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Abstract: The Nb2C MXene film was prepared by tetrafluoroboric acid (HBF4) and hydrofluoric acid (HF) etching and 
vacuum extraction. The surface structure, properties, and composition of Nb2C MXene were characterized by scanning 
electron microscopy (SEM), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and other 
methods. The biocompatibility of Nb2C MXene film was evaluated by in vivo and in vitro experiments. The results 
show the layered, micro−nano surface structure of Nb2C MXene with abundant hydroxyl groups (—OH) on the surface. 
Compared with the control group, the proliferation rate of conjunctival fibroblasts cultured with 1 mg/mL Nb2C MXene 
is 72.15% (p<0.05). The cytotoxicity of Nb2C MXene is Grade 0 (p>0.05), and the hemolysis rate is 0.38% (<5%). The 
oxidative stress and inflammatory responses in rabbit ocular tissues are inhibited by Nb2C MXene film, which promotes 
wound healing without inducing fibrosis, and its micro−nano structure promotes cell adhesion and proliferation, 
demonstrating good biocompatibility. 
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1 Introduction 
 

The demand for medical consumables is 
escalating due to the growing number of medical 
procedures. Hence, there is a need for new medical 
materials with excellent biocompatibility to be 
created [1−3]. Mechanical compatibility and 
biocompatibility with the human body are achieved 
by metal materials for medical purposes with 
excellent properties, such as fatigue resistance, 
mechanical strength, toughness and low 
cytotoxicity [4,5]. Furthermore, these materials are 
commonly utilized in the production of biological 
valves and other human implants because of their 
exceptional machinability [6,7]. 

MXenes, a novel class of two-dimensional 
early transition metal carbides, nitrides, and 
carbonitrides, have attracted significant attention 
since they were first reported in 2011 due to their 
remarkable characteristics, such as hydrophilicity, 
optical properties, and mechanical properties [8,9]. 
Two-dimensional niobium carbide (Nb2C) is a 
novel type of MXene, which is found to exhibit an 
extremely high photothermal conversion efficiency 
in bone tumor ablation and to promote the 
proliferation, and differentiation of osteoblasts [10]. 
In recent years, increasing attention has been paid 
to Nb2C MXene as a nanomedical material that can 
be utilized to create novel metal medical implants. 
There are a few studies on titanium−niobium alloys 
as orthopedic implants, niobium-based films as 
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dental implants, and niobium doping into metal 
alloys for dental implants. The advantages of 
niobium, such as antibiosis, corrosion resistance, 
low cytotoxicity, and wear resistance have been 
noticed [11−13]. Carbides have been discovered to 
enhance the electrical conductivity and resistance to 
carbon corrosion of gel networks, thus boosting the 
biocompatibility of the material [14−16]. Enhanced 
comprehension of the properties of Nb2C MXenes 
resulting from the amalgamation of Nb and carbon 
will facilitate the identification of appropriate 
biomaterials. Nb2C MXene has potential as a 
biological material in medical fields [17−19]. 

There are less reports on Nb2C MXene-based 
materials in ophthalmology. Good biocompatibility, 
the ability to promote cell adhesion and 
proliferation, and a certain level of mechanical 
strength and toughness are required of the materials 
for artificial corneal scaffolds [20,21]. The ability to 
support the growth and repair of blood vessels, 
nerves, and surrounding soft tissues, as well as 
resistance to microbial adhesion, is required for 
ocular implants such as ocular prosthetics [22]. 
Excellent processability, surface modification 
capabilities, specific pro-angiogenic effects, and 
antibacterial properties have been observed in Nb2C 
MXene [23], which can be combined with other 
materials or used as a surface coating to fabricate 
novel tissue engineering scaffolds. Various drugs 
and proteases can be adsorbed or covalently 
attached to Nb2C MXene with a layered structure 
and high specific surface area, demonstrating    
the potential for drug loading and enzyme 
immobilization. This opens possibilities for 
developing novel Nb2C MXene-based therapies and 
biosensing technologies. 

This study aims to explore the 
biocompatibility and potential applications of Nb2C 
MXene as a novel biomaterial in the field of 
ophthalmology and provide an experimental basis 
for the clinical application of Nb2C MXene in 
ophthalmology. 
 
2 Experimental 
 
2.1 Material preparation and characterization 

A mixture of HBF4 and HF was heated to 
40 °C in a conical flask, and Nb2AlC powder was 
added to react with the solution. The reaction lasted 
for 52 h. Afterward, the multilayer Nb2C powder 

was obtained by centrifuging and washing the 
mixture with ethanol until the pH was close to 
neutral and drying in a vacuum. Then, the Nb2C 
powder was dispersed into tetrapropylammonium 
hydroxide (TPAOH) and stirred at room 
temperature for 3 d. Next, TPAOH was removed by 
centrifugation. The obtained solid was dispersed in 
distilled water and sonicated for 1 h. Finally, the 
aqueous dispersion of Nb2C MXene nanosheets was 
collected by centrifuging the sonicated dispersion at 
3000 r/min for 1 h. The Nb2C nanosheets were 
stored in an aqueous suspension at 1 mg/mL. The 
Nb2C MXene film was obtained by filtering 50 mL 
suspension of 5 mg/mL Nb2C MXene suspension 
under a vacuum of 0.1 MPa at room temperature for 
48 h and drying at room temperature. 

The crystal structure of the Nb2C MXene 
powder was identified by XRD (Rigaku 
DMAX2400). The microstructure of the Nb2C 
MXene powder was observed by SEM (Hitachi 
SU8100), and the surface structure of the Nb2C 
MXene film was observed by SEM and AFM 
(Bruker Dimension ICON). The elemental 
composition and chemical state of Nb2C MXene 
were characterized by XPS (Thermo Scientific 
K-Alpha). The water contact angle of the Nb2C 
MXene film was tested by a drop shape analyzer. 
 
2.2 In vitro experiments 
2.2.1 Hemolysis test of Nb2C MXene 

This test was carried out according to the 
method specified in YY/T 1651.1— 2019 [24]. 
Healthy blood from New Zealand rabbits was 
mixed with 5 mL of sodium citrate (0.109 mol/L) in 
an anticoagulant blood collection vessel and diluted 
with normal saline at a volume ratio of 4:5. 1 mg 
and 10 mg of Nb2C MXene were separately added 
to test tubes containing 10 mL of physiological 
saline. The tubes were preincubated at 37 °C for 
30 min. Then, 0.2 mL of the diluted blood was 
added to each standard tube, and the mixtures were 
incubated at 37 °C for 60 min. Similarly, deionized 
water and standard saline solution were used as 
positive and negative controls. All the tubes were 
centrifuged at 3000 r/min for 5 min. Finally, the 
supernatants were withdrawn and transferred to 
new centrifuge tubes for spectroscopic analysis. 
2.2.2 Cell proliferation and viability tests 

Human orbital fibroblasts (Wuhan Primitive 
Biopharmaceutical Technology Company, HUM- 
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CELL-0336) and conjunctival fibroblasts (Wuhan 
Primitive Biopharmaceutical Technology Company, 
HUM-CELL-0337) were cultured in a humid 
environment containing 5% carbon dioxide (CO2)  
at 37 °C in a specialized medium (DMEM/Ham’s 
F12+5% FBS+5 μg/mL insulin+10 ng/mL human 
EGF+0.5% DMSO). 

Cell proliferation was assessed by EdU  
assays (Beyotime Biotechnology, C0085L). The 
experiment consisted of control group, A group, and 
B group, with three wells per group. A group served 
as the low-concentration Nb2C MXene intervention 
group, while B group served as the high- 
concentration Nb2C MXene intervention group. 
Cells in the 3rd−5th generation were seeded on 
24-well culture plates at a density of 30000 cells per 
well. Then, 0.1 mg Nb2C MXene powder and 1 mL 
of cell-specific medium were added to A group, and 
1 mg Nb2C MXene powder and 1 mL cell-specific 
medium were added to B group. 1 mL of 
cell-specific medium was added to the control 
group. The cells in the control group, A group, and 
B group were cultured in a humid atmosphere at 
37 °C with 5% CO2 for 24 h. The subsequent steps 
were performed according to the company’s EdU 
HTS kit protocol. 

Cell viability was assessed by calcein AM 
assays (Beyotime Biotechnology, C2015M). The 
experimental grouping was the same as above. The 
subsequent steps were performed according to the 
Calcein AM kit protocol. The 24-well cell culture 
plate was observed under an optical microscope. 
Six areas were randomly selected to count cells. 

The expression of Ki67, PCNA, and MCM2 in 
conjunctival fibroblasts (B group) was detected 
using real-time quantitative polymerase chain 
reaction (qPCR). The primers used for qPCR 
amplification are listed in Table 1. The experiment 
of all cells in each group was repeated three times. 
 
2.3 In vivo experiments 
2.3.1 Acute systemic toxicity tests 

This test was conducted according to the 
method specified in GB/T 16886.11—2011 [25]. 
Two groups of mice were used for the acute toxicity 
test, and five mice were selected for each group. 
Sample extracts were prepared by soaking the  
Nb2C MXene film in normal saline at 3 cm2/mL   
at 37 °C for 72 h. The experimental group was 
intraperitoneally injected with the sample extracts, 

and the control group was injected with saline at a 
dose of 50 mL/kg. The mice were observed 
immediately and at 4, 24, 48, and 72 h after 
treatment. The survival rate, body weight, systemic 
inflammation, and animal behavior in each group 
were monitored as indexes of systemic reactions. 
 
Table 1 Primers for qPCR amplifications 

Primer Oligo sequence of 5’-3’ 

Ki67(F) AAGAAGCCCATGAAGACCTCC 

Ki67(R) CTCTTCTGCCCTCCGCTCT 

PCNA(F) TAGCTCCAGCGGTGTAAACCT 

PCNA(R) ACTTTCTCCTGGTTTGGTGCTT 

MCM2(F) TTGTTGCTGTAGTGGCGGA 

MCM2(R) GGAGGTGAGAGGATCATTGCC 

actin(F) ACCCTGAAGTACCCCATCGAG 

actin(R) AGCACAGCCTGGATAGCAAC 
 
2.3.2 Implantation of Nb2C MXene film in vivo 

All the experimental procedures involving 
animals were approved by the Animal Ethics and 
Welfare Committee of the Second Xiangya Hospital 
of Central South University (No. 2022610). 
Eighteen adult male New Zealand white rabbits 
(mass 2.0−2.5 kg, age 3 months) were randomly 
divided into three sections, with each section 
containing three groups (n=2 per group). Nb2C 
MXene films were cut into circular shapes with a 
diameter of 5 mm and subjected to ultraviolet 
disinfection. New Zealand white rabbits were 
anesthetized by intramuscular injection of ketamine 
and xylazine (0.6 mL/kg). One eye from each rabbit 
was randomly selected for surgery, and the 
contralateral eye served as a control in the 
nonsurgery or sham surgery groups. The groups 
were as follows. 

Part one: The Nb2C MXene film was placed in 
the conjunctival sac, and the incision was sutured 
with 10-0 sutures. 

Part two: The Nb2C MXene film was placed 
under the scleral flap, and the incision was sutured 
with 10-0 sutures. 

Part three: The Nb2C MXene film was placed 
under the skin incision around the orbital, and the 
skin incision was sutured with 5-0 sutures. 

Slit lamp examinations were performed one 
day before surgery and 8 weeks after surgery to 
observe wound healing, inflammation, and rejection 
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reactions. The rabbits were euthanized 8 weeks 
post-surgery. 
2.3.3 Analysis of oxidative stress indicators and 

inflammatory indicators 
Each tissue collected from the area around the 

implant was crushed, homogenized, thoroughly 
mixed, and then centrifuged (3000 r/min, 4 °C) for 
20 min. Then, the supernatant was separated. The 
expression level of malondialdehyde (MDA) was 
detected by the assay kit (Nanjing Jiancheng 
Bioengineering Institute, A003-1-1). The activities 
of SOD and GSH-Px were detected by the assay 
kits (Nanjing Jiancheng Bioengineering Institute, 
A001-3-1 and A005-1-2). The expression levels of 
IL-2 and IL-6 in each tissue were quantified by 
using rabbit IL-2 and IL-6 ELISA kits (Shanghai 
Huzhen Biotechnology Company, HZ-IL2-RAB, 
and HZ-IL6-RAB) according to the manufacturer’s 
instructions. 
2.3.4 Evaluation of inflammatory reactions and 

fibrosis by HE staining and immunohisto- 
chemical staining 

Each tissue harvested from the area around the 
implants was fixed in 4% paraformaldehyde prior to 
histological analysis. Then, the prepared sections 
were dehydrated and embedded in paraffin wax, 
sectioned at a thickness of 4 µm, stained with 
hematoxylin and eosin (HE), and observed under  
a bright field microscope (Zeiss). A series of 
additional sections were subjected to immune- 
histochemistry, and the levels of cluster of 
differentiation 11b (CD11B) and alpha-smooth 
muscle actin (α-SMA) expression were used to 
evaluate inflammatory response and fibrotic 
proliferation. 
 
2.4 Statistics 

Data are presented as the means and standard 
deviation (SD). Differences among groups were 
compared using one-way ANOVA. The R statistical 
analysis package (version 3.5.3) was used to 
analyze the data statistically. An alpha value of 
p<0.05 was considered to indicate statistical 
significance in this study. 
 
3 Results and discussion 
 
3.1 Characterization 

Figure 1(a) shows the Nb2C MXene powder 
formed by etching with a mixture of HBF4 and HF, 

which exhibits an accordion-like layered stacking 
structure. The XRD pattern shown in Fig. 1(b) 
reveals a shift in the characteristic peak of Nb2C 
MXene to a lower 2θ position (from 12.8° to 4.8°), 
which suggests an increase in the interlayer spacing 
of MXene. The Nb2C MXene was successfully 
synthesized, and Al was completely eroded and 
removed. 
 

 
Fig. 1 Surface structure and phase composition of Nb2C 
MXene powder: (a) SEM image of Nb2C MXene powder; 
(b) XRD pattern of Nb2C MXene powder 
 

As shown in Fig. 2(b), the Nb2C MXene film 
primarily consists of stacked Nb2C MXene nano- 
sheets, demonstrating a porous structure within the 
film. Despite a wrinkled morphology, the surface of 
the Nb2C MXene film remains relatively flat 
(Fig. 2(a)). Figure 2(c) presents a typical two- 
dimensional image of the surface morphology, 
revealing a nanoscale roughness of (79.8±2.2) nm 
for the Nb2C MXene film surface. The surface 
properties of biomaterials, encompassing their 
chemical composition, electrical conductivity, 
roughness, stiffness, hydrophilicity/hydrophobicity, 
and micro−nano scale topographical structure, 
significantly influence cell proliferation and 
adhesion [26,27]. Cell adhesion is the process by 
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Fig. 2 Surface structure and properties of Nb2C MXene flim: (a) SEM image of surface of Nb2C MXene film; (b) SEM 
image of corss section of Nb2C MXene film; (c) AFM image of Nb2C MXene flim; (d) Water contact angle of Nb2C 
MXene film 
 
which cells interact with their surrounding 
environment, including other cells and the 
extracellular matrix. Better adhesion and 
proliferation of fibroblasts are observed on nano- 
island surfaces with heights of 10−100 nm [28]. 
The roughness of the Nb2C MXene film surface 
affects cell and protein adhesion and proliferation. 
The anchoring and stability of proteins and the 
enhancement of protein adsorption are facilitated on 
the orderly grooved surface. The contact area 
between cells and the material is increased, and the 
orderliness of cellular distribution is improved by 
the high specific surface area of the material, which 
promotes cell adhesion and the formation of focal 
adhesion. 

XPS analysis shown in Fig. 3(a) uncovers the 
overall composition of Nb2C MXene film. The 
high-resolution O 1s XPS spectrum (Fig. 3(c)) 
shows three distinct peaks at 533.49 eV (—OH), 
532.09 eV (C—Nb—O), and 530.44 eV (Nb—O). 
Terminal groups are formed on the layered MXene 
surface by the hydroxide ions in the strong acid 
etching solution, resulting in the generation of   
—OH. The —OH on the surface of Nb2C MXene 
attracts water molecules through hydrogen bond 

interactions, enhancing the hydrophilicity of the 
material. Hydrophilic biomaterials enhance cell 
proliferation and adhesion [29]. Material surfaces 
with moderate hydrophilicity are more conducive  
to promoting cell adhesion and growth [30]. 
Figure 2(d) shows a typical image of a distilled 
water droplet on the sample surface, exhibiting    
a water contact angle of (65.78±1.58)°, indicative 
of the excellent hydrophilicity. The number of 
adsorption sites and the adsorption capacity on its 
surface are improved due to an increase in 
hydrophilicity, and growth factors and adhesion 
proteins are adsorbed from the extracellular matrix. 
The arrangement of the cellular skeleton is 
influenced by the aggregation of adhesive proteins, 
promoting cell proliferation. 
 
3.2 Evaluation of biocompatibility 
3.2.1 Blood compatibility 

The hemolysis rate test results for Nb2C 
MXene are presented in Table 2. According to the 
international standard ISO 10993-4, the hemolysis 
rate of medical materials should be less than 5%. The 
hemolysis rates (HR) of the 0.1 mg/mL and 1 mg/mL 
Nb2C MXene are 0.38% and 0.52%, respectively,  
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Fig. 3 XPS pattern of Nb2C MXene flim: (a) Over view; (b) Nb 3d; (c) O 1s; (d) C 1s 
 
Table 2 Hemolysis rate of Nb2C Mxene 

Group OD HR/% 

0.1 mg/mL 0.0397±0.0001 0.38±0.0005 

1 mg/mL 0.0408±0.00007 0.52±0.0003 

Negative control 0.0376±0.0002 0 

Positive control 0.6789±0.001 100 

 
lower than 5% (p>0.05). The integrity of red blood 
cells is not compromised by the micro−nano 
structure of Nb2C MXene. Compared to the 
hemolysis rates of other materials, such as Zn–3Sn 
alloy at 0.53% [31], titanium alloy at 1.1% [32], 
bioceramics such as graphene/titanium dioxide   
at 1.6% [33], and nanoporous structure of hydro- 
xyapatite (HA) at 0.9% [34], Nb2C MXene exhibits 
superior blood compatibility. 
3.2.2 Cell viability and in vivo toxicity 

In this work, live cells show green 
fluorescence, and the nuclei of dead cells show red 
fluorescence. No apparent death of human orbital 
fibroblasts or subconjunctival fibroblasts is 
observed in Fig. 4. The cells in A (Figs. 4(b, e)) and 

B (Figs. 4(c, f)) groups are evenly distributed, and 
almost no red fluorescence was visible. The relative 
survival rate (RSR) of cells in each group is shown 
in the histogram in Fig. 4. RSR for subconjunctival 
fibroblasts in A group and B group is reported    
as (107.2±3.3)% and (108.7±3.2)%, respectively, 
and for orbital fibroblasts, RSR is reported as 
(113.1±2.9)% and (121.1±1.8)% (p<0.05), 
indicating that Nb2C MXene is nontoxic to    
these two types of cells. According to ISO 
10993-5: 2009 [35], the cytotoxicity of Nb2C 
MXene is evaluated as Grade 0. Strong interactions 
with cell membranes are not induced by Nb2C 
MXene, and oxidative stress or inflammatory 
responses within cells are not triggered by it.   
The cytotoxicity of Ti3C2 MXene is significantly 
higher than that of Nb2C MXene in the same 
concentration [36]. 

Figure 5 shows the changes in mice’s body 
mass and behavioral performance at 4, 24, 48, and 
72 h after intraperitoneal injection of sample 
extracts. There is no significant difference in the 
changes in body mass of the mice in the 
experimental group and the control group (p>0.05).  
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Fig. 4 Effects of Nb2C MXene on cell viability: Cell viability of orbital fibroblasts (a) and subconjunctival fibroblasts  
(d) in control group; Cell viability of orbital fibroblasts (b) and subconjunctival fibroblasts (e) in A group; Cell viability 
of orbital fibroblasts (c) and subconjunctival fibroblasts (f) in B group 
 

 

Fig. 5 Mass changes of mice after intraperitoneal 
injection of sample extracts 
 
No abnormal behaviors or systemic inflammatory 
reactions, such as weakness, cyanosis, or dyspnea, 
are found in the mice during the experiment, which 
indicates that Nb2C MXene has no systemic toxicity 
in mice. 
3.2.3 Cell proliferation 

Figure 6 shows the results of cell proliferation. 
Proliferating cells show green fluorescence, and the 
cell nuclei show blue fluorescence. The highest 
proportion of proliferating cells in B group is 

shown in Figs. 6(c, f), followed by A group 
(Figs. 6(b, e)), while the lowest proportion of 
proliferating cells in the control groups is shown in 
Figs. 6(a, d). The histogram on the rightmost side of 
Fig. 6 shows the proportion of proliferating cells in 
the three groups. The average variable proliferation 
index in A and B groups is significantly higher  
than that in the control groups (p<0.05). For orbital 
fibroblasts, the cell proliferation rate is (68.51± 
0.77)% for 0.1 mg/mL Nb2C MXene co-culture, 
(71.48±1.25)% for 1 mg/mL Nb2C MXene co- 
culture, and (63.63±1.00)% for the control group. 
For subconjunctival fibroblasts, the cell proliferation 
rate is (66.47±0.99)% for 0.1 mg/mL Nb2C MXene 
co-culture, (72.15±1.57)% for 1 mg/mL Nb2C 
MXene co-culture, and (62.26±1.27)% for the 
control group. Cell proliferation is significantly 
promoted by both concentrations of Nb2C MXene, 
with the best effect being observed at 1 mg/mL 
Nb2C MXene. The aggregation of growth factors 
and adhesion proteins is potentially caused by the 
vigorous adsorption of Nb2C MXene, impacting 
integrin signaling on the cell membrane, leading  
to activation of the PI3K/Akt-mTOR signaling 
pathway, and promoting cell proliferation. Other 
research indicates that cell growth and metabolism 
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can be promoted by Nb2C MXene through the 
conduction of microcurrent stimulation [37]. 

The expression levels of the proliferation- 
related genes Ki67, PCNA, and MCM2 in the  
three groups of subconjunctival fibroblasts were 
measured. Figures 7(a−c) show that the expression 
levels of these genes in A and B groups are higher 
than those in the control group (p<0.05). A high 
expression of these proteins is observed in mitotic 
cells [38−40]. The expression levels of PCNA and 
MCM2 in the B group are higher than those in A 
group. However, the expression levels of Ki67   
do not correlate entirely positively with the 
concentration of Nb2C MXene. The expression 

levels of Ki67 in the A group is lower than that in B 
group but higher than that in the control group. 
Ultrahigh concentrations of Nb2C MXene may exert 
some inhibitory effect on cell proliferation. 

Figure 8 shows SEM morphology of the 
surface of the Nb2C MXene film implanted under 
the conjunctiva for three months. The cells are flat 
and spindle-like, with a good growth state, which 
adhere firmly to the surface of the film and connect 
to each other through filopodia and extracellular 
protrusions. 
3.2.4 Clinical reactions 

Figure 9 shows the clinical observation results 
of implanting Nb2C MXene film into rabbit eyes for  

 

 
Fig. 6 Effect of Nb2C MXene on cell proliferation: Cell proliferation index of orbital fibroblasts (a) and subconjunctival 
fibroblasts (d) in control group; Cell proliferation index of orbital fibroblasts (b) and subconjunctival fibroblasts (e) in A 
group; Cell proliferation index of orbital fibroblasts (c) and subconjunctival fibroblasts (f) in B group 
 

 
Fig. 7 Effect of Nb2C MXene on cell proliferation gene: (a) Expression of Ki67 in different groups; (b) Expression of 
MCM2 in different groups; (c) Expression of PCNA in different groups 
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Fig. 8 SEM image of surface of Nb2C MXene film after 
implantation 
 
one day and eight weeks. At one day after the 
surgery, hemorrhage and erythema are observed in 
the surgical area of both the experimental groups 
(Figs. 9(a3, c3, e3)) and sham groups (Figs. 9(a2, c2, e2)). 
There are no discernible differences between the 
two groups. At the eighth week after the surgery, 
the hemorrhage disappears in the surgical area    
of the experimental groups. There are no signs    
of hyperemia, erythema, or neovascularization, 
indicating a favorable healing process and minimal 
postoperative scars (Figs. 9(b3, d3, f3)). The 
performance is indistinguishable from that of    
the control groups (Figs. 9(b1, d1, f1)). Although  
the hemorrhage also disappears in the sham group 

without the film, neovascularization indicates a 
postoperative inflammatory response (Fig. 9(d2)), 
which shows that the inflammatory response is even 
inhibited by the Nb2C MXene film. 

Any apparent local inflammation, infection, or 
tissue scarring is not caused when the Nb2C MXene 
film is implanted into rabbit eyes. No behavioral 
abnormalities, including loss of appetite, mass loss, 
discomfort, depression, stress, or physical disability, 
are observed in the test. All of the rabbits survive 
until the end of the experiment. 
3.2.5 Oxidative stress 

Figure 10 shows the expression levels of MDA 
and the activities of SOD and GSH-Px in three 
groups, which evaluate the effects of Nb2C MXene 
on oxidative stress. Compared to the control group 
and the sham group, the levels of MDA in the 
conjunctiva, sclera, and subcutis are significantly 
reduced in the experimental groups (Figs. 10(d−f)). 
MDA is the final product of reactive oxygen  
species lipid peroxidation and a sign of peroxide 
damage [41]. The inhibition of tissue oxidative 
stress by the Nb2C MXene film is suggested by the 
low levels of MDA in the experimental groups. The 
activity of SOD and GSH-Px increases dramatically 
in the experimental groups (p<0.05; Figs. 10(a−c, 
g−i)). SOD is an antioxidant enzyme that catalyzes 
superoxide into hydrogen peroxide, scavenges  

 

 
Fig. 9 Postoperative clinical photographs after 1 day and 8 weeks of post-surgery of rabbits 
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Fig. 10 Results of indicators related to oxidative stress expression levels: (a−c) SOD level of conjunctiva, sclera, and 
subcutis in three groups; (d−f) MDA level of conjunctiva, sclera, and subcutis in three groups; (g−i) GSH-Px level of 
conjunctiva, sclera, and subcutis in three groups 
 
superoxide anions, and removes superoxide anion 
free radicals to protect cells from damage [42,43]. 
GSH-Px is an enzyme that decomposes H2O2. It 
blocks oxidative reactions related to functionality, 
reflecting antioxidant defense capabilities [44,45]. 
The depletion and inactivation of SOD and GSH-Px 
could potentially be caused by excessive oxidative 
stress. An enhancement of these two enzymatic 
activity is facilitated by the scavenging of reactive 
oxygen species (ROS) by Nb2C MXene film. 

Oxidative stress refers to the imbalance 
between ROS within cells and the antioxidant 

system, damaging cells and tissues. Oxidative stress 
is related to various diseases, such as cancer, 
cardiovascular diseases, and diabetes [46]. 
Reducing oxidative stress is a new area of focus in 
biomaterial research, influencing the fields of  
tissue engineering and regenerative medicine. 
Biomaterials alleviate or prevent damage to cells 
and tissues caused by oxidative stress through  
their antioxidant functions, thereby enhancing   
the biocompatibility and efficacy of the 
biomaterials [47]. Hydroxyl complexes are formed 
stably by the adsorption of OH− at the [Nb3C] sites 
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on the surface of Nb2C MXene. The O2− is captured 
effectively by the oxygen vacancies present on the 
surface of the Nb2C MXene, leading to the 
formation of superoxide complexes. In addition, 
Nb2C MXene demonstrates the ability to catalyze 
the conversion of hydrogen peroxide into water and 
oxygen. The oxidative stress response can be 
effectively inhibited by Nb2C MXene due to its 
reductive and catalytic properties. 
3.2.6 Inflammation and tissue fibrosis 

Figures 11−13 show the results of changes in 
the tissue inflammatory response. Determination of 
the inflammatory reaction index is an essential part 
of biocompatibility evaluation [48]. The less 
inflammation caused by the material is, the higher 
the biocompatibility is [49]. There are no 
histological differences observed in the conjunctiva, 
sclera, and subcutis of rabbits 8 weeks after 
implantation. No tissue involvement or damage is 
observed in the implantation area (Figs. 11(g−i)). 

The immunofluorescence shows that the 
inflammatory marker CD11B is not detected in the 
experimental groups (Figs. 12(g−i)), and CD11B is 
rarely expressed in the conjunctival epithelium of 
the sham group (Fig. 12(d)) and the control group 

(Fig. 12(a)). CD11B is the α chain of the integrin 
CD11B/CD18 (alphaMbeta2, CR3, and Mac-1), 
which is usually expressed on the surface of 
infiltrating macrophages and neutrophils. The   
cell adhesion, migration, phagocytosis, and 
inflammation promotion are regulated by CD11B 
[50]. Their results suggest that inflammation and 
immunoreaction are not caused by the implantation 
of the Nb2C MXene film. Moreover, compared to 
the control group and the sham group, the 
expression levels of the proinflammatory factors 
IL-2 and IL-6 are significantly reduced in the 
experimental groups (Figs. 13(a−f)). IL-2 and IL-6 
are essential pro-inflammatory factors [51,52],  
and IL-6 plays vital roles in angiogenesis and 
inflammatory reactions in various eye parts [53]. In 
inflammatory responses, an increase in intracellular 
levels of ROS stimulates the production and release 
of IL-6 either directly or indirectly. The vicious 
cycle between oxidative stress and IL-6-mediated 
inflammation can be interrupted by clearing excess 
ROS, alleviating the inflammatory response. 
Simultaneously, inhibition of ROS-related 
MAPK/ERK and NF-kappaB signal transduction 
suppresses the expression of M1-type macrophages,  

 

 

Fig. 11 Results of HE staining in three groups 
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Fig. 12 Results of CD11B expression in three groups 
 

 

Fig. 13 Results of inflammatory cytokines level in three groups: (a, c, e) IL-2 level; (b, d, f) IL-6 level  
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Fig. 14 Results of α-SMA expression in three groups 
 
reducing the levels of pro-inflammatory factors 
[54,55]. The polarization of macrophages towards 
the M2 type is regulated by low levels of ROS 
through the STAT6 and PPARγ pathways, releasing 
anti-inflammatory and growth factors [56]. Nb2C 
MXene film inhibits inflammation. 

Figure 14 shows the immunohistochemical 
results for the expression of α-SMA. α-SMA is 
recognized as a marker of myofibroblasts, with 
positive staining appearing brownish-yellow. 
Compared to the sham groups (Figs. 14(d, e)), the 
positive signal for α-SMA in the conjunctiva and 
sclera of the experimental groups is weaker 
(Figs. 14(g, h)). The positive signal in the subcutis 
of the experimental group is similar to that of the 
control groups (Figs. 14(c, i)) and much weaker 
than that of the sham group (Fig. 14(f)). Wound 
fibrosis involves the activation of immune and 
inflammatory responses. The abnormal proliferation 
and activation of fibroblasts are stimulated by  
these responses, leading to excessive deposition  
of collagen in the connective tissue [57,58]. The 
fibrotic occurrence is prevented by the excellent 
immunological inertness and inhibition of the 
inflammatory response of Nb2C MXene film. 

 
4 Conclusions 
 

(1) The Nb2C MXene film was prepared by a 
mixture of HBF4 and HF etching and vacuum 
filtration, which shows good hydrophilicity and 
micro−nano structures (Ra=(79.8±2.2) nm), 
promoting adhesion and proliferation of cells. 

(2) No significant cytotoxicity is exhibited  
by Nb2C MXene, and it is evaluated as Grade 0  
for cytotoxicity. Good hemocompatibility is 
demonstrated by Nb2C MXene, with a hemolysis 
rate of only 0.39%. 

(3) Excellent implantation effects of Nb2C 
mxene film are observed in rabbit eyes. The film is 
closely integrated with the ocular tissues and 
promotes wound healing. No adverse reactions or 
fibrosis are induced by the implantation of the Nb2C 
MXene film. Oxidative stress and inflammatory 
responses in tissues are inhibited by the Nb2C 
MXene film. The Nb2C mxene film shows excellent 
biocompatibility.  
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Nb2C MXene 薄膜眼部植入体的生物相容性 
 

马 巍 1,2，彭 立 1,3，陈百华 1,2 

 
1. 中南大学 湘雅二医院 眼科，长沙 410011； 

2. 湖南省眼科临床研究中心，长沙 410011； 

3. 中南大学 湘雅医学院附属海口医院 眼科，海口 570311 
 

摘  要：采用四氟硼酸(HBF4)与氢氟酸(HF)复合酸蚀刻和真空抽滤法制备 Nb2C MXene 薄膜。利用扫描电子显微

镜(SEM)、原子力显微镜(AFM)和 X 射线光电子能谱(XPS)等方法表征 Nb2C MXene 的表面结构、性质和组成。通

过体内和体外实验评价 Nb2C MXene 薄膜的生物相容性。结果表明，Nb2C MXene 具有层状、微纳表面结构，表

面富集大量羟基。相比于对照组，1 mg/mL Nb2C MXene 培养的结膜成纤维细胞增殖率达到 72.15% (p<0.05)。Nb2C 

MXene 的细胞毒性评估为 0 级 (p>0.05)，其溶血率为 0.38% (<5%)。Nb2C MXene 薄膜降低兔眼组织的炎症和氧化

应激反应，在不诱导纤维化的情况下促进伤口愈合，其微纳表面促进细胞的黏附和增殖，表现出良好的生物相容

性。 

关键词：Nb2C MXene；生物相容性；氧化应激；细胞增殖；眼科应用 

 (Edited by Bing YANG) 
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