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A B S T R A C T   

Cross-linking agents are frequently used to restore corneal properties after decellularization, and it is especially 
important to select an appropriate method to avoid excessive cross-linking. In addition, how to promote wound 
healing and how to improve scar formation require further investigation. To ensure the safety and efficacy of 
animal-derived products, we designed bioartificial corneas (BACs) according to the criteria for Class III medical 
devices. Our BACs do not require cross-linking agents and increase mechanical strength via self-cross-linking of 
aldehyde-modified hyaluronic acid (AHA) and carboxymethyl chitosan (CMC) on the surface of decellularized 
porcine corneas (DPCs). The results showed that the BACs had good biocompatibility and transparency, and the 
modification enhanced their antibacterial and anti-inflammatory properties in vitro. Preclinical animal studies 
showed that the BACs can rapidly regenerate the epithelium and restore vision within a month. After 3 months, 
the BACs were gradually filled with epithelial, stromal, and neuronal cells, and after 6 months, their transparency 
and histology were almost normal. In addition, side effects such as corneal neovascularization, conjunctival 
hyperemia, and ciliary body hyperemia rarely occur in vivo. Therefore, these BACs show promise for clinical 
application for the treatment of infectious corneal ulcers and as a temporary covering for corneal perforations to 
achieve the more time.   

1. Introduction 

Corneal disease is a major cause of blindness worldwide, second only 
to cataract in overall importance [1]. The epidemiology of corneal 
blindness is complicated and includes a wide variety of infectious and 
inflammatory eye diseases that cause corneal scarring, which leads to 
functional blindness [2]. Three elements are important for addressing 
corneal blindness: prevention, treatment, and rehabilitation. When 
preventive strategies have failed, corneal transplantation is the most 
effective treatment for advanced corneal disease [3]. However, the 
global availability of donor corneas is limited, and rejection and graft 

failure may occur, as with the transplanted of other organs. Thus, there 
is a need for viable alternatives to donor corneas to increase supply, 
reduce rejection, and minimize variations in tissue quality [4]. 

Corneal tissue engineering and regenerative medicine approaches 
represent a paradigm shift in medical treatment to surmount the 
shortcomings of current corneal transplantation approaches, mainly 
immune rejection, limited availability of donor corneas, and the 
intrinsic regenerative capacity of corneal cells and layers [5]. In recent 
years, the most widely used tissue scaffold in tissue engineering related 
to cornea research has been the acellular corneal stroma. However, 
reconstructing the complex structure, mechanical strength and 
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transparency of the corneal stroma is challenging [6], and research is 
underway to investigate the functional corneal stroma [7]. In a previous 
study comparing decellularized materials from 13 animals, including 
dogs, cats, sheep, goats, cattle, horses and rabbits, pig corneas were 
found to have the highest similarity to human corneas [8]. The ultimate 
goal of decellularization is to remove cellular components and genetic 
materials (e.g., DNA) from native cells while preserving the structural, 
biochemical, and biomechanical properties of the tissue [9]. There are 
many methods to decellularize tissues, and most of these methods, 
including the use of sodium dodecyl sulfate (SDS), salts, 3-[(3-cholami-
dopropyl)-dimethylammonio]-propanesulf (CHAPS), enzymes such as 
trypsin and TrypLE Express, NaOH with dispase, and hydrostatic pres-
sure, have been applied to decellularize corneas [10]. These methods 
often involve the use of nucleases to remove cellular material such as 
DNA and RNA to reduce the chance of immune rejection, followed by a 
glycerin soak to restore the clarity of the cornea after decellularization 
[4]. 

It is difficult to obtain optimal corneal transplantation results with 
only one or two acellular procedures [9]. Therefore, recent studies have 
combined multiple approaches to preserve tissue integrity and ECM 
structure while achieving maximum removal of cellular components 
[11]. IImportantly, some human immunogenic epitopes, such as N-gly-
colylneuraminic acid (Neu5Gc) and galactose-alpha-1,3-galactose 
(α-Gal), are present in the porcine cornea [12]. The key to successful 
corneal xenotransplantation is preserving the mechanical and optical 
properties of the intact cornea and reduce the antigenicity of the corneal 
components that activate the host immune response [13]. This empha-
sizes the need for complete decellularization to avoid graft rejection in 
preclinical applications, but such approaches inevitably destroy the 
collagenous structure of the decellularized matrix, resulting in poor 
mechanical properties. 

In addition, the corneal epithelium is an integral part of the ocular 
surface and is necessary to maintain corneal clarity and normal function; 
when the cornea is damaged, rapid cellular regeneration is important for 
corneal wound healing [14]. The three-dimensional structure of 
hydrogels and their water absorption and cytocompatibility make them 
a favorable choice for scientists to reconstruct damaged corneal tissue 
[15]. Carboxymethylcellulose (CMC) is the most commonly used poly-
meric viscosity agent and binds to and is retained by corneal epithelial 
cells. It increases the viscosity and clearance time of eye drops; addi-
tionally, it can stimulate the migration of epithelial cells by binding to 
matrix proteins, thus effectively reducing the incidence of epithelial cell 
defects [16]. Hyaluronic acid (HA) is a naturally occurring glycosami-
noglycan (GAG) in the extracellular matrix that plays an important roles 
in development, wound healing, and inflammation [17]. Recent exper-
iments have shown that sodium hyaluronate promotes the migration of 
human corneal epithelial cells (HCECs) and leads to rapid wound closure 
through rapid cell migration [18], which is beneficial for corneal wound 
healing [19]. However, because it lacks the scaffold structure of hyal-
uronic acid, sodium hyaluronate is easily dissolved in, is absorbed 
quickly, and persists for only a short time [20]. Due to its poor adhesion 
and weak mechanical strength, sodium hyaluronate must be chemically 
modified to obtain more stable biomaterials. 

To find a more suitable decellularization and cross-linking procedure 
to improve the insufficient decellularization of the corneal stroma, in 
this study, we used low-concentration SDS combined with CHAPS so-
lution and a nonspecific nuclease to completely remove cellular com-
ponents. In addition, the transparency of the graft was restored by 
glycerol dehydration, and the inactivation of viruses and pyrogens was 
achieved via Co60 irradiation and acid‒base treatment. Finally, we self- 
crosslinked porous hydrogels on acellular matrices to improve the 
biocompatibility of corneal grafts. The need to improve the mechanical 
properties of bioartificial corneas (BACs) and endow them with anti- 
inflammatory and antibacterial effects is addressed without using a 
cross-linking agent. In animal studies, the developed BACs not only 
induce host cell migration and achieve rapid recellularization of grafts 

but also promote limbal cell expansion and epithelial cell growth, pro-
moting epithelial cell repair. 

2. Materials and methods 

2.1. Manufacturing of BACs 

BACs are Class III medical devices, and they were manufactured 
following the principles of good manufacturing practices (GMP) in a 
Class 4 (according to ISO-14644-1) air quality laminar flow clean-room 
facility. Although BACs are subjected to an end-stage sterilization pro-
cess, substantial efforts are made throughout the manufacturing process 
to maintain the raw materials, intermediate products and final product 
as aseptically as possible. 

In brief, the fabrication procedure was as follows: fresh pig eyeballs 
were removed within 2 h after death (6- to 7-month-old adult pigs, 
Zhaolong farm, Chongqing, China). For pretreatment, and the removed 
pig eyeballs were soaked in 10% hypertonic saline after washing in 
normal saline three times. Then, they were transported at low temper-
ature (0–4 ◦C) to the GMP workshop and stored in a − 80 ◦C freezer. 
Next, corneal slices were prepared. After thawing, the eyeballs were 
excised and cut into slices with a thickness of 300 μm (for small animal 
experiments) or 450 μm (for large animal experiments) and a diameter 
of 9 mm using an automatic microkeratome (Evolution 3e, MORIA S. A, 
France); high-quality corneal slices with good light transmittance were 
screened by using a light transmissometer (LS183, Linshang Technology, 
Shenzhen). These corneas were natural pig corneal (NPC) tissues that 
were used as controls. Next, the acellular corneal stroma was prepared. 
Heat removal was achieved by soaking in 1 M hydroxide solution for 30 
min at room temperature, followed by washing in PBS solution (3 min ×
3 times) and water for injection (WFI) (10 min × 15 times). For the 
decellularization process, corneal slices were added to 8 mM Chaps so-
lution (0465, Amresco, China) and reacted for 14 h (37 ◦C, 220 rpm). 
After washing 3 times with PBS solution, corneal slices were added to 
1.8 mM SDS solution (A100227, Sangon Biotech, China) and reacted for 
14 h (37 ◦C, 220 rpm). After washing 16 times with PBS solution, an-
tigen removal was performed. Corneal slices were incubated for 1 h with 
5 KU/mL nonspecific nuclease (RPE002, 7Sea Biotech, China) and 
washed 16 times to remove residual reagent. The above corneas were 
the decellularized pig cornea (DPC) tissues used as controls. Next, sur-
face modification of corneal slices was performed. First, DPCs were 
immersed in 0.625 mg/mL aldehyde-modified hyaluronic acid (AHA, 
100 kDa, DS ≥ 90%, TS042402, Tanshtech) for 6 h. Amino groups on the 
surface of the DPCs could be spontaneously cross-linked with hyaluronic 
acid containing aldehyde groups. Then, DPCs-AHA were immersed in 
0.625 mg/mL carboxymethyl chitosan (CMC, 100 kDa, DS ≥ 85%, 
Aoxing, Zhejiang, China) and incubated for 18 h. The above corneas 
were the BAC tissues used in the experimental groups. The last steps 
were dehydration and packaging. The BACs were placed into a bottle 
with 100 ml pure glycerin and dehydrated for 8 h at 4 ◦C. Finally, the 
virus inactivation process involved sterilization of the cornea with an 
electron accelerator at a dose of 25 kGy. 

2.2. Histological examination and scanning electron microscopy 

NPCs, DPCs and BACs were embedded in paraffin or O⋅C.T. com-
pound. The 5 μm sections were stained with hematoxylin-eosin (H&E) 
and analyzed with an optical microscope (BX 50, Olympus, China). The 
corneas were fixed with 2.5% glutaraldehyde for 4 h at 4 ◦C and rinsed in 
distilled water. The corneas were dehydrated in graded ethanol (50%, 
70% 90%, and 100%) and dried with hexamethyldisilazane overnight. 
The specimens were mounted on stubs and sputter-coated with gold. 
Images of the lamellar structure of the corneal stroma were obtained 
using SEM (Crossbeam 340, Zeiss, Germany) at an accelerating voltage 
of 2 kV. 
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2.3. DNA, α-Gal, Neu5Gc, collagen, and GAG content analysis 

Native pig corneas (NPCs) and BACs were weighed to measure the 
contents of DNA, α-galactosidase (α-gal), N-glycolylneuraminic acid 
(Neu5Gc), collagen and glycosaminoglycans (GAGs). Each condition 
was assessed using 5 samples, and the results were obtained with a 
microplate reader (Infinite M200, TECAN, Austria). 

For the quantification of DNA content, the corneas were digested 
with proteinase K at 56 ◦C for 2 h. Genomic DNA was extracted and 
purified according to the TIANamp Genomic DNA Kit (DP304, TianGen, 
Beijing, China). 

For α-gal analysis, the corneas were processed in lysis solution sup-
plemented with protease inhibitors. After centrifugation, the superna-
tants were harvested for α-gal quantification via the competitive ELISA 
method according to the manufacturer’s instructions (JM10196P1, 
JingMei, Jiangsu, China). The α-gal content was quantified against a 
porcine α-gal standard curve. 

For Neu5Gc analysis, corneal tissue was suspended in 1 mL of saline 
using an automatic sample freeze grinder (JXQECL, Jingxin, Shanghai, 
China). After centrifugation, the supernatants were harvested for 
Neu5Gc quantification via the competitive ELISA method according to 
the manufacturer’s instructions (BS-E15064O1, JSBOSSEN, Jiangsu, 
China). The Neu5Gc content was quantified against a porcine Neu5Gc 
standard curve. 

For collagen analysis, hydroxyproline content was evaluated using 
the Hydroxyproline Assay Kit (BC0250, Solarbio, Beijing, China). The 
corneal samples were crushed, added to the extraction buffer, reacted in 
a 110 ◦C oven for 2–6 h until digestion was complete, centrifuged at 
16,000 rpm, and centrifuged for 20 min. The supernatant was collected 
for analysis. Each sample was read on a microplate reader at 550 nm. 
Collagen standards were utilized to calculate the hydroxyproline 
content. 

For glycosaminoglycan (GAG) analysis, the corneas were homoge-
nized and sonicated in PBS supplemented with protease inhibitors on 
ice. The homogenates were centrifuged, and supernatants were collected 
for GAG quantification according to the manufacturer’s instructions for 
the Porcine Glycosaminoglycan ELISA Kit (JM10104P2, JingMei, 
Jiangsu, China). 

2.4. Macroscopic transparency and light transmittance 

For visual assessment of transparency, corneas were photographed 
and drawn on white paper with a ruler. The cornea was attached directly 
to the sample chamber, and a light transmissometer (LS183, Linshang 
Technology, Shenzhen, China) was used to measure the UV peak 
wavelength at 365 nm. The infrared peak wavelength was measured at 
940 nm; the visible light resonance wavelength was measured at 
380–760 nm. 

2.5. Mechanical testing 

The mechanical properties of the corneas were investigated using a 
structural universal testing machine (RGM, Reger, Shenzhen, China). 
BACs were rehydrated in saline for 10–15 min, and NPC tissues were 
used as controls. A 3 mm × 7 mm cornea was clamped with a 3 mm clip 
distance for RGM testing (tensile force), and the test speed was 10 mm/ 
min. Each condition was assessed using 5 samples, and the results were 
plotted as stress‒strain curves with GraphPad Prism 9.0 software. 

2.6. Swelling analysis 

Dry corneas were trimmed into a rectangular shape, and M1 values 
were obtained by weighing the samples. Then, the corneas were 
immersed in normal saline for 24 h. After removal of the corneas from 
the normal saline, surface moisture was removed; length, width and 
thickness were measured; and volume V and weight M2 were calculated. 

The swelling ratio was calculated according to the following formula: 
swelling ratio = (M2 - M1)/ρV. 

2.7. Hyaluronic acid content 

The corneal tissues were suspended in 1 mL saline using an auto-
matic sample freeze grinder (JXQECL, Jingxin, Shanghai, China). The 
corneas were degraded with 100 U/mL hyaluronidase and released 
hyaluronic acid molecules. The reaction was performed at 37 ◦C for 24 h 
in a thermostatic incubator. When the reaction was complete, the su-
pernatant was collected by centrifugation, and the hyaluronic acid 
content was determined with a Hyaluronic Acid ELISA Kit (EK12338, 
SAB, USA). 

2.8. Anti-inflammatory and antibacterial tests 

RAW 264.7 macrophages were plated in 24-well plates at a density of 
1 × 105 cells/well and cultured in a 5% CO2 incubator at 37 ◦C for 24 h. 
Thereafter, DPCs and BACs were added to each well and incubated for 
another 24 h, followed by a challenge with 1 μg/mL lipopolysaccharide 
(LPS) for 24 h. The supernatant from each well was collected, and the 
nitrite level was measured using the Griess reaction assay; the levels of 
tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1β) were deter-
mined using an ELISA kit (Neobioscience, Shenzhen, China). Then, the 
residual cells were fixed with 4% paraformaldehyde and then subjected 
to immunofluorescence staining for TNF-α (ab300093, Abcam, 1:100), a 
marker of macrophage M1 polarization, and CD11b (ab8878, Abcam, 
1:50), a marker of macrophages. Immunofluorescence staining was 
observed by using a confocal quantitative image cytometer (CQ1, 
YOKOGAMA, Japan). The antimicrobial activity of BACs against E. coli 
and S. aureus was assessed by the plate counting method. The BACs and 
DPCs were soaked in the bacterial suspension (≈1 × 106 CFU/mL, 1 mL) 
and incubated for 24 h at 37 ◦C. Then, 100 μL of bacterial suspension 
was spread on an agar plate to observe the growth of bacterial colonies. 
Then, the antimicrobial activity of BACs was determined, with DPCs 
being used as controls. 

2.9. Transplantation of bioartificial corneas 

Healthy New Zealand white rabbits (thickness: 300 μm) (3 months, 
2.5–3.5 kg, Unisex) were utilized in this study (n ≥ 20). Healthy beagles 
(thickness: 450 μm) (3 months, 15–20 kg, Unisex) were used in this 
study (n ≥ 20). Healthy primates (thickness: 450 μm) (3 years, 8–12 kg, 
Unisex) were used in this study (n ≥ 5). The recipients were anesthetized 
with an intravenous injection of 10 mg/kg chlorpromazine hydrochlo-
ride and 50 mg/kg ketamine hydrochloride diluted in saline. A circular 
incision was made according to the range of keratoplasty, and a 7~7.5 
mm ring drill was generally used for the implant beds. Generally, a 
diamond 0.25 mm smaller than the graft was used to drill the bed and 
cut the diseased cornea. The BACs were removed, placed in clean culture 
dishes, covered with normal saline and removed after 10 min. The 
corneal endothelium was placed face up on the cutting surface, and the 
corneal graft was pressed down with sharp pressure from the diamond. 
The grafts were fixed into the recipient bed via 16 interrupted stitches 
with 10–0 nylon sutures. 

2.10. Postoperative drug administration 

According to the guidelines of The Ethics Committee of the Army 
Military Medical University, after surgery, tobramycin eye ointment was 
administered three times daily for the first three days. During the 
epithelial healing period within 2 weeks after surgery, levofloxacin eye 
drops were administered twice a day, sodium vitrate eye drops were 
administered three times a day, and tobramycin eye cream was 
administered once a night. In addition, suture removal was performed 
for all animals on day 14. Sodium vitrate eye drops, sodium diclofenac 
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and dexamethasone eye drops were added three times a day within 1 
month after surgery. Sodium vitrate eye drops, cyclosporin and dexa-
methasone eye drops were added three times a day within 3 months 
after surgery. The graft was fitted after 90 days, and only sodium vitrate 
eye drops were required three times a day. 

2.11. Observation and evaluation of animals in vivo 

After transplantation, the animals were closely observed and moni-
tored, and regular slit lamp (SL, 3G, TOPCON, Japan) examination, 
optical coherence tomography (OCT, HS100, Canon, Japan) and fluo-
rescein staining were performed to assess the degree of corneal edema, 
the corneal epithelium, corneal transparency, corneal neo-
vascularization, conjunctival congestion, and ciliary congestion. 
Epithelia, nerve production, the stromal layer, and endothelial cells 
were monitored by in vivo confocal microscopy analysis of the cornea 
(HRT3-RCM, Heidelberg, Germany). 

2.12. Histological and immunohistochemical analysis 

After the animals were anesthetized, the corneas (up to the limb 
margin) of rabbits and beagles were dissected under a surgical micro-
scope, with the native cornea and BAC used in paraffin or OCT (4 μm 
sections) and stained with hematoxylin-eosin (H&E), Masson, and aliz-
arin red (Solarbio, Beijing, China) for observation under a light micro-
scope (BX50, OLYMPUS, China). Immunofluorescence staining was 
performed using 7 μm frozen sections of NPC and BAC tissues. The 
primary antibody was anti-cytokeratin 3 (ab28260, Abcam, 1:200). The 
secondary antibody was a goat anti-mouse IgG H&L Alexa Fluor 488 
(ab150113, Abcam, 1:500), and the sections were observed under a 
fluorescence microscope (BX50, OLYMPUS, China). 

2.13. Statistical analysis 

At least samples were included in the statistical analysis for all ex-
periments, and all data are expressed as the mean ± standard deviation 
(SD). The statistical trends were analyzed by one-way ANOVA with t 
tests. A value of p < 0.05 was considered to indicate significance, and 
differences with p < 0.05 are indicated with asterisks (*p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001). Statistical analyses were 
performed using GraphPad Prism 9.0 software. 

3. Results 

3.1. Biological evaluation of bioartificial cornea 

3.1.1. Histological analysis 
Bioartificial corneas (BACs) were generated via modification of 

natural pig corneas (NPCs) after killing bacteria and viruses and 
removing pyrogens and antigens (Fig. 1A). The whole process was 
performed in a GMP workshop. The key parts of the process have been 
verified many times and have good safety and stability. Decellulariza-
tion of biological tissue is a critical determinant of clinical success [21]. 
Ionic, nonionic, and zwitterionic detergents solubilize cell membranes 
and dissociate DNA from proteins, and they are therefore effective in 
removing cellular material from tissue [22]. Therefore, our decellula-
rization process uses a combination of SDS and CHAPS, which can retain 
the ECM to the greatest extent but remove cell components to the 
greatest extent. As shown in Fig. 1B, both the epithelial and stromal 
layers of the NPC tissue showed abundant cells after cutting with a 
lamellar knife, and the collagen fibers were arranged in an orderly 
reticulated structure. The cellular components of the epithelial layer, 
endocortex and stromal layer in the cornea were effectively removed by 
the decellularization process, and the decellularized pig cornea (DPC) 
and BAC tissues retained their fiber network structure after this pro-
cedure. Light red collagen staining was observed after HE staining, with 

no blue-stained nuclear material and no residual cells. 

3.1.2. Antigenic analysis 
Some studies have proposed a set of minimum criteria to satisfy the 

description of “decellularized”: less than 50 ng of double-stranded DNA 
(dsDNA) per mg of ECM (dry weight) [23]. Fig. 1D(i) shows that the NPC 
tissue had a very high DNA content (165.5 ± 14.1 ng/mg), whereas the 
BAC tissue after decellularization had a very low DNA content (28.5 ±
5.5 ng/mg), with less than 50 ng of DNA per milligram of dry tissue, thus 
meeting the requirements for DPC tissue. Additionally, α-Gal and 
Neu5Gc are the main pig-specific xenograft components recognized by 
human antibodies and are associated with failure of porcine xenografts 
[24]. The results in Fig. 1D(ii) show that NPCs showed strong expression 
of the α-Gal epitope (1089.7 ± 138.4 pg/mg). After decellularization, 
the residual α-Gal in the tissue was largely eliminated. In addition, we 
also analyzed the removal of another antigenic element (Neu5Gc). The 
results showed that the decellularization process significantly reduced 
the content of Neu5Gc in the BACs (Fig. 1D(iii)) without decreasing 
collagen or glycosaminoglycan (GAG) levels. 

3.1.3. Quantitative analysis of extracellular matrix components 
As SDS and chaps affect protein‒protein interactions, they disrupt 

the interaction between collagen and proteoglycans, reducing the 
structural stability of the fiber [25]. To address this limitation [26], we 
developed a self-crosslinking method that does not require chemical 
crosslinking agents. Therefore, we quantitatively analyzed the changes 
in collagen and glycosaminoglycan (GAG) content in the tissues before 
and after decellularization. For collagen levels (Fig. 1E), the results 
showed that there was no difference among the three groups before and 
after decellularization. In addition, compared with that of NPC tissues, 
the GAG content of DPCs was significantly reduced after decellulariza-
tion (Fig. 1F). The AHA/CMC-modified cornea (BAC) was modified with 
hyaluronic acid to compensate for the loss of glycosaminoglycan com-
ponents induced by the process. Therefore, the decellularization process 
we designed can maintain ECM collagen and GAG levels to the greatest 
extent, providing a good tissue structure for improving corneal 
transparency. 

3.2. Composite modification of bioartificial corneas 

The detergents, enzymes and physical forces used during decellula-
rization unavoidably alter the corneal extracellular matrix composition 
and disrupt its ultrastructure [27]. In this work, we modified the surface 
of DPCs using aldehyde-modified hyaluronic acid (AHA) and carbox-
ymethyl chitosan (CMC) via Schiff’s base reaction. The SEM results 
showed that a layer of endothelial cells was on the surface of the NPCs. 
The DPCs showed effective removal of cellular components, with only 
the folds formed by the folding of the collagen fiber structure remaining. 
BACs modified with AHA/CMC showed a porous hydrogel layer on the 
surface of the DPCs. The size of the pores ranged from 100 to 300 nm 
(Fig. 1C). This pore structure is also supported by the observation that 
the epithelium heals quickly (within 1 week after posterior implantation 
in animals). We quantitatively analyzed the hyaluronic acid content on 
the surface of the material. A significantly increased corneal tissue load 
of 321 ng per milligram was observed compared to that of the control 
group (Fig. 1I). This also further proves that the hydrogel (AHA/CMC) 
material was successfully constructed on the surface of the corneal 
matrix. 

3.3. Evaluation of bioartificial corneas 

3.3.1. Optical part of bioartificial corneas 
To explore the optical properties of the BACs, we tested the light 

transmittance of the BACs with a high-precision light transmittance 
meter. As shown in Fig. 1G, the BACs appeared as semitransparent, oval, 
semiwet films without impurities or defects; they was relatively 
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Fig. 1. Safety evaluation of prepared bioartificial corneas. (A) Schematic diagram of the preparation process for bioartificial corneas (BACs). (B) H&E staining after 
the decellularization process. (C) SEM images of NPCs, DPCs and BACs with porous structures. (D) Quantitative analysis of antigenicity. (i) DNA content analysis, (ii) 
ɑ-Gal content analysis, (iii) Neu5Gc content analysis. (E) Quantitative analysis of collagen. (F) Quantitative analysis of GAG. (G) Macroscopic appearance of the BAC 
(thickness: 450 μm). (K) Transmittance analysis of infrared light (i: IR, λ = 940 nm), ultraviolet light (ii: UV, λ = 365 nm) and visible light (iii: VL, λ = 380 nm–760 
nm) for the BAC (thickness: 300 μm, 450 μm) and NPC groups. (H) (i) Stress‒strain analysis of the BAC and DPC groups. (ii) Tensile maximum load of the BAC and 
DPC groups. (I) Hyaluronic acid content analysis. (J) Swelling capacity. For statistical analysis, * represents p < 0.05, ** represents p < 0.01, *** represents p <
0.001, and **** represents p < 0.0001. 
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uniform, had good transparency, and exhibited curvature, which allows 
a better fit after implantation. Then, we analyzed the transmittance of 
the cornea with an optical transilluminator by testing ultraviolet, 
infrared and visible light. Corneas freshly excised from porcine eyeballs 
(NPCs) were used as the main controls. The results in Fig. 1K show that 
the BACs (thickness = 300 μm or 450 μm) were not significantly 
different from the NPCs. According to the technical requirements of 
corneas, the transmittance of IR, UV, and VL should not be less than 
80%, 60%, and 75%, respectively. Therefore, our developed BAC meets 
the national requirements for corneal implant transparency. 

3.3.2. Mechanical evaluation of bioartificial cornea 
The properties of the corneal stroma determine the mechanical 

properties of the corneal stromal layer, and the maintenance of tissue 
tensile strength and suture elasticity can be used as a measure of ECM 
preservation [28]. Compared with DPCs, BACs can maintain their 
modified mechanical properties without sacrificing transparency. As 
shown in the stress‒strain curve, at the same shock pressure, BACs have 
better pressure resistance (Fig. 1Hi). Moreover, the results also show 
that the maximum tensile strength of BACs is significantly higher than 
that of DPCs, which further indicates that the BACs have better yield 
strength and tensile strength (Fig. 1Hii). Therefore, the mechanical 
properties of BACs modified by self-crosslinking of AHA/CMC were 
greatly improved. In addition, the BACs retained the ability to withstand 
10-0 sutures. The results also showed that the tensile strength of the 
cornea after suturing was lower than that before suturing, but the BAC 
group still had a higher value than the control group (Fig. S1). 

3.3.3. Swelling rate of the bioartificial corneas 
The swelling of the cornea, that is, tissue porosity, was evaluated. 

Based on the results, DPCs and NPCs showed limited extensibility, which 
suggested that the elasticity of the tissue structure was compromised to 
some extent (Fig. 1J). After we modified the hyaluronic acid (AHA/ 
CMC) hydrogel on the surface of DPCs, the porous structure of the 
hydrogel improved the hydrophilicity of the cornea; the swelling of 
BACs was not significantly different from that of NPCs, but the hydro-
philicity of BACs relieved the symptoms of dry eye after implantation. 

3.3.4. Endotoxins, biocompatibility test and virus inactivation 
Endotoxin testing was used as a routine quality control test during 

cornea production. We removed heat sources during BAC production, 
and the results showed that 30 min of treatment resulted in an endotoxin 
level of <0.25 EU per cornea (Fig. S2). In addition, in vitro culture of 
smooth muscle cells was used to evaluate possible acute cytotoxicity 
associated with the medical materials or their extracts to ensure that the 
product can meet the cytotoxicity requirements. The results of this 
experiment were based on a blank control (BC) as a reference (Fig. S3). 
The cytotoxicity of the positive group (AC) was grade 4 (0–29%), while 
the cytotoxicity of the control group was grade 0 (RGR ≧ 100%), which 
indicated that the materials were nontoxic to the cells and met the re-
quirements for registration as an artificial cornea product. To increase 
the safety of animal-derived medical devices, specific virus inactivation 
and removal process steps are required during production [29]. The 
evaluation report includes enveloped viruses, nonenveloped viruses and 
model viruses from different virus families: porcine parvovirus (PPV), 
reovirus (Reo 3), vesicular stomatitis virus (VSV) and pseudorabies virus 
(Vero) [30]. The results showed that the total reduction coefficients of 
the four indicator viruses reached more than 6 logs (Table S1). There-
fore, the validation study demonstrated the effectiveness of the pyrogen 
treatment process and the electron accelerator irradiation (Co60) 
treatment process for removing and inactivating virus, indicating that 
the infectivity of the residual virus in animal-derived materials is greatly 
reduced and meets the safety standards for animal-derived medical 
devices. 

3.4. Evaluation of bioartificial corneas in vitro 

3.4.1. Anti-inflammatory activity 
In corneal tissues, natural hyaluronic acid (HA) and carboxymethyl 

chitosan (CMC) have been shown to induce epithelial cell migration and 
wound healing [31]. To verify the anti-inflammatory effects of the BACs 
in vitro, we evaluated LPS-stimulated RAW 264.7 cells. The immuno-
fluorescence results (Fig. 2A) obtained after staining for CD11B to mark 
monocytes and TNF to mark M1 inflammatory cells show a comparison 
of the LPS group and control group. The DPC group and BAC group 
showed very weak TNF-α fluorescence; in contrast, the BACs exhibited a 
high CD11B fluorescence intensity in monocyte cells. Therefore, the 
results proved that the BACs inhibited inflammation in the graft to some 
degree. 

We also validated the anti-inflammatory capacity of the cornea by 
quantitatively analyzing the release of NO and inflammatory factors. 
BACs significantly affected NO release in LPS-treated cells. NO release 
was significantly reduced in the BAC group (8.56%) compared to the LPS 
group (Fig. 2B). The rate of inhibition of NO release for BAC was 
91.44%. These results further verify the above conclusion. The expres-
sion of the inflammatory factor IL-1β was significantly lower in the BAC 
group than in the other three groups (Fig. 2D). This indicates that BAC 
can inhibit the production of proinflammatory cytokines and exhibit 
anti-inflammatory activity. In addition to proinflammatory factors such 
as interleukins, TNF-α and TNF-β play important roles in local and cyclic 
inflammatory responses [34]. BAC also greatly reduced the expression of 
TNF-α (Fig. 2C). Therefore, HA and CMC released by BACs through 
surface-modified hydrogels can significantly downregulate the proin-
flammatory factors TNF-α and IL-1β to enhance the alleviation of corneal 
inflammation and other complications in vivo. 

3.4.2. Antibacterial activity evaluation 
To analyze the antibacterial activity of BACs, the plate count method 

was used with two representative bacteria (E. coli and S. aureus). First, 
the release of HA from BACs was assessed, and it was found that HA was 
released rapidly in the first 24 h (Fig. S3C). Therefore, we verified the 
antibacterial activity of BACs by the plate counting method. The results 
showed that unlike the DPCs, the BACs had antibacterial properties 
(Fig. 2E). Within 24 h of contact with bacteria, they could effectively 
inhibit the growth of bacteria. However, after 48 h of contact culture, 
the number of drug-resistant bacteria increased rapidly, and the bacteria 
could grow through the cornea (Fig. S4). Therefore, BACs have a mild 
antibacterial effect, with an antibacterial duration of approximately 24 
h. 

3.5. Evaluation of bioartificial corneas in rabbits 

3.5.1. Transparency assessment 
BAC grafts (thickness = 300 μm) were implanted into rabbit eyes by 

lamellar keratoplasty [32]. The slit lamp results showed that the corneal 
graft was implanted into the eyeball and fit well; there was no ulceration 
at the suture, and the graft had some degree of transparency. Within 3–7 
days postsurgery, the corneal grafts were well preserved, without large 
areas of ulceration, edema, or obvious inflammation (Fig. S5). From 1 
month postsurgery, the suture gradually faded, and the graft became 
transparent (Fig. 3A). At 3 months postsurgery, the suture and corneal 
scar were almost invisible, and the graft was more transparent. From 6 
months to 12 months postsurgery, eyes implanted with the grafts were 
similar to normal eyeballs. Fluorescein staining of BACs further verified 
the transparent nature of the BAC after half-layer keratoplasty (Fig. 3B). 
At 3–7 days postsurgery, the corneal scar area (green scale) was clearly 
visible. The scar area decreased, and the residual graft was in the middle. 
At 2 weeks postsurgery, the suture was desalinated, and the scar area 
remained small; the corneal suture disappeared without corneal scarring 
within 1 month. 

OCT images of the central 5 mm area and the corresponding operated 
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eyes indicated that the thickness of the corneal implant area gradually 
stabilized over time and that the transparency gradually approached 
that of the normal eye (Fig. S5). The results further verified that BACs 
can rapidly become transparent. We further measured the thickness 
changes of the BAC graft after transplantation. The graft had a central 
thickness of 417 μm one month after surgery, 391 μm 6 months after 

surgery, and 394 μm 12 months after surgery. The corneal thickness 
slightly decreased in the first three months and later stabilized. 

3.5.2. Evaluation of epithelization and nerve regeneration 
We further verified that BACs can quickly achieve in vivo epitheli-

zation and nerve regeneration. The results of IVCM showed that many 

Fig. 2. Anti-inflammatory and antibacterial evaluation of BACs. (A) Immunofluorescence staining images of LPS-stimulated RAW 264.7 cells in the presence of DPCs 
and BACs. (B) Levels of nitrites. (C) Expression of the inflammatory factor TNF-α. (D) Expression of the inflammatory factor IL-1β. (E) Antibacterial effect of BACs and 
DPCs on S. aureus (i) and E. coli (ii). (F) Total bacterial count for S. aureus and E. coli. 
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uniformly distributed endothelial cells were observed after 1–3 months, 
but the intercellular space was large. The epithelium-covered area 
reached 90%, with only a small defect area. The stromal layer began to 
become loose but contained many stromal cells, with a small amount of 
angiogenesis and optic nerve plexus ingrowth. After 6 months (Fig. 3C), 
the epithelium and endodermis adopted a stable morphology and grew 

well. In particular, epithelial cells in the implant bed had an orderly 
arrangement and close interactions between cells. Signs of neurite 
growth under the basement could be seen after 1 month, and sparse 
nerve fibers were found in the grafts around the eyes (Fig. S5). The 
morphology of these regenerated nerve fibers was similar to the normal 
morphology of nerve fibers in the cornea after 6 months and were longer 

Fig. 3. Evaluation of bioartificial corneas in rabbits. (A) Local views of the slit lamp results at different time points. (B) Postoperative image and fluorescein staining. 
Green scale: corneal scar area. (C) In vivo confocal microscopy (IVCM) at 6 months postsurgery. Red arrow: nerve fibers. (D) SEM of epithelial cells in vitro. Red 
arrow: endothelial border. 

Fig. 4. Histological evaluation of bioartificial corneas in rabbits. (A) Corneal epithelial layers (CK-3); red arrow: corneal epithelial differentiation. (B) Stromal layers 
(Masson); red arrow: collagen fibers. (Ci) Recellularization (H&E) evaluation; red arrow: collagen fibers between the corneal graft and tissue. 
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and more regular. We also analyzed endothelial cells by scanning elec-
tron microscopy. Fig. 3D shows that the morphology of corneal cells 
tended to be normal at 1 month and 3 months, but the boundaries were 
not clear. At 6 months, the nuclei of corneal cells were obviously visible, 
the edges were hexagonal, and the boundaries were clear. In addition, 
the epithelial layer was intact and similar to that of normal eyes at 9 
months, which was consistent with previous results. 

3.5.3. Histological evaluation 
Corneal tissue was removed at different time points to analyze graft 

degradation, cell migration and regeneration, and changes in calcifica-
tion. Immunofluorescence staining was used to assess the CK-3 pheno-
type of the recellularized epithelium. The results showed that the 
epithelial layer of the control group had a strong CK-3 signal (Fig. 4A). 
Early epithelial cells implanted with BACs began to heal, but the 
epithelial cells had not yet grown. After 3 months, the signal of epithelial 
cells gradually increased, and the corneal epithelial cells grew well. 

Through Masson staining and H&E staining, we further analyzed the 
changes in collagen structure and the changes in each layer of cells, and 
implants were divided into three growth stages in vivo (Fig. 4B–C). In 
the early stage (one month), the epithelial layer gradually began to form, 
and the loose stroma layer also began to adopt an orderly arrangement. 
The cells gradually migrated from the implantation bed to the corneal 
scaffold, but the number of cells was small. The second stage is the rapid 
growth process (6 months). The epithelial layer has been fully formed, 
most of the stromal cells are scattered in the corneal stent, and the 
collagen structure in the stent is close to that of normal tissue. The final 
stage is the stable stage of corneal tissue. From 6 months to 12 months, 
the implantation bed was completely consistent, and there was no 
obvious dividing line between the implant and the normal tissue. 

The previous results show that BAC has good biocompatibility in 
vivo, but as a long-term graft in vivo, we still need to verify whether it 
becomes calcified in vivo. The results of long-term alizarin red staining 
(Fig. S5) showed that the corneal endothelial cells in the cross section 

Fig. 5. In vivo evaluation of bioartificial corneas in beagles. (A) Local views of the slit lamp at different time points. (B) Postsurgery and corneal fluorescein staining, 
green scale: corneal scar area. (C) Optical coherence tomography (OCT) images. (i) Pachymetry map and (ii) Epithelium map. 
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had clear hexagonal boundaries, were orange‒red, were consistent in 
depth and were arranged in a mosaic pattern. The stromal layer in the 
longitudinal section was arranged in a grid-like order, and no calcifi-
cation was noted in the staining results, which also indicated that the 
cornea did not cause adverse reactions in vivo. 

3.6. Large animal evaluation of bioartificial corneas 

3.6.1. Transparency assessment 
To ensure the preclinical effectiveness of the BACs, we also evaluated 

30 beagles after lamellar keratoplasty [33]. This study was designed to 
use the left eye, with a 450 μm thickness for the BAC. Slit lamp analysis 
of the implanted graft at different times of corneal scar healing and 
monitoring of transparency changes were performed. Compared with 
the results obtained in rabbits, corneal epithelial healing and rapid 
transparency in beagles were more ideal. After 3 months, the graft was 
completely transparent, with no suture marks, and the corneal clarity 
gradually approached that of normal eyes (Fig. 5A). Corneal epithelial 
healing was analyzed by fluorescein staining throughout the area of the 
corneal scar (green scale). Seven days after the operation, the epithelial 

layer of the graft was completely healed, and only the suture was 
defective in the epithelium (Fig. 5B). After 14 days to 1 month, the 
epithelium gradually healed and became transparent. 

We further analyzed the overall morphology of the cornea after 
implantation and healing of the graft and substrate by using OCT 
(Fig. 5C). The OCT results of the control group showed that the central 
area thickness was 579 μm and 80 μm. Within contrast to the control 
group, the graft gradually attached to the substrate at 14 days post-
surgery, but the thickness of the graft was thicker, and epithelial healing 
was not optimal. At 1–3 months, the graft had become completely 
transparent, with low reflectivity and persistent thinning of the cornea. 
After 6 months, the implant and substrate were clear, and the trans-
parency was similar to that of normal eyes. We further verified the above 
analysis results from the changes in corneal thickness (Fig. 5i) and 
epithelial thickness (Fig. 5(ii)). After 6–12 months, the corneal thickness 
became uniform in the 5 mm area without swelling, and the epithelial 
thickness reached the epithelial thickness of normal eyes. 

3.6.2. Recellularization evaluation 
In this work, we also evaluated the tissue regeneration of BACs in 

Fig. 6. Recellularization evaluation of bioartificial corneas in beagles. (A) Histological evaluation (H&E staining). (B) In vivo confocal microscopy examination, red 
arrow: nerve fibers. 
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large animals. Cell regeneration, epithelialization, calcification, and 
tissue structural changes were analyzed. H&E staining (Fig. 6A) showed 
that the stromal layer gradually entered the stromal cells with time, and 
the endothelial cell layer was thickened. Immunostaining of CK-3 
(Fig. S6) showed that a weak epithelial CK-3 signal was visible 1 
month after surgery, but the signal intensified after 3 months. Masson 
staining and Alizarin Red staining showed that the collagen fiber 
structure was close to that of normal tissue after 3 months. From the 
perspective of histology, the time required for cell regeneration and the 
change in scaffold lamellar structure is much shorter than the treatment 
time in rabbits, which is also consistent with the previous results for in 
vivo transparency and epithelialization. Therefore, we believe that the 
results in beagles are more ideal than those in rabbits, and the efficacy is 
more obvious. 

Compared with the growth of the endodermis, epithelium, stroma 
and nerve plexus in normal eyes, the BAC showed a complete hexagonal 
shape 3 months after epithelial cell chimerism. The intercellular space 
increasingly decreased, and the basement had a faintly visible nerve 
plexus distribution. In addition, the distribution of stromal cells in the 
stroma layer before and after revealed an orderly arrangement, and the 
corneal nerve line was clearly visible. Thus, we can see from the in vivo 
analysis of large animals that the in vivo effect is good, and the degree of 
corneal transparency and recellularization is good. 

3.6.3. Evaluation of primates monkeys in vivo 
To verify the preclinical efficacy of the corneas, we used five mon-

keys to analyze the transparency and epithelialization of BACs after 
implantation [34]. Unlike in rabbits and beagles, fluorescein staining 
showed that the epithelial layer healed rapidly within 7 days (Fig. 7A). 
Additionally, the grafts were opaque and swollen at 14 days. After 37 
days, the transparency of the grafts was good, and the corneal scar 
gradually disappeared. Finally, at 79 days, the monkeys had normal 
vision (Fig. 7B). Therefore, BACs are more biocompatible and can 

become transparent more quickly in monkeys. 

3.7. Efficacy evaluation of bioartificial corneas in rabbits and beagles 

In this work, a self-cross-linking corneal stromal substitute (BAC) 
that does not require a cross-linking agent was developed. The previous 
animal test results showed that the BAC quickly became transparent and 
underwent epithelial healing after corneal implantation (Fig. 8A). We 
mainly chose deep lamellar transplantation for corneal transplantation. 
Rabbits, beagles and primates were used as experimental animals. We 
performed statistical analysis of the data from both rabbits and beagles. 
Here, we assessed the degree of corneal opacity in 25 rabbits and 35 
beagles at 1 month, 2 months, 3 months and 6 months after BAC 
transplantation and whether we could see the iris texture and pupil. The 
results showed that 5 out of 10 rabbits had grade 1 or 0 graft trans-
parency within 30 days after BAC transplantation. Within 60 days, the 
transparency of the implant reached grade 1 or 0 in 2 rabbits (Fig. 8B). 
At 180 days, the transparency of all rabbit implants reached grade 1 or 0. 
As shown in Fig. 8C, after short-term observation, 7 beagles reached 
grade 1, and 10 beagles reached grade 1 or 0 after 90 days (completely 
transparent, with no ulcer or turbidity). The iris texture and pupil were 
obviously visible. 

Complete corneal reepithelialization plays an important role in the 
survival of BAC grafts [35]. This epithelialization can improve the 
structure of the BCA graft, cover the wound edge to heal the wound, and 
provide a robust barrier function for the entire ocular surface. As shown 
in Fig. 8C, regarding the epithelial healing area at 3 and 7 days after 
implantation, the beagles healed better than the rabbits, and the graft 
surface epithelialization rate was more than 50%. After 14 days, all 
rabbit sutures were loose, except for a few small focal spots, and most of 
the graft was re-epithelialized. In beagles, the corneal re-epithelial 
healing degree reached more than 70% in 14 days and after 1 month. 
Re-epithelialization was complete in all animals. No clinical signs of 

Fig. 7. In vivo evaluation of bioartificial corneas in primates monkeys. (A) Postsurgery and corneal fluorescein staining, green scale: corneal scar area. (B) Local 
views of the slit lamp and optical coherence tomography (OCT) images at different time points. 
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graft rejection (pain, light sensitivity) or neovascularization were found 
throughout the study period. 

4. Discussion 

The DPC stroma may be a promising source of material to overcome 
the limited availability of human donors [35]. Unfortunately, collagen 
and elastin in the ECM are exposed to enzymatic biodegradation in the 
host [36]. According to the requirements for medical device research 
and development, our BAC passed the registration test of the State Food 
and Drug Administration (No: QZ201701672), and the cornea was 
tested physically, chemically, mechanically, and for harmful substances 
and microorganisms. The results show that the BACs have good trans-
parency, mechanical strength and biocompatibility, which is consistent 
with the requirements of major medical devices. In addition, the entire 

preparation process can substantially reduce immunogenicity, effec-
tively inactivate viruses, remove heat sources, and ensure the safe and 
effective use of animal-derived products. 

The role of corneal cells in the corneal stromal remodeling process is 
crucial [37]. On the one hand, compared with other transplants, BAC 
grafts produce more significant cellular infiltration after implantation of 
the graft. We found that after one month, gradual stromal cell remod-
eling was completed; after 2 months, inflammation subsided, and the 
corneal tissue morphology was stable; and at 1 year, the corneal integ-
rity was good. On the other hand, BAC successfully stimulated endog-
enous cells, and endogenous nerves also grew into the graft. The nerve 
growth of 39 animals at different stages after BAC implantation was 
analyzed by in vivo confocal microscopy. The results showed that the 
tissue structure was very close to that of the normal cornea at 8 months 
after transplantation. In addition, Masson staining indicated that the 

Fig. 8. Evaluation of transparency and epithelial healing after transplantation. (A) Schematic diagram of the surface modification process of BACs and rapid cel-
lularization and hyalinization in vivo after lamellar keratoplasty. (B) Transparency in rabbits (Num = 25). (C) Transparency in beagles (Num = 35). (D) Epithelial 
healing in rabbits (Num = 22). (E) Epithelial healing in beagles (Num = 27). 
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tissue structure of the BAC transplants was very similar to that of the 
normal cornea (Masson). Alizarin red staining can reflect tissue calcifi-
cation. BAC grafts were implanted into rabbits and had no calcification 
after one year, which is very similar to the normal cornea (ARS). 
Therefore, the corneal lamellar structure remained good after the BAC 
was transplanted to the ocular surface in rabbits and beagles. Epitheli-
alization was essentially completed within 2 weeks, and the epithelial 
basement membrane appeared within one month. These results showed 
that the epithelial and stromal layers had good regenerative repair 
function after BAC implantation. 

The results obtained for our BAC indicate that it is safe to produce as 
a class III medical device, and has the effects of rapid epithelialization 
and transparency as well as tissue regeneration in various animals. 
Hence, the number of cases treated in clinical practice is higher for this 
medical device than for other corneal stroma products. 

5. Conclusion 

Although previous clinical studies have focused on human donor 
tissues, bioengineered implant tissues are essential for reducing the 
global burden of corneal blindness. Although most clinical studies have 
made significant progress with acellular tissues [34], the application 
scope is very limited [33]. For example, ‘AiNear’ is the world’s first and 
only bioengineered corneal product available on the market [38,39]. It 
may be suitable for a small number of people with corneal blindness and 
therefore cannot fundamentally resolve the donor cornea shortage [40]. 
In addition, to obtain good mechanical properties, the optimal cross-
linking method was studied to prevent the destruction of collagen by 
excessive crosslinking. From a safety perspective, we have developed a 
commercially and clinically feasible GMP-grade cornea, based on nat-
ural noncellular bioderived materials from animal sources, with killing 
of bacteria and viruses, removal of pyrogens and antigens, and com-
posite modification. It has mechanical strength and elasticity close to 
those of the normal human cornea, and clear antibacterial and 
anti-inflammatory properties in vitro. 

From the perspective of efficacy, previously studied corneal products 
did not achieve sufficient corneal transparency in vivo or have sufficient 
corneal cell-filled scaffolds. The BAC we developed was evaluated in 
preclinical animals. After implantation, the turbidity period was short. 
The suture repair moved quickly, and there was no scar visible to the 
naked eye. Corneal epithelial cells can grow rapidly into the graft 
covering and form a smooth epithelial layer. Stromal cells can adhere, 
grow and differentiate in the collagen layer, resulting in extracellular 
matrix production. The product gradually fuses with autologous corneal 
tissue after transplantation to repair the damaged cornea, eventually 
acquiring a structure and function similar to those of the normal cornea 
and restoring vision while beautifying the eyeball. Most importantly, 
this product can be used as a corneal equivalent substitute for in vitro 
reconstruction to solve the problem of donor corneal insufficiency, 
making it an ideal graft for corneal transplantation in patients with se-
vere corneal injury. 
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