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a b s t r a c t

Fibrosis occurs due to the excessive deposition of extracellular matrix caused by cell injury. After various

types of tissue injury, the dysregulation of the internal response can eventually lead to the destruction of

organ structure and dysfunction. There is increasing evidence that oxidative stress, which is characterized

by excessive production of hydrogen peroxide (H2O2), is an important cause of fibrosis. Therefore, we

synthesized a biosensitive and efficient electrochemical H2O2 sensor based on PtNi nanoparticle-doped

N-reduced graphene oxide (PtNi-N-rGO) to detect H2O2 released from transforming growth factor β1

(TGFβ1)-induced myofibroblast. In addition, the sensor could easily detect changes in H2O2 in the lung

and bronchoalveolar lavage fluid (BALF) of mice with pulmonary fibrosis. Furthermore, the sensor could

also detect H2O2 in activated hepatic stellate cells and the liver of carbon tetrachloride (CCl4)-induced

liver fibrosis. Moreover, the alterations in H2O2 detected by the sensor were consistent with nicotinamide

adenine dinucleotide phosphate oxidase 4 (NOX4) protein expression and the staining results of patho-

logical sections. Taken together, these results highlight the use of H2O2 sensors for the rapid detection of

fibrosis and facilitate the rapid evaluation of antifibrotic drug candidates.

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

Medica, Chinese Academy of Medical Sciences.

Fibrosis is considered to be an abnormal repair process in con-

nective tissue caused by various chronic injuries, such as massive

levels of apoptosis or necrosis. Nearly half of the deaths from var-

ious diseases are associated with organ tissue fibrosis, which is a

common feature of chronic diseases that affects nearly every tis-

sue in the body [1,2]. Studies of idiopathic pulmonary fibrosis (IPF)

have shown that fibrosis enhances the deposition of extracellular

matrix (ECM) proteins produced by myofibroblasts. The pathogen-

esis of this disease is unclear, and the prognosis is poor, with a 5-

year survival rate that is worse than that of many common cancers

[3–5]. More importantly, with the global spread of corona virus

disease 2019 (COVID-19), some severe and critically ill patients

may develop pulmonary fibrosis due to inflammation and injury,

which has increased public health awareness [6]. High-resolution

computed tomography (HRCT) is the main diagnostic method for

IPF [7]. During liver fibrosis, hepatic stellate cells (HSCs) in the

resting state are stimulated by various inflammatory factors, such
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as transforming growth factor β1 (TGFβ1) to form myofibroblasts,

which secrete ECM and participate in the development of liver fi-

brosis [8]. There are striking similarities in profibrotic signalling

cascades during fibrosis, and TGFβ1 is associated with the stim-

ulation of ECM production, reactive oxygen species (ROS) produc-

tion, and the fibroblast to myofibroblast transition, which are the

main events in tissue fibrosis [9–11]. Excess ROS and reactive free

radicals are produced in the liver, which weakens the antioxidant

function of the liver, leads to an increase in reactive free radicals in

liver cells and impairs the normal function of cells, eventually lead-

ing to necrosis and apoptosis in hepatocytes [12]. Although studies

have shown that this process is reversible, there is currently no

clinically approved drug to treat this condition, and inhibiting ox-

idative stress is an important means of treating liver injury and

liver fibrosis. Furthermore, evaluating whether drugs can inhibit

cell oxidative stress, maintain cell membrane stability, and detect

tissue oxidation indices are the main methods of evaluating antifi-

brotic drugs [13–15].

Compared with other organs, the lungs are particularly suscep-

tible to oxidative stress, and after external stimuli such as radia-

tion, drugs, and the environment induce lung damage, inflamma-

tory factors such as TGFβ1 stimulate excessive ECM deposition,
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and lung fibroblasts are activated and further promote ROS pro-

duction, which is the main manifestation of pulmonary fibrosis

[16,17]. Since oxidative stress leads to pathological wound heal-

ing and fibrosis, previous research has shown that inhibitors of

ROS generation generally have antifibrotic effects [18]. NOX4 is a

complex enzyme whose structure leads to the formation of H2O2,

which plays an important role in TGFβ-mediated signal transduc-

tion [19]. Elevated NOX4 levels have also been reported in IPF

lungs [20]. In ageing mice, NOX4 expression is elevated, and the

ability of these animals to resolve fibrosis is reduced [21]. Fibro-

sis can be regulated by regulating H2O2 levels in cells. Further

studies have confirmed that the NOX4 inhibitor GKT137831 de-

creases H2O2 levels, reduces intracellular oxidative stress and en-

ables reparative cell transplantation to restore lung and liver re-

generation [22]. NOX4 knockdown during hepatic fibrosis not only

inhibits ROS production but also reduces the expression of alpha-

smooth muscle actin (α-SMA) in angiotensin II-induced LX2 cells

[23]. Therefore, we hypothesize that the upregulation of H2O2 may

be used as a biomarker for the diagnosis of fibrosis.

Detecting H2O2 in tissues is a challenge due to the low levels

of H2O2 in tissues, its short half-life, and its instability. In addition,

other detection methods, such as fluorescence and chemilumines-

cence techniques, either have low sensitivity or complex sample

preparation, making it difficult to achieve real-time and rapid mea-

surement of H2O2 [24]. However, with the rapid development of

materials science, biology, electrochemistry and other disciplines,

great progress has been made in electrochemical sensing technol-

ogy [25,26]. In our previous study, we detected H2O2 in cancer

cells using nonenzymatic hydrogen peroxide electrochemical sens-

ing, which was also used to efficiently detect tumour tissue, ad-

jacent tissue, and normal tissue. Due to the complex mechanism

and unknown aetiology of fibrosis and the complicated and lengthy

drug screening process [28,29], it is necessary to establish a more

accurate and convenient fibrosis diagnosis method.

Here, we successfully detected H2O2 released by TGFβ1-

induced fibroblasts using a nonenzymatic chemical sensor, which

also conveniently detected changes in H2O2 in the lung and BALF

of mice with pulmonary fibrosis. In addition, the sensor could de-

tect H2O2 in activated hepatic stellate cells and the liver of mice

with hepatic fibrosis. The changes in H2O2 detected by the sen-

sor were consistent with NOX4 protein expression and the staining

results of pathological sections. Taken together, these results high-

light the use of H2O2 sensors for the rapid detection of fibrosis dis-

ease progression and facilitate the rapid evaluation of antifibrotic

drug candidates.

Our previous findings have confirmed that this H2O2 sensor has

good sensor performance, including safety, selectivity, repeatabil-

ity and stability [27]. Therefore, we first characterize the struc-

ture of composite nanomaterials by measuring the size, distri-

bution and morphology of nanoparticles. The size and morphol-

ogy of the PtNi-N-rGO nanocomposites were characterized by

transmission electron microscopy (TEM). Typical TEM images are

shown in Figs. 1a and b and adequately demonstrate that the

PtNi nanoparticles were evenly distributed and easily supported

on folded rGO nanosheets. The lattice fringes of the PtNi nanopar-

ticles are shown in Fig. 1c. High-resolution transmission electron

microscopy (HRTEM) images show interplanar distances of 0.21nm

and 0.18nm (Fig. 1c). The average size of the nanoparticles was ap-

proximately 5nm (Fig. 1d). Energy dispersive spectroscopy (EDS)

further confirmed the presence of C, O, N, Pt and Ni atoms in the

nanocomposites (Fig. 1e). The distributions of Pt and Ni were fur-

ther demonstrated by EDS line-scan profiles of individual nanopar-

ticles (Fig. 1f). These data indicate that the PtNi-N-rGO nanocom-

posites were successfully synthesized.

It is well established that TGFβ1 induces fibroblast activation

and epithelial-mesenchymal transformation (EMT), and so we first

Fig. 1. (a, b) TEM images of PtNi-N-rGO. Scale bars: 200nm (a) and 50nm (b);

(c) HRTEM image of PtNi-N-rGO. Scale bar: 5 nm; (d) the size distribution of PtNi

nanoparticles; (e) EDS spectrum of PtNi-N-rGO; (f) scanning transmission electron

microscopy (STEM) image and EDS line profiles of a single PtNi-N-rGO nanoparticle.

examined changes in intracellular ROS levels after TGFβ1 stimu-

lation. As shown in Fig. S1 (Supporting information), the NIH-3T3,

A549 and LX2 cell lines released more ROS after TGFβ1 stimulation

while the ROS level decreased after the nintedanib intervention.

Next, we investigated whether the as-fabricated H2O2 sensor could

be used to detect H2O2 released by activated fibroblasts using

commercially available H2O2 kits for comparison. Figs. 2a–d shows

that the H2O2 sensor had an obvious response to H2O2 released

by NIH-3T3 and A549 cells after TGFβ1 stimulation. More impor-

tantly, a reduction in H2O2 levels was detected after the cells were

treated with nintedanib. These results were confirmed by commer-

cially available H2O2 test kits (Figs. S2a and b in Supporting infor-

mation). During TGFβ1-induced fibrosis, epithelial cells gradually

lose their characteristics and gain the characteristics of mesenchy-

mal cells [28]. As shown in Figs. 2e and f, in response to TGFβ1

stimulation, the protein expression of collagen Ⅰ in NIH-3T3 cells

was increased, and the protein expression of E-cadherin in A549

cells was decreased. The expression of NOX4 is consistent in these

two types of cells. However, nintedanib reversed these changes in

protein expression in activated cells. In addition, TGFβ1 changed

the morphology of A549 cells compared to control, including hy-

pertrophy, elongation, and spindle shape. These results suggest

that H2O2 levels are positively correlated with TGFβ1-induced fi-

brosis progression in NIH-3T3 and A549 cell models.

It is important to highlight the fact that the commercially avail-

able kit generates trivalent iron ions by oxidizing divalent iron

ions with H2O2, and then forms a purple product with xylenol

orange in a specific solution to determine the concentration of

H2O2. The natural microenvironmental characteristics of sensors

and cells could have a profound impact on the reactivity and sen-

sitivity of sensors. In contrast, no apparent current response was

observed when catalase was injected prior to the addition of N-

formylmethionyl-leucyl-phenyl-alanine (fMLP) (Fig. S3 in Support-

ing information). This finding suggests that the response current

was due to fMLP-induced H2O2 release from activated fibroblasts.

Therefore, this may be one of the reasons for the increased sensi-

tivity of electrochemical sensors for H2O2.

A pulmonary fibrosis model was established by a single intra-

tracheal instillation of bleomycin (BLM) to mice (approximately

2mg/kg) [28,30]. Animal experimental procedure was permitted
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Fig. 2. (a–d) Statistical results of the current response in cells detected by the sensor. The values are expressed as the mean ± standard deviation (SD), n=3. ∗P < 0.05, ∗∗P
< 0.01 compared with control; #P < 0.05 compared with TGFβ1. (e, f) NOX4 immunofluorescence imaging of NIH-3T3 cells and A549 cells with collagen Ⅰ or E-cadherin.

Scale bar: 20 μm. DAPI, diamidino-phenyl-indole.

Fig. 3. (a) H&E staining and Masson staining of lung tissue. Scale bar: 200 and 100μm. (b, c) The levels of H2O2 in the lung of mice were detected by the sensor. (d, e) The

levels of H2O2 in the BALF of mice were detected by the sensor. The data are presented as the means ± SD, n=3. ∗∗P<0.01, ∗∗∗P<0.001 vs. sham. ###P < 0.001 vs. BLM. (f)

Immunofluorescence imaging of collagen I and NOX4 in lung tissues. Scale bar: 20 μm.

the Institutional Animal Care and Treatment Committee of Sichuan

University in China (New Permit Number: 20220531039). As il-

lustrated in Fig. 3a, the success of BLM-induced pulmonary fi-

brosis was confirmed by hematoxylin and eosin (H&E) and Mas-

son’s trichrome staining, which are classic histochemical methods

to detect inflammation and fibrosis [31]. H2O2 levels in lung tis-

sue lysate (Figs. 3b and c) and BALF (Figs. 3d and e) after BLM

treatment was significantly increased compared with those in the

sham group, while nintedanib treatment group was significantly

decreased. More importantly, NOX4 protein expression was consis-

tent with the in vitro results. Immunofluorescence analysis showed

that NOX4 protein levels near areas of collagen deposition were

up-regulated and enriched in fibrotic lesions after BLM treatment

(Fig. 3f). In conclusion, H2O2 levels in fibrotic lungs increased with

increasing pulmonary fibrosis levels. In addition, we detected ox-

idative stress in the lung of mice with fibrosis. Compared with

those in the sham group, after BLM exposure, oxidative stress in-

dices in the lung, including the levels of malondialdehyde (MDA),

superoxide dismutase (SOD) and H2O2, were significantly increased

(Figs. S2d–f in Supporting information), indicating that BLM in-

duced severe oxidative stress in lung tissues.

To explore whether our electrochemical sensor could detect

H2O2 in fibrotic liver, we constructed animal models of hepatic fi-

brosis [29] (Fig. 4e), and nintedanib was used to validate the sen-
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Fig. 4. (a, b) The levels of H2O2 in LX2 cells were detected by the sensor. (c, d) The levels of H2O2 in the liver tissues of mice were detected. The data are presented as the

means ± SD, n=3. ∗P < 0.05 vs. oil. #P < 0.05 vs. CCl4. H&E staining of liver tissues from the oil, CCl4, and CCl4 +nintedanib (30mg/kg) groups. (e) Masson staining and

Sirius red staining. Scale bar: 100μm. (f) Immunofluorescence imaging of collagen Ⅰ and NOX4 in liver tissues. Scale bar: 20 μm.

sor’s response to changes in H2O2 in fibrotic liver tissue. Consistent

with previously reported results [32], nintedanib improved carbon

tetrachloride (CCl4)-induced structural damage, inflammatory infil-

tration and collagen deposition in the liver (Fig. 4e). Our sensor not

only detected changes in H2O2 in activated LX2 cells in vitro (Figs.

4a and b) but also sensitively detected changes in fibrotic liver tis-

sue (Figs. 4c and d). The commercially available H2O2 detection kit

was also used (Fig. S2c in Supporting information). Immunofluo-

rescence analysis also showed that the NOX4 protein was highly

expressed in CCl4-induced hepatic fibrosis tissue and was enriched

near the lesions of collagen deposition in comparison with that in

the oil group (Fig. 4f). These results indicate that our sensor can

be used as a means of evaluating drugs for the treatment of liver

fibrosis.

In summary, we used a nonenzymatic electrochemical H2O2

sensor to detect H2O2 changes in fibrotic cells and tissues. PtNi-

N-rGO can fully adsorb and catalyze H2O2 due to its small size

PtNi nanoparticles and nitrogen doping rGO. The concentration of

H2O2 is measured by the amperometric i-t curve technique by ap-

plying the reduction potential (relative to saturated calomel elec-

trode (SCE), −0.6V) and recording the current, thus achieving suc-

cessful detection of H2O2 [27]. We summarized and analyzed H2O2

electro-reduction mechanism for nano-enzymatic based H2O2 sen-

sor [26,27]. Detailed catalytic mechanism equation can be found in

Supporting information. In this study, H2O2 was used as a molecu-

lar biomarker, and our sensor successfully captured H2O2 produced

by TGFβ1-activated fibroblasts, expanding the application fields of

electrochemical sensor [33]. In addition, the sensor could rapidly

and sensitively detect H2O2 released in the lung and liver tissues

of mice with fibrosis. Therefore, the H2O2 sensor can reflect the

effects of drugs on fibrosis, and this technology can be used as a

convenient means for fibrosis drug screening.
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