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The inflammatory response mediated by oxidative stress is the main pathogenesis of dry eye, but clinical observations have shown that scavenging oxygen-free radicals alone has limited therapeutic effect. Moreover, the unique anatomy and physiology of the ocular surface result in low bioavailability of drugs, and higher concentration is required to achieve the desired efficacy, which, however, may bring systemic side effects. These problems pose a challenge, but the revelation of the ROS-NLRP3-IL-1β signaling axis opens up new possibilities. In this investigation, an NLRP3 inhibitor was successfully encapsulated in polydopamine-based microgels and used for dry eye treatment. It was demonstrated that the well-designed microgels exhibited good biocompatibility, prolonged drug retention time on the ocular surface, and effective inhibition of corneal epithelial damage and cell apoptosis. In addition, due to the synergistic effect, the NLRP3 inhibitor–loaded microgels could exert enhanced oxygen radical scavenging and inflammation-inhibiting effects at a lower dose than monotherapy. These findings suggest that polydopamine-based microgels have advantages as ocular surface drug delivery platforms and have promising applications in oxidative damage–related inflammatory diseases in synergy with anti-inflammatory drugs.
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INTRODUCTION
Dry eye disease (DED), a multifactorial chronic disorder of the ocular surface with a reported prevalence of 5–50%, affects millions of people worldwide, causing a marked impact on individual well-being (Mason et al., 2021). Especially at present, with the high-frequency use of video terminals, the incidence of DED is gradually increasing. DED is characterized by tear film instability and accompanied by hyperosmolarity, ocular surface inflammation, and damage, resulting in a variety of ocular discomforts and visual impairments (Bron et al., 2017). Tear hyperosmolarity can cause damage to the corneal and conjunctiva epithelial cells, leading to large production of inflammatory cytokines, which will further aggravate damage to the ocular surface epithelium and conjunctival goblet cells (Pflugfelder and de Paiva, 2017). These events will cause the release of damage-associated related pattern molecules, insufficient secretion of ocular surface mucins, and decreased tear film stability, with the interplay of these factors eventually leading to apoptosis (Pflugfelder and de Paiva, 2017; Reins et al., 2018; Baudouin et al., 2019). Current pharmacological treatments of DED include artificial tears, autologous serum, glucocorticoids, and non-hormonal immunosuppressants (Jones et al., 2017). Although artificial tears can temporarily relieve mild symptoms of DED patients and stabilize the tear film, the inflammation progression cannot be effectively controlled (Barabino et al., 2020). The application of autologous serum is limited due to the high requirement for preparation, susceptibility to contamination, and difficulty in long-term preservation (Mason et al., 2021). Long-term or improper use of glucocorticoids can cause serious complications such as elevated intraocular pressure and cataract (Roberti et al., 2020). While immunosuppressants can reduce the expression of inflammatory cytokines on the ocular surface, toxicity and side effects still limit their clinical application (Periman et al., 2020). Therefore, new strategies for effective and safe treatment of DED are still urgently required.
Regardless of the inducing mechanisms of DED, the immune inflammation of the ocular surface is regarded as the main cause. High osmotic pressure can trigger intracellular oxidative stress reaction, inducing intracellular outburst of reactive oxygen species (ROS) and irreversible damage to intracellular biological macromolecules (Wang et al., 2016; Favero et al., 2021). Moreover, it was demonstrated that oxidative damage of mitochondria can cause lacrimal gland dysfunction, leading to reduced tear production, increased tear ROS level, and eventually DED (Uchino et al., 2012). In addition, ROS can activate NOD-like receptor pyrin domain– containing protein 3 (NLRP3) in the corneal epithelium and further promote the secretion of interleukin-1β (IL-1β), leading to ocular surface inflammation (Zheng et al., 2014; Zheng et al., 2015). As one of the most prominent inflammasomes, NLRP3 regulates the generation of mature forms of IL-1β and is associated with inflammatory cell death (Zhang et al., 2021). Numerous studies have reported on the critical role of the NLRP3-IL-1β signaling axis mediated by ROS homeostatic imbalance during the inflammatory process with the development and progression of DED (Zheng et al., 2014; Lv et al., 2021; Wang B. et al., 2021). A comparison study indicated that compared with the healthy subjects, the level of ROS, NLRP3, and IL-1β in tears and conjunctival cells of DED patients was significantly improved, suggesting that ROS can further induce IL-1β release by activating NLRP3 expression (Zheng et al., 2015). These findings suggest that the ROS-NLRP3-IL-1β signaling axis may act as a potential therapeutic target for DED treatment. Currently, several NLRP3-related inhibitors have been identified (Jiang et al., 2017; Wong et al., 2018; Yu et al., 2018). Among them, MCC950, a sulfonylurea molecule, exhibits specificity in inhibiting the NLRP3 inflammasome, reducing IL-1β release and apoptosis without affecting other signaling pathways (Coll et al., 2019). Numerous studies have demonstrated that MCC950 has a good anti-inflammatory effect in various inflammatory diseases, such as cryopyrin-related syndrome, lung inflammation, renal fibrosis, hypertension, and myocardial infarction (Gao et al., 2019; Krishnan et al., 2019; Corcoran et al., 2021; Wang L. et al., 2021; Yoon et al., 2021). However, as far as we know, DED treatments using MCC950 have been seldom reported. We envision that the specific inhibition of NLRP3 by MCC950 combined with ROS scavenging will provide a synergistic strategy for DED treatment.
Nevertheless, topically administered ophthalmic solution drugs usually have poor bioavailability due to ocular surface barriers, such as limited corneal permeability, constant blinking, and rapid nasolacrimal drainage (Park et al., 2015). Accordingly, effective treatments require frequent application of drugs, leading to poor patient compliance and undesirable side effects. It has been well-recognized that drug carriers with high ocular surface adhesion and long retention time can effectively improve the bioavailability of ocular surface medication (Park et al., 2015; Lin et al., 2019). Mussel, a classic example of wet surface adhesion in nature, achieves excellent adhesion by secreting special adhesive proteins containing high levels of catechol amino acid (Yu et al., 2020). Several investigations have demonstrated that polydopamines, the mussel-inspired biomaterials with good biocompatibility and biodegradability (Li et al., 2020), exhibited excellent adhesion properties on almost any surface (Suneetha et al., 2019; Shao et al., 2020). For example, Jia et al. reported on the use of polydopamine microcapsules in prolonging the retention time of pesticides on leaves (Jia et al., 2014). In addition, the catechol moieties of polydopamines have been widely used to scavenge multiple types of ROS (Tang et al., 2019; Hu et al., 2020). It has been demonstrated that polydopamines can protect the brain from ROS-induced brain tissue damage during ischemic stroke injury (Liu et al., 2017), in addition to being applied in chronic inflammatory diseases (e.g., periodontitis) and acute inflammatory injuries (Bao et al., 2018; Zhao et al., 2018). However, to the best of our knowledge, combining the adhesiveness and ROS removal ability of polydopamines for ocular surface drug delivery is rarely reported.
Considering the critical role of the ROS-NLRP3-IL1β signaling axis in the occurrence and development of DED, herein, a synergetic therapeutic strategy for DED treatment was proposed. As demonstrated in Scheme 1, a polydopamine-based microgel in situ loaded with MCC950 was constructed via radical copolymerization of poly (ethylene glycol) methacrylate (PEGMA), 3-acrylamidopropyl trimethylammonium chloride (APTAC), and N-(3,4-dihydroxyphenethyl) methacrylamide (DPMA), which was denoted as PPADx-y-z (x, y, and z referred to the molar ratio of PEGMA, APTAC, and DPMA, respectively). PEGMA was used to improve the biocompatibility of the microgel, while the positively charged APTAC was adopted for in situ encapsulation of the negatively charged MCC950 through electrostatic interaction. DPMA was expected to increase the ocular surface retention time and drug bioavailability due to its adhesiveness. Furthermore, DPMA will scavenge excessive ROS on the ocular surface and reduce the activation of the NLRP3 inflammasome, thus contributing to the synergistic treatment of DED combined with MCC950.
[image: Scheme 1]SCHEME 1 | (A) Schematic diagram of the construction of the PPAD microgel and in situ encapsulation of MCC950 through radical copolymerization of PEGMA, APTAC, and DPMA; (B) Ocular surface retention time of MCC950@PPAD microgels can be enhanced due to the adhesiveness of polydopamines.
EXPERIMENTAL
Materials
MCC950 sodium and dihydroethidium (DHE) were purchased from MedChemExpress (MCE R; China). (3,4-dihydroxyphenethyl) methacrylamide (DPMA) was purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). Poly (ethylene glycol) methacrylate (PEGMA) was purchased from Aladdin Reagent Co., Ltd. and passed through an Al2O3 column to remove the inhibitor before use. 3-acrylamidopropyl trimethylammonium chloride (APTAC, 75wt% in H2O) and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 98%) were obtained from Aladdin Reagent Co., Ltd and used without further purification. Fluorescein sodium (FS) was purchased from Abmole Co., Ltd. (United States). Scopolamine (Scop) was purchased from Sigma–Aldrich Co., Ltd. Human corneal epithelial cells (HCECs) were obtained from ATCC (Manassas, VA, United States). Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 (DMEM/F-12; 1: 1 ratio), FBS, and insulin were purchased from Invitrogen, Gibco Co., Ltd. Triton X-100 was purchased from Sigma Co., Ltd. (Darmstadt, Germany). CM-H2DCFDA (General Oxidative Stress Indicator) was obtained from Invitrogen Molecular Probe Co., Ltd. Cell Counting Kit-8 (CCK-8) was purchased from Beyotime Biotechnology Co. (Shanghai, China). The In situ Cell Death Detection kit (TUNEL) was purchased from Roche Co., Ltd. (Germany).
Characterization
Monomer conversions after polymerization were analyzed by 1H NMR spectroscopy on a QUANTUM-I-400MHz spectrometer using D2O as the solvent. The hydrodynamic diameter and polydispersity indexes of the microgels were analyzed using dynamic light scattering (DLS) measurements using a Malvern ZS90 with a He–Ne laser (633 nm, 4 mW) at a 90° angle. The morphology of the microgel was observed by using a transmission electron microscope (TEM) on a Jeol 200CX microscope (200 kV). To prepare the TEM samples, a small drop of the microgel solution (1 mg/ml) was carefully deposited onto a carbon-coated copper electron microscopy grid and vacuum-dried overnight. The in vitro release of FS from the microgels and the residual FS in rabbit tear samples were analyzed using fluorescence spectroscopy. Human corneal epithelial cells (HCECs) were observed on an inverted fluorescence microscope (Zeiss Axio Vert a3, Germany).
Preparation and Characterization of MCC950@PPAD Microgels
PPAD microgels were prepared via photo-induced radical copolymerization of main monomers (PEGMA and APTAC) with the comonomer DPMA in an aqueous solution according to the procedures reported (Xue et al., 2017). Herein, the synthesis of MCC950@PPAD3-7-1 was described as a representative example. Briefly, PEGMA (0.257 g, 0.714 mmol), MCC950 sodium (2.84 mg, 6.65 μmol), LAP (14 mg, 47.7 μmol), and APTAC (0.345 g, 1.669 mmol) were added into a round-bottomed flask and dissolved in 10 ml of deionized water. After the mixed solution was bubbled with argon at 0°C for 30 min, the flask was sealed and exposed to illumination at 406 nm and stirred at 500 rpm. After 2 h of polymerization, 37 mg of DPMA (0.167 mmol) dissolved in 0.4 ml of ethanol was then injected into the polymerization mixture. After a few minutes, a milky suspension was observed (Supplementary Figure 1), indicating the formation of PPAD microgels. The polymerization continued for 4 h and the resultant microgels were purified by centrifugation. The detailed information of the polymerizations is summarized in Supplementary Table 1.
In Vitro Drug Release From the PPAD Microgels
FS, a common fluorescent dye for cornea fluorescein staining, was selected as a model molecule to investigate the in vitro release behavior because of its similarity with MCC950, such as molecular weight, water solubility, and being negatively charged. Moreover, the concentration of FS can be conveniently detected by fluorescence spectroscopy. First, the purified FS@PPAD3-7-1 microgel was obtained and redispersed in a certain volume of ddH2O. Then, the FS@PPAD3-7-1 microgel dispersion was added into a dialysis tube with a molecular weight cut-off (MWCO) of 2000 and dialyzed against ddH2O or PBS with different ionic strengths (50 and 90 mM) at a stirring speed of 200 rpm. A certain volume of the dialyzate outside the dialysis tube was withdrawn at a certain time point and analyzed using fluorescent spectroscopy to monitor the in vitro release behavior.
Drug Retention on the Ocular Surface
Herein, FS was also used as the model molecule to assess the ability of the PPAD microgel to improve drug retention on the ocular surface. Briefly, the rabbit eyes were washed with normal saline 1 hour before topical treatment with 50 μL FS solution (1%) or FS@PPAD microgels loaded with the equivalent amount of FS: 5, 15, 30, 45, 60, 90, 120, 150, and 180 min after topical treating, and tear samples were collected by immersing a square piece of filter paper with a size of 1 × 1 cm2 in the tear fluid for 10 s. Then, the filter paper was immersed in 500 μL of ddH2O, and FS was extracted from the filter paper using ultrasound. After proper dilution and filtration, the concentrations of FS in tear samples were analyzed by fluorescence spectroscopy.
In Vitro Cytotoxicity and Ocular Histocompatibility Evaluation
The in vitro cytotoxicity of free MCC950, PPAD microgels, and MCC950@PPAD microgels on HCECs was evaluated by CCK-8 assay according to the manufacturer’s instructions and quantified on a microplate reader. Briefly, HCECs were suspended in DMEM-F12 medium supplemented with fetal bovine serum (10%, v/v) and insulin (5 μg/ml) and then seeded into a 96-well plate at a density of 5000 cells per well. After the HCECs were incubated at 37°C, 90% humidity, and 5% CO2 for 24 h to allow cell attachment, the original medium was replaced with a fresh medium containing different amounts of PPAD microgels, free MCC950 (0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 μM), or MCC950@PPAD microgels loaded with an equal concentration of MCC950. After a further incubation of 24 h, the HCECs were gently washed two times with 100 μL prewarmed PBS, and the medium was replaced with 100 μL medium containing 10 μL CCK-8, followed by further incubation of 2 h. In addition, blank wells with no cells inside were also added with 100 μL of the medium containing 10 μL of CCK-8. The absorbance at 450 nm was recorded using an enzyme marker, and the viability of HCECs was determined based on the percentage of the absorbance of the treated cells compared to that of the untreated control HCECs.
For ocular histocompatibility evaluation, MCC950, PPAD3-7-1, and MCC950@PPAD3-7-1 were instilled into the mice’s right eye five times a day for 7 days, and an equal volume of physiological saline solution was instilled into the left eye as the negative control. The mice were euthanized by cervical dislocation after 7 days and then the eyeballs were enucleated and fixed in 4% paraformaldehyde (PFA) overnight at 4°C. The samples were subsequently embedded in paraffin. Histological sections of tissues (cornea, conjunctiva, iris, and sclera) were stained with hematoxylin and eosin (HE) staining according to routine protocols and examined using a light microscope (Olympus, Japan).
Evaluation of In Vivo and In vitro ROS Scavenging Capacity of PPAD3-7-1 and MCC950@PPAD3-7-1
To investigate the ability of PPAD3-7-1 or MCC950@PPAD3-7-1 to scavenge ROS, stained HCECs cells were treated with hyperosmotic stress by CM-H2DCFDA in vitro experiments. Mouse corneal tissues were treated by DHE in vivo experiments. For CM-H2DCFDA staining, HCECs were first seeded in a black 96-well plate at a density of 5 × 103 cells per well. After the cells were incubated for 24 h, the medium was replaced with DMEM-F12 without FBS containing 90 mM NaCl to create a highly permeable environment (500 mOsm) (Zheng et al., 2018). As the control group, HCECs were also cultured under physiological isotonic conditions. Then, different concentrations of PPAD3-7-1 microgels were added into the wells so that the final concentrations of the PPAD3-7-1 microgels were 0.01 mg/ml, 0.1 mg/ml, and 1 mg/ml. After the cells were cultured for 18 h under the hyperosmotic environment, intracellular ROS levels were measured using a reactive oxygen species detection kit (Roche) according to the manufacturer’s instructions. Briefly, the cells were gently washed two times using 100 μL of prewarmed PBS, added with 100 uL of CM-H2DCFDA reaction solution diluted by PBS at a concentration of 10 μM and then incubated in an incubator saturated with 5% CO2 and 90% humidity. After 45 min, the CM-H2DCFDA reaction solution was replaced with PBS, and the HCECs were observed under an inverted phase contrast fluorescence microscope (ZEISS Axio Observer3) after two-time gentle washing with 100 μL PBS. For DHE staining, DED mice were treated with MCC950, PPAD3-7-1, MCC950/PPAD3-7-1 (simple mixture of MCC950 and PPAD3-7-1), and MCC950@PPAD3-7-1 three times a day for 5 days. The mice were euthanized by cervical dislocation after 5 days and then the eyeballs of the mice were enucleated and embedded with OCT. Subsequently, the embedded samples were cut into 10-μM sections and washed with cold PBS. Then, the cornea sections were incubated with 10 μM fluorescent dye DHE at 37°C for 40 min in a humidified chamber and protected from light. The sections were observed under 20x magnification using a laser confocal microscope (LSM 880 NLO with AiryScan, Zeiss, Germany), and the mean fluorescence intensity was analyzed by using ImageJ software (ImageJ 1.8; NIH, Bethesda, MD, United States).
Experimental dry eye Disease Animal Model Preparation
C57BL/6j female mice (6–8 weeks, 18–22 g) were obtained from Jiesijie Experimental Animal Co. (Shanghai, China) and maintained in the experimental animal center of Wenzhou Medical University under the regulation of the Code of Conduct for Care and Use of Laboratory Animals. Animal experiments were approved by the Ethical Review Committee for Experimental Animals of Wenzhou Medical University. Before the experiments, the mice were kept in the animal center for 1 week for acclimation and medically examined to exclude unhealthy ones, especially with ocular pathological changes. The immune DED animal model was induced by subcutaneous injection of 200 μL Scop (2.5 mg/ml) three times per day for 5 days (Chen et al., 2013a). Subcutaneous injections were administered at 9:00 a.m., 13:00 p.m., and 19:00 p.m. Afterward, the mice were topically treated with 10 µL MCC950 (10 μM), 10 µL MCC950@PPAD microgel (with 10 μM MCC950), or 10 µL PPAD microgel three times per day for 5 days. As for the animal experiments shown in Supplementary Material, dry eye mice were treated with free MCC950 solution (1 μM, 10 μM, 100 μM) four times a day for 5 days. All dry eye mice were kept at 25°C with 13.1 ± 3.5% humidity and 2.2 ± 0.2 m/s airflow.
Corneal Fluorescein Sodium Staining Score
After topical treatment for 5 days, the degree of corneal damage was evaluated using corneal fluorescein staining (CFS). CFS was observed using slit-lamp microscopy 2 min after 2 μL FS solution (2 mg/ml) was instilled into the conjunctiva sac. The scores were calculated according to the National Eye Institute (NEI) scale.42 Briefly, an experienced ophthalmologist graded them based on the number of positive fluorescein staining points in five areas of the cornea and calculated the total score. Each area was scored according to the following: grade 0 = no significant corneal staining; grade 1 = less than five fluorescent dots; grade 2 = 6–15 fluorescent dots; grade 3 = 16–30 fluorescent dots; and grade 4 = more than 30 fluorescent dots (Lemp, 1995).
Methods for TUNEL Assay
After the mice were euthanized by cervical dislocation, the eye balls were carefully isolated, soaked in Optimum Cutting Temperature (OCT) media, and then frozen in liquid nitrogen. Ten-μm sagittal sections of eye tissues were prepared using a cryostat (HM 500; Micron, Waldorf, Germany) and stored at −80°C before use. Cell apoptosis of these tissue sections was detected by TUNEL (terminal deoxynucleotidyl transferase–mediated dUTP nick-end labeling) staining using an In Situ Cell Death Detection Kit (Roche, Mannhein, Germany) according to the manufacturer’s instructions. After 20 min of incubation at room temperature, the sections were washed three times with PBS and fixed with 4% paraformaldehyde for 20 min. Then, the sections were transferred into a thermostat at 4°C and permeabilized with 0.5% Triton X-100 for 5 min. Next, the sections were washed three times with PBS to remove Triton X-100. TUNEL staining was performed by adding 50 μL of the staining agent onto the sections, followed by an incubation of 1 h at 37°C. In addition, the sections were counterstained with DAPI for 1 min. The specimens were embedded in a mounting medium (Invitrogen, Oregon, United States), and their fluorescence images were recorded on a Zeiss confocal microscope with a krypton/argon and He–Ne laser (Carl Zeiss Meditec, Sartrouville, Germany) under an excitation wavelength of 405 nm for DAPI and 488 nm for TUNEL. The apoptotic cells were observed under 20x magnification using a laser confocal microscope (LSM 880 NLO with AiryScan, Zeiss, Germany).
In Vivo Expression of Inflammation-Related Factors
The expression of interleukin-6 (IL6), NLRP3, and IL-1β in the ocular surface tissues of C57BL/6j mice at protein level was examined by Western blot. After treatment of DED mice for 5 days, the mice were euthanized and the ocular surface tissue was subsequently cut into small pieces and immediately lysed with 100 μL of PMSF lysis buffer (100 mM), followed by ball milling for 8 min. The proteins in the supernatant were collected following centrifugation at 16,000 g for 10 min at 4°C. Protein concentrations were measured by a BCA assay kit (Pierce). The proteins (20–30 μg) were mixed with 5X SDS sample buffer and loaded onto SDS-PAGE. After electrophoresis, the separated proteins were transferred to PVDF membranes. The membranes were blocked with 5% milk powder in TBST for 2 h at room temperature. After blocking, the membranes were incubated overnight at 4°C with rabbit anti-IL-1β (1:1000, Abcam, #ab234437), mouse-anti-NLRP3 (1:1000, adpiogene, #AG-20B-0014-C100), rabbit anti-IL6 (1:1000, cell signaling technology, #12912S), and rabbit α/β-tubulin Antibody (1:3000, Cell signaling technology, #2148). Afterward, the membranes were rinsed with TBST and then incubated with HRP-labeled rabbit IgG (1:3000, Biosharp, #BL003A) OR mouse IgG (1:3000, Biosharp, #BL001A) for 2 h. Protein bands were visualized using an enhanced chemiluminescence (ECL) kit and imaged by an AI680 ultra-sensitive multifunctional analyzer. Protein expression was quantified based on the ratio of the target protein and tubulin.
The mRNA expression level of IL-1β, NLRP3, and IL6 in the ocular surface tissue of DED mice was evaluated using the reverse-transcription polymerase chain reaction (RT-PCR). The detailed information on these experiments can be found in our previously published articles.28 The specific primers for mouse IL-1β, NLRP3, and IL6 genes were designed using the NCBI Primer-Blast (NCBI Web site) and are listed in Supplementary Table 2, which had 55–63% GC content. GAPDH was used as the internal reference gene. The expression levels of the target genes were normalized with the expression levels of the internal reference genes according to the manufacturer’s instructions.
Statistical Analysis
Each experiment was performed three times, and all data were recorded as means ± standard deviation. Significant differences among groups were determined by one-way analysis of variance (ANOVA) with the level of significance set at p < 0.05.
RESULTS AND DISCUSSION
Preparation and Characterization of MCC950@PPAD Microgels
As demonstrated in Scheme 1, three kinds of monomers (PEGMA, APTAC, and DPMA) were adopted to prepare PPAD microgels. As well-demonstrated in a previous report (Xue et al., 2017), the comonomer DPMA was needed as a cross-linker for the preparation of microgels. However, increasing the feed ratio of DPMA to the main monomers would cause low colloidal stability and coagulation in aqueous solution. When the feed ratio of DPMA to the main monomers was from 1/20 to 1/8, stable microgels were obtained. Thus, in our study, the molar ratio of DPMA to the main monomers (PEGMA and APTAC) was set to be 1:10. Since the cationic monomer APTAC was responsible for in situ encapsulation of MCC950, the content of APTAC is a critical factor. Although the high content of APTAC can contribute to the high encapsulation capacity of MCC950, too many positively charged polymers may lead to cytotoxicity and ocular surface damage. Moreover, the electrostatic repulsion among cationic PAPTAC polymers also influences the size of the microgels. Thus, the impact of APTAC content on the size and zeta potential of the PPAD microgels was first investigated. The feed molar ratio for the synthesis of the PPAD microgels is summarized in Supplementary Table 1.1H NMR spectra in Supplementary Figure 2 revealed near-quantitative monomer conversions. The DLS results in Figure 1A indicated that the average hydrodynamic diameter of the PPAD microgels gradually increased with the increase of the APTAC content. This is probably because the increased content of APTAC improved the electrostatic repulsion among PAPTAC polymers, leading to the swelling of the microgels. It is also reasonable that the zeta potential of the microgels gradually increased with the increase of the APTAC content. The morphology of the microgels was observed by TEM and is shown in Figures 1C–G. Although the TEM micrographs demonstrated that microgel size increased with the increase of APTAC content, the average diameter revealed by TEM was significantly lower than that determined by DLS, which is also probably due to electrostatic repulsion among PAPTAC polymers. Since the microgels were dispersed in an aqueous solution during DLS characterization, the sufficiently ionized PAPTAC polymer chains resulted in strong electrostatic repulsion and a high degree of swelling. On the contrary, because the microgel samples were dehydrated during TEM analysis, the PAPTAC polymers were not ionized and the strong electrostatic repulsion disappeared, leading to significant shrinkage and size decrease. The drug encapsulation efficiency in PPAD microgels was evaluated by using FS as the model molecule in place of MCC950. After centrifugation of the FS@PPAD microgels, the concentration of FS in the supernatant was analyzed by fluorescence spectroscopy to confirm the encapsulation efficiency. As summarized in Supplementary Table 1, high encapsulation efficiency (more than 80%) was achieved for all the PPAD microgel samples. Combining the size, zeta potential, morphology, and drug encapsulation efficiency, the PPAD3-7-1 microgel with a mean Dh of 356 nm and zeta potential of + 15.9 mV was selected as the optimal sample for the following in vitro and in vivo experiments.
[image: Figure 1]FIGURE 1 | (A) Average value of apparent hydrodynamic diameter (Dh, app), polydispersity index (PDI), (B) zeta potential, and morphology of the PPAD microgels, (C–G) TEM micrographs of the PPAD microgels.
In Vitro Drug Release From the PPAD3-7-1 Microgels
Herein, FS was used as the model molecule to evaluate the release behavior of MCC950 from the PPAD3-7-1 microgel under different conditions. The release of free FS in ddH2O as a control was also carried out. As shown in Figure 2A (the black line), the cumulative release of free FS in ddH2O rapidly reached more than 90% in the first hour. In contrast, nearly negligible FS release from the PPAD3-7-1 microgel in ddH2O was observed because FS was stably encapsulated in PPAD3-7-1 microgels through electrostatic interaction. Thus, it can be reasonably anticipated that the FS release from the PPAD3-7-1 microgel can be accelerated by ionic strength. As indicated in Figure 2A (the red line), 19.34% of cumulative FS release from the PPAD3-7-1 microgel under the ionic strength of 50 mM was achieved within 1 h and reached 72.7% after 11 h. Furthermore, FS release from the PPAD3-7-1 microgel under the ionic strength of 90 mM was significantly improved (the blue line). It has been reported that tear hyperosmolarity is one of the core pathogenesis mechanisms of DED. Moreover, a culture medium containing NaCl (90 mM) was usually utilized to create a highly permeable condition. Thus, based on the abovementioned release results, we envision that efficient drug release can be achieved under hyperosmotic conditions of the ocular surface in the dry eye model.
[image: Figure 2]FIGURE 2 | (A) In vitro cumulative release of FS from PPAD3-7-1 microgels under different conditions. (B) FS in a filter paper after a single instillation of free FS or FS@PPAD3-7-1 microgels.
Ability of PPAD3-7-1 Microgels to Prolong the Ocular Surface Retention Time of Drugs
Due to sealed anatomical features of the eyes and ocular surface barriers, more than 90% of topically-applied drugs can be rapidly washed away within minutes, leading to poor bioavailability (Davis et al., 2004; Li et al., 2007). Thus, in this work, the polydopamine-based microgels are expected to improve the drug bioavailability by improving ocular surface adhesion and retention. Accordingly, undesired side effects of MCC950 can be avoided by reducing the dosage (Wang F. et al., 2021). Herein, the ocular surface retention was evaluated by detecting the concentration of FS in tear samples after topical treatment. The tear samples were collected using a filter paper at different time points after topical treatments. As shown in Figure 2B, 30 min after the rabbits were topically treated with 50 μL of PPAD3-7-1 microgels containing 10 mg/ml FS, a significantly (p < 0.05) higher amount of FS was detected in tear samples than in the rabbits treated with 50 μL of free FS (10 mg/ml), proving the ability of PPAD3-7-1 microgels to prolong ocular surface retention time.
Cytotoxicity of MCC950@PPAD3-7-1 Microgels and Ocular Histocompatibility Evaluation
As MCC950@PPAD3-7-1 is a novel drug for the treatment of DED, it was necessary to evaluate the ocular histocompatibility of MCC950, PPAD3-7-1, and MCC950@PPAD3-7-1. The cytotoxicity of MCC950, PPAD3-7-1 microgels, and MCC950@PPAD3-7-1 microgels was evaluated using the CCK-8 assay. As shown in Figure 3A, free MCC950 at concentrations less than 0.5 μM was well-tolerated (more than 80% of HCECs survived after 24 h of incubation), while significant cell growth inhibition was observed with the MCC950 concentration up to 10 μM. On the contrary, when treated with the MCC950@PPAD3-7-1 microgel loaded with 10 μM of MCC950, HCEC survival was approximately 103%, suggesting that loading MCC950 into PPAD3-7-1 microgels significantly reduced the cytotoxicity of MCC950. Furthermore, when treated with PPAD3-7-1 microgels, high HCEC survival was also achieved, probably because the abundant dopamine moieties of the PPAD3-7-1 microgels scavenged excessive ROS, thus providing effective protection of HCECs. As shown in Figure 3B, HE stained slides were observed under a light microscope to evaluate the tissue’s (cornea, conjunctiva, iris, and retina) structure and integrity for histocompatibility detection. The eyes showed no significant pathologic changes when treated with all formulations. As indicated in Figure 3A, 10 μM MCC950 inhibited cell proliferation in the CCK-8 assay. However, when it was applied to the ocular surface, MCC950 could be rapidly cleared from the ocular surface through the lacrimal drainage system and diluted by tear fluid due to its good water-solubility. Therefore, when 10 μM MCC950 was dropped into the ocular surface, the actual concentration of MCC950 was much lower than 10 μM. Moreover, because of the intact morphological structure of the cornea, conjunctiva, iris, and retina, no inflammatory cell infiltration was observed after treatment with PPAD3-7-1 and MCC950@PPAD3-7-1. This indicates that PPAD3-7-1 and MCC950@PPAD3-7-1 exhibit excellent ocular biocompatibility.
[image: Figure 3]FIGURE 3 | (A) Cytotoxicity of free MCC950, PPAD3-7-1 microgel, and MCC950@PPAD3-7-1 microgel. The concentrations of free MCC950 and PPAD3-7-1 microgel were equal to those of MCC950@PPAD3-7-1 microgels. The concentration of MCC950 varied from 0 to 10 μM. (B) Histopathology microscopy of ocular tissues, including cornea, conjunctiva, iris, and retina, after instilment with 0.9% (w/v) NaCl solution (NC), MCC950, PPAD3-7-1, and MCC950@PPAD3-7-1 five times a day for 7 days.
Ability of PPAD3-7-1 Microgels to Scavenge ROS Produced in Human Corneal Epithelial Cells Under Hyperosmotic Conditions
Under physiological conditions, intracellular ROS levels remain at equilibrium due to the redox system which regulates the production and the clearance of ROS through enzymatic or nonenzymatic reactions (Sies, 2015). As one of the main features of DED, tear film hyperosmolarity can cause excessive production of ROS (Chen et al., 2013b), which further triggers the inflammatory cascade effect of DED development (Seen and Tong, 2018). Plenty of research has demonstrated that polydopamine-based biomaterials exhibited a good scavenging effect on a wide range of ROS due to their catechol moiety (Hu et al., 2020). As shown in Figure 4A Ⅱ, when HCECs were exposed to hyperosmotic stress, overproduction of ROS was observed compared with that of HCECs under physiological conditions (Figure 4A Ⅰ). However, as shown in Figure 4A Ⅲ-Ⅴ, the overexpressed ROS in HCECs induced by hyperosmotic stress can be effectively reduced by PPAD3-7-1 microgels. The quantitative analysis of the fluorescence intensity shown in Figure 4B was well-consistent with the fluorescent images. Moreover, the intracellular ROS can be restored to physiological level when treated with 1 mg/ml PPAD3-7-1 microgels (Figure 4A Ⅲ), suggesting that PPAD3-7-1 microgels can act as an excellent ROS scavenger. Interestingly, when MCC950 was loaded in PPAD3-7-1 microgels, the ability to inhibit ROS production was further enhanced (Figure 4A Ⅵ-Ⅷ). It is known that inflammatory response and increased ROS production are a mutually reinforcing process; oxidative stress can lead to increased production of inflammatory factors, while inflammation can also promote ROS production. Polydopamine scavenges overproduced ROS by chemical reactions; thus, the inhibitory effect of PPAD3-7-1 on ROS shows dose-dependence (Figure 4B), while MCC950, an NLRP3 inhibitor, reduces ROS production by inhibiting the inflammatory response (Supplementary Figure 4). When PPAD3-7-1 is loaded with MCC950, inflammation that is not completely inhibited by PPAD3-7-1 is further suppressed by MCC950, resulting in better ROS scavenging. To further verify the effect of MCC950@PPAD3-7-1 on ROS production in the corneal tissue of DED mice, DHE staining is used. The DHE staining of mouse corneal tissues showed similar results in Figures 4C,D, with MCC950@PPAD3-7-1 having the best ROS scavenging effect (Figure 4C Ⅵ). Collectively, these results suggest that MCC950 can inhibit ROS production in an anti-inflammatory manner, while PPAD3-7-1 microgels directly consume ROS through its polyphenol structure. Moreover, when MCC950 is loaded in PPAD3-7-1 microgels, a better ROS scavenging effect can be achieved due to the synergistic therapeutic effect.
[image: Figure 4]FIGURE 4 | (A,B) In vitro ROS scavenging capacity of PPAD3-7-1 and MCC950@PPAD3-7-1, Groups I–II are designated as NC and HS, respectively. Groups III–V are designated as HS + PPAD3-7-1 microgels (the concentrations of PPAD3-7-1 microgels are 1 mg/ml, 0.1 mg/ml, and 0.01 mg/ml, respectively). Groups III–V are designated as HS + MCC950@PPAD3-7-1 (the concentrations of PPAD3-7-1 correspond to III-VIII). (C,D) In vivo ROS scavenging capacity of MCC950@PPAD3-7-1. Groups I–VI are designated as NC, Scop, Scop + PPAD3-7-1, Scop + MCC950, Scop + MCC950/PPAD3-7-1, and (iv) Scop + MCC950@PPAD3-7-1. Data are shown as mean ± SD, n = 4, **p < 0.01, and ****p < 0.0001.
In Vivo Curative Effect Against DED
Five days after topical treatment of different MCC950 formulas, the corneal epithelial damage was assessed by using corneal fluorescein staining and imaged using a slit lamp under cobalt blue light (Schmidl et al., 2020), which is one of the most important bases to evaluate the severity of DED (Osei et al., 2020; Wolffsohn et al., 2017). The corneal epithelial damage or defect was statistically scored based on the guidelines of the National Eye Institute/Industry Workshop, United States . As shown in Figure 5A Ⅰ, the corneal epithelium of healthy mice exhibited a clean and blue profile with negligible green dots. After 5 days of Scop treatment, dense and scattered green dots were observed, indicating severe corneal epithelial damage (Figure 5A Ⅱ). Figure 5A Ⅳ demonstrated that no obvious curative effect was observed when topically treated with free MCC950 aqueous solution (10 μM), probably due to the short retention time on the ocular surface (Lemp, 1995). On the contrary, topical application of the MCC950@PPAD3-7-1 microgel significantly decreased the green dots of the cornea, and no significant difference was observed compared with the healthy cornea (Figure 5A Ⅵ). The curing effect of PPAD3-7-1 microgels alone shown in Figure 5A Ⅲ proved that the ROS scavenging ability of PPAD3-7-1 also contributed to the curing effect, confirming the synergistic treatment effect of MCC950@PPAD3-7-1 microgels. In addition, the curing effect of a simple mixture of PPAD3-7-1 and MCC950 was also evaluated, and a significantly lower curative effect was found (Figure 5A Ⅴ), demonstrating that a superior curative effect can be achieved when MCC950 was in situ encapsulated in PPAD3-7-1 microgels. When MCC950 was simply mixed with PPAD3-7-1 microgels, part of the MCC950 was not encapsulated inside the microgels and could be rapidly washed away after topical treatment, leading to a compromise of the curative effect.
[image: Figure 5]FIGURE 5 | (A,B) Corneal fluorescein sodium staining (CFS) scores in in DED mice. (C,D) Representative images of TUNEL staining and number of TUNEL-positive cells in the DED mice corneal epithelium. (E) Western blot analysis revealed the protein level of IL-1β, NLRP3, and IL6 using tubulin as the internal control, and (F) mRNA expression level of IL-1β, NLRP3, and IL-6 in the ocular surface tissue of DED mice. (Groups I–VI are designated as NC, Scop, Scop + PPAD3-7-1, Scop + MCC950, Scop + MCC950/PPAD3-7-1, and Scop + MCC950@PPAD3-7-1, respectively.) Data are given as the mean ± SD (n = 4), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
The apoptosis of the corneal epithelium, an important part of DED pathogenesis (Kessal et al., 2021), was further investigated by using TUNEL assay. Frozen sections of corneal tissues were processed using an apoptosis detection kit and photographed by laser confocal microscopy. As shown in Figures 5C,D, only a small number of TUNEL-positive cells were found in the corneas of the NC mice, while a large number of TUNEL-positive cells were observed in the corneas of the mice subcutaneously injected with Scop for 5 days. This is consistent with that observed in previous studies (Park et al., 2018). When topically treated with PPAD3-7-1 microgels, free MCC950, or a simple mixture of PPAD3-7-1 microgels and MCC950, the number of TUNEL-positive HCECs was slightly decreased, indicating that the ocular surface damage was slightly alleviated. On the contrary, the apoptosis of the corneal epithelium was significantly inhibited after the topical treatment of MCC950@PPAD3-7-1 microgels, indicating that a superior curative effect can be achieved when MCC950 was in situ encapsulated in PPAD3-7-1 microgels rather than simple mixing. As shown in Supplementary 3, 5, effective inhibition of corneal epithelium apoptosis was achieved when treated with free MCC950 at a concentration up to 100 μM, which, however, may cause undesirable side effects due to the high dose. The superior therapeutic effect of MCC950@PPAD3-7-1 microgels can be attributed to the synergistic effect by combining the ROS scavenging effect of PPAD3-7-1 microgels and specific inhibition of NLRP3 by MCC950. In addition, the excellent adhesiveness of the PPAD3-7-1 microgels significantly improved the bioavailability of MCC950 by prolonging the ocular surface retention time.
Effect of MCC950@PPAD3-7-1 Microgels on Inflammatory Cytokine Expression in Ocular Surface
To further elucidate the therapeutic effects of MCC950@PPAD3-7-1 microgels, real-time fluorescence quantitative PCR and Western blot experiments were used to evaluate the expression of several inflammation-related cytokines of DED at mRNA and protein levels (Ma et al., 2021; Zhang et al., 2021). As shown in Figure 5F, the mRNA expression level of several proinflammatory cytokines, such as IL6, NLRP3, and IL-1β, had significantly increased after Scop treatment (Kessal et al., 2021), suggesting the successful induction of ocular surface inflammation. This is consistent with the corneal fluorescein staining and TUNEL assay. The inhibition of expression at the mRNA level by free MCC950 exhibited a dose-dependent manner, which is shown in Supplementary Figure 6. Although the PPAD3-7-1 microgel alone or free MCC950 exhibited an inhibitory effect on mRNA expression of these inflammatory factors, topical treatment of MCC950@PPAD3-7-1 microgels showed superior inhibition of the expression than the simple mixture of MCC950 and the PPAD3-7-1 microgel, indicating the synergistic therapeutic effect against DED. As shown in Figure 5E, IL6, NLRP3, and IL-1β expressions at the protein level greatly increased after Scop treatment, while the MCC950@PPAD3-7-1 microgels markedly inhibited the expression of these inflammatory factors, which is well-consistent with PCR results.
CONCLUSION
In summary, a synergistic strategy for topical treatment of DED was achieved through a polydopamine-based microgel loaded with the NLRP3 inhibitor, MCC950, targeting the ROS-NLRP3-IL-1β signaling axis. The PPAD microgels were successfully synthesized via copolymerization of three kinds of monomers. Due to the excellent adhesiveness of polydopamine, the drug bioavailability was significantly improved by prolonging the ocular surface retention time. The in vitro assay demonstrated that the polydopamine-based microgels exhibited good biocompatibility and ROS scavenging effect. Moreover, the potentially toxic effects of MCC950 at a high dosage can be avoided. TUNEL assay revealed that compared with free MCC950, PPAD microgels in situ loaded with MCC950 significantly reduced ocular surface epithelial cell damage and apoptosis. PCR and WB results indicated that both mRNA and protein expression levels of inflammation-related cytokines were also significantly inhibited. We believe that this work will provide insightful guidance in the synergistic treatment of inflammation-related diseases by targeting the ROS-NLRP3-IL-1β signaling axis.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Wenzhou Medical University.
AUTHOR CONTRIBUTIONS
All the authors contributed in conceptualization, methodology, and writing. ZZ, QC, DX, CP, WX, and LS conducted the investigation. ZZ and QC conducted the formal analysis. LS, JS, and WC contributed in supervision and funding acquisition. 
FUNDING
This study was supported by the National Science Foundation for Young Scientists of China (Grant Nos 81970770, 82171021, and 51973161), the National Key Research and Development Program of China (2019YFC0840708), and Wenzhou Medical University (QTJ19035, 604090352/655).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.913648/full#supplementary-material
REFERENCES
 Bao, X., Zhao, J., Sun, J., Hu, M., and Yang, X. (2018). Polydopamine Nanoparticles as Efficient Scavengers for Reactive Oxygen Species in Periodontal Disease. ACS Nano 12, 8882–8892. doi:10.1021/acsnano.8b04022
 Barabino, S., Benitez-Del-Castillo, J. M., Fuchsluger, T., Labetoulle, M., Malachkova, N., Meloni, M., et al. (2020). Dry Eye Disease Treatment: The Role of Tear Substitutes, Their Future, and an Updated Classification. Eur. Rev. Med. Pharmacol. Sci. 24, 8642–8652. doi:10.26355/eurrev_202009_22801
 Baudouin, C., Rolando, M., Benitez Del Castillo, J. M., Messmer, E. M., Figueiredo, F. C., Irkec, M., et al. (2019). Reconsidering the Central Role of Mucins in Dry Eye and Ocular Surface Diseases. Prog. Retin. Eye Res. 71, 68–87. doi:10.1016/j.preteyeres.2018.11.007
 Bron, A. J., de Paiva, C. S., Chauhan, S. K., Bonini, S., Gabison, E. E., Jain, S., et al. (2017). TFOS DEWS II Pathophysiology Report. Ocular Surf. 15, 438–510. doi:10.1016/j.jtos.2017.05.011
 Chen, Y., Chauhan, S. K., Lee, H. S., Stevenson, W., Schaumburg, C. S., Sadrai, Z., et al. (2013a). Effect of Desiccating Environmental Stress versus Systemic Muscarinic AChR Blockade on Dry Eye Immunopathogenesis. Invest. Ophthalmol. Vis. Sci. 54, 2457–2464. doi:10.1167/iovs.12-11121
 Chen, Y., Li, M., Li, B., Wang, W., Lin, A., and Sheng, M. (2013b). Effect of Reactive Oxygen Species Generation in Rabbit Corneal Epithelial Cells on Inflammatory and Apoptotic Signaling Pathways in the Presence of High Osmotic Pressure. Plos One 8, e72900. doi:10.1371/journal.pone.0072900
 Coll, R. C., Hill, J. R., Day, C. J., Zamoshnikova, A., Boucher, D., Massey, N. L., et al. (2019). MCC950 Directly Targets the NLRP3 ATP-Hydrolysis Motif for Inflammasome Inhibition. Nat. Chem. Biol. 15, 556–559. doi:10.1038/s41589-019-0277-7
 Corcoran, S. E., Halai, R., and Cooper, M. A. (2021). Pharmacological Inhibition of the Nod-Like Receptor Family Pyrin Domain Containing 3 Inflammasome with MCC950. Pharmacol. Rev. 73, 968–1000. doi:10.1124/pharmrev.120.000171
 Davis, J. L., Gilger, B. C., and Robinson, M. R. (2004). Novel Approaches to Ocular Drug Delivery. Curr. Opin. Mol. Ther. 6, 195–205.
 Favero, G., Moretti, E., Krajčíková, K., Tomečková, V., and Rezzani, R. (2021). Evidence of Polyphenols Efficacy Against Dry Eye Disease. Antioxidants 10, 190. doi:10.3390/antiox10020190
 Gao, R., Shi, H., Chang, S., Gao, Y., Li, X., Lv, C., et al. (2019). The Selective NLRP3-Inflammasome Inhibitor MCC950 Reduces Myocardial Fibrosis and Improves Cardiac Remodeling in a Mouse Model of Myocardial Infarction. Int. Immunopharmacol. 74, 105575. doi:10.1016/j.intimp.2019.04.022
 Hu, J., Yang, L., Yang, P., Jiang, S., Liu, X., and Li, Y. (2020). Polydopamine Free Radical Scavengers. Biomater. Sci. 8, 4940–4950. doi:10.1039/d0bm01070g
 Jia, X., Sheng, W.-b., Li, W., Tong, Y.-b., Liu, Z.-y., and Zhou, F. (2014). Adhesive Polydopamine Coated Avermectin Microcapsules for Prolonging Foliar Pesticide Retention. ACS Appl. Mat. Interfaces 6, 19552–19558. doi:10.1021/am506458t
 Jiang, H., He, H., Chen, Y., Huang, W., Cheng, J., Ye, J., et al. (2017). Identification of a Selective and Direct NLRP3 Inhibitor to Treat Inflammatory Disorders. J. Exp. Med. 214, 3219–3238. doi:10.1084/jem.20171419
 Jones, L., Downie, L. E., Korb, D., Benitez-Del-Castillo, J. M., Dana, R., Deng, S. X., et al. (2017). TFOS DEWS II Management and Therapy Report. Ocular Surf. 15, 575–628. doi:10.1016/j.jtos.2017.05.006
 Kessal, K., Daull, P., Cimbolini, N., Feraille, L., Grillo, S., Docquier, M., et al. (2021). Comparison of Two Experimental Mouse Dry Eye Models Through Inflammatory Gene Set Enrichment Analysis Based on a Multiplexed Transcriptomic Approach. Int. J. Mol. Sci . 22, 10770. doi:10.3390/ijms221910770
 Krishnan, S. M., Ling, Y. H., Huuskes, B. M., Ferens, D. M., Saini, N., Chan, C. T., et al. (2019). Pharmacological Inhibition of the NLRP3 Inflammasome Reduces Blood Pressure, Renal Damage, and Dysfunction in Salt-Sensitive Hypertension. Cardiovasc. Res. 115, 776–787. doi:10.1093/cvr/cvy252
 Lemp, M. A. (1995). Report of the National Eye Institute/Industry Workshop on Clinical Trials in Dry Eyes. CLAO J. 21, 221–232.
 Li, C.-C., Abrahamson, M., Kapoor, Y., and Chauhan, A. (2007). Timolol Transport From Microemulsions Trapped in HEMA Gels. J. Colloid Interface Sci. 315, 297–306. doi:10.1016/j.jcis.2007.06.054
 Li, J.-a., Chen, L., Zhang, X.-q., and Guan, S.-k. (2020). Enhancing Biocompatibility and Corrosion Resistance of Biodegradable Mg-Zn-Y-Nd Alloy by Preparing PDA/HA Coating for Potential Application of Cardiovascular Biomaterials. Mater. Sci. Eng. C 109, 110607. doi:10.1016/j.msec.2019.110607
 Lin, S., Ge, C., Wang, D., Xie, Q., Wu, B., Wang, J., et al. (2019). Overcoming the Anatomical and Physiological Barriers in Topical Eye Surface Medication Using a Peptide-Decorated Polymeric Micelle. ACS Appl. Mat. Interfaces 11, 39603–39612. doi:10.1021/acsami.9b13851
 Liu, Y., Ai, K., Ji, X., Askhatova, D., Du, R., Lu, L., et al. (2017). Comprehensive Insights into the Multi-Antioxidative Mechanisms of Melanin Nanoparticles and Their Application to Protect Brain from Injury in Ischemic Stroke. J. Am. Chem. Soc. 139, 856–862. doi:10.1021/jacs.6b11013
 Lv, Y., Chu, C., Liu, K., Ru, Y., Zhang, Y., Lu, X., et al. (2021). A Combination of CMC and α-MSH Inhibited ROS Activated NLRP3 Inflammasome in Hyperosmolarity Stressed HCECs and Scopolamine-Induced Dry Eye Rats. Sci. Rep. 11, 1184. doi:10.1038/s41598-020-80849-2
 Ma, B., Zhou, Y., Liu, R., Zhang, K., Yang, T., Hu, C., et al. (2021). Pigment Epithelium-Derived Factor (PEDF) Plays Anti-Inflammatory Roles in the Pathogenesis of Dry Eye Disease. Ocular Surf. 20, 70–85. doi:10.1016/j.jtos.2020.12.007
 Mason, L., Jafri, S., Dortonne, I., and Sheppard, J. D.. (2021). Emerging Therapies for Dry Eye Disease. Expert Opin. Emerg. Drugs 26, 401–413. doi:10.1080/14728214.2021.2011858
 Osei, K. A., Cox, S. M., and Nichols, K. K. (2020). Dry Eye Disease Practice in Ghana: Diagnostic Perspectives, Treatment Modalities, and Challenges. Optom. Vis. Sci. 97, 137–144. doi:10.1097/OPX.0000000000001487
 Park, C. G., Kim, Y. K., Kim, M. J., Park, M., Kim, M. H., Lee, S. H., et al. (2015). Mucoadhesive Microparticles with a Nanostructured Surface for Enhanced Bioavailability of Glaucoma Drug. J. Control. Release 220, 180–188. doi:10.1016/j.jconrel.2015.10.027
 Park, J. H., Moon, S.-H., Kang, D. H., Um, H. J., Kang, S.-S., Kim, J. Y., et al. (2018). Diquafosol Sodium Inhibits Apoptosis and Inflammation of Corneal Epithelial Cells via Activation of Erk1/2 and RSK: In Vitro and In Vivo Dry Eye Model. Invest. Ophthalmol. Vis. Sci. 59, 5108–5115. doi:10.1167/iovs.17-22925
 Periman, L. M., Mah, F. S., and Karpecki, P. M. (2020). A Review of the Mechanism of Action of Cyclosporine A: The Role of Cyclosporine A in Dry Eye Disease and Recent Formulation Developments. Clin. Ophthalmol. 14, 4187–4200. doi:10.2147/OPTH.S279051
 Pflugfelder, S. C., and de Paiva, C. S. (2017). The Pathophysiology of Dry Eye Disease. Ophthalmology 124, S4–S13. doi:10.1016/j.ophtha.2017.07.010
 Reins, R. Y., Lema, C., Courson, J., Kunnen, C. M. E., and Redfern, R. L. (2018). MyD88 Deficiency Protects Against Dry Eye-Induced Damage. Invest. Ophthalmol. Vis. Sci. 59, 2967–2976. doi:10.1167/iovs.17-23397
 Roberti, G., Oddone, F., Agnifili, L., Katsanos, A., Michelessi, M., Mastropasqua, L., et al. (2020). Steroid-Induced Glaucoma: Epidemiology, Pathophysiology, and Clinical Management. Surv. Ophthalmol. 65, 458–472. doi:10.1016/j.survophthal.2020.01.002
 Schmidl, D., Schlatter, A., Chua, J., Tan, B., Garhöfer, G., and Schmetterer, L. (2020). Novel Approaches for Imaging-Based Diagnosis of Ocular Surface Disease. Diagnostics 10, 589. doi:10.3390/diagnostics10080589
 Seen, S., and Tong, L. (2018). Dry Eye Disease and Oxidative Stress. Acta Ophthalmol. 96, e412–e420. doi:10.1111/aos.13526
 Shao, Z., Hu, X., Cheng, W., Zhao, Y., Hou, J., Wu, M., et al. (2020). Degradable Self-Adhesive Epidermal Sensors Prepared from Conductive Nanocomposite Hydrogel. Nanoscale 12, 18771–18781. doi:10.1039/d0nr04666c
 Sies, H. (2015). Oxidative Stress: A Concept in Redox Biology and Medicine. Redox Biol. 4, 180–183. doi:10.1016/j.redox.2015.01.002
 Suneetha, M., Rao, K. M., and Han, S. S. (2019). Mussel-Inspired Cell/Tissue-Adhesive, Hemostatic Hydrogels for Tissue Engineering Applications. ACS Omega 4, 12647–12656. doi:10.1021/acsomega.9b01302
 Tang, P., Han, L., Li, P., Jia, Z., Wang, K., Zhang, H., et al. (2019). Mussel-Inspired Electroactive and Antioxidative Scaffolds with Incorporation of Polydopamine-Reduced Graphene Oxide for Enhancing Skin Wound Healing. ACS Appl. Mat. Interfaces 11, 7703–7714. doi:10.1021/acsami.8b18931
 Uchino, Y., Kawakita, T., Ishii, T., Ishii, N., and Tsubota, K. (2012). A New Mouse Model of Dry Eye Disease. Cornea 31 (Suppl. 1), S63–S67. doi:10.1097/ICO.0b013e31826a5de1
 Wang, B., Zuo, X., Peng, L., Wang, X., Zeng, H., Zhong, J., et al. (2021). Melatonin Ameliorates Oxidative Stress-Mediated Injuries through Induction of HO-1 and Restores Autophagic Flux in Dry Eye. Exp. Eye Res. 205, 108491. doi:10.1016/j.exer.2021.108491
 Wang, F., Song, Y., Huang, J., Wu, B., Wang, Y., Pang, Y., et al. (2021). Lollipop‐Inspired Multilayered Drug Delivery Hydrogel for Dual Effective, Long‐Term, and NIR‐Defined Glaucoma Treatment. Macromol. Biosci. 21, 2100202. doi:10.1002/mabi.202100202
 Wang, L., Lei, W., Zhang, S., and Yao, L. (2021). MCC950, a NLRP3 Inhibitor, Ameliorates Lipopolysaccharide-Induced Lung Inflammation in Mice. Bioorg. Med. Chem. 30, 115954. doi:10.1016/j.bmc.2020.115954
 Wang, P., Sheng, M., Li, B., Jiang, Y., and Chen, Y. (2016). High Osmotic Pressure Increases Reactive Oxygen Species Generation in Rabbit Corneal Epithelial Cells by Endoplasmic Reticulum. Am. J. Transl. Res. 8, 860–870.
 Wolffsohn, J. S., Arita, R., Chalmers, R., Djalilian, A., Dogru, M., Dumbleton, K., et al. (2017). TFOS DEWS II Diagnostic Methodology Report. Ocular Surf. 15, 539–574. doi:10.1016/j.jtos.2017.05.001
 Wong, W.-T., Li, L.-H., Rao, Y. K., Yang, S.-P., Cheng, S.-M., Lin, W.-Y., et al. (2018). Repositioning of the β-Blocker Carvedilol as a Novel Autophagy Inducer that Inhibits the NLRP3 Inflammasome. Front. Immunol. 9, 1920. doi:10.3389/fimmu.2018.01920
 Xue, J., Zhang, Z., Nie, J., and Du, B. (2017). Formation of Microgels by Utilizing the Reactivity of Catechols with Radicals. Macromolecules 50, 5285–5292. doi:10.1021/acs.macromol.7b01304
 Yoon, S.-H., Hwang, I., Lee, E., Cho, H.-J., Ryu, J. H., Kim, T.-G., et al. (2021). Antimicrobial Peptide LL-37 Drives Rosacea-Like Skin Inflammation in an NLRP3-Dependent Manner. J. Investigative Dermatology 141, 2885–2894. e5. doi:10.1016/j.jid.2021.02.745
 Yu, Q. H., Zhang, C. M., Jiang, Z. W., Qin, S. Y., and Zhang, A. Q. (2020). Mussel‐Inspired Adhesive Polydopamine‐Functionalized Hyaluronic Acid Hydrogel with Potential Bacterial Inhibition. Glob. Challenges 4, 1900068. doi:10.1002/gch2.201900068
 Yu, W., Tao, M., Zhao, Y., Hu, X., and Wang, M. (2018). 4′-Methoxyresveratrol Alleviated AGE-Induced Inflammation via RAGE-Mediated NF-Κb and NLRP3 Inflammasome Pathway. Molecules 23, 1447. doi:10.3390/molecules23061447
 Zhang, J., Dai, Y., Yang, Y., and Xu, J. (2021). Calcitriol Alleviates Hyperosmotic Stress-Induced Corneal Epithelial Cell Damage via Inhibiting the NLRP3-ASC-Caspase-1-GSDMD Pyroptosis Pathway in Dry Eye Disease. J. Inflamm. Res. Vol. 14, 2955–2962. doi:10.2147/JIR.S310116
 Zhao, H., Zeng, Z., Liu, L., Chen, J., Zhou, H., Huang, L., et al. (2018). Polydopamine Nanoparticles for the Treatment of Acute Inflammation-Induced Injury. Nanoscale 10, 6981–6991. doi:10.1039/c8nr00838h
 Zheng, Q., Ren, Y., Reinach, P. S., She, Y., Xiao, B., Hua, S., et al. (2014). Reactive Oxygen Species Activated NLRP3 Inflammasomes Prime Environment-Induced Murine Dry Eye. Exp. Eye Res. 125, 1–8. doi:10.1016/j.exer.2014.05.001
 Zheng, Q., Ren, Y., Reinach, P. S., Xiao, B., Lu, H., Zhu, Y., et al. (2015). Reactive Oxygen Species Activated NLRP3 Inflammasomes Initiate Inflammation in Hyperosmolarity Stressed Human Corneal Epithelial Cells and Environment-Induced Dry Eye Patients. Exp. Eye Res. 134, 133–140. doi:10.1016/j.exer.2015.02.013
 Zheng, Q., Tan, Q., Ren, Y., Reinach, P. S., Li, L., Ge, C., et al. (2018). Hyperosmotic Stress-Induced TRPM2 Channel Activation Stimulates NLRP3 Inflammasome Activity in Primary Human Corneal Epithelial Cells. Invest. Ophthalmol. Vis. Sci. 59, 3259–3268. doi:10.1167/iovs.18-23965
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zha, Chen, Xiao, Pan, Xu, Shen, Shen and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-913648-g005.gif





OPS/images/fbioe-10-913648-g006.gif





OPS/images/fbioe-10-913648-g003.gif
P R e





OPS/images/fbioe-10-913648-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Mussel-Inspired Microgel Encapsulated NLRP3 Inhibitor as a Synergistic Strategy Against Dry Eye		Introduction

		Experimental		Materials

		Characterization

		Preparation and Characterization of MCC950@PPAD Microgels

		In Vitro Drug Release From the PPAD Microgels

		Drug Retention on the Ocular Surface

		In Vitro Cytotoxicity and Ocular Histocompatibility Evaluation

		Evaluation of In Vivo and In vitro ROS Scavenging Capacity of PPAD3-7-1 and MCC950@PPAD3-7-1

		Experimental dry eye Disease Animal Model Preparation

		Corneal Fluorescein Sodium Staining Score

		Methods for TUNEL Assay

		In Vivo Expression of Inflammation-Related Factors

		Statistical Analysis





		Results and Discussion		Preparation and Characterization of MCC950@PPAD Microgels

		In Vitro Drug Release From the PPAD3-7-1 Microgels

		Ability of PPAD3-7-1 Microgels to Prolong the Ocular Surface Retention Time of Drugs

		Cytotoxicity of MCC950@PPAD3-7-1 Microgels and Ocular Histocompatibility Evaluation

		Ability of PPAD3-7-1 Microgels to Scavenge ROS Produced in Human Corneal Epithelial Cells Under Hyperosmotic Conditions

		In Vivo Curative Effect Against DED

		Effect of MCC950@PPAD3-7-1 Microgels on Inflammatory Cytokine Expression in Ocular Surface





		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-10-913648-g001.gif





OPS/images/fbioe-10-913648-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





