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Zwitterionic inhaler with synergistic therapeutics for reprogramming of M2 macrophage to pro-inflammatory phenotype
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Myriad lung diseases are life threatening and macrophages are playing a key role in both physiological and pathological processes. Macrophages have each pro-/anti-inflammatory phenotype, and each lung disease can be aggravated by over-polarized macrophage. Therefore, development of a method for capable of mediating of macrophage phenotype is one of the solutions for lung disease treatment. For the mediating phenotype of macrophages, the pulmonary delivery system (PDS) is widely used due to its advantages, such as high efficiency and accessibility of the lungs. However, it has a low drug delivery efficiency ironically because of the perfect lung defense system consisting of the mucus layer and airway macrophages. In this study, zwitterion-functionalized poly(lactide-co-glycolide) (PLGA) inhalable microparticles (ZwPG) were synthesized to increase the efficiency of the PDS. The thin layer of zwitterions formed on PLGA surface has high nebulizing stability and showed high anti-mucus adhesion and evasion of macrophages. As a reprogramming agent for macrophages, ZwPG containing dexamethasone (Dex) and pirfenidone (Pir) were treated to over-polarized M2 macrophages. As a result, a synergistic effect of Dex/Pir induced reprogramming of M2 macrophage to pro-inflammatory phenotypes.
1. Introduction
[bookmark: _Hlk114846746][bookmark: _Hlk130233294][bookmark: _Hlk130211866]Lung-related diseases such as pulmonary fibrosis (PF), tuberculosis, asthma, are serious, progressive and life-threatening disease[1] caused by various reasons (e.g., epithelial injury, immune cell accumulation). The lung diseases usually cause failure to maintain pulmonary homeostasis or reduce the efficiency of O2/CO2 gas exchange. In fact, lung diseases are seriously progressed by over-polarized pro-/anti-inflammatory phenotype macrophages[2]. For example, in the case of IPF or connective tissue disease, over-polarized M2 macrophages release transforming growth factor (TGF-β1) and interleukin 10 (IL-10) which stimulates fibroblast proliferation[1b, 3]. The over-proliferated fibroblasts mainly positioned between alveoli and capillary, and induces massive accumulation of extracellular matrix (ECM) which create irreversible scars and significantly lowers the efficiency of O2/CO2 exchange[4]. These kinds of diseases caused by pathological consequences induced by imbalanced macrophage phenotypes, and the symptoms could be alleviated by reprogramming over-polarized M2 macrophage to pro-inflammatory (M1) phenotype and rebalancing macrophage phenotypes[5]. As the number of patients suffering from lung-related diseases has increased rapidly due to the recent SARS-CoV-2 viruses, demand for the various Food and Drug Administration (FDA)-approved drugs, such as pirfenidone (Pir)[5a, 6], and nintedanib (ND)[7] has increased. However, the delivery methods of these drugs, such as oral administration or intravenous injection, are not lung-targeted, so excessive amounts are used and lead to side effects, such as liver dysfunction. Moreover, the effect of dual-releasing Pir and another corticosteroid drug molecule, dexamethasone (Dex)[5b], also remains unexplored.
The pulmonary delivery system (PDS) delivers drugs through the lungs is an attractive route for therapeutic administration to treat various disorders, including heart disease[8]. PDS is a simple, rapid, targeted delivering method that can potentially enhance the therapeutic efficiency and bioavailability of drugs, especially in lung-specific diseases[9]. There are several advantages of drug administration through the lungs, including the large surface area, high vascularization, and low metabolic activity of the lungs[10]. However, these advantages also allow toxic and harmful substances (e.g., bacteria, contaminants) to enter the lungs with the same high efficiency; hence, lungs have biological barriers for protection. First, there is a viscous mucus layer composed of mucin protein in the airways of the lungs. Mucin is a high molecular weight, heavily glycosylated protein with a fibrillar aggregated structure[11]. The harmful substances introduced during inhalation are excreted out of the body through mucociliary clearance via mucin. Second, if the harmful substances reach the alveolar region, they are removed via phagocytosis by alveolar macrophages[12]. These biological barriers of the lungs can effectively defend the human body from harmful substances. However, using the lungs for drug delivery, for instance, particle-based delivery, presents a problem as the biological barriers make it difficult for drugs to reach the alveolar region and have an effect. Hence, overcoming such a defensive system is one of the major concerns for the particle-based PDS to have a high therapeutic efficiency. As the representative delivery carrier for PDS, poly(lactide-co-glycolide) (PLGA) microparticles (MPs) are one of the most attractive materials due to their remarkable biocompatibility and enzymatic biodegradability[13]. However, PLGA use is limited as it can be easily removed from the alveolar region by macrophages, and vulnerability to mucociliary clearance still exists. 
Consequently, several methods for overcoming the lung defense system have been developed, such as polyethylene glycol (PEG)-ylation of the PLGA surface[14]. However, pulmonary delivery applications of zwitterion-based PLGA remain unexplored. A zwitterion, a molecule that contains an equal number of positive and negative charges, can form a physical and energetic barrier called a hydration layer on the surface due to its strong affinity to water and has an antifouling effect[15]. In this study, two types of zwitterions, sulfobetaine methacrylate (SBMA) and 2-methacryloyloxyethyl phosphorylcholine (MPC), were functionalized on the surface of size-controlled PLGA particles (~ 3 μm). These zwitterionic-PLGA particles are expected to evade the mucin proteins and macrophages due to the hydration barrier (Fig. 1a). As proof of concept, the anti-mucus and anti-macrophage uptake property of zwitterionic-PLGA was investigated in this study (Fig. 1b). Moreover, we constructed Dex/Pir-loaded zwitterion-PLGA (DPPG) and observed that synergistic effect of DPPG led reprogramming of over-polarized M2 macrophages to pro-inflammatory phenotype (M1).
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Figure 1. Schematic illustration of multifunctional zwitterionic-PLGA MPs a. Synthesis of zwitterionic-PLGA with stealth ability by hydration barrier. b. Multifunction (anti-mucociliary clearance, anti-macrophage uptake) of Zwitterionic-PLGA inhaler for pulmonary delivery

2. Results and discussion

2.1. Synthesis of zwitterion functionalized PLGA MPs 
Inhalable particles must have an optimized particle size[8a, 16]. The efficiency of reaching the alveolar region is low for nano-sized particles (< 1 μm) due to exhalation, and particles larger than 5 μm are removed from the oropharyngeal region. Therefore, particles with a size of 1–5 μm are generally accepted as the optimal size to reach the alveolar region. Prior to functionalizing sulfobetaine methacrylate (SBMA) and 2-methacryloyloxyethyl phosphorylcholine (MPC) on PLGA MPs, the optimized size of PLGA MPs (mean size: 3.61 μm) for pulmonary delivery were constructed and overall preparation steps are briefly introduced in experimental section. 
[bookmark: _Hlk130805528][bookmark: _Hlk130805553]In practice, for the modifying surface of synthesized PLGA MPs, the solvent that cannot dissolve PLGA should be used. Therefore, zwitterion functionalization of PLGA MPs were conducted through an optimized process using non-solvent and organic solvent that does not dissolve PLGA. The process of zwitterion functionalization to PLGA MPs was carried out by the atom transfer radical polymerization (ATRP) method (Fig. 2a). First, an aminolysis reaction was performed using ethylenediamine (EDA) to form an amine group on the synthesized PLGA MPs by using IPA as solvent. The aminolysis process induces the degradation of PLGA MPs rapidly depending on the reaction time, and after 30 minutes of the aminolysis process, the MP morphology started to change, and aggregation also appeared (Fig. S1a). The surface charge of the amine functionalized PLGA MPs (NH2-PG) increases according to the reaction time, and further aminolysis was performed for 10 minutes in consideration of particle stability (Fig. S1b). Using fourier-transform infrared spectroscopy (FT-IR), the newly formed peak by the amine group and the decreased C-O peak indicated that aminolysis was successfully conducted (Fig. S2a)[17]. Through a 2,4,6-trinitrobenzene sulfonic acid (TNBS) assay, we quantitatively analyzed the amount of amine groups and found that 20.817 μM amine groups formed in 1 mg of NH2-PG (Fig. S2b). Then, ATRP initiation was performed by reacting with a-bromoisobutyryl bromide (BiBB) by using hexane as solvent. Lastly, zwitterion functionalized PLGA (ZwPG) was synthesized by the functionalization of SBMA and MPC on the surface of the Br-activated particles (SBPG, MPG, respectively) by using mixed solvent of MeOH and DW (1:9). Transmission electron microscopy (TEM) imaging indicated that the spherical structure of SBPG and MPG did not change due to the synthesizing process (Fig. 2b). The aerodynamic size of each particle is similar at 3.06 μm for PLGA MPs, 3.32 μm for SBPG, and 3.089 μm for MPG (Fig. S3). However, in the case of mean size of the particles, the SBPG and MPG slightly increased which is due to the increased hydrodynamic diameter by the hydration layer formed by zwitterion (Fig. 2c). 
Through X-ray photoelectron spectroscopy (XPS), the N-H group of NH2-PG from aminolysis, and the additional -R3N+ peak formation in SBPG and MPG, were characterized (Fig. 2d). The aminolysis reaction increased the C-H group ratio, and the newly formed C-N group was also detected (Fig. S4a). Then, by reacting with BiBB during the ATRP initiation process, an additional Br peak was formed (Br-PG) (Fig. 2e). Lastly, through zwitterion functionalization, SBPG and MPG showed S atom and P atom peaks, respectively, for each sulfobetaine and phosphorylcholine zwitterion moiety (Fig. 2f, g, Table 1)[18]. The formation of the -SO3 and S-C groups in SBPG and the O-P=O group in MPG was verified and indicated that each zwitterion monomer reacted with Br-PG successfully. The ratio of Br atoms is further decreased after the Br-PG reaction with the zwitterionic monomer (Fig. S4b). Subsequently, energy dispersive x-ray spectroscopy (EDS) analysis of SBPG and MPG according to the overall zwitterion functionalization process on a flat silicon wafer was conducted, and each S and P atom formed on the PLGA-coated surfaces was confirmed (Fig. S5). Using Raman spectroscopy, the decreased glycolic acid (O-C=O) peak of PLGA and the newly formed broad methacrylate peak (820 cm-1) in SBMA and MPC were also investigated (Fig. 2h). Finally, the zeta potential of particles according to each process was analyzed, and SBPG and MPG featured a near-zero net charge at -4.8 mV and -2.3 mV, respectively, which indicates that the zwitterion is successfully functionalized on PLGA MPs (Fig. 2i). The hydration layer formed by the zwitterion was further analyzed by confocal microscopy. As a result, the hydration layer of SBPG and MPG capped the hydrophilic dye, methylene blue (MB), while the surface of PLGA MPs did not show any MB dye on surfaces (Fig. S6).
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Figure 2. Analysis of synthesized zwitterionic-PLGA MPs (ZwPG) a. Schematic illustration of the synthesizing steps of zwitterion functionalization. b. Transmission electron microscopy (TEM) image of synthesized PLGA MPs, sulfobetaine zwitterion-functionalized PLGA MPs (SBPG), and phosphorylcholine zwitterion-functionalized PLGA MPs (MPG). c. Laser scattering size analyzer data of PLGA, SBPG and MPG d-g. X-ray photoelectron spectroscopy (XPS) data of PLGA, SBPG, and MPG. h. Raman spectroscopy analysis of PLGA, SBPG, and MPG. i. Zeta potential analysis of MPs (bare PLGA MPs, NH2-PG, Br-PG, SBPG, and MPG)

2.2. Anti-mucus adhesion ability of SBPG and MPG
[bookmark: _Hlk130226149][bookmark: _Hlk130226322][bookmark: _Hlk130226332]In order to increase the efficiency of the PDS in reaching the alveolar region, it is necessary to overcome mucociliary clearance in the airway[11a, 19]. Thus, the interaction between mucin proteins and ZwPG in the mucus solution should be decreased to overcome this mucociliary clearance. The anti-mucus property of the hydration barrier of ZwPG is expected to prevent mucin protein adhesion[20]. Thus, a newly designed experiment for investigating the mucus stability of MPs was conducted. Since water-dispersed MPs naturally form a pellet over time due to gravity and mucin proteins are densely structured in a fibrillar aggregated network in a mucus solution, if MPs are dispersed in a mucus solution, most of the MPs will aggregate with mucin protein and not form a pellet. Therefore, we expected that if PLGA MP was dispersed in a mucus solution, PLGA would not evade the mucin proteins and would remain in the mucus layer or showing decreased rate of settlements[14a, 21]. Contrarily, ZwPG has a lower interaction with mucin protein due to the hydration barrier, which would prevent aggregation with mucin. Therefore, it was expected that ZwPG would penetrate a longer distance in a mucus solution than PLGA alone. As a proof of concept, a mixture of a mucus solution and rhodamine-B (RhB) labeled MPs (PLGA MPs, SBPG, and MPG) was prepared, and the intensity of RhB floating over the mucus solution per time point (in situ) was investigated. The average mobility of each MP in the mucus solution was quantitatively analyzed (Fig. 3a). As a result, it was verified that 57.45% of the PLGA MPs formed a pellet, whereas 87.07% and 78.27% of SBPG and MPG formed pellets, respectively (Fig. 3b). 
[bookmark: _Hlk130226071]To support the above experimental results, the amount of mucin protein adhered to the MP surface was quantitatively analyzed after incubating each particle in a mucus solution for 4 hours. As a result, 419.9 μg of mucin protein adhered to PLGA MPs, while 143.8 and 73.8 μg adhered to SBPG and MPG, respectively (Fig. 3c). Subsequently, the adhered mucin protein on MP surfaces were investigated by using raman spectroscopy. Consequently, it was verified that the PLGA MPs showed the highest intensity of Raman shift of mucin protein (1566 cm-1) than SBPG and MPG (Fig. 3d). Lastly, the mucus penetration ability of MPs was investigated by transwell experiments. As a result, only 15.29 % of PLGA MPs penetrated the mucus layer, whereas 62.8 and 46.6 % of SBPG and MPG penetrated the mucus layer, respectively (Fig. 3e). Overall results suggest that the hydration barrier of ZwPG can reduce the interaction with mucin protein and exhibit a high anti-mucus ability and high stability in a mucus solution. Therefore, ZwPG is expected to have great potential for evading mucociliary clearance.
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Figure 3. Investigation of the anti-mucus function of ZwPG a. Schematic illustration of the experimental setup for investigating the anti-mucus function of ZwPG. b. Quantitative analysis of the anti-mucus ability of PLGA MPs, SBPG, and MPG. c. Bicinchoninic acid (BCA) analysis of adhered mucin protein on MP surfaces. d. Raman spectroscopy data of adhered mucin protein of PLGA MPs, SBPG, and MPG. e. Investigation of the mucus penetration ability of PLGA MPs, SBPG, and MPG in a transwell experiment. Data are presented as mean ± standard deviation (SD, n = 3); *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-way ANOVA with Turkey’s correction, all experiments were conducted independently).


2.3. Analysis of bioavaiability and nebulizing stability of ZwPG
Prior to investigate the synergistic effect of the drug-loaded PLGA particles in macrophage reprogramming, we inspected the nebulizing stability of the particles, bioavailability, and quantitative analysis of drug-loaded amount. For the analysis of nebulizing stability of particles, after nebulizing the prepared MP solution (5 mg/ml in 1X PBS) for 10 minutes, the nebulized MPs were collected, and the morphology and zeta potential were analyzed [22]. As a result, there was no morphological change in PLGA MPs, SBPG, and MPG (Fig. 4a). Moreover, there was no significant change in the surface charge of the MPs (Fig. 4b), which indicates that the MPs have high nebulizing stability. 
[bookmark: _Hlk131000143][bookmark: _Hlk131346283][bookmark: _Hlk131350946]The toxicity in lung-derived cells (MRC-5 and L132) of SBPG and MPG (particles and lysate, 1 mg/ml) was firstly investigated. We found that both SBPG and MPG showed excellent biocompatibility in lung cells (Fig. 4c). Additionally, the toxicity in human umbilical vein endothelial cells (HUVECs) of PLGA MP, SBPG and MPG was analyzed. As a result, the PLGA MP, SBPG and MPG showed high biocompatibility (Fig. S7). Subsequently, a macrophage uptake assay of PLGA MPs, SBPG, and MPG by confocal microscopy was firstly conducted. As a result, most of the PLGA MPs were internalized in the cells, while the SBPG and MPG were free around the macrophages without being phagocytosed (Fig. 4d, Fig. S8, Fig. S9a). Additionally, flow cytometry analysis of macrophage uptake was then conducted and decreased macrophage uptake of SBPG and MPG was indicated (Fig. S9b). The mean fluorescence intensity (MFI, × 104) was 3.3475 for PLGA MPs, 3.02 for SBPGs and 2.9216 for MPG which demonstrates the functionalized zwitterions on PLGA MPs have decreased macrophage uptake. These results were expected because the hydration barrier on the surface of SBPG and MPG zwitterions inhibited macrophage recognition of the particles as pathogens[23]. Through the macrophage uptake assay, it was verified that the MPs are not phagocytosed by the macrophages due to the zwitterion functionalization, and thus, they have excellent bioavailability for delivery to the lungs through nebulizing. The reduced phagocytosis indicate that Pir and Dex can be released by biodegradation of ZwPG. 
Both hydrophilic and hydrophobic drug molecules can be loaded onto PLGA MPs during the synthesis process. The loaded drugs could be spontaneously released due to hydrolysis of ester linkages and biodegradation of PLGA particles[24]. Firstly, RhB (hydrophobic dye) and MB (hydrophilic dye) were used as model drugs and successfully loaded into PLGA MP (Fig. 4e). The Pir and Dex, were selected as drugs for the following experiments which both drugs are targeting macrophages reprogramming. Pir is an FDA-approved drug for IPF treatment, and Dex is a corticosteroid that has a potent effect on hyper-activated immune cells[5a, 5b]. However, Pir has side effects, such as nausea and stomach irritations[25], and Dex is a steroidal medicine that can cause serious problems in the endocrine system when administered in high concentrations[26]. Consequently, optimizing minimal doses of both Pir and Dex to maximize the effects is an important concern for drug administration. We hypothesized that mixed use of Pir and Dex could be maximized with minimal concentrations of both drugs for the mediation of phenotypes of macrophages. The synergistic effect of such dual drug delivery is so far undiscovered. Accordingly, Dex as a hydrophilic drug, and Pir as a hydrophobic drug, were loaded into PLGA MPs, followed by SBMA zwitterion functionalization. Finally, Dex/Pir-loaded SBPG (DPPG) was synthesized, and it was confirmed that 26.95 and 9.28 μg/mg of Dex and Pir were loaded in DPPG, respectively (Fig. 4f)[5b, 6, 27]. 
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Figure 4. Bioavailability test of inhalable ZwPG a-b. Illustration of nebulizing ZwPG (left) and SEM image of collected microparticles after nebulizing (right, scale: 1 μm). b. Zeta potential analysis of each particle before nebulizing (left bar) and after nebulizing (right bar). c. Biocompatibility test of SBPG and MPG to lung-derived cells (L132, MRC-5). d. Macrophage uptake analysis of PLGA MP, SBPG and MPG by confocal microscopy (scale: 20 μm). e. Confocal image of rhodamine-B (RhB, hydrophobic) and methylene blue (MB, hydrophilic) loaded in PLGA MP. f. UV-vis spectroscopy analysis of dexamethasone phosphate (Dex) and pirfenidone (Pir) loaded in PLGA MP (left) and quantitative analysis of loading amount of Dex and Pir (right).

2.4. Investigating effect of Dexamethasone/Pirfenidone-loaded SBPG (DPPG)
As described previously, lung-related diseases mainly occur due to over-polarized macrophages. Among them, the diseases such as IPF, connective tissue disease, tuberculosis are known as progressed by over-polarized M2 macrophages, and asthma, chronic obstructive pulmonary disease (COPD) are known as progressed by over-polarized M1 macrophages[1c]. Therefore, regulation and reprogramming of phenotypes of macrophages is required, which can prevent serious progress of lung disease. In this study, the reprogramming of over-polarized M2 macrophages were targeted, and analyzed whether polarization of macrophage could be mediated through simultaneously delivered Pir and Dex both drugs by synergistic effect.
 In order to analyze the effect of DPPG, flow cytometry analysis (FACS) was conducted. Prior to sample treatment, the macrophages (RAW 264.7) were over-polarized to M2 by treating IL-4. Then, the DPPG was administered to over-polarized M2 macrophages at different concentrations of 0.25 mg/ml (DPPG-25), 0.5 mg/ml (DPPG-50), and 1 mg/ml (DPPG-100). The detailed experimental setup for FACS was introduced in the experimental section. From the gathered FACS data, t-stochastic neighbor embedding (tSNE) maps were obtained by using the combined data from all experimental groups (Fig. 5a). The relevant cell populations were identified based on the surface marker expression of RAW264.7 cells (identification of cell populations are explained in the experimental section). When surface marker expressions were compared for each cell population, we observed that a high intensity of Pop 0, 1, and 7 indicates M2 polarization and a high intensity of Pop 2, 4, and 5 indicates M1 polarization of macrophages (Fig. S10, S11). As demonstrated in the tSNE map of each group (Fig. 5b), the increased intensity of Pop 0 and 1 of the CTRL+ group by IL-4 was expressed. PLGA MPs rarely displayed an influence on M2 polarized cells (Fig. 5c). On the contrary, DPPG-25 and 50 showed significant effectiveness for M1 polarization and DPPG-50 showed the highest synergistic effect of Dex and Pir (Fig. 5d) by dramatically decreasing ratio of M2 polarization. Moreover, DPPG-100 displayed the balanced polarization of M1 and M2 which indicates 26.95 and 9.28 μg of Dex and Pir is optimized concentration for the balanced macrophage phenotype regulation. Consequently, DPPG-25 and DPPG-50 showed an increased M1 polarization percentage (%), and DPPG-100 showed a similar M1 and M2 polarization percentage (Fig. 5e).
Further, cytokines secreted by the RAW264.7 cells were investigated by ELISA (Fig. 5f). The ELISA results demonstrated trends similar to the FACS results, and it was observed that TNF-α secretion increased almost 2.5 times when DPPG-25 and DPPG-50 was administered. Specifically, the expression of M1 did not significantly increase in the FACS results in the group treated with PLGA MPs (PG). However, secretion of TNF- α was increased 1.65 times with PLGA MPs. These results suggest that RAW264.7 macrophages have responsibility to PLGA MP and may contribute to the stronger effect of DPPG treatment. IL-6 secretion showed a different trend than TNF-α. In the DPPG-50-treated group, IL-6 secretion was slightly decreased compared to in the CTRL- group, which indicates that M2 polarization could be re-induced at a relatively high concentration. Impressively, it was observed that the expression levels of TGF-β and IL-10 were significantly decreased in DPPG-treated cells, indicating that DPPG (even at lower Pir and Dex doses than the effective doses) induced the polarization of M2 macrophages to M1. 
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Figure 5. Synergistic effect of DPPG on over-polarized M2 macrophage a. t-Stochastic neighbor embedding (tSNE) plot from pooled macrophage samples of each cell population. b. tSNE plot of each sample. c. tSNE comparison of CTRL+/PLGA and d. CTRL+/DPPG 50. e. M1/M2 polarization percentage of each sample. f. ELISA results of each sample. Data are presented as mean ± standard deviation (SD, n = 3); *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-way ANOVA with Turkey’s correction, all experiments were conducted independently).

As described previously, pulmonary fibrosis (PF) occurs due to increased M2 polarized alveolar macrophages, and cytokines such as TGF-β and IL-10 are excessively secreted, which induces over-proliferation of fibroblasts and collagen hypersecretion[1a]. The over-proliferated fibroblasts and thickly deposited collagen reduce the efficiency of O2/CO2 exchange in the alveoli region. To treat IPF, induction of M2-polarized macrophages to M1 polarization is required, which can inhibit fibroblast proliferation and induce degradation of the collagen layer by the secretion of tumor necrosis factor-alpha (TNF-α) and IL-6 (Fig. 6a, b). Therefore, as a study for model disease PF, we conducted an enzyme-linked immunosorbent assay (ELISA) to analyze the cytokines secreted when DPPG-50 was administered to macrophages (RAW264.7). We wanted to evaluate whether Dex and Pir have a synergistic effect on un-polarized macrophages when delivered simultaneously with DPPG (Fig. 6c). The concentration of Dex and Pir administered to the macrophages was the expected effective dose according to previous studies (20 and 10 μg/ml, respectively), while the Dex/Pir concentration of DPPG-50 was lower than the effective dose of both drugs (13.475 and 4.64 μg/ml, respectively). As a result, it was shown that TNF-α and IL-6 expression was higher in the DPPG treated group than in the groups where Dex or Pir was administered alone, which indicates that a higher ratio of M1 polarization was induced by the synergistic effect of simultaneous Dex and Pir administration. Furthermore, the effect of DPPG was observed at a lower concentration than the effective doses of Dex and Pir, which suggests that DPPG is more powerful for PF treatment than Dex or Pir alone. Previous studies have shown that Dex induces M2 polarization and increased IL-10 expression when Dex was administered alone was indicated[28]. However, IL-10 expression was not significantly different in the DPPG-treated group compared to the control group, which demonstrates that simultaneous delivery of Dex and Pir both did not induce M2 polarization.
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Figure 6. Strategy for treatment of pulmonary fibrosis (PF) a. Schematic illustration of over-polarized M2 phase-derived lung tissues and strategy for macrophage reprogramming. b. Functions of Dex/Pir loaded SBPG (DPPG) to macrophage and IPF. c. Enzyme-linked immunosorbent assay (ELISA) data of Dex, Pir (single drug, each) and DPPG to Raw264.7 macrophage. Data are presented as mean ± standard deviation (SD, n = 3); *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-way ANOVA with Turkey’s correction, all experiments were conducted independently).

3. Conclusion
For a highly efficient particle-based PDS, the defense system of the lungs (i.e., mucociliary clearance, macrophage uptake) must be overcome. In this study, PLGA MPs were functionalized with two types of zwitterions without damage to the PLGA particles through ATRP reaction by optimized solvent control. The synthesized zwitterion-functionalized PLGA MPs (ZwPG) showed high stability for nebulizing, and it has been verified that ZwPGs have excellent anti-mucus adhesion and anti-macrophage phagocytosis functions which are expected to dramatically increase drug delivery efficiency through PDS. In addition, Dex and Pir, were loaded into biocompatible ZwPG (DPPG), and the regulation of macrophage polarization was analyzed. As a result, a synergistic effect was shown through the simultaneous delivery of Dex/Pir by DPPG, and the over-polarized M2 macrophages were reprogrammed to pro-inflammatory phenotypes, which indicates the potential of DPPG for macrophage phenotype regulator. The overall results demonstrate that ZwPG is a highly attractive drug delivery carrier for the PDS, and the delivery of Dex/Pir through ZwPG has great potential for PF treatment.

4. Experimental Section/Methods 
4.1. Reagents and materials 
Poly(lactide-co-glycolide) (PLGA, 50:50, MW 30,000–60,000), poly(vinylalcohol) (PVA, Mw 13,000–23,000, 87–89% hydrolyzed), ethylenediamine (EDA), dichloromethane (DCM), dimethyl sulfoxide (DMSO, ≥ 99%), a-bromoisobutyryl bromide (BiBB), hexane (anhydrous, 95%), copper(II) bromide (CuBr2, 98%), triethylamine (TEA, ≥ 99.5%), 2,2’-bipyridyl (bpy, ≥ 99%), L-ascorbic acid (AA), sulfobetaine methacrylate (SBMA), 2-methacryloyloxyethyl phosphorylcholine (MPC, 97%), methanol (MeOH, anhydrous), mucin from porcine stomach (Type II), Roswell Park Memorial Institute (RPMI) 1640 amino acids solution (50X), egg yolk emulsion, sodium chloride (NaCl), potassium chloride (KCl), rhodamine B (RhB), methylene blue (MB), dexamethasone sodium phosphate (Dex), and pirfenidone (≥ 97%, HPLC) were purchased from Sigma Aldrich (Korea). Phosphate-buffered saline (10X) and 4’6-diamidino-2-phenylindole (DAPI) were obtained from Thermofisher Scientific (Korea). Isopropyl alcohol (IPA) was purchased from Daejung (Korea). PE anti-mouse F4/80 (Clone: 123110), Pacific BlueTM anti-mouse/human CD11b (Clone: 101224), fluorescein-5-isothiocyanate (FITC) anti-mouse CD80 (Clone: 104706), Alexa Fluor 647 anti-mouse CD206 (Clone: 141712), purified anti-mouse CD16/32 (Clone: 101302), and 7-AAD viability staining solution (Clone: 420403) were purchased from BioLegend (DaesungBio, Korea). 

4.2. Synthesis of PLGA MPs
PLGA MPs were prepared using the double emulsion (W1/O/W2) solvent evaporation method[29]. In brief, 75 mg PLGA was dissolved in 3 ml DCM, and 1 ml of deionized water (DW, Human power 1 biotype, Human corporation, 18.3 MΩ) was added to the solution. The prepared solution was emulsified with an ultrasonic processor (VC-505, SONICS) to form a primary emulsion (W1/O). Then, the primary emulsion was added to the PVA solution (2 wt %) in a dropwise manner. The double emulsion (primary emulsion mixed with PVA, W1/O/W2) was formed by ultrasonication. The double emulsion was stirred for six hours to remove the DCM (800 rpm, 37℃) and solidify the microparticles. The PLGA MPs were collected by centrifuging and washing with DW three times (13000 rpm, 10 minutes, VARISPIN15R, Hanil Scimed) and frozen with liquid nitrogen. The frozen PLGA MPs were lyophilized (FreeZone 2.5 Liter – 50 C, LABCONCO) for two days, and finally, 3 μm sizes of PLGA MPs were constructed. The final product was stored at -20 ℃ until further use.

4.3. Zwitterion functionalization of PLGA MPs
For the amine functionalization of the PLGA MPs, the prepared PLGA MPs (10 mg/ml) and 0.5 M EDA were dissolved in IPA, and the aminolysis reaction was conducted for 10 minutes. The aminolyzed PLGA MPs (NH2-PG) were washed two times with IPA and once with DW (8000 rpm, 10 minutes), and lyophilized for two days. Then, atom transfer radical polymerization (ATRP) initiation was conducted. The dried NH2-PG (10 mg/ml) was suspended in 10 ml hexane, and 140 μL TEA (1 mmol) was added. The BiBB was then added dropwise to the suspension (10 μL) with gentle stirring and incubated for two hours in an ice bath (0℃) and an additional four hours at room temperature (RT). After the reaction, the remaining reagents were washed with pure hexane four times (3000 rpm, 5 minutes). The BiBB-functionalized PLGA MPs were vacuum-dried overnight at RT prior to washing with DW. The resultant MPs were washed with DW, lyophilized, and the obtained Br-PG was also stored in a freezer until use. For the ATRP reaction of SBMA and MPC, 2.23 mg CuBr2, 3.123 mg bpy, and 17.612 mg AA were dissolved in 10 ml MeOH and DW mixed solvent (1:9). Br-PG (10 mg/ml) was added to the solution and dispersed with sonication. Then, SBMA or MPC (6 mM) was added to the solution. The ATRP reaction was conducted for 8 hours at RT, and the resultant was washed with MeOH once and DW twice. The pellet was lyophilized for two days, and finally, zwitterion-functionalized PLGA MPs (ZwPG) were synthesized. The SBMA functionalized PLGA MPs were named SBPG, and MPC functionalized PLGA MPs were named MPG. ZwPG was also stored at -20℃ until further use.

4.4. ZwPG characterization
X-ray photoelectron spectroscopy (XPS) data were collected using a K-alpha+ microscope (ThermoFisher Scientific). Raman spectroscopy spectra were obtained using an XploRATM PLUS (Horiba). The hydrodynamic size and aerodynamic size of each particle was obtained by using laser scattering particle size distribution analyzer (LA-960, Horiba). Zeta potential experiments were carried out using an SZ-100 (Horiba). Transmission electron spectroscopy (TEM) images were obtained using NEOARM (JEM-ARM200F), and an energy dispersive X-ray spectrometer (EDS) analysis was conducted using a field emission scanning electron microscope (JEOL-7800F). A UV-vis spectroscopy analysis was conducted using a model Evolution 300 (ThermoFisher Scientific). For the analysis of the hydration layer on ZwPG, the dye-capping ability of MPs was investigated. Briefly, the MPs (1 mg/ml) were dispersed in methylene blue (MB) solution (1X PBS as solvent, 0.1 mg/ml) and incubated for 10 minutes. Then the MPs were thoroughly washed three times with 1X PBS and imaged using confocal microscopy (LSM 980, Carl Zeiss). 

4.5. Anti-mucus adhesion assay
Prior to the anti-mucus adhesion assay, an artificial mucus solution was prepared as previously described with slight modifications[19, 21]. Briefly, 250 mg mucin, 1 ml RPMI amino acid solution, 250 μL egg yolk emulsion, 250 mg NaCl, and 110 mg KCl were dissolved in DW (50 ml). The mucus solution was stirred for two hours for equilibration at 37℃, centrifuged for 20 minutes (6000 rpm), and the supernatant was used for further analysis. For the labeling of ZwPG, RhB was added to the PLGA solution, which was dissolved in DCM, and the same zwitterion-functionalization step was performed, and RhB-labeled ZwPG (RhB-SBPG and RhB-MPG) were synthesized.
The lab-designed anti-mucus experiment was conducted following a simple experimental setup. The RhB-labeled ZwPG (1 mg/ml, SBPG and MPG) was dissolved in a prepared mucus solution (3 ml each). Then, the mixed solution was placed in UV-vis cuvettes, and the RhB intensity was measured every 10 minutes (λ = 500–600 nm) for 4 hours. For the bicinchoninic acid assay (BCA), 10 mg of ZwPG (SBPG or MPG) was dispersed in a mucus solution (1 ml, n = 3) and incubated for 4 hours at 37℃. After incubation, the mixed ZwPG solution was centrifuged (6000 rpm), and the supernatant used for the BCA assay (PierceTM BCA protein assay kit, ThermoFisher Scientific), and the mucin protein on the pellet was detected using Raman spectroscopy. The mucus penetration ability test was performed using a 24-well transwell plate (Corning®, 8 μm pore size). First, each RhB labeled MP (PLGA, SBPG, and MPG) was dispersed in 1X PBS (10 mg/ml). In the 24-well plate, 0.5 ml of pure 1X PBS was added. Next, the mucus solution (100 μL) was added to the transwell insert first, and the prepared RhB-ZwPG solution (100 μL) was added subsequently. After incubation for 4 hours, the inserts were removed, and 200 μL samples were collected and measured using a plate reader at 546 nm (SpectraMax 340 PC; Molecular Devices). 

4.6. Collection of nebulized MPs
The PLGA MPs and ZwPG aerosols were collected by attaching a 50 ml tube to the outlet of a nebulizer (InnoSpire Elegance with SideStream, Philips), and the tube and nebulizer outlet were fixed using parafilm. For the aerosol, each particle was dispersed in 1X PBS with a concentration of 5 mg/ml. The nebulizing was conducted for at least 10 minutes, and after nebulizing, 10 ml 1X PBS was added to the aerosol-containing tube, and the nebulized MPs were collected. After centrifugation (8000 rpm), the supernatant was removed, and 1 ml of pure 1X PBS was added to resuspend the nebulized MPs for further analysis.

4.7. Cell viability and macrophage uptake assay for ZwPG
[bookmark: _Hlk131000816][bookmark: _Hlk131000842]The cell viability of ZwPG was evaluated using L132 and MRC-5 cells, which are human lung-derived cells. The L132 cells were cultured in complete Dulbecco’s Modified Eagle’s Medium (DMEM, high glucose, pyruvate) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (PS), which were purchased from ThermoFisher Scientific. The cell culture medium for the MRC-5 cells was α-Minimum Essential Medium (αMEM, Thermofisher Scientific), containing the same concentration of FBS and PS as the L132 medium. The cell culture medium for the human umbilical vein endothelial cells (HUVECs) was Endothelial Cell Growth Basal Medium (EBM), containing the supplements (Endothelial Cell Growth Medium SingleQuotsTM Supplement Pack, Lonza) and 1% PS. The cells were cultured following the protocol from the cell supplier. After cell culture, the cells were seeded in 24-well plates at the same cell density (5 × 104 cells/well). After two days of cell incubation (5% CO2 atmosphere, 37℃), the MP samples were administered to each well (n = 3). The type of samples was separated with particles and lysate (dissolved MPs in 10 μL DMSO) of SBPG or MPG with the same concentration (1 mg/ml). To test the cell viability of the lysate, the same amount of DMSO was also administered to the control (CTRL) group. After two days of incubation, the cells were washed with 1X PBS twice, and 500 μL growth medium and 50 μL cell counting kit-8 (CCK-8) reagent (Donginbiotech Co., Korea) were added, followed by incubation for 1.5 hours. Then, the medium was collected, and the absorbance (λ = 450 nm) was measured using a plate reader. For the viability test of HUVECs, only particle samples were administered to each well (1 mg/ml, n = 3). After incubation for one day and two days, respectively, cell viability was confirmed through CCK assays as with L132 and MRC-5 cells.
[bookmark: _Hlk131347476][bookmark: _Hlk131343560]The macrophage uptake test was conducted using RAW264.7 macrophages. The RAW264.7 cells were cultured using DMEM (low glucose) with 10% FBS and 1% PS. The cultured RAW264.7 cells were seeded in a 3-well chamber (Ibidi, 1 × 104 cells/well). Then, an equal concentration of RhB-labeled PLGA MPs, SBPG, and MPG was administered to each well (0.1 mg/ml) and incubated for 4 hours. After incubation, the chamber was washed three times with 1X PBS to remove the residual MPs, and the cells were fixed with formaldehyde (Sigma Aldrich, Korea) for 15 minutes. Then, the chamber was washed with 1X PBS three times, and the fixed cells were stained with DAPI (for nuclei staining, 1X, dissolved in 0.1% BSA in 1X PBS) for 45 minutes. The stained cells were imaged by confocal microscopy (LSM 980, Carl Zeiss). The quantitative analysis of macrophage uptake was investigated by flow cytometry analysis. Briefly, the RAW 264.7 macrophages were cultured and seeded to 24-well plate (1 × 105 cells/well). After 1 day, the rhodamine-labeled MPs (PLGA MP, SBPG and MPG) were treated to each well plate (100 μL of 0.1 mg/mL MP solution). After incubation 4 hours, each well was washed two times with 1X PBS and detached by using a cell scraper. Collected cells were centrifuged for 5 minutes at 1500rpm at 4, and the supernatant was removed. Then, the cells were blocked with CD16/32 for 20 minutes, and the supernatant was removed. Subsequently, antibody for CD11b was added to each cell and incubated for 30 minutes. The cells were then centrifuged and washed with FACS buffer three times. Lastly, the cells were strained with FACS buffer and then analyzed using a flow cytometer (BD FACS verse I, Becton-Dickinson). The gathered data was analyzed using FlowJo software.

4.8. Synthesizing Dex/Pir-loaded PLGA MPs (DPPG)
For the drug loading of PLGA MPs, both drugs (Pir and Dex) are added in the initial PLGA MP synthesis process. The Pir (15 mg, hydrophobic) was dissolved in DCM with PLGA, and Dex (30 mg, hydrophilic) was dissolved in DW, followed by the same experimental steps for PLGA MP synthesis and SBMA functionalization. Finally, Dex/Pir-loaded SBMA functionalized PLGA MPs were synthesized (DPPG).

4.9. Enzyme-linked immunosorbent assay of Dex, Pir, and DPPG treated to macrophages
For the investigation of the effect of DPPG for reprogramming of macrophage phenotypes, the macrophages were M2-polarized prior to treatment with Dex, Pir, and DPPG. Briefly, the RAW264.7 cells were seeded in a 24-well plate (SPL, 1 × 105 cells/well) and incubated for one day. Then, interleukin-4 (IL-4, 40 ng/ml, ThermoFisher Scientific) was administered to all wells except the negative control group (CTRL-) and incubated for two days. After two days, the drugs and lysates of DPPG were administered by the following steps. For the positive control group (CTRL+), lipopolysaccharide (LPS, ThermoFisher Scientific) was added at a final concentration of 100 ng/ml. Dex was dissolved in 1X PBS and added to wells at a final concentration of 20 μg/ml. Pir was dissolved in DMSO (10 μL) and added to wells at a final concentration of 10 μg/ml. DPPG (0.5 mg) was dissolved in DMSO (10 μL) and added to wells at a final concentration of 12.5 μg/ml Dex and 4.5 μg/ml Pir. Additionally, 10 μL DMSO (the same amount in the samples and Pir treatment) was added to wells that had not been previously dosed with DMSO. After one day of incubation, the cell supernatant was collected, centrifuged (8000 rpm, 10 minutes, 4℃) and stored at 4℃ for the ELISAs.
In this study, ELISA kits for TNF-α (Mouse TNF-alpha Quantikine ELISA kit), TGF-β (Mouse TGF-beta 1 Quantikine ELISA kit), IL-6 (Mouse IL-6 Quantikine ELISA kit), and IL-10 (Mouse IL-10 Quantikine ELISA kit) were purchased from R&D systems (Korea). Before the TGF- β ELISA, the collected samples were activated using a sample activation kit 1 (R&D systems, Korea) following the activation procedure.

4.10. Flow cytometry analysis and ELISAs for overly M2-polarized macrophages
Prior to sample treatment for FACS, the RAW264.7 cells were also over-polarized to M2 by using the same experimental protocol as in the previous section. After M2 polarization of the macrophages, bare PLGA MPs (1 mg/ml dissolved in 10 μL DMSO), DPPG at different concentrations (0.25, 0.5, and 1 mg/ml dissolved in 10 μL DMSO) were administered, and 10 μL DMSO were administered to the negative control group (CTRL-) and positive control group (CTRL+). Except in the CTRL- group, IL-4 (40 ng/ml, final concentration) was added again after the sample treatment. Then, the cells were incubated for one day and collected following the experimental procedure for FACS sampling.
The surface expression markers for macrophages (F4/80, CD11b), M1 macrophages (CD80), and M2 macrophages (CD206) were examined using flow cytometry. Collected cells were centrifuged for 5 minutes at 1500rpm at 4, and the supernatant was removed. Then, the cells were blocked with CD16/32 for 20 minutes, and the supernatant was removed. Subsequently, antibodies for F4/80, CD11b, CD80, and CD206 were added to each cell and incubated for 30 minutes. The cells were then centrifuged and washed with FACS buffer three times. To recognize live or dead cells, 7-AAD was added and incubated for 30 minutes. Lastly, the cells were strained with FACS buffer and then analyzed using a flow cytometer (BD FACS verse I, Becton-Dickinson). The gathered data was analyzed using FlowJo software.

4.11. Flow cytometry data analysis
FACS data were concatenated, and gating was performed using FlowJo. The dimensionality reduction was conducted from the concatenated samples by t-Stochastic neighbor embedding (tSNE) using surface markers (CD80, CD206, CD11b, and F4/80). The cell populations in the tSNE plots were identified using FlowSom, ClusterExplorer plugins, and a cluster heatmap table (Fig. S10), and tSNE data for each surface marker (Fig. S11) was obtained[22a].

Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author.
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For highly efficient pulmonary drug delivery, zwitterion-functionalized PLGA inhaler (ZwPG) with anti-mucus adhesion and evading macrophage properties are synthesized. The ZwPGs loaded with dexamethasone (Dex) and pirfenidone (Pir) (DPPG) showed synergistic effect than when used alone to reprogramming of over-polarized M2 macrophage to pro-inflammatory phenotype.
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자동 생성된 설명]
Figure. S1. Aminolysis of PLGA MP a. Transmission electron spectroscopy (TEM) image and b. Zeta potential analysis of according to reaction time (5, 10, 20, 30, 60 min).
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Figure. S2. Analysis of aminolyzed-PLGA (NH2-PG) a. Fourier transform infrared spectroscopy (FT-IR) data of PLGA MP and NH2-PG. b. Standard curve of 2,4,6-trinitrobenzene sulfonic acid (TNBS) assay
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[bookmark: _Hlk131350636]Figure. S3. Aerodynamic sizes of PLGA MP, SBPG and MPG (n = 3)
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Figure. S4. X-ray photoelectron spectroscopy (XPS) data a. C 1s peaks and b. Br 3d peaks of PLGA MP, Br-PG, SBPG and MPG. 
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Figure. S5. Energy-dispersive X-ray spectroscopy (EDS) analysis of PLGA MP, SBPG and MPG (scale: 1 μm)
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Figure. S6. Confocal image of hydration layer on microparticles (MB: methylene blue, scale: 10 μm) 
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[bookmark: _Hlk131349662]Figure S7. Biocompatibility test of PLGA MP, SBPG and MPG to human umbilical vein endothelial cells (HUVECs). Data are presented as mean ± standard deviation (SD, n = 3); NS indicates non-significant (One-way ANOVA with Turkey’s correction, all experiments were conducted independently).



[image: ]
Figure. S8. Macrophage uptake assay of PLGA MP, SBPG and MPG (BF: bright filed, RB: rhodamine-B) 
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[bookmark: _Hlk131349693]Figure. S9. Macrophage uptake analysis a. Quantitative analysis of particle uptake against RAW 264.7 cells by confocal analysis. b. Flow cytometry data analysis (FACS) of macrophage uptake. 
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Figure. S10. tSNE data of each surface markers 
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Figure. S11. Cluster heatmap table of flow cytometry result


	
	C 1s
	O 1s
	N 1s
	Br 3d
	S 2p
	P 2p

	PLGA
	65.95
	33.65
	-
	-
	-
	-

	NH2-PG
	63.26
	36.17
	0.57
	-
	-
	-

	Br-PG
	63.69
	35.4
	0.57
	0.34
	-
	-

	SBPG
	62.69
	35.95
	0.97
	0.08
	0.31
	-

	MPG
	62.93
	35.59
	0.95
	0.06
	-
	0.47



Table. 1. X-ray photoelectron spectroscopy (XPS) data of PLGA MP, NH2-PG, Br-PG, SBPG and MPG
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