseases (CVDs), which made 

Fig. 5.  IrCN probe can be used for cell imaging. (A) Fluorescence imaging of live cells treated with IrCN of 
different concentrations. (B) Fluorescence imaging of fixed cells treated with IrCN. (C) Confocal imaging of 
cell after treatment with IrCN. (D) IrCN-labeled FGF21-His protein complex was introduced into cultured 
cells. IrCN signal was detected as green fluorescence through its intrinsic emission properties and FGF21-His 
protein was specifically labeled with anti-His tag antibodies and visualized as red fluorescence using TRITC-
conjugated secondary antibodies in immunofluorescence staining. Scale bar: 50 μm.
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FGF21 a promising therapeutic target and valuable diagnostic marker for metabolic disease15,16,29. Developing 
a specific labeling method for FGF21 will provide support for further in-depth research on FGF21 function.

In this study, Ir(III) complex IrCN was synthesized as a fluorescent probe to label FGF21 protein containing 
His tag, and was proven to be an effective protein labeling probe. The IrCN-mediated labeling of FGF21 proteins 
exhibits several advantageous characteristics, including high sensitivity, rapid reaction kinetics, exceptional 
stability, and remarkable specificity. Remarkably, the labeling process requires only 1% (w/w) of IrCN relative 
to the target FGF21 protein and can be completed within 10 min. The IrCN-induced fluorescence in labeled 
FGF21 proteins demonstrated extraordinary stability, maintaining detectable signals for over 20 d across a wide 
range of temperature conditions. Furthermore, the binding specificity analysis revealed that once IrCN forms a 
complex with FGF21, it exhibits exclusive binding characteristics, demonstrating no detectable affinity for other 
proteins. These findings demonstrated that that IrCN is an efficient protein specific probe, especially for proteins 
containing His tag, which may be attributed to IrCN’s ability to recognize and covalently bind imidazole groups 
of His, which then turn on fluorescence27,28. However, there are still some issues that need to be addressed, such 
as whether IrCN has better binding affinity with continuous His-tag compared to dispersed His in proteins.

Consequently, the IrCN-labeled FGF21 protein maintains remarkable stability within cellular environments, 
as evidenced by our experimental observations. This stability profile, combined with the probe’s specific binding 
characteristics, underscores the significant potential of the IrCN probe as a robust and reliable tool for real-time 
protein tracing and visualization in cell systems. Furthermore, this study demonstrated that unbound IrCN 
functions as an effective and versatile cytoplasmic staining probe in both live and fixed cells, which provided an 
alternative approach for comprehensive cell imaging applications, especially for real-time visualization of living 
cell behavior and intracellular dynamics in biomedical research. The IrCN probe showed good cell compatibility 
when its concentration is below 50 μg/mL, which is consistent with previous report30,31. However, IrCN with a 
concentration higher than 100 μg/mL will cause an increase in cell mortality and hemolysis. Actually, various 
nanomaterials can produce cytotoxicity and hemolysis when the concentration is too high32–34. IrCN exposure 
showed no marked damage to major organs including heart, liver, lung and kidney, even at concentrations of 
200  μg per 40  g body weight in mice. The result is consistent with previous report that Ir(III) complex is a 
promising avenue for the treatment of liver damage35. Notably, administration of IrCN in vivo caused severe 
spleen lesions in mouse, including splenic corpuscle degeneration and atrophy, with blurred border boundaries. 
And high dose IrCN (200 μg per 40 g body weight) caused diffuse necrosis and rupture of muscle fibers in 

Fig. 6.  IrCN labeling did not affect FGF21 protein function. (A) The mRNA expression levels of PI3K, AKT 
and mTOR after FGF21 protein treatment from different species with or without IrCN labeling. (B) The protein 
expression levels of PI3K, AKT and mTOR after FGF21 protein treatment from different species with or 
without IrCN labeling. Relative intensity of protein bands was captured and analyzed using ImageJ software. 
cFGF21: camel FGF21. mFGF21: mouse FGF21. hFGF21: human FGF21. * P < 0.05; ** P < 0.01.
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mouse, which casted a shadow over the in vivo application of IrCN probe, although the possible toxicological 
impacts of Ir(III) complex-based nanomaterials warrant further consideration and investigation.

FGF21 exerts metabolic regulatory activities mainly via the PI3K/AKT/mTOR signaling cascade36. This 
study evaluated the expression levels of PI3K, Akt, and mTOR, and found that adding exogenous FGF21 protein, 
whether from camels, mice, or humans, can activate PI3K, Akt, and mTOR expression. IrCN labeling did not 
affect FGF21-stimulated downstream gene expression levels, including PI3K, Akt, and mTOR, indicating that 
IrCN labeling did not impact the biological function of FGF21 protein, which may be due to that His is not the 
key residue for FGF21 protein to bind to receptor.

In summary, this study synthesized Ir(III) complex IrCN for labeling FGF21 protein and found that IrCN is 
a sensitive, rapid, stable, and specific FGF21 protein probe. The IrCN probe showed good biocompatibility when 
its concentration is below 50 μg/mL. IrCN labeling did not affect the biological function of FGF21 protein. In 
addition, IrCN is also a sensitive and stable probe for cell imaging and protein tracing. These findings established 
a solid foundation for further exploration and potential widespread application of the IrCN probe in various 
biomedical research fields, particularly in protein tracking and live-cell imaging studies.

Materials and methods
Synthesis and characterization of IrCN
IrCN fluorescent probe was synthesized using phenylpyridine and IrCl3·3H2O as raw materials. Briefly, 
phenylpyridine, IrCl3·3H2O, 2-Ethoxyethanol and H2O were sequentially added to a 100 mL three necked flask. 
The reaction was maintained under N2 atmosphere, and at 110 °C in the dark for 24 h. After the reaction was 
completed and cooled to room temperature, a yellow solid was observed to precipitate. After vacuum filtration 
and ethanol washing, a yellow solid M2 was obtained. M2, silver nitrate, and acetonitrile were weighed and 
sequentially placed into a 100 mL three necked flask. The reaction was refluxed under N2 atmosphere for 24 h. 
After the reaction was completed and cooled to room temperature, concentrated filtrate was obtained via 
vacuum filtration. After adding a small amount of CH2Cl2, filter under reduced pressure to remove excess silver 
nitrate, concentrating the filtrate to obtain a purple yellow solid, iridium complex IrCN. The synthesized IrCN 
was characterized by 1H nuclear magnetic resonance (NMR) and high-resolution mass spectrometry (HR-MS), 
respectively.

FGF21 proteins and cells
Camel, mouse and human FGF21 proteins containing His tag in carboxy-terminal were expressed and purified 
using prokaryotic expression system and preserved in our laboratory. Bovine serum albumin (BSA) was purchased 
from Solarbio (Beijing, China). BHK-21 and MAC-T cells were purchased from the ATCC corporation (Beijing, 
China), and cultured in DMEM medium (BasalMedia, Shanghai, China) containing 10% fetal bovine serum 
(FBS, Gibco, Carlsbad, CA, USA) and maintained in dishes or plates in a cell culture incubator with 5% CO2 at 
37 °C.

Exploring the optimal binding conditions of IrCN and FGF21 protein
The IrCN was dissolved in dimethyl sulfoxide (DMSO) to dilute into different concentration gradients, ranging 
from 0.05 to 1 mg/mL. The optimal binding ratio between IrCN probe and FGF21 protein was determined by co-
incubating IrCN and FGF21 protein at different concentrations. The binding time and stability was determined 
by co-incubating probes with proteins for different durations. Fluorescence signals were captured using a 
fluorescence spectrometer (Horiba, Shizuoka, Japan) and UV imaging system (Tannon, Shanghai, China). The 
fluorescence intensity was analyzed using ImageJ software. The fold-change in fluorescence quantum yields at 
room temperature was measured using the following equation.

	
ΦIrCN−F GF 21

ΦIrCN
= DIrCN−F GF 21 · AIrCN

DIrCN · AIrCN−F GF 21

where Ф is the quantum yield, D is the integrated area of the emission spectrum, A is the absorbance at the 
excitation wavelength, respectively.

Biocompatibility evaluation of the IrCN
Biocompatibility of the IrCN was systematically assessed through a cytotoxicity assay, hemolysis test, and 
histopathological analysis after using different concentrations of IrCN to treat cells, red blood cells and mice, 
respectively. Cytotoxicity effect was performed by a standard CCK8 method according to the manufacture’s 
instruction (Beyotime, Beijing, China). For histopathological analysis, mouse tissues were collected 3 d after 
intramuscular injection of IrCN to prepare paraffin sections, which were then stained with haematoxylin and 
eosin (H&E) staining as previously described37. The animal use protocol listed in this study was reviewed and 
approved by the Animal Ethical and Welfare Committee of Gansu Agricultural University, and mice were 
euthanized by injection of pentobarbital sodium in accordance with American Veterinary Medical Association​ 
(AVMA) guidelines. For hemolysis test, fresh blood was collected from healthy mouse. After adding 10 
times the volume of 0.9% NaCl solution, centrifuging and discarding the supernatant, a 4% red blood cell 
suspension was prepared via adding 0.9% NaCl solution. Hemolysis phenomenon was observed by mixture 
of IrCN of different concentrations into 200 μL of red blood cell suspension for 15 min in room temperature. 
The absorbance value at 540 nm was recorded by Spectrophotometer (BioTek, Winooski, VT, USA). Hemolysis 
rate = (ODsample test group − ODnegative group)/(ODpositive group − ODnegative group) × 100%.
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Fluorescence imaging analysis
For live cell imaging, BHK-21 cells were seeded into small dishes. When the cells reached a 70% confluence, 
different concentrations of IrCN were added into the dishes and co-cultured with the cells for 10 min. After 
washing twice with phosphate buffer saline (PBS), fluorescence signals were captured using a fluorescence 
microscope (Echo-Labs, Englewood, CO, USA) and the fluorescence intensity was quantified by ImageJ software.

For fixed cell imaging, BHK-21 cells were seeded into dishes. After reaching a 70% confluence, the cells were 
fixed with 4% paraformaldehyde at room temperature for 30 min. After washing three times with PBS, the cells 
were permeabilized in 0.2% Triton X-100 (Beyotime). Different concentrations of IrCN were added into the 
dishes and co-cultured with the cells for 10 min. Fluorescence was captured using a fluorescence microscope 
(Echo-Labs) and the fluorescence intensity was quantified by ImageJ software.

Immunofluorescence assay
For immunofluorescence staining, cells after IrCN-FGF21 conjugate treatment for 2 h were collected and fixed 
with 4% paraformaldehyde (PFA) for 15 min at room temperature. After permeabilization with 0.1% Triton X-100 
for 10 min and blocking with 5% BSA for 1 h, cells were incubated with rabbit anti-His tag IgG (Immunoway, 
San Jose, CA, USA) overnight at 4 °C. Subsequently, cells were washed three times with PBS and incubated with 
TRITC-conjugated goat anti-rabbit IgG (H + L) (Proteintech, Chicago, IL, USA) for 1 h at room temperature in 
the dark. Nuclei were counterstained with DAPI (Beyotime) for 5 min, and coverslips were mounted onto glass 
slides using antifade mounting medium for imaging under a fluorescence microscope (Echo-Labs).

Real-time quantitative PCR (qPCR) assay
Total RNA was extracted from BHK-21 using the TRIzol reagent (Beyotime). cDNA was synthesized according 
to the instructions of the PrimeScript RT Reagent Kit (Takara, Dalian, China). The primers sequences for specific 
genes detection are listed as follow. β-actin forward primer: 5′-​G​G​C​T​G​T​A​T​T​C​C​C​C​T​C​C​A​T​C​G-3′ and reverse 
primer: 5′-​C​C​A​G​T​T​G​G​T​A​A​C​A​A​T​G​C​C​A​T​G​T-3′. PI3K forward primer: 5′-​C​A​A​A​G​C​C​G​A​G​A​A​C​C​T​A​T​T​G​C-
3′ and reverse primer: 5′-​G​G​T​G​G​C​A​G​T​C​T​T​G​T​T​G​A​T​G​A-3′. AKT forward primer: 5′-​A​G​A​T​G​G​A​C​T​C​A​A​G​A​
G​G​C​A​G​G​A​A​G-3′ and reverse primer: 5′-​T​A​C​T​C​A​A​A​C​T​C​G​T​T​C​A​T​G​G​T​C​A​C​A​C-3′. mTOR forward primer: 
5′-​T​T​G​A​G​G​T​T​G​C​T​A​T​G​A​C​C​A​G​A​G​A​G​A​A-3′ and reverse primer: 5′-​T​T​A​C​C​A​G​A​A​A​G​G​A​C​A​C​C​A​G​C​C​A​A​
T​G-3′. The primers were synthesized by Sangon Biotech (Shanghai, China). The qPCR reaction system was 
prepared according to the protocol of the SYBR Premix Ex Taq II Kit (Takara), and the reaction was performed 
on the LightCycler instrument (Roche, Indianapolis, IN, USA). Relative gene expression quantity was analyzed 
using the 2−ΔΔCt method and the amount of transcript in each sample was normalized using Actin as the internal 
control.

Western blot assay
Cellular total protein was extracted using RIPA lysis buffer (Beyotime) and protein concentration was measured 
using the BCA protein assay kit (Beyotime). Equal total protein was subjected to 10% SDS-PAGE gel for 
electrophoresis separation, and then electrotransferred onto a 0.45  µm polyvinylidene difluoride (PVDF) 
membrane (Biosharp, Beijing, China). The membrane was blocked for 2 h in 5% skim milk, followed by overnight 
incubation at 4 °C with primary antibodies, including anti-β-tubulin antibody (1:10,000, Proteintech, Chicago, 
IL, USA), anti-PI3K antibody (1:1000, Immunoway), anti-AKT antibody (1:1000, Immunoway, Plano, TX, 
USA), and anti-mTOR antibody (1:1000, Immunoway). After washing with PBS for 3 times, the membrane was 
co-incubated with the HRP-conjugated goat anti-rabbit IgG (1:5000, Proteintech) for 2 h at room temperature. 
Finally, protein bands were visualized using the ECL chemiluminescence detection kit (NeoBioscience, Suzhou, 
China) and captured by the Gel imaging system (Tannon, Shanghai, China).

Statistical analysis
Data were shown as mean ± SD, and the GraphPad Prism software (version 9.3.1, San Diego, CA, USA) was used 
for analysis of results. The significance of the differences between two groups and multiple groups were analyzed 
by two-tailed Student’s t-test and one-way ANOVA, respectively. P-value < 0.05 was considered to be statistically 
significant.

Data availability
All data generated or analysed during this study are included in this published article.
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