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A B S T R A C T   

Fungal corneal ulcer is one of the leading causes of corneal blindness in developing countries. Corneal scars such 
as leukoplakia are formed due to inflammation, oxidative stress and non-directed repair, which seriously affect 
the patients’ subsequent visual and life quality. In this study, drawing inspiration from the oriented structure of 
collagen fibers within the corneal stroma, we first proposed the directional arrangement of CuTA-CMHT 
hydrogel system at micro and macro scales based on the 3D printing extrusion method combined with sec-
ondary patterning. It played an antifungal role and induced oriented repair in therapy of fungal corneal ulcer. 
The results showed that it effectively inhibited Candida albicans, Aspergillus Niger, Fusarium sapropelum, which 
mainly affects TNF, NF-kappa B, and HIF-1 signaling pathways, achieving effective antifungal functions. More 
importantly, the fibroblasts interacted with extracellular matrix (ECM) of corneal stroma through formation of 
focal adhesions, promoted the proliferation and directional migration of cells in vitro, induced the directional 
alignment of collagen fibers and corneal stromal orthogonally oriented repair in vivo. This process is mainly 
associated with MYLK, MYL9, and ITGA3 molecules. Furthermore, the downregulation the growth factors TGF-β 
and PDGF-β inhibits myofibroblast development and reduces scar-type ECM production, thereby reducing 
corneal leukoplakia. It also activates the PI3K-AKT signaling pathway, promoting corneal healing. In conclusion, 
the oriented CuTA-CMHT hydrogel system mimics the orthogonal arrangement of collagen fibers, inhibits 
inflammation, eliminates reactive oxygen species, and reduces corneal leukoplakia, which is of great significance 
in the treatment of fungal corneal ulcer and is expected to write a new chapter in corneal tissue engineering.   

1. Introduction 

Fungal keratitis is a common cause of corneal ulcers and a leading 
cause of eye-related morbidity and blindness, particularly in tropical 
and subtropical regions [1–3]. Fungal keratitis can give rise to severe 
infections, potentially resulting in blindness and vision loss [4,5].During 
the evolution of the disease, severe inflammatory reactions [6], oxida-
tive stress [7,8], and non-directional repair processes, easily leading to 
the formation of corneal scars, such as leukoplakia [9–11]. It will 

diminishing corneal transparency and significantly impairing both the 
visual acuity and overall quality of life for affected individuals. Globally 
prediction over 100,0000 cases annually, there is an urgent need for 
effective therapeutic of fungal keratitis, especially inhibiting the corneal 
leukoplakia. Contemporary therapeutic approaches for fungal keratitis 
include drug treatments and surgical interventions [12–15].Common 
pharmaceutical options include the Amphotericin B and Fluconazole 
[16]. However, their usage is limited due to associated toxicity. Surgical 
treatments primarily involve corneal transplants. Existing challenges in 
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current strategies are as follows: (1) Non-directional repair in the 
corneal stromal layer, leading to the easy formation of leukoplakia. (2) 
Limited efficacy of antifungal drugs and appearing the severe inflam-
matory responses during the illness. (3) Oxidative stress damage to cells 
and worse suboptimal corneal healing. 

Recently, both domestic and international research has focused on 
the development of hydrogel systems for the treatment of fungal kera-
titis [17–21], utilizing microneedles [22–25], three-dimensional (3D) 
printing [26,27], and electrospinning methods [28]. However, these 
hydrogel systems often have individual shortcomings: hydrogel systems 
typically exhibit a single functionality, provide less intervention in the 
corneal ulcer healing process, and fail to address the comprehensive 
aspects of antifungal, anti-inflammatory, directed repair of the corneal 
stromal layer, and inhibition of leukoplakia formation. More impor-
tantly, most studies ignore the unique collagen fiber directional 
arrangement of the cornea in their design, which could impact the 
therapeutic efficacy against leukoplakia. Therefore, based on our team’s 
previous research [29–33], we have developed a novel multifunctional 
hydrogel system to treat fungal keratitis, reduce leukoplakia, and pro-
mote healing by integrating antifungal, anti-inflammatory, and directed 
repair properties. Furthermore, we have delved into the biological 
mechanisms underlying the inhibition of leukoplakia. 

In this study, drawing inspiration from the oriented structure of 
collagen fibers within the corneal stroma, we propose an oriented CuTA- 
CMHT hydrogel system (Scheme 1A). The system formed by combining 
the copper-tannic acid nanozyme (CuTA) and hyaluronic acid-tannic 
acid (HA-TA) composite with carboxymethyl cellulose-methacrylate 
(CMC-MA) hydrogel, which had the following advantages: (1) 
Employing 3D printing extrusion combined with secondary patterning, 
the hydrogel achieves an orderly directional arrangement at both micro 
and macro levels (Scheme 1B-E). Protrusion of fibroblasts senses the 
topological structure of hydrogel and orient themselves along with the 
micropatterned lines. Besides, the fibroblasts also interacted with ECM 
of corneal stroma through formation of focal adhesions. This process is 
associated with molecules such as MYLK, MYL9, and ITGA3. Further-
more, the downregulation the growth factors TGF-β and PDGF-β, in-
hibits myofibroblast development and reduces scar-type ECM 
production, thereby reducing corneal leukoplakia. (2) By introducing 
Cu2+ to mediate the oxidative coupling assembly of tannic acid, we 
designed copper-tannic acid nanozymes. These nanozymes primarily 
affect signaling pathways such as TNF, NF-kappa B, and HIF-1, resulting 
in effective antifungal and anti-inflammatory characteristics. The CuTA 
nanozyme is assembled by introducing Cu2+ to mediate the oxidative 
coupling of TA, which mainly affects signaling pathways such as TNF, 
NF-kappa B, HIF-1, achieving effective antifungal and anti- 
inflammatory properties. (3) The CMHT hydrogel reduces oxidative 
stress damage and activates the PI3K-AKT signaling pathway, promoting 
corneal healing (Scheme 1F, G). 

In summary, our proposed CuTA-CMHT hydrogel system exhibits 
characteristics such as antifungal, anti-inflammatory properties, reduc-
tion of corneal leukoplakia, and promotion of healing. It exhibits great 
promise in the treatment of fungal corneal ulcers and leukoplakia, 
potentially achieving groundbreaking progress in corneal tissue 
engineering. 

2. Materials and methods 

2.1. Reagents and materials 

Hyaluronic acid (HA, MW 100–200 kDa) was purchased from Life-
core Biomedical (Chaska, MN, USA). Methacrylic anhydride (MA) and 
Irgacure 2959 were purchased from Sigma–Aldrich (St. Louis, MO, 
USA). The cotton linter pulps were provided by Hubei Chemical Fiber 
Group Ltd. (Xiangfan, China). Other analytical grade chemicals were 
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 
China). 

2.2. Synthesis of CMHT hydrogels 

Prepare the 1 % carboxymethyl cellulose (CMC) solution and stir it at 
50 ◦C for 1 h 5 % cellulose nanofiber (CNF) were further introduced into 
the mixture [33]. Subsequently, excess methyl acrylate was added to the 
CMC solution (4 ◦C, 24 h). The pH was adjusted to 8, followed by pu-
rification through a 96-h dialysis process. The purified carboxymethyl 
cellulose methacrylate (CMCMA) was obtained after freeze-drying and 
stored at − 20 ◦C. In addition, the HATA were fabricated through a 
physical crosslinking mechanism involving the formation of hydrogen 
bonds between the hydroxyl (-OH) groups present in hyaluronic acid 
(HA) and tannic acid (TA). Dissolve HA in a 0.2 M MES buffer solution to 
obtain a 2 wt% HA solution (pH 5.5). Subsequently, the HA solution was 
combined with a TA solution in a ratio of 1:4. Subsequently, 10 % 
CMCMA was introduced with concentration ratios of CMCMA:HATA at 
2:1, 1:1, and 1:2, yielding various compositions of CMHT hydrogels. 

2.3. Synthesis of CuTA nanozyme 

Dissolve 27 mg of tannic acid and 875 mg of CuSO₄⋅5H₂O in 50 mL of 
deionized water. Following PH adjustment to 7.4 with 1 M NaOH, the 
solution was heated to 50 ◦C. The resulting product was separated via 
centrifugation and thoroughly washed 5 times with DI water. CuTA 
nanozyme was obtained after freeze-drying. 

2.4. Synthesis of CuTA-CMHT hydrogel 

The addition of CuTA nanozyme at different masses were evenly 
dispersed into the CMHT solution, yielding the CuTA-CMHT hydrogel 
(12.5 μg/mL, 25 μg/mL, 50 μg/mL, 100 μg/mL, 200 μg/mL). 

2.5. Rheological tests of hydrogels 

Rheological assessments were conducted using a rheometer 
(MCR302, Anton Paar, Austria) equipped with a plate-plate geometry 
(25 mm in diameter and a 27 μm gap). Shear viscosity measurements 
were carried out over shear rates ranging from 1 to 100 s⁻1 at 25 ◦C. 
Oscillatory frequency sweep was performed at 0.5 % strain and fre-
quencies of 0.1–10 Hz. All tests were conducted within the linear 
viscoelastic region, and the experiments were repeated three times for 
the various ratio of the hydrogels. 

2.6. 3D printing of the CuTA-CMHT hydrogel 

High-precision digital light processing (DLP) manufacturing (Poly-
tech) was employed to 3D print commercial resin × 22, creating a 
precise microstructure for mold preparation. Subsequently, a flexible 
mold was produced through polydimethylsiloxane (PDMS) infusion, and 
surface plasma treatment was applied to reduce bonding strength. This 
method yielded a groove model with length and width are 1 cm, with 
groove spacing of 100 μm, a width of 100 μm, and a depth of 150 μm. 

The hydrogel precursors were loaded into a 5 mL syringe. Biomaker 
software facilitated the design of the printing model, and a 3D printer 
(SunP CPD1/Biomaker) was utilized to print the CuTA-CMHT hydrogel. 
A 25 G needle was utilized throughout the process. Printing occurred at 
4 ◦C, with a speed of 10 mm/s and an extrusion rate of 3 mm3/s. The 
CuTA-CMHT hydrogel experienced shear thinning within the extrusion 
needle and then restored its viscosity upon exiting the needle. Conse-
quently, the hydrogel could be printed the uniform 1D filaments and 3D 
structures on the PDMS mold (Scheme 1E). Post-printing, the structures 
were exposed to UV light to enhance their stability and gentle peeling 
from the mold. 

2.7. In vitro antifungal test of CuTA-CMHT 

In vitro antifungal activity of the CuTA-CMHT was assessed by 
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Scheme 1. (A) Schematic illustration of directional-structured CuTA-CMHT hydrogel. (B–E) Schematic of the composition and synthesis mechanism of the oriented- 
CuTA-CMHT hydrogel. (F, G) Schematic diagram illustrating the mechanism of hydrogel employed for directed repair of corneal stroma and its anti-oxidative, 
antifungal, and anti-infective properties. 
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computing the antifungal rate. The Candida albicans, Fusarium solani, 
Aspergillus niger were co-cultured with varying concentrations of CuTA- 
CMHT for 48 h on a shaker (28 ◦C, 150 rpm). Following the 48-h co- 
cultivation period, 10 μL of the solution was diluted 105 times with 
PBS and evenly spread on Potato Dextrose Agar. Observe and take 
photographs after the cultivation period (3–7 days). To assess the in vitro 
antifungal efficacy of CMHT-CuTA, precursor solutions of CuTA-CMHT 
hydrogel with varied concentrations were formulated, and equivalent 
concentrations of fungi were introduced. Fluconazole was employed as a 
positive control. The material was then incubated with the fungal 
specimens in a well plate for 48 h at 28 ◦C. Subsequently, MTT reagent 
was added after the aforementioned experimental procedures and 
allowed to incubate for 4 h. The optical density at 490 nm (OD490) was 
measured using a microplate reader. 

2.8. SEM images of fungi in antifungal experiments 

Different concentrations of CuTA-CMHT (12.5 μg/mL, 25 μg/mL, 50 
μg/mL, 100 μg/mL, 200 μg/mL) were co-cultured separately with 1 ×
105 CFU/mL Candida albicans, Fusarium solani, Aspergillus niger for 6 h. 
The pellet was washed 3 times with PBS after centrifugation (3000 rpm) 
and suspended in a 2.5 % glutaraldehyde solution for 3 h. Following 
centrifugation, the pellet was washed with PBS. The precipitate was 
dehydrated in ethanol solutions (20 %, 45 %, 75 %, 90 %). Subse-
quently, dehydration was continued in 100 % ethanol for 15 min, fol-
lowed by centrifugation to remove the supernatant. The sample was 
then placed in a mixture of ethanol and tert-butanol (1:1) and remove 
the supernatant. Further using pure tert-butanol to wash twice. Finally, 
10 μL of the sample was pipetted onto a silicon wafer. Freeze-dry the 
samples overnight and analyzed by SEM. 

2.9. Cellular ROS assessment 

Employing corneal epithelial cells to conduct an intracellular ROS 
scavenging assay. Seed corneal epithelial cells in a 24-well plate, 
ensuring an equal distribution of cells in each well. Introduce the CuTA- 
CMHT (12.5 μg/mL, 25 μg/mL, 50 μg/mL, 100 μg/mL, 200 μg/mL) into 
the experimental group and incubate them for 6 h. Subsequently, wash 
the cells three times with warm HBSS. As a negative control, treat with 
0.1 mM H2O2 at 37 ◦C for 2 h. Then prepare the probe incubation so-
lution DCFH (10 μM). Remove the culture medium, add 500 μL of the 
probe working solution to each well, and incubate in a 37 ◦C incubator 
for 20 min. Afterward, remove the probe incubation working solution, 
and add 400 μL of culture medium to each well. Observe intracellular 
green fluorescence using confocal microscopy. For the quantitative 
detection of cellular ROS levels, repeating the above steps. Seeding the 
corneal epithelial cells in a 96-well plate. Add 100 μL of probe solution 
DCFH to each well and incubate in a 37 ◦C incubator for 20 min. Wash 
with HBBS, add 100 μL culture medium to each well, and detect fluo-
rescence intensity on a Fluorescent Microplate Reader. 

2.10. Cell seeding and cell cultures on scaffolds 

The secondary patterned CuTA-CMHT hydrogel scaffold was 
immersed in culture medium and soaked overnight at 4 ◦C. Corneal 
stromal cells were cultured in DMEM F12 medium supplemented with 
10 % fetal bovine serum (FBS) at 37 ◦C and 5 % CO2. A corneal stromal 
cell suspension with a density of 5 × 106 cells/mL was seeded onto the 
scaffold. The scaffolds were cultured at 37 ◦C with 5 % CO2, and the 
medium was changed every two days. All data were expressed as at least 
three independent experiments. 

2.11. Cytotoxicity test of different ratio of CuTA-CMHT hydrogels 

Corneal epithelial cells at a density of 4 × 104 cells/mL were seeded 
into a 48-well plate and incubated for 24 h. Then, the cells were co- 

cultured with crosslinked CuTA-CMHT hydrogels scaffold sheets. 
Following co-culture for 1, 3, and 7 days, CCK8 solution was added and 
incubated for 2 h. The reaction solution was then transferred to a 96- 
well plate, and the OD at 450 nm was measured using a 
spectrophotometer. 

2.12. Live/dead staining of corneal epithelial cells 

Following the same procedure as above, epithelial cells were co- 
cultured with CuTA-CMHT hydrogels for 7 days. To stain live and 
dead cells, Calcein-AM/ethidium homodimer dye was added for 15 min. 
The results were observed using a Leica DMi8 fluorescence microscope. 

2.13. Cell migration assessment 

Epithelial cells at a density of 5 × 105 cells/well were cultured in 6- 
well plates for 24 h. Scratches of the same width were made at the 
bottom of the wells, followed by three washes with PBS. Epithelial cells 
were then co-cultured with immersion solution of CMHT hydrogel and 
CuTA-CMHT hydrogel for 24 h. The migration rate of the cells in the 
scratch area was observed under a microscope and photographed for 
quantitative analysis. 

2.14. In vitro anti-inflammatory effect of CuTA-CMHT hydrogel 

Lipopolysaccharides (LPS)-triggered macrophages model [34] and 
Candida albicans-triggered human corneal epithelial cells model [35] 
were used to investigate the anti-inflammatroy effect of CuTA-CMHT 
hydrogel in vitro. RAW264.7 cells cultured in 6-well plates (1 × 104 

cells mL− 1) were incubated for 24 h. The cells were preconditioned with 
50 ng/mL LPS for 12 h, washed by PBS for three times, and subsequently 
treated with CuTA-CMHT(100 μg/mL). Pro-inflammatory mediators 
expression in the control group, LPS group, and LPS + CuTA-CMHT 
group was compared by using real-time quantitative polymerase chain 
reaction (RT-qPCR). 

The corneal epithelial cells were cultured in 6-well plates (1 × 106 

cells/well). After incubated for 48 h, the cells were stimulated with 
inactivated Candida albicans hyphae (5 × 106 CFU/mL) for 1 h and 
treated with CuTA-CMHT or PBS. After 4 h of Candida albicans stimu-
lation, cells were collected for to dected mRNA levels of pro- 
inflammatory mediators in the control group, Candida albicans group, 
and Candida albicans + CuTA-CMHT group. 

2.15. In vivo therapeutic efficacy and safety experiments 

Therapeutic efficacy was evaluated in Sprague Dawley male rats 
aged 6–8weeks from Guangdong Medical Laboratory Animal Center. 
Rats were raised in specific pathogen-free environment. All the protocols 
for animal experiments were approved by the Institutional Animal Care 
and Use Committee of Tsinghua University and conducted in accordance 
with the Association for Research in Vision and Ophthalmology state-
ment for the use of animals in ophthalmic vision and research. The rats 
were individually housed under constant temperature (22 ± 1 ◦C) and 
humidity on a 12 h light-12 h dark cycle with free access to food and 
water. Under anesthetization, models of fungal corneal ulcer were 
established in the right eyes of the rats via injection in corneal stroma 
with 1 × 106 CFU/mL Candida albicans. Fourty-8 h after Candida albicans 
incubation, modeled rats were randomly divided into 5 groups (n = 10) 
and treated with phosphate buffer saline (served as control), CMHT, 
fluconazole, CuTA-CMHT, and oriented CuTA-CMHT, respectively. The 
oriented CuTA-CMHT hydrogel was different from the CuTA-CMHT 
hydrogel for it had oriented topology. The 5 different interventions 
were implemented by topically administering drops (25 μL) or hydrogels 
(equivalent to 25 μL) into conjunctival sac under anesthetization per day 
for the following 7 days. Corneas were observed and anterior segment 
photography was performed for 7 consecutive days, with disease 
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severity assessed by clinical total score (range 0–12) with 3 components 
(each range 0–4), including area of corneal opacity, density of corneal 
opacity, and surface regularity (Table S1) [35]. Ulcer area was analyzed 
using Image J software (National Institutes of Health, Bethesda, MD, 
USA). Eyes were harvested on days 1, 3, 5, and 7, followed by histo-
pathologic examination with H&E and Masson’s trichrome staining. 
Transcriptome analysis and immunofluorescence were performed on 
day 3 and day 5, respectively. Furthermore, heart, liver, spleen, lung, 
and kidney tissues of healthy rats and rats treated with fluconazole and 
oriented CuTA-CMHT were taken on day 7 and stained with H&E to 
evaluate the safety of the proposed therapy. The scheme was shown as 
Fig. 4A. 

2.16. H&E and Masson’s trichrome staining 

According to the standard protocol, tissues were fixed with 10 % 
formalin, dehydrated, and waxed. Embedded in paraffin, eye specimens 
were cut into 5-μm-thick cross-sections across cornea center and stained 
with Haematoxylin-Eosin Staining kit and Masson’s Trichrome Staining 
Kit. As for heart, liver, spleen, lung, and kidney specimens, only H&E 
staining was performed. Images were captured with a Pannoramic MIDI 
scanner (3DHISTECH Ltd., Budapest, Hungary). 

2.17. Transcriptome analysis 

In brief, according to the standard protocol, total RNA of the corneal 
samples in the 5 groups on day 3 together with healthy corneas were 
extracted and sequenced using NovaSeq6000 (Illumina Inc., San Diego, 
CA, USA). Data were analyzed with R software (The R Foundation, 
Indianapolis, IN, USA). DEGs was identified based on fold change≥ 1.5 
and P < 0.01 between different groups. Venn diagram, volcano plot, and 
heatmap were depicted to visualize the upregulated and downregulated 
DEGs. GO and KEGG enrichment analysis and PPI analysis were imple-
mented and visualized. 

2.18. Immunofluorescence staining 

According to the manufacturer’s protocols, after blocking, the cross- 
sections of eye specimens on day 5 were incubated overnight at 4 ◦C 
with the primer antibodies, including rabbit antibodies specific to 
MYLK, MYL9, ITGA3, α-SMA, TGF-β, and PDGF-β (Bioss Inc., Woburn, 
MA, USA) for immunofluorescence staining. After washes, cross-sections 
were further incubated with anti-rabbit IgG secondary antibodies 
(Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at room tem-
perature. Nuclei were stained with 4′,6-diamidino-2-phenylindole 
(DAPI; Sigma-Aldrich Corp., St. Louis, MO, USA). Images were captured 
with a Pannoramic MIDI scanner (3DHISTECH Ltd., Budapest, 
Hungary). 

2.19. RT-qPCR 

To analyze mRNA expression of representative pro-inflammatory 
mediators (interleukin (IL)-1β and IL-6), total cellular or corneal RNA 
was extracted using TRIzol reagent, with reverse transcription carried 
out using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher 
Scientific, Waltham, MA, USA). RT-qPCR was subsequently performed. 
The 2− ΔΔCt method was used to normalize the relative mRNA 
expression of the candidate genes to the mRNA expression of GAPDH in 
each sample. 

2.20. Statistical analysis 

All data were expressed as at least three independent experiments. 
The data in Fig. S9 were analyzed with Kruskal-Wallis test & inter-group 
pairwise comparison, Fig. S19 was analyzed with Student’s t-test, and 
transcriptome analysis were analyzed with R, all the data else were 

analyzed using one-way ANOVA. Significant differences are indicated at 
*P < 0.05, **P < 0.01,and ***P < 0.001. 

3. Results and discussion 

3.1. Preparation and characterization of CuTA-CMHT hydrogel 

We functionalized carboxymethylcellulose with MA groups through 
hydroxyl esterification, as confirmed by 1H NMR (Fig. 1E and F). This 
modification enabled UV-responsive in-situ gelation. Additionally, cel-
lulose nanofibers (CNF) were incorporated to enhance mechanical sta-
bility and facilitate directional alignment during 3D printing extrusion. 
Recognizing the inherent weakness in the hydrogel stability of a single 
network, we introduced the HATA hydrogel network, formed through 
hydrogen bonding. Tannic acid (TA) in the network possesses antioxi-
dant properties and a catechin structure, enhancing adhesion as a 
structural stabilizer. TA also functions as an effective cross-linking 
agent, thereby increases the mechanical properties of the hydrogels. In 
order to achieve the desired porosity and explore the optimal 3D 
printing concentration, we prepared composite hydrogels of CMCMA: 
HATA at 1:2, 2:1, and 1:1 by adjusting the ratios of two hydrogels net-
works. SEM images of cross-sections and surfaces of the CMHT hydrogel 
at different proportions are presented in Fig. 1A–D. The CMHT hydrogel 
with these three ratios exhibits varying pore sizes and porosities, with 
ratios of 1:1 and 1:2 showing porosities exceeding 60 %, and the pore 
sizes ranging from 50 to 200 μm (Fig. 1G and H). This pore size range is 
conducive to cell nutrient exchange as hydrogel scaffold. 

To confer antioxidant and antifungal properties upon the CMHT 
hydrogel, copper-based nanozymes were introduced. Notably, the tan-
nic acid (TA) component exhibits a dual identity. It adeptly establishes a 
hydrogen bonding network with hyaluronic acid (HA) within the CMHT 
hydrogel, while concurrently exhibits robust chelating capabilities. TA 
also engages in oxidative coupling assembly, contributing to the syn-
thesis of CuTA nanozyme. The morphology of the CuTA nanozyme was 
observed to be flake-like in scanning electron microscopy (SEM), 
transmission electron microscopy images and element distribution of Cu 
element (Fig. 1I - L). Fourier transform infrared spectroscopy (FTIR) and 
X-ray photoelectron spectroscopy (XPS) were utilized for structural 
characterization, confirming the presence of TA in the CuTA nanozyme. 
Oxidation and coordination of tannins with Cu2+ led to peak splitting 
and shifting in the FTIR spectrum, particularly concentrating at 3380 
cm− 1. This phenomenon suggests the disruption of HO–C vibrations 
after TA coordination with Cu2+ (Fig. 1M). The coordination with Cu2+

additionally enhanced the thermal stability of the nanozyme (Fig. 1N). 
In addition, X-ray diffraction (XRD) patterns revealed distinct 

diffraction peaks, indicating a specific crystal structure of the CuTA 
nanozyme (Fig. 1O). The XPS spectrum and elemental analysis spectrum 
of the CuTA nanozyme confirmed the primary constituents of the 
nanozyme are C, O, and Cu elements (Fig. 1P and S1). As depicted in 
Fig. 1Q, the high-resolution spectrum of Cu 2p exhibits prominent peaks 
at 933.8 eV and 953.5 eV, corresponding to Cu 2p3/2 and Cu 2p1/2, 
respectively. Deconvolution of the X-ray Auger spectra of Cu LMM re-
veals two distinct peaks associated with Cu2+ and Cu. The analysis in-
dicates that over 90 % of Cu remains in the Cu2+ state (Fig. 1R). These 
comprehensive characterizations further elucidate the structural attri-
butes of the CuTA nanozyme. 

We utilized our previously established method to fabricate fiber- 
oriented hydrogels through extrusion from a 3D printing nozzle [33]. 
This method has been demonstrated to successfully prepare oriented 
cellulose hydrogels. Subsequently, we investigated the rheological 
properties of the CMHT hydrogel. Fig. S2 b-c illustrates the SEM image 
and magnified view of the hydrogel after extrusion from the 3D nozzle. 
The microscopic interior of the hydrogel exhibits a directional 
arrangement of fibers and honeycomb-like pores, facilitating the trans-
mission of nutrients and creating conditions conducive to the directed 
proliferation and migration of cells. 
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Fig. 1. Preparation and characterization of CuTA-CMHT hydrogel. (A–D) SEM images of cross-section and surfaces of CMHT hydrogel at (CMCMA: HATA at 1:2, 2:1, 
and 1:1). (E, F) 1H NMR spectrum and structure of CMC, CMCMA. (G, H) Pore size and porosity of CMHT hydrogels (**P < 0.01,and ***P < 0.001). (I–K) SEM & TEM 
image of CuTA nanozyme with nanosheet morphology. (L) The element distribution of copper element in the CuTA nanozyme. (M) FTIR spectra of TA and CuTA. (N) 
Thermogravimetric analysis of TA and CuTA. (O) XRD pattern of CuTA. (P) XPS spectrum and (Q) high-resolution spectrum of Cu 2p of CuTA. (R) Cu LMM Auger 
spectra of CuTA. (S, T) Continuous flow tests of different HATA, CMCMA hydrogel precursors at shear rates of 0–10 s− 1. (U) Compressive stress-strain curves of 
hydrogels with different proportion of CMHT hydrogel. (V–X) Oscillatory frequency sweep of CMHT hydrogel precursors at different proportion (G’: storage modulus, 
G’‘: loss modulus). 
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To investigate the alignment of CuTA-CMHT hydrogels induced by 
flow, 2D-WAXD measurements were conducted [36]. Calculations based 
on Equations (S1-5) revealed that the cellulose nanofibers (CNF) within 
CuTA-CMHT hydrogels exhibited directional alignment after extrusion 
(π = 80.8 %, f = 0.39) (Fig. S2) compared to their orientation before 
extrusion (f = 0.01, Fig. S2d). These findings confirm the ability of 
cellulose nanofibers (CNF) in CuTA-CMHT hydrogels to align following 
extrusion from the nozzle. 

Moreover, the CMHT hydrogel precursors exhibit shear-thinning 
behavior at high shear rates, as indicated by the shearing rate- 
viscosity curves, suggesting their suitability for printing under equiva-
lent shear rates (Fig. 1 S&T). After the cross-linking and subsequent UV 
curing of the CMHT hydrogel, it demonstrates elastic properties with G′ 
greater than G″ (Fig. 1V–X). With an increase in concentration ratios, the 
content of CMCMA also increases. The compression stresses of CMHT 
hydrogel with concentration ratios of 2:1 and 1:1 reach 10.5 kPa and 5.5 
kPa, respectively, which are 3.5 times and 2 times higher than the 
compression stress of the single network CMCMA hydrogel (Fig. 1 U). 
The composite CMHT network hydrogel demonstrates superior me-
chanical performance. 

3.2. Antifungal properties of CuTA-CMHT hydrogel 

As fungal keratitis is a condition resulting from fungal infections, 
Candida albicans, Aspergillus niger, and Fusarium solani were selected as 
representative fungi associated with fungal keratitis to evaluate the 
fungistatic efficacy of CMHT-CuTA. Different concentrations of CuTA- 
CMHT hydrogel were co-cultured with the above fungus for 48 h. 
Following the plating and incubation of the co-culture solution at 28 ◦C 
for 3–7 days, fungal colonies are observed. It is evident that with an 
increase in CuTA-CMHT concentration, there is a corresponding 
decrease in the number of colonies (Fig. 2A–C). The fungistatic rate 
increase with rising concentrations of the CuTA nanozyme. Notably, 
containing 200 and 100 μg/mL CuTA in CuTA-CMHT hydrogel exhibited 
superior antifungal effects, surpassing those of fluconazole (Flu) at 
equivalent concentrations (Fig. 2D–F). Further SEM examination of 
fungal morphology revealed that with an increase in CuTA concentra-
tion, the fungal biofilm became more fragmented and shrunken 
(Fig. 2G–I), indicating the robust antifungal activity of CuTA-CMHT in 
effectively disrupting the biofilm and inactivating the fungus. In addi-
tion, the efficacy of CuTA in eliminating Candida albicans biofilm was 
additionally confirmed through crystal violet staining. Fig. S3 illustrates 
that as the concentration of CuTA increases, the CuTA-CMHT hydrogel 
exhibits an enhanced eradication effect on the biofilm, demonstrating 
the outstanding biofilm eradication performance of CuTA-CMHT. 

3.3. Effectively scavenging ROS properties and In vitro anti-inflammatory 
effect of CuTA-CMHT hydrogel 

The CuTA-CMHT hydrogel exhibits antioxidant properties and 
effectively alleviates oxidative stress damage by scavenging reactive 
oxygen species (ROS), including H2O2 and ⋅O2− . According to existing 
literature, natural polyphenols like tannic acid (TA) belong to a class of 
plant secondary metabolites associated with pyrogallol, demonstrating 
diverse biological activities such as excellent biocompatibility, antioxi-
dant, and anti-inflammatory effects. In the context of our study, CuTA- 
CMHT hydrogel samples demonstrated a protective role against oxida-
tive stress in corneal epithelial cells under pathological conditions. 
Corneal epithelial cells were co-cultured with 100 μm H2O2 and 
different concentrations of CuTA-CMHT for 24 h. The intracellular 
reactive oxygen species (ROS) were evaluated using the fluorescent in-
dicator 2,7 dichlorodihydrofluorescein diacetate (DCFH) and observed 
under a fluorescence microscope (Fig. 3A–G). Elevated green fluores-
cence levels indicate higher concentrations of ROS. Fig. 3F and G reveal 
that the CuTA-CMHT groups at concentrations of 200 and 100 μg/mL 
displayed significantly lower intracellular ROS levels compared to the 

H2O2 group. This suggests that CuTA-CMHT effectively eliminates ROS, 
demonstrating its potent antioxidant capabilities (Fig. 3H). 

As depicted in Fig. 3I and J, CuTA-CMHT demonstrates the capacity 
to eliminate ⋅O2− and simulate catalase (CAT) in eliminating H2O2. 
Consequently, when exposed to an oxidative microenvironment, CuTA- 
CMHT effectively eliminate ROS, achieving antioxidation and allevi-
ating oxidative stress damage. The remaining H2O2 production was 
quantified at 405 nm using the (NH4)2MoO4 method, and the simulated 
catalase (CAT) activity of CuTA-CMHT hydrogel was determined. With 
an increase in CuTA-CMHT hydrogel concentration, CAT activity esca-
lates, indicating its proficient H2O2 removal capability (Fig. 3J). More-
over, the Superoxide Dismutase (SOD) assay kit (WST-1 method) to 
assess CuTA-CMHT’s eliminating ability for ⋅O2− . The findings reveal 
CuTA-CMHT hydrogel’s effectiveness in eliminating ⋅O2− (Fig. 3I). The 
scavenging ability strengthens with higher concentrations, underscoring 
its robust capability to eliminate ROS. 

Immunoregulatory effect of CuTA-CMHT was further investigated 
via LPS-triggered macrophages model and Candida albicans-triggered 
corneal epithelial cells model. As is known, two phenotypes of macro-
phages have been recognized as pro-inflammatory (M1) and anti- 
inflammatroy (M2) ones. In fungal keratitis, macrophages can shift 
phenotypes and act as important immunomodulatory agents in inflam-
matory responses [34,37–39]. Triggered by LPS, the macrophages 
exhibit an elongated shape (M2 cells) compared with M1 cells, and 
decreased M2 cells were observed after treated with CuTA-CMHT 
(Fig. S4). This indicating that inflammatory responses could be inhibi-
ted by CuTA-CMHT. As shown in Fig. S5, LPS promoted production of 
IL-1β and IL-6, the representatives of M1-related pro-inflammatory cy-
tokines, which can be inhibited by CuTA-CMHT. To simulate Candida 
albicans-induced inflammatory response, we additionally incubated 
corneal epithelial cells with inactived Candida albicans [35]. After 
Candida albicans stimulation, IL-1β and IL-6 were markedly upregulated, 
with cell rounding and detachment observed (Fig. S6). CuTA-CMHT 
intervention inhibited not only the expression of IL-1β and IL-6 but 
also the Candida albicans-induced celluar damage (Fig. S7). 

3.4. Contact-guidance effect of cells on patterned groove hydrogels 

To assess the ability of oriented-CuTA-CMHT hydrogel scaffolds to 
induce cell orientation, we employed CuTA-CMHT hydrogel with 
various ratios to investigate the stability of the printed scaffold. Upon 
comparison, it was observed that the 3D structure printed using the 1:1 
composite hydrogel, among the three ratios, exhibited greater stability 
and more uniform lines (Fig. S8). 

Furthermore, we employed 3D printing in conjunction with a sec-
ondary patterned groove design to fabricate oriented-CuTA-CMHT 
hydrogel, facilitating the alignment of cellulose at both macro and 
micro levels and significantly enhancing the induction of cell orienta-
tion. The cytotoxicity assay results indicated that the cell survival rate 
for the 100 μg/mL CuTA-CMHT hydrogel was approximately 80 % on 
day 7 (Fig. S9). Live and dead cell staining further confirmed the pre-
dominance of live cells (Fig. S10). To evaluate the impact of the 
hydrogels on cell migration, a scratch assay was performed (Fig. S11). 
After 24 h of co-culture with the CuTA-CMHT hydrogel, corneal 
epithelial cells demonstrated significantly higher migration efficiency 
compared to both the control group and the CMHT group. 

In order to prove the directional arrangement of cells. We seeded the 
stromal cells on hydrogels scaffold (Fig. S12). In the comparison be-
tween Fig. 3K and L, corneal stromal cells exhibited disorderly migration 
on the no pattern hydrogel structure (Fig. 3K). Conversely, within the 
secondary patterned groove structure, corneal stromal cells displayed a 
directional trend in the Ridge and Valley Region (Fig. 3L-N). We quan-
tified the number of cells in different directions, revealing that 90 % of 
the cells were aligned along the ridges and valleys (Fig. 3O-Q). 

Literature reports suggest that cells can recognize surface features of 
materials, adjusting their size, adhesion, and migration along specific 
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Fig. 2. (A–C) Photographs of fungus colonies formed by Candida albicans, Fusarium solani, and Aspergillus niger after treated by CuTA-CMHT hydrogel samples and 
Fluconazole (Flu). (D–F) The fungistatic rate of CuTA-CMHT at different concentrations against these three fungi (*P < 0.05, **P < 0.01,and ***P < 0.001). (G–I) 
SEM images of the above fungus treated with different concentrations of CuTA-CMHT: (1) 0 μg/mL; (2) 12.5 μg/mL; (3) 25 μg/mL; (4) 50 μg/mL; (5) 100 μg/mL; (6) 
200 μg/mL. 
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Fig. 3. (A–H) Antioxidant properties of CuTA-CMHT hydrogel. (A) Schematic diagram of alleviating oxidative stress of CuTA-CMHT hydrogel. (A–G) Fluorescence 
images of corneal epithelial cells upon different concentration of CuTA-CMHT treatments. (H) Quantification of ROS levels in epithelial cells. (I) The SOD mimicry 
activity of hydrogel samples was studied by WST-1 method. (J) The CAT mimicry activity of hydrogel samples was studied by Ammonium molybdate method (*P <
0.05, **P < 0.01). (K–Q) Schematic diagram of Contact-guidance effect of corneal stromal cells on secondary patterned groove hydrogels. (K) Corneal stromal cells 
were cultured on non-patterned hydrogels. (L) Corneal stromal cells were cultured on 3D printed secondary patterned groove hydrogel scaffolds. (M) Enlarged images 
of J. (N) Details of cells on the ridge and valley region. (M − O) Quantified the number of cells in different directions. 
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directions in response to topological structures, resulting in highly ori-
ented cell patterns [40,41]. The grooves on the material’s surface can 
impact the balance of cell arrangement, compelling cells to rearrange 
themselves to adapt to the contacted hydrogel. These grooves can also 
regulate signal transduction between cells and the extracellular matrix 
(ECM), affecting cell adhesion, cytoskeletal development, and cell 
movement [42]. 

We hypothesized that cells could interact with the ECM in the 
corneal stromal layer, influencing signaling pathways. Additionally, we 
speculated that cells have the potential to form oriented collagen fibers, 
thereby promoting the directional repair of the corneal stroma. 

3.5. Therapeutic efficacy on fungal corneal ulcer in vivo 

The therapeutic efficacy of the oriented CuTA-CMHT was investi-
gated for 7 consecutive days in a rat model of fungal corneal ulcer 
(Fig. 4A) [43,44].After infection with 1 × 10 6 colony-forming units 
(CFU)/mL Candida albicans, the corneas were manifested as ulcers, 
stromal edema, stromal opacity, and neovascularization. From day 1–7 
after therapy, the 4 treated groups were gradually improved to a varying 
degree, with healing of ulcer, decreases in opacity area, and regression 
of neovascularization, especially the oriented CuTA-CMHT group 
(Fig. 4B). To further evaluate the function of these therapies, the disease 
severity was quantified by clinical total score with 3 components, 
including area of corneal opacity, density of corneal opacity, and surface 
regularity (Table S1) [43]. As shown in Fig. 4C, clinical total scores and 
the 3 subscale scores were all reduced in the 4 treated groups when 
compared to the control group. In particular, on day 7, eyes treated with 
oriented CuTA-CMHT showed significantly lower clinical total scores 
and density of corneal opacity scores than those treated with 
CuTA-CMHT, fluconazole, and CMHT. In addition, though there was no 
significant difference in the other 2 subscale scores and ulcer healing 
velocity of the oriented CuTA-CMHT group and the CuTA-CMHT group, 
the indicators were obviously distinct in the oriented CuTA-CMHT group 
when compared to the fluconazole and the CMHT groups (Fig. 4C). 

Representative images of the pathological differences in the 5 groups 
on days 1, 3, 5, and 7 were shown as Fig. 4D. The control group exhibited 
hyphal development, corneal tissue destruction and dissolution, fiber 
fragmentation, inflammatory infiltration, and neovascularization, 
which were alleviated in the treated groups. As for the oriented CuTA- 
CMHT group, oriented tissue regeneration was induced with prolifera-
tion and directional alignment of collagen fibers as well as removal of 
hypha and inflammatory cells, corresponding to the almost transparent 
and smooth reparative tissue in a macroscopic view (Fig. 4A–D). How-
ever, corneal tissues were repaired in less ideal manners in the other 3 
treated groups. The collagen fibers were relatively irregular in the flu-
conazole and the CMHT groups, even with bullous formation in the 
fluconazole group (Fig. 4D). Furthermore, scar tissue was formed in the 
CMHT group, characterized by haphazardly arranged fibers, thickened 
epithelium, and numbers of inflammatory and vascular cells (Fig. 4D), 
which was presented as leukoplakia in Fig. 4A. 

As is known, among the azole antifungal agents that widely used in 
fungal corneal ulcer, fluconazole has been regarded as a more cost- 
effective and safe antifungals with low toxicity profile [45]. Thus, in 
this study, fluconazole was performed as a positive control to confirm 
whether the oriented CuTA-CMHT could represent a promising thera-
peutic strategy for fungal corneal ulcer management. The comparative 
results suggested that the oriented CuTA-CMHT did might be an 
attractive novel therapy because of the dramatic alleviation of keratitis 

signs, inhibition of inflammation, and regeneration of oriented tissue. 
Besides, safety of the proposed therapy was also validated, and no 
obvious inflammation, exudates, necrosis, edema, and other abnormal 
conditions were observed in heart, liver, spleen, lung, and kidney 
(Fig. S13). 

3.6. Mechanism of induction of oriented tissue regeneration and inhibition 
of leukoplakia 

To figure out the underlying molecular mechanism of oriented CuTA- 
CMHT-induced oriented tissue regeneration, transcriptome analysis was 
utilized to identify the mRNA profile changes on day 3. The 3375 
differentially expressed genes (DEGs), comprising 2352 upregulated and 
1023 downregulated ones, were noted in the fungal corneal ulcer model 
when compared to the healthy cornea (Fig. 5A and B and Fig. S14). As 
for the upregulated DEGs, the mainly involved processes are related to 
inflammation, oxidative stress, and angiogenesis, such as inflammatory 
response, cellular response to hypoxia, positive regulation of angio-
genesis, chemokine activity, cytokine-cytokine receptor interaction, 
tumor necrosis factor (TNF) signaling pathway, NF-kappa B signaling 
pathway, hypoxia-inducible factor 1(HIF-1) signaling pathway, etc. 
(Figs. S15 and S16). While the downregulated DEGs were primarily 
associated with extracellular matrix (ECM) and cell adhesion, such as 
ECM organization, ECM structural constituent, integrin binding, 
collagen-containing ECM, focal adhesion, tight junction, regulation of 
actin cytoskeleton, phosphatidylinositide 3-kinases (PI3K)- protein Ki-
nase B (AKT) signaling pathway, ECM-receptor interaction, cell adhe-
sion molecules, etc. (Figs. S17 and S18). Among the above leukoplakia- 
related DEGs, 207 downregulated and 1021 upregulated ones were 
mitigated after oriented CuTA-CMHT therapy (Fig. 5A and B), which 
were remarkably more than that after the other 3 therapies. Compared 
to the control group suffered from fungal corneal ulcer, 1337 DEGs (284 
upregulated and 1053 downregulated) were identified in the oriented 
CuTA-CMHT group (Fig. 5C). Correspondingly, the DEGs were involved 
in the process and pathways linked to ECM, inflammation, oxidative 
stress, and angiogenesis, which played important roles in the formation 
of leukoplakia (Fig. 5D–G). IL-1β and IL-6, as respresentative pro- 
inflammatory mediators, were also validated to be downregulated in 
the oriented CuTA-CMHT group (Fig. S19). That is, oriented CuTA- 
CMHT exhibits a convincing therapeutic effect on ameliorating tran-
scriptome abnormalities in fungal corneal ulcer, through ECM- 
reorganized, adhesion-regulated, anti-inflammatory, antioxidant, and 
anti-angiogenesis signaling. 

3.7. Efficacy of oriented CuTA-CMHT might be attributed to two aspects: 
the hydrogel ingredients and the topology 

On the one hand, the CuTA nano enzyme functions as an antioxidant, 
antifungal, anti-inflammatory, and anti-angiogenesis agent, with the 
CMHT promoting tissue repair. The related alteration of transcriptome 
map could be observed in the CuTA-CMHT group (Figs. S20 and S21). 
On the other hand, in respect of topology’s role in tissue repairing, 289 
DEGs (118 upregulated and 171 downregulated) were recognized in the 
oriented CuTA-CMHT group when compared to the CuTA-CMHT group 
(Fig. 6A and Fig. S22). The involved DEGs were mainly related to cell 
adhesion, such as regulation of actin cytoskeleton, focal adhesion, cell 
adhesion molecules, actin filament binding, etc. (Fig. 6B and Fig. S23). 
For actin cytoskeleton and focal adhesion were particularly enriched by 
both Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 

Fig. 4. (A) Schematic diagram of the therapeutic efficacy of the oriented CuTA-CMHT was investigated for 7 consecutive days in rat model of fungal corneal ulcer. 
(B) Ocular surface conditions of rat corneas infected with different treatments over a seven-day period. (C) Quantitative data of healed ulcer area. The disease severity 
was quantified by clinical total score: area of corneal opacity, density of corneal opacity, and surface regularity. (D) Representative HE staining of the pathological 
differences in the 5 groups on days 1, 3, 5, and 7. Scale bar, 200 μm. Blue arrow: hyphal development; Black arrow: cornea; Orange arrow: inflammatory infiltration; 
Green arrow: corneal tissue destruction and dissolution.(*P < 0.05, **P < 0.01, ***P < 0.001). 
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Genomes (KEGG) enrichment analysis, protein–protein interactions 
(PPIs) of the DEGs involved in these 2 pathways were further explored. 
Myosin light chain kinase (MYLK) and myosin Light Chain 9 (MYL9) 
were found to be the core nodes (Fig. 6C and D). Besides, integrins have 
been regarded as the main cell-adhesion transmembrane receptors that 
play multifaceted roles as ECM-cytoskeletal linkers and transducers in 

biochemical and mechanical signals. Among the DEGs that code integ-
rins, integrin subunit alpha 3 (ITGA3) was found to be significantly 
upregulated in the oriented CuTA-CMHT group than in the CuTA-CMHT 
group (P < 0.001). MYLK, MYL9, and ITGA3 were validated to be mostly 
expressed in corneas treated with oriented CuTA-CMHT than that with 
other therapies (Fig. 6E). As is reported, these 3 genes implicated in 

Fig. 5. Transcriptome analysis was utilized to identify the mRNA profile changes on day 3. (A) Venn diagram of downregulated genes in fungal keratitis (compared 
to healthy cornea) and upregulated genes in the treatment groups (compared to fungal keratitis). (B) Venn diagram of upregulated genes in fungal keratitis 
(compared to healthy cornea) and downregulated genes in the treatment groups (compared to fungal keratitis). (C) The volcano plot of differentially expressed genes 
(DEGs) that identified in the oriented CuTA-CMHT group, when compared to the control group with fungal keratitis. (D) The involved biological process, molecular 
function, and cellular component of upregulated genes in the oriented CuTA-CMHT group. (E) The involved biological process, molecular function, and cellular 
component of downregulated genes in the oriented CuTA-CMHT group. (F) KEGG pathways associated with upregulated genes in the oriented CuTA-CMHT group. 
(G) KEGG pathways associated with downregulated genes in the oriented CuTA-CMHT group. 
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Fig. 6. (A) Differentially expressed genes (DEGs) recognized in the oriented CuTA-CMHT group, compared to the CuTA-CMHT group. (B) KEGG analysis of DEGs in 
the oriented CuTA-CMHT group (compared to the CuTA-CMHT group). The involved DEGs were mainly related to cell adhesion: regulation of actin cytoskeleton, 
focal adhesion, cell adhesion molecules, actin filament binding. (C, D) MYLK and MYL9 were the core nodes in protein-protein interaction analysis (PPI) of actin 
cytoskeleton and focal adhesion. (E) Immunofluorescent assessment of MYLK, MYL9, and ITGA3 expression in corneas subjected to distinct treatments. (F) 
Immunofluorescence analysis of the amount of α-SMA labeled myofibroblasts in the cornea under different treatments. (G) Immunofluorescent assessment of growth 
factors TGF-β and PDGF-β expression in corneas. Scale bar = 40 μm. 
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promoting cell migration and protrusion formation [46–48]. 
Maintenance of corneal transparency in stromal ulcer healing is 

centered on ECM and keratocytes [49]. In corneal ulcer, keratocytes 
were activated to repair the stroma and the stromal repair process can be 
conducted in 2 different forms: normal-type ECM made by fibroblasts 
(collagenous) and scar-type ECM made by myofibroblasts (fibrocollag-
enous) [49]. Myofibroblasts marked by α-smooth muscle actin (α-SMA) 
were found to be extremely low expressed in corneas treated by oriented 
CuTA-CMHT (Fig. 6F). Furthermore, weak expression of transforming 
growth factor beta (TGF-β) and platelet-derived growth factor beta 
(PDGF-β), which have been identified as components that simulated 
keratocytes to become myofibroblasts [50,51], were detected in the 
oriented CuTA-CMHT groups (Fig. 6G). 

4. Conclusion 

To sum up, the oriented CuTA-CMHT hydrogel fulfils multidimen-
sional roles when treating fungal corneal ulcer (Scheme 1F). Firstly, as 
the ingredients, CuTA exerts antioxidant, antifungal, anti-inflammatory, 
and anti-angiogenesis characteristics by inhibiting TNF signaling 
pathway, NF-kappa B signaling pathway, HIF-1 signaling pathway, and 
other signals, while CMHT promotes healing through activating signals 
such as PI3K-AKT signaling pathway. Secondly, due to contact guidance, 
the oriented topology of the hydrogel induces oriented arrangement of 
cells in corneal stroma [52]. Protrusion of fibroblasts senses the topol-
ogy of hydrogel component and orient themselves parallel to the 
micropatterned lines, promoting elongated cell shape and directional 
migration. In addition, the fibroblasts also interacted with ECM of 
corneal stroma through formation of focal adhesions. The processes are 
associated with molecules such as MYLK, MYL9, and ITGA3. Finally, 
downregulation of growth factors, such as TGF-β and PDGF-β, inhibits 
the development of myofibroblasts and reduces the production of 
scar-type ECM. Therefore, the oriented CuTA-CMHT hydrogel struggles 
with fungal corneal ulcer and induces oriented tissue regeneration upon 
biochemical and mechanical mechanisms. It exhibits considerable po-
tential for treating fungal corneal ulcers and leukoplakia, representing a 
potential milestone in the field of corneal tissue engineering. 
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