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Abstract: Ocular alkali burns recruit neutrophils and triggers neutrophil extracellular trap (NET)-
neovascularization cascade effects that limit ocular surface reconstruction and functional repair.
However, effective inhibition of the release of neutrophil extracellular traps after a corneal chemical
injury, coordination of intrinsic immunity with corneal repair, and exploration of more effective and
non-invasive drug-delivery modes are still urgently needed. Using an in vitro coculture system, we
found that an alkaline environment stimulates neutrophils to release NETs, which can be regulated by
deoxyribonuclease I (DNase I). Inspired by this, we loaded DNase I, which effectively regulates NETs,
onto chitosan nanoparticles and combined them with silk fibroin to construct a composite hydrogel
that can sustainably regulate NETs. The hydrogel reduced neutrophil extracellular trap production by
50% and neovascularization by approximately 70% through sustained DNase I release after a corneal
alkali burn. The complex hydrogel promotes ocular surface reconstruction by modulating the intrinsic
immune-cascade neovascularization effect, providing a new research basis for the construction of
nanobiomaterials that modulate pathological neovascularization.

Keywords: composite hydrogel; neutrophil extracellular traps; corneal alkali burn; neovascularization

1. Introduction

The cornea is the outermost transparent tissue of the eye and provides a clear path for
light. Owing to its exposure, it is highly susceptible to various types of injuries, which can
lead to complications such as corneal clouding and neovascularization, disrupting visual
function and affecting quality of life [1]. Chemical eye burns account for 22.1% of all eye
injuries, with alkali burns being more common [2]. Corneal alkali burns are characterized
by uncontrolled inflammation and corneal neovascularization following injury [3], which
can affect corneal transparency and reduce the patient’s quality of life. The effective control
of neovascularization after a chemical injury presents a challenge that has been researched
by most ophthalmologists.

Polymorphonuclear neutrophils (PMNs) are closely related with autoimmune diseases,
and the precise mechanisms have not been clarified [4]. Recently, neutrophil extracellular
traps (NETs), an extracellular structure consisting of web-like, decondensed chromatin
fibers bound to granule proteins and released by activated PMNs [5], were found to play
an important role in autoimmune responses, tumors, and cardiovascular diseases [6–9]. In
infectious diseases, moderate numbers of NETs can inhibit further pathogen transmission.
In the case of aseptic corneal inflammation without pathogen involvement, it is necessary
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to control the rational production of NETs so that the pathologic damage mediated by
them does not interfere with corneal repair. Recently, it has been found that after corneal
alkali burns, NETs accumulate in large quantities at the site of the injury, exacerbating
the inflammatory response and inducing corneal neovascularization [10,11]. We are still
at an early stage in understanding the effects of NETs on corneal neovascularization and
its underlying mechanisms. This study confirms the important role played by NETs in
corneal alkali burns, and the emergence of NETs provides a new target for diagnosing and
treating corneal alkali burns and reducing corneal neovascularization. Deoxyribonuclease
I (DNase I) is a nucleic acid endonuclease that is highly sensitive to DNA strands [12].
Because of its ability to disrupt the reticular structure of NETs, it has been used to inhibit
NETs in vitro and in various animal models with promising results [13–15]. However,
multiple administrations are required to maintain its effective action concentration, which
increases the risk of infection; additionally, the smooth corneal surface is not easy to adhere
to. When coupled with the tear-washing effect, this makes it inconvenient to administer
the commonly used liquid dosage form of DNase I. Hydrogels are frequently used as drug
carriers [16], and the properties of hydrogel alter with changes in materials. Therefore, the
construction of a material that can act on the ocular surface in a sustained manner and
modulate NETs presents a challenge that must urgently be solved.

Silk pigments are almost transparent to visible light [17] and have high biocompat-
ibility, mechanical strength, and non-inflammatory reactivity [18], rendering them ideal
biomaterials for ophthalmology. However, their use as drug carriers is limited by their
large pore size, which makes it easy to release drugs abruptly after loading and difficult
to release the drugs in a stable and sustained manner. However, by combining filipins
with nanoparticles, their biological properties are greatly enhanced [19]. Chitosan (CS) is
a biodegradable polysaccharide with strong hydrophilicity and adhesion properties. It
can also stabilize the tear film and increase the contact time between the drug and the
cornea, and it is often used as a carrier for ophthalmic drugs [20]. We prepared chitosan
nanoparticles (CSNPs) loaded with DNase I, synthesized methacryloylated filipin proteins
(SilMAs) to facilitate rapid gel-forming ability in the presence of light, and formed a com-
posite hydrogel with the CSNPs to construct a functional biohydrogel that can reside on
the ocular surface and continuously release DNase I (DNase I@CS-SilMA, SCD).

In this study, the physicochemical properties of this composite hydrogel were opti-
mized by setting different ratios of each component of the material. The ability of the SCD
hydrogel to continuously inhibit NET formation was verified using an in vitro co-culture
system. Finally, a mouse corneal alkali burn model was established to investigate the
effectiveness and feasibility of this novel light-curing hydrogel in interfering with the
intrinsic immune-cascade pathological neovascularization. The sustained modulation of
the intrinsic immune-cascade neovascularization by the SCD hydrogel provides a new
idea and research basis for promoting the reconstruction of the ocular surface after corneal
chemical injuries.

2. Results and Discussion
2.1. Preparation and Characterization of DNase I@CS-SilMA

Transmission electron microscopy (TEM) photography of DNase I@CSNPs demon-
strated the formation of CSNPs loaded with DNase I, with a uniform pore size and an
average diameter of 81.18 ± 14.35 nm (Figure 1a). The average pore size of biomaterials is
closely related to cell viability and biocompatibility, and pore sizes around 100 µm are con-
sidered to be the most suitable for human surface-tissue engineering material science [21,22].
Silk pigment has high biocompatibility and is transparent to visible light, which makes
it an effective medical material; however, its pore size is coarse and varied, and it can
easily fracture and degrade. After adding nanoparticles, the spatial conformation of the
lamellar structure is suppressed, the pores become more orderly, and the physicochemical
properties are strengthened [23]. Accordingly, we combined CSNPs loaded with DNase I
with SilMA and set different ratios and concentration gradients for the two, and the pore
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size was found to be relatively concentrated at 80 µm at 0.53% CSNPs/8% SilMA and
120 µm at 0.27% CSNPs/4% SilMA, which is suitable for the construction of ocular surface
materials. However, when the SilMA concentration was 4%, the hydrogel-forming time
was more than 10 min, which is inconvenient once the hydrogel is used clinically. Therefore,
0.53% CSNPs/8% SilMA was selected in the following test (Figure 1b). Meanwhile, in
scanning electron microscopy (SEM) images, the surface of SilMA, which was supposed
to be smooth, was filled with small uneven particles, thus demonstrating the successful
binding of CSNPs to SilMA (Figure 1b).
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Figure 1. Material construction and properties: (a) transmission electron microscopy (TEM) images
and size distribution of chitosan-DNase I nanoparticles; (b) scanning electron microscopy (SEM)
images of SCD indicating the successful binding of CSNPs to SilMA, different ratios of synthesized
methacryloylated filipin proteins (SilMA), and chitosan (CS) pore size distribution; (c–f) dissolution,
degradation, release curves, and gel formation times of different DNase I contents. (n = 3, all data are
expressed as mean ± standard deviation; ns, not significant; groups were compared using one-way
ANOVA and Tukey’s test).
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To further investigate the pharmacokinetic properties of SCD hydrogels, release,
swelling, degradation, and gel-forming assays were performed (Figure 1c–f). The SCD
hydrogel swelling and release profiles varied with the DNase I content. The sequence of
water absorption was 400 < 300 < 200 < 100 U/mL, while that of the degradation was
100 > 300 > 200 > 400 U/mL. In previous studies, 100 U/mL DNase I was frequently used
as an effective measure for inhibiting NETs [11], and the soaking liquid of the SCD with
400 U/mL DNase I could reach 100 U/mL within 24 h, which rapidly inhibited NET
generation. In the gel formation experiment, the DNase I content exerted no significant
effect on the gel formation time. Considering the ability for body fluid exchange between the
hydrogel and the external environment, the integrity-holding properties of the composite
system, and the ability to rapidly suppress NETs, 400 U/mL DNase I@0.53%CS-8%SilMA
was selected for further research.

2.2. SCD Biocompatibility Test

As shown in Figure 2, corneal stromal cells exhibited normal morphology on the
surface of the hydrogel composite system and proliferated normally. Double staining of
live/dead cells (Figure 2a,d) and the results of the CCK-8 assay (Figure 2c) revealed that
the hydrogel composite system did not significantly affect the proliferation of corneal
stromal cells compared to the control group and did not accelerate their death, indicating
strong biocompatibility. This may be related to the high biocompatibility of chitosan and
silk [21,23]. In the scratch test, 36 h after scratching, the cells moved 0.58 ± 0.01 mm in the
SCD group and 0.297 ± 0.01 mm in the control group (Figure 2b,e). As described in previous
studies, the primary form of progress yielded by using artificial materials to promote wound
healing is to accelerate the process of cell migration and re-epithelialization [24]. The strong
abilities of SCD in biocompatibility and cell migration indicate that this material has the
potential to accelerate wound repair.

2.3. In Vitro Tests of SCD Inhibition of NETs

NaOH was applied in vitro to simulate the microenvironment of corneal alkali burns
and stimulate the generation of NETs from PMN, and the ability to inhibit NETs was
explored using a 100 U/mL DNase I solution and a one-week leachate of the hydrogel
complex. Immunofluorescence results showed that the addition of NaOH (Group N)
stimulated the release of large numbers of NETs from PMNs compared with the control (C)
group. The addition of either DNase I or SCD composite hydrogel leachate inhibited this
trend (with an inhibition efficiency of approximately 60–70%) (Figure 3a,b), and there was
no statistically significant difference between the two NET inhibitors (the NET percentage
was 24.43 ± 5.10% in the DNase I group and 36.81 ± 8.14% in the SCD group, p > 0.05).
To make the results more credible, we collected cell culture medium supernatants for the
quantitative detection of the NET marker cf-DNA and cell-extracted proteins for the Western
blot detection of the NET markers MPO and cit-H3. These results suggested that NaOH
could stimulate PMN to release a large number of NETs, and the SCD composite hydrogel
could continuously inhibit the release of NETs from NaOH; the effect was comparable to
that of fresh DNase I (Figure 3). Although there were differences between the results of
multiple parallel experiments, they all indicated that the release of NETs from PMN could
be inhibited by the SCD composite hydrogel (Figure 3c–f). However, the ocular surface
after corneal alkali burns is a complex and dynamically changing microenvironment,
and the inhibition of NET production by SCP and the consequent reduction in corneal
neovascularization need to be further explored in vivo.
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Figure 2. Material biocompatibility: (a) live-dead staining of gels and cells cocultured after 3 and
7 days; (b) scratch experiment after 36 h: the yellow line was the initial scratch location and the
white line was the final cell location; (c) semiquantitative analysis of CCK-8 assay and live-dead
staining after 3 and 7 days, quantitative analysis of cell migration distance in the scratch assay;
(d) semi-quantification of live-dead staining; (e) semi-quantification of scratch experiment. (n = 3,
all data are expressed as mean ± standard deviation; * p < 0.05; ns, not significant; groups were
compared using one-way ANOVA and Tukey’s test).
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Figure 3. Materials to inhibit neutrophil extracellular traps (NETs) in vitro: (a) immunofluorescence
of DNase I@CS-SilMA (SCD) co-cultured with NETs; (b) immunofluorescence of NET generation-
rate statistics; (c) NET marker cf-DNA content in the culture medium; (d–f) Western blot (WB)
analysis and semi-quantification of NET markers cit-H3 and MPO. (n = 3, all data are expressed as
mean ± standard deviation; *** p < 0.001; ns, not significant; groups were compared using one-way
ANOVA and Tukey’s test).

2.4. In Vivo Test of SCD Inhibition of NETs

The dysregulation of the physiological homeostasis of the ocular surface and the
inflammatory microenvironment of the cornea that are induced by alkali burns result in
persistent visual impairment [25]. As important cells mediating the immune response,
neutrophils arrive at the site of injury as early as 6 h after injury [26]. As a novel effector
mechanism of neutrophils identified in recent studies, NETs are involved in the onset and
progression of a variety of diseases, including autoimmune diseases, dysfunctional wound
healing, and sterile inflammation [27,28]. Recent studies have shown that neutrophils
release large numbers of NETs after corneal alkali burns [11].

In our in vitro study, we demonstrated that NaOH induces NET formation and estab-
lished that the SCD slow-release DNase I system regulates NET formation. To investigate
the ability of SCD to inhibit NET generation after corneal alkali burns in an in vivo lo-
cal immune microenvironment, we established a mouse model of corneal alkali burns
(Figure 4a). On the seventh day after injury, immunofluorescence staining of the mice’s
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corneal sections was performed, and the cit-H3 and MPO were more obvious in Group N
than Group C, indicating the formation of NETs after corneal alkali burns. Additionally, the
expression of NET markers decreased in Group N + D and N + SCD, suggesting the suc-
cessful inhibition of NETs by DNase I eye drops and SCD (Figure 4b). A semi-quantitative
analysis of immunofluorescence data was also performed, and the results suggested a
2.96-fold increase in MPO fluorescence intensity after NaOH stimulation (179.47 ± 25.61
vs. 60.68 ± 16.66, p < 0.05), while the fluorescence intensity of another NET marker, cit-H3,
increased 4.37-fold (95.07 ± 7.76 vs. 21.52 ± 6.91, p < 0.05). The MPO and cit-H3 fluores-
cence intensities decreased after six daily drops of DNase I or a single application of the
SCD hydrogel; however, the difference between them was not statistically significant.

Gels 2023, 9, x FOR PEER REVIEW 8 of 15 
 

 

 

Figure 4. SCD inhibits NETs in a corneal alkali burn model: (a) corneal alkali burn model construction
and SCD implantation; (b) immunofluorescence of corneal cit-H3 and MPO in different groups 7 days
after corneal alkali burn; (c,d) semi-quantitative immunofluorescence analysis of C (Control), N
(NaOH), N + D (NaOH + Dnase I), and N + SCD (NaOH + Dnase I@CS-SilMA) groups. (n = 3, all data
are expressed as mean ± standard deviation; *** p < 0.001; ns, not significant; groups were compared
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The results of the in vivo test suggest that in the complex immune microenvironment
after corneal alkali burns, the SCD group can sustain the release of DNase I and inhibit the
production of NETs with only a single application, compared to the eye drop evaluation rate
of six times per day in the DNase I solution group. However, carrying bottles of eye drops
and using them frequently in a safe and clean environment in daily life is inconvenient for
patients. A single application of SCD may improve patient compliance and corneal alkali
burn healing outcomes.

2.5. In Vivo Test of Neovascularization Inhibition by SCD

The normal cornea is free of vascular invasion due to the relative balance between
angiogenic and antiangiogenic factors. When the cornea is subjected to trauma, inflamma-
tion, hypoxia, and corneal limbal stem cell deficiency [29], the balance between the two
types of factors is disrupted, prompting the formation of corneal neovascularization [30].
Corneal neovascularization is one of the distinguishing features of corneal alkali burns and
is one of the main factors leading to vision loss in patients with alkali burns because of the
immature vasculature and lack of structural integrity, which predispose the cornea to lipid
exudation, inflammation, and scarring. Currently, there are myriad treatment modalities
for corneal neovascularization, and a safe and reliable treatment modality is still lacking.
Recent studies have found that NET accumulation aggravates neovascularization after
corneal alkali burns [10], providing a new direction to address neovascularization after
corneal injuries.

To investigate the in vivo inhibitory effect of SCD on corneal neovascularization in
the NET cascade, we collected photographs of the anterior segment of the eye on day
7 post-injury in an alkali burn model using mice for a quantitative analysis of the neovascu-
larization area (Figure 5a); this revealed that, similar to the addition of droplets of DNase I,
the corneal neovascularization surface was approximately only 67% of that stimulated by
NaOH alone after the application of SCD, with the difference not being statistically signifi-
cant (Figure 5c). CD 31 and vWF are commonly used vascular endothelial markers, and
immunofluorescence assays of corneal neovascularization were conducted (Figure 5b) [31].
After NaOH stimulation, the expression of corneal neovascularization markers increased
and reduced with DNase I or SCD. Moreover, semi-quantitative analysis was performed,
and the result was consistent with the immunofluorescence sections (Figure 5d,e), indicating
the important role of NETs in inducing corneal neovascularization after corneal alkali burns
and the effectiveness of the novel filipin-chitosan nanoscale-loaded deoxyribonuclease
particle hydrogel in modulating the NET cascade corneal neovascularization.

Gels 2023, 9, x FOR PEER REVIEW 10 of 15 
 

 

 

Figure 5. Cont.



Gels 2023, 9, 676 9 of 14

Gels 2023, 9, x FOR PEER REVIEW 10 of 15 
 

 

 Figure 5. SCD inhibits neovascularization in an animal model: (a,c) corneal photography assessing
the area of neovascularization on the corneal surface; (b) immunofluorescence of corneal CD31 and
vWF in different groups 7 days after corneal alkali burn; (d,e) semi-quantitative immunofluorescence
analysis of the C (Control), N (NaOH), N + D (NaOH + Dnase I), and N + SCD (NaOH + Dnase
I@CS-SilMA) groups. (n = 3, all data are expressed as mean ± standard deviation; * p < 0.05; ** p < 0.05;
*** p < 0.001; ns, not significant; groups were compared using one-way ANOVA and Tukey’s test).

3. Conclusions

In the present study, we verified that PMNs can release NETs in an in vitro alkaline en-
vironment, and based on the important role of NETs in stimulating neovascularization after
corneal alkali burns, we constructed a novel filipin chitosan nanoparticle hydrogel loaded
with deoxyribonucleic acid enzymes (SCD) and conducted a preliminary exploration of its
physicochemical properties, biocompatibility, and ability to regulate NETs as a biomaterial.
By optimizing different components of the hydrogel, we constructed SCD that can reach
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the effective concentration of DNase I within 24 h and continue to act for at least 7 days.
During in vitro co-culture experiments, this material exhibited strong biocompatibility and
promoted the migration of corneal stromal cells, which accelerated wound repair. Because
the injury site of corneal alkali burns is a complex and variable microimmune environment,
a mouse alkali burn model was established to better validate the ability of SCD to modulate
NET cascade neovascularization in the immune microenvironment after corneal alkali
burns. Although the precise mechanism of the NET neovascularization cascade effects
remains to be further explored, SCD successfully inhibits corneal neovascularization after
alkali burns. In this study, a novel filipin chitosan nanoparticle hydrogel loaded with
deoxyribonuclease, constructed based on the NET cascade neovascularization effect after
corneal alkali burns, has provided a new theoretical basis and solution to improve visual
function and reduce ocular complications after corneal chemical injuries.

4. Materials and Methods
4.1. Ethics Statement

This study was conducted in accordance with the Declaration of Helsinki, and the
protocol was approved by the Ethics Committee of Changzhou Third People’s Hospital
(project identification code: 2022-102).

4.2. Cell Culture

Neutrophils were extracted using the Animal Bone Marrow Neutrophil Extraction Kit
(Solarbio, Beijing, China) and used immediately after resuspension in RPMI-1640 (Corning,
New York, NY, USA) supplemented with 2% fetal bovine serum (FBS, Gibco, New York,
NY, USA).

NETs were isolated and described as follows: the isolated human neutrophils were
seeded into plates pre-coated with poly-L-lysine (PLL). NET formation was stimulated
with 5 mM NaOH for 0.5 h. To control the time of NaOH stimulation of neutrophils more
accurately and to reduce the influence of NaOH on the NET supernatant, 5 mM HCL
was used to neutralize NaOH after stimulation with 5 mM NaOH. A DNase I concen-
tration of 100 U/mL (Sigma-Aldrich, St. Louis, MI, USA) SCD was taken for one week
of leachate, and all groups were stored at 37 ◦C in a temperature chamber for 0.5 h for
subsequent experiments.

SCD hydrogels were prepared as described in 4.5 h and were soaked in RPMI-1640
medium at 37 ◦C in a shaker. The medium was collected as leachate after one week.

Neutrophils in the control group (C) were cultured in RPMI-1640, and the NaOH
group (N) was added. Similarly, the medium in the NaOH + DNase I group (N + D) was
supplemented with NaOH and DNase I, and that in the NaOH + SCD group (N + SCD) was
composed of leachate and NaOH. The concentrations of each component were determined
as described above.

After the intervention, the culture supernatant was collected, centrifuged at 3000 rpm
for 10 min, and assayed for cf-DNA. The cf-DNA was quantified by applying a green
fluorescent dye conjugated to DNA, and the fluorescence intensity was read at an excitation
wavelength of 485 nm using a multifunctional enzyme-labeling instrument (Varioskan
LUX, Thermo Fisher, Waltham, MA, USA). Standard curves were analyzed and plotted
by measuring the fluorescence intensity of calf thymus DNA (Sigma-Aldrich, St. Louis,
MI, USA) at the indicated concentrations. Based on the above co-culture system, cellular
proteins were extracted by adding RIPA lysate containing a protease inhibitor, and the
protein concentration was quantified using a BCA protein quantification kit (Solarbio,
Beijing, China). The protein expression of H3cit (ab219407), H3 (ab1971), MPO (ab208670),-
actin(ab8227) (Abcam, Cambridge, England) was measured using Western blotting. After
electrophoresis, membrane transfer, blocking, and incubation with primary and secondary
antibodies, the gels were scanned and photographed using a gel imaging system. The
grayscale values of the bands in the images were quantified using ImageJ software.
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4.3. Immunofluorescence Detection of cit-H3 and MPO

PMNs were extracted and treated as described in Section 4.2, fixed in 4% paraformalde-
hyde, and permeabilized with 0.3% Triton-X 100 (Sigma-Aldrich, St. Louis, MI, USA). They
were then incubated overnight with 5% bovine serum albumin (BSA; Biosharp, Hangzhou,
China) and the primary antibodies against cit-H3 (Abcam, Waltham, MA, USA) and MPO
(Abcam, Waltham, MA, USA), washed, and then incubated with secondary antibodies
at room temperature for 2 h. DAPI (Abcam, Waltham, MA, USA) was used for staining,
and the cells were observed under an inverted fluorescence microscope. Semi-quantitative
fluorescence analysis was performed using ImageJ software.

4.4. Construction of Corneal Alkali Burns Animal Models

Wild-type C57BL/6J (WT) mice were purchased from JOINN Laboratories (Suzhou,
China). All mice were 7–9-week-old males weighing 22–26 g. A mouse corneal alkali burn
model was constructed as described previously [32]. Briefly, 1% pentobarbital sodium
(40–50 mg/kg) was injected intraperitoneally, and corneal drops of 0.5% proparacaine were
added. Filter paper (2 mm diameter) soaked in 0.1 mol/L NaOH solution was placed in the
cornea of the right eyes of the mice for 40 s. Afterward, the eyes were thoroughly rinsed
with sterile PBS for 2 min, and different ocular interventions were applied to the groups. In
the DNase I group, 100 U/mL DNase I solution was dropped into the eyes of the mice six
times a day, and the mice in the SCD group received SCD hydrogel overlaid on the cornea.
To avoid eye scratching, the eyelids were sutured using hydrogel. The anterior segments of
the eyes were photographed and corneal sampling was performed on day 7.

4.5. Preparation of Composite Hydrogels with DNase I-Loaded Silk Chitosan Nanoparticles (SCD
Ratios for 400 U/mL DNase-I@0.53%CS-8%SilMA as an Example)

Chitosan (53 mg, 200–400 mPa·s) was dissolved in 10 mL of 1% (w/v) acetic acid
solution under magnetic stirring at room temperature. When the solution was clear and
transparent, the pH was adjusted to 6.0 with 10 M NaOH solution and filtered three
times with a 0.45 µm filter membrane (to prepare the DNase I-CS, 4000 U DNase I (Al-
addin, Shanghai, China) was resuspended in CS nanoparticles). An aqueous solution
of tripolyphosphate (TPP) (0.7 mg/mL) was added dropwise under magnetic stirring at
720 rpm to achieve a CS/TPP mass ratio of 4:1. At this point, the solution produced a
transparent opalescent color, indicating that CS and TPP had undergone ion crosslinking
polymerization. At this point, the chitosan nanoparticle solution loaded with DNase I was
prepared. Lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate (LAP) and 800 mg SilMA
were added and dissolved at room temperature for 1 h, during which the solution was
stirred and shaken several times. The resulting solution was stored.

4.6. SCD Composite Hydrogel Characterization

TEM was used to photograph the chitosan nanoparticles, and SEM was used to photo-
graph the freeze-dried SCD hydrogels for nanoparticle diameter and hydrogel pore-size
analysis. The in vitro release of DNase I was evaluated using a DNase I Assay Kit (Bey-
otime, Shanghai, China). The in vitro degradation and water absorption of the composite
system were analyzed by weighing. The gel formation times of the SCD replica hydrogels
with different DNase I contents were determined under UV irradiation; each group was
measured six times, and the average value was recorded.

4.7. SCD Composite Hydrogel Biocompatibility Testing

Corneal stromal cells with or without SCD hydrogel were placed in DMEM medium
and co-cultured in a 37 ◦C incubator, and after the cells were stabilized, 200 µL of gun tip
was applied to straighten the line, and photographs were taken at 0 h and 36 h, and three
fields of view were taken from each group of cells to take measurements of the migration
distance of the cells. A live/dead staining assay (Invitrogen, Waltham, CA, USA) was then
performed. After 3 and 7 days of co-culture, live/dead kits were added to the plates and
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incubated for 30 min at room temperature. The results were obtained using an inverted
fluorescence microscope. CCK-8 (Dojindo, Kumamoto-ken, Japan) was also added to the
medium on days 3 and 7, and 100 µL was placed in a 96-well plate after 4 h; the absorbance
was measured at 450 nm using an enzyme marker.

4.8. Anterior Segment Photography

After intraperitoneal injection of 1% pentobarbital sodium (40–50 mg/kg), color pho-
tographs of mouse corneas were recorded using a slit-lamp-mounted digital system (SL-D
Digital Slit Lamp, Topcon, Tokyo, Japan). The entire cornea was imaged using a 10-fold
magnification of the region of interest. Illumination was performed using a 45◦ angled
beam on a slit-lamp biomicroscope with a diffuser filter and a variable flash intensity.

The anterior images were independently analyzed by two observers. The corneal
neovascularization area was selected and analyzed by the observers using ImageJ software.
The average of the observers was considered the final area.

4.9. Immunofluorescence Staining

Whole corneal sections were used to assess corneal NETs and neovascularization. The
eyeballs were then removed and embedded in paraffin. Slices were made perpendicular to
the cornea along the center of the cornea, and the thickness of the slices was about 5 µm.
Immunohistochemical staining for cit-H3 (Abcam, Waltham, MA, USA), MPO (Abcam,
Waltham, MA, USA), vWF (Abcam, Waltham, MA, USA), and CD31 (CST, Boston, MA, USA)
fluorescence was also performed on the sections for comparison with the control group.

4.10. Statistical Analysis

All experiments were performed at least in triplicate, and the data are presented as the
standard deviation. One-way analysis of variance (ANOVA) was used to compare means
using Tukey’s post hoc test. p-values of 0.05, 0.01, and 0.001 were used as the thresholds.

Author Contributions: J.Z., K.X. and G.D. contributed equally to this research. Conceptualization, J.Z.
and P.L.; methodology, K.X.; software, G.D. and X.Z.; data curation, G.D. and X.Z.; writing—original
draft preparation, J.Z.; writing—review and editing, K.X.; project administration, P.L.; funding
acquisition, G.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (82102589),
the Suzhou Gusu Health Talent Program (GSWS2021007), the Medical Health Science and Technology
Innovation Program of Suzhou (SKY2022119), the Young Talent Development Plan of Changzhou
Health Commission (CZQM2020091, CZQM2022017), the Youth Project of Changzhou Health Com-
mission (QN202129), the Jiangsu Province Elderly Health Project (LKM2022052), and the Science and
Technology Planning Project Foundation of ChangZhou (CJ20220097, CE20225071).

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of Changzhou Third People’s Hospital (protocol code: 2022-102 and date of approval: 15
December 2022) and performed according to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health.

Informed Consent Statement: Not applicable

Data Availability Statement: Data can be obtained from Peirong Lu (lupeirong@suda.edu.cn).

Acknowledgments: Thank you to my parents and wife for their support to my family so that I can
work with peace of mind.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dohlman, T.H.; Yin, J. Methods for Assessing Corneal Opacity. Semin. Ophthalmol. 2019, 34, 205–210. [CrossRef] [PubMed]
2. Clare, G.; Bunce, C.; Tuft, S. Amniotic membrane transplantation for acute ocular burns. Cochrane Database Syst. Rev. 2022,

9, Cd009379. [CrossRef] [PubMed]

https://doi.org/10.1080/08820538.2019.1620796
https://www.ncbi.nlm.nih.gov/pubmed/31188043
https://doi.org/10.1002/14651858.CD009379.pub3
https://www.ncbi.nlm.nih.gov/pubmed/36047788


Gels 2023, 9, 676 13 of 14

3. Zhou, H.; Zhang, W.; Bi, M.; Wu, J. The molecular mechanisms of action of PPAR-γ agonists in the treatment of corneal alkali
burns (Review). Int. J. Mol. Med. 2016, 38, 1003–1011. [CrossRef] [PubMed]

4. Li, P.; Jiang, M.; Li, K.; Li, H.; Zhou, Y.; Xiao, X.; Xu, Y.; Krishfield, S.; Lipsky, P.E.; Tsokos, G.C.; et al. Glutathione peroxidase
4-regulated neutrophil ferroptosis induces systemic autoimmunity. Nat. Immunol. 2021, 22, 1107–1117. [CrossRef] [PubMed]

5. Wang, L.; Zhou, X.; Yin, Y.; Mai, Y.; Wang, D.; Zhang, X. Hyperglycemia Induces Neutrophil Extracellular Traps Formation
Through an NADPH Oxidase-Dependent Pathway in Diabetic Retinopathy. Front. Immunol. 2018, 9, 3076. [CrossRef] [PubMed]

6. Jarrot, P.A.; Kaplanski, G. Pathogenesis of ANCA-associated vasculitis: An update. Autoimmun. Rev. 2016, 15, 704–713. [CrossRef]
7. Fuchs, T.A.; Brill, A.; Duerschmied, D.; Schatzberg, D.; Monestier, M.; Myers, D.D., Jr.; Wrobleski, S.K.; Wakefield, T.W.; Hartwig,

J.H.; Wagner, D.D. Extracellular DNA traps promote thrombosis. Proc. Natl. Acad. Sci. USA 2010, 107, 15880–15885. [CrossRef]
8. Masucci, M.T.; Minopoli, M.; Del Vecchio, S.; Carriero, M.V. The Emerging Role of Neutrophil Extracellular Traps (NETs) in

Tumor Progression and Metastasis. Front. Immunol. 2020, 11, 1749. [CrossRef]
9. Lee, K.H.; Kronbichler, A.; Park, D.D.; Park, Y.; Moon, H.; Kim, H.; Choi, J.H.; Choi, Y.; Shim, S.; Lyu, I.S.; et al. Neutrophil

extracellular traps (NETs) in autoimmune diseases: A comprehensive review. Autoimmun. Rev. 2017, 16, 1160–1173. [CrossRef]
10. Yuan, K.; Zheng, J.; Huang, X.; Zhang, Y.; Han, Y.; Hu, R.; Jin, X. Neutrophil extracellular traps promote corneal neovascularization-

induced by alkali burn. Int. Immunopharmacol. 2020, 88, 106902. [CrossRef]
11. Wan, T.; Zhang, Y.; Yuan, K.; Min, J.; Mou, Y.; Jin, X. Acetylsalicylic Acid Promotes Corneal Epithelium Migration by Regulating

Neutrophil Extracellular Traps in Alkali Burn. Front. Immunol. 2020, 11, 551057. [CrossRef] [PubMed]
12. Suck, D. DNA recognition by DNase I. J. Mol. Recognit. JMR 1994, 7, 65–70. [CrossRef] [PubMed]
13. Wang, H.; Zhang, H.; Wang, Y.; Brown, Z.J.; Xia, Y.; Huang, Z.; Shen, C.; Hu, Z.; Beane, J.; Ansa-Addo, E.A.; et al. Regulatory

T-cell and neutrophil extracellular trap interaction contributes to carcinogenesis in non-alcoholic steatohepatitis. J. Hepatol. 2021,
75, 1271–1283. [CrossRef] [PubMed]

14. Wang, R.; Zhu, Y.; Liu, Z.; Chang, L.; Bai, X.; Kang, L. Neutrophil extracellular traps promote tPA-induced brain hemorrhage via
cGAS in mice with stroke. Blood 2021, 138, 91–103. [CrossRef]

15. Kaltenmeier, C.; Yazdani, H.O.; Morder, K.; Geller, D.A.; Simmons, R.L.; Tohme, S. Neutrophil Extracellular Traps Promote T Cell
Exhaustion in the Tumor Microenvironment. Front. Immunol. 2021, 12, 785222. [CrossRef]

16. Wang, J.; Chen, X.Y.; Zhao, Y.; Yang, Y.; Wang, W.; Wu, C.; Yang, B.; Zhang, Z.; Zhang, L.; Liu, Y.; et al. pH-Switchable
Antimicrobial Nanofiber Networks of Hydrogel Eradicate Biofilm and Rescue Stalled Healing in Chronic Wounds. ACS Nano
2019, 13, 11686–11697. [CrossRef]

17. Wang, S.; Ghezzi, C.E.; Gomes, R.; Pollard, R.E.; Funderburgh, J.L.; Kaplan, D.L. In vitro 3D corneal tissue model with epithelium,
stroma, and innervation. Biomaterials 2017, 112, 1–9. [CrossRef]

18. Koh, L.D.; Yeo, J.; Lee, Y.Y.; Ong, Q.; Han, M.; Tee, B.C. Advancing the frontiers of silk fibroin protein-based materials for futuristic
electronics and clinical wound-healing (Invited review). Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 86, 151–172. [CrossRef]

19. Katas, H.; Raja, M.A.; Lam, K.L. Development of Chitosan Nanoparticles as a Stable Drug Delivery System for Protein/siRNA.
Int. J. Biomater. 2013, 2013, 146320. [CrossRef]

20. Achouri, D.; Alhanout, K.; Piccerelle, P.; Andrieu, V. Recent advances in ocular drug delivery. Drug Dev. Ind. Pharm. 2013, 39,
1599–1617. [CrossRef]

21. Li, Z.; Bratlie, K.M. The Influence of Polysaccharides-Based Material on Macrophage Phenotypes. Macromol. Biosci. 2021,
21, e2100031. [CrossRef]

22. Yannas, I.V.; Lee, E.; Orgill, D.P.; Skrabut, E.M.; Murphy, G.F. Synthesis and characterization of a model extracellular matrix that
induces partial regeneration of adult mammalian skin. Proc. Natl. Acad. Sci. USA 1989, 86, 933–937. [CrossRef] [PubMed]

23. Lee, K.Y.; Ha, W.S.; Park, W.H. Blood compatibility and biodegradability of partially N-acylated chitosan derivatives. Biomaterials
1995, 16, 1211–1216. [CrossRef]

24. Guan, Y.; Sun, F.; Zhang, X.; Peng, Z.; Jiang, B.; Liang, M.; Wang, Y. Silk fibroin hydrogel promote burn wound healing through
regulating TLN1 expression and affecting cell adhesion and migration. J. Mater. Sci. Mater. Med. 2020, 31, 48. [CrossRef] [PubMed]

25. Clements, J.L.; Dana, R. Inflammatory corneal neovascularization: Etiopathogenesis. Semin. Ophthalmol. 2011, 26, 235–245.
[CrossRef] [PubMed]

26. Saika, S.; Kobata, S.; Hashizume, N.; Okada, Y.; Yamanaka, O. Epithelial basement membrane in alkali-burned corneas in rats.
Immunohistochemical study. Cornea 1993, 12, 383–390. [CrossRef]

27. Jorch, S.K.; Kubes, P. An emerging role for neutrophil extracellular traps in noninfectious disease. Nat. Med. 2017, 23, 279–287.
[CrossRef]

28. Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nat. Rev. Immunol. 2018, 18, 134–147. [CrossRef]
29. Friedman, M.; Azrad-Lebovitz, T.; Morzaev, D.; Zahavi, A.; Marianayagam, N.J.; Nicholson, J.D.; Brookman, M.; Michowiz,

S.; Hochhauser, E.; Goldenberg-Cohen, N. Protective Effect of TLR4 Ablation against Corneal Neovascularization following
Chemical Burn in a Mouse Model. Curr. Eye Res. 2019, 44, 505–513. [CrossRef]

30. Benayoun, Y.; Casse, G.; Forte, R.; Dallaudière, B.; Adenis, J.P.; Robert, P.Y. Corneal neovascularization: Epidemiological,
physiopathological, and clinical features. J. Fr. d’Ophtalmol. 2013, 36, 627–639. [CrossRef]

https://doi.org/10.3892/ijmm.2016.2699
https://www.ncbi.nlm.nih.gov/pubmed/27499172
https://doi.org/10.1038/s41590-021-00993-3
https://www.ncbi.nlm.nih.gov/pubmed/34385713
https://doi.org/10.3389/fimmu.2018.03076
https://www.ncbi.nlm.nih.gov/pubmed/30671057
https://doi.org/10.1016/j.autrev.2016.03.007
https://doi.org/10.1073/pnas.1005743107
https://doi.org/10.3389/fimmu.2020.01749
https://doi.org/10.1016/j.autrev.2017.09.012
https://doi.org/10.1016/j.intimp.2020.106902
https://doi.org/10.3389/fimmu.2020.551057
https://www.ncbi.nlm.nih.gov/pubmed/33178183
https://doi.org/10.1002/jmr.300070203
https://www.ncbi.nlm.nih.gov/pubmed/7826675
https://doi.org/10.1016/j.jhep.2021.07.032
https://www.ncbi.nlm.nih.gov/pubmed/34363921
https://doi.org/10.1182/blood.2020008913
https://doi.org/10.3389/fimmu.2021.785222
https://doi.org/10.1021/acsnano.9b05608
https://doi.org/10.1016/j.biomaterials.2016.09.030
https://doi.org/10.1016/j.msec.2018.01.007
https://doi.org/10.1155/2013/146320
https://doi.org/10.3109/03639045.2012.736515
https://doi.org/10.1002/mabi.202100031
https://doi.org/10.1073/pnas.86.3.933
https://www.ncbi.nlm.nih.gov/pubmed/2915988
https://doi.org/10.1016/0142-9612(95)98126-Y
https://doi.org/10.1007/s10856-020-06384-8
https://www.ncbi.nlm.nih.gov/pubmed/32405818
https://doi.org/10.3109/08820538.2011.588652
https://www.ncbi.nlm.nih.gov/pubmed/21958169
https://doi.org/10.1097/00003226-199309000-00003
https://doi.org/10.1038/nm.4294
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1080/02713683.2018.1564833
https://doi.org/10.1016/j.jfo.2013.03.002


Gels 2023, 9, 676 14 of 14

31. Pusztaszeri, M.P.; Seelentag, W.; Bosman, F.T. Immunohistochemical expression of endothelial markers CD31, CD34, von
Willebrand factor, and Fli-1 in normal human tissues. J. Histochem. Cytochem. Off. J. Histochem. Soc. 2006, 54, 385–395. [CrossRef]

32. Gu, X.J.; Liu, X.; Chen, Y.Y.; Zhao, Y.; Xu, M.; Han, X.J.; Liu, Q.P.; Yi, J.L.; Li, J.M. Involvement of NADPH oxidases in alkali
burn-induced corneal injury. Int. J. Mol. Med. 2016, 38, 75–82. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1369/jhc.4A6514.2005
https://doi.org/10.3892/ijmm.2016.2594

	Introduction 
	Results and Discussion 
	Preparation and Characterization of DNase I@CS-SilMA 
	SCD Biocompatibility Test 
	In Vitro Tests of SCD Inhibition of NETs 
	In Vivo Test of SCD Inhibition of NETs 
	In Vivo Test of Neovascularization Inhibition by SCD 

	Conclusions 
	Materials and Methods 
	Ethics Statement 
	Cell Culture 
	Immunofluorescence Detection of cit-H3 and MPO 
	Construction of Corneal Alkali Burns Animal Models 
	Preparation of Composite Hydrogels with DNase I-Loaded Silk Chitosan Nanoparticles (SCD Ratios for 400 U/mL DNase-I@0.53%CS-8%SilMA as an Example) 
	SCD Composite Hydrogel Characterization 
	SCD Composite Hydrogel Biocompatibility Testing 
	Anterior Segment Photography 
	Immunofluorescence Staining 
	Statistical Analysis 

	References

