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Editorial on the Research Topic 
Multifunctional Polymeric Materials for Drug and Gene Delivery

In recent years, various multifunctional polymers have been vastly explored as drug/gene carriers intended to deliver therapeutic reagents (Guo et al., 2019; Duo et al., 2020; Zhang et al., 2020). Their unique physical and biochemical properties render them new functions and possibilities such as targeting, bio-responsiveness, biointeractivity and adaptivity. This Research Topic focuses on recent advances of multifunctional polymers for drug and gene delivery, especially for tissue engineering and regeneration, cancer treatment. There are nine articles, including three review articles and six original research articles. The three review articles summarized the photodynamic therapy, nanogels and polypeptide micelles with tumor microenvironment-responsive drug release, enhanced membrane penetration and gas therapy by generating metabolites of nitric oxide (NO). Wang et al. introduced the smart polymeric delivery systems for the photodynamic therapy of tumor and bacterial infections, mainly discussed the strategies that could be tumor/bacteria targeted or activatable by their microenvironment such as enzyme/pH/reactive oxygen species (ROS). The activation of photodynamic therapy mainly involves following strategies: self-quenching and dequenching of photosensitizers, quenching the triplet state of photosensitizer via using another quencher and dequenching upon cleavage of sensitive bonds, and the responsive change of size and surface charge to enhance the internalization and penetration of tumor cells/bacterial cells. Du et al. summarized tumor microenvironment-responsive nanogels especially their preparation and applications. Nanogels are commonly prepared by free radical polymerization, covalent cross-linking, and physical self-assembly technologies. The drugs can be loaded in nanogels by physical encapsulation and chemical coupling methods. Nanogels endow with unique and useful properties with great potential in chemotherapy owing to their stable size, superior hydrophilicity, excellent biocompatibility, and microenvironment-responsively controlled drug release behaviors (Pinelli et al., 2020). Meanwhile, the authors briefly described the challenges and perspectives of nanogels. Xie et al. introduced the functional polymeric micelles based on basic amino acids i.e., lysine, histidine and arginine, and highlighted their applications as drug carriers for cancer therapy. Polylysine-based polymers with abundant active groups can be used as chemical attachment sites facilitating the construction of drug carriers. Polyhistidine-based polymers having imidazolyl functional groups possess the protonation and deprotonation under different pH-environments, thus enabling pH-responsive drug release. Polyarginine can enhance membrane penetration and gas therapy by generating metabolites of NO (Kudo and Nagasaki, 2015).
The original research articles involved drug/gene delivery for vascular regeneration by sustained release of NO, cancer photothermal and oxidative stress therapy by an NIR-II responsive nanoplatform, nanogel-mediated drug resistance alleviation, ameliorating corneal wound and suppressing neovascularization by Wnt/β-catenin pathway inhibitor and tacrolimus, as well as genetic transformation of plants. These delivery strategies were rationally designed, and demonstrated improvement effects compared with traditional therapeutic methods. Yang et al. developed a nitrate-functionalized vascular graft by electrospinning technology, which could release NO via stepwise biotransformation in vivo. This localized delivery of NO demonstrated enhanced cell in growth, endothelial cell monolayer formation, long-termpatency, and vascular smooth muscle cell layer regeneration, whilst inhibiting calcified plaque formation. Thus, the NO release graft could serve as a promising candidate for artificial small-diameter vascular graft replacement and bypass surgery.
ROS can be counteracted by the exorbitant glutathione (GSH) produced by the tumor cells before exerting the antitumor effect of chemodynamic therapy (Liu et al., 2020). Therefore, Huang et al. prepared a thermo-responsive vehicle (NB/CuS@PCM NPs) from borneol (NB) serving as a monoterpenoid sensitizer, and copper sulfide nanoparticles (CuS NPs) as an NIR-II photothermal agent. In the acidic microenvironment, CuS NPs released from vehicle could degrade to Cu2+ with the ability of the depletion of GSH. Besides, the copper ion could also convert hydrogen peroxide into hydroxyl radicals for chemodynamic therapy. The combination of oxidative stress–induced damage and photothermal therapy is a potential therapeutic strategy for cancer treatment. To overcome multidrug resistance, Chen et al. developed a mitochondrial-targeting and pH-sensitive nanogel via incorporating the hexokinase inhibitor lonidamine and paclitaxel (PTX). The mitochondrial targeting was beneficial for the accumulation and pH-triggered PTX release in the mitochondria. Lonidamine can destroy the mitochondria by exhausting the mitochondrial membrane potential, generating ROS and restraining the energy supply, leading to apoptosis and susceptibility of the cancer cells to PTX. This work provides us a promising and synergistic strategy to conquer tumor multidrug resistance.
Zhong et al. and Lin et al. investigated the Wnt/β-catenin pathway inhibitor XAV939-loaded liposome and tacrolimus-loaded liposome for corneal wound treatment, respectively. These liposomes possessed excellent biological compatibility in human corneal epithelial cells, mouse corneas and eyeballs. The XAV939-loaded liposome demonstrated the antiangiogenic effect, and significantly suppressed the LPS-induced expressions of pro-inflammatory genes. The in vivo results also showed that XAV939-loaded liposome ameliorated alkali-burned corneas with slight corneal opacity, reduced neovascularization, and enhanced recovery. The tacrolimus-loaded liposome enhanced corneal epithelial recovery, inhibited corneal neovascularization, and reduced corneal inflammation.
In summary, the current Research Topic reports the recent significant advances in drug and gene delivery with the help of functional polymers. The designing and developing multifunctional polymers will provide new chances for smart drug delivery towards clinical application. These articles in this Research Topic will be a helpful reference for drug/gene delivery.
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Natural amino acids and their derivatives are excellent building blocks of polymers for various biomedical applications owing to the non-toxicity, biocompatibility, and ease of multifunctionalization. In the present review, we summarized the common approaches to designing and constructing functional polymeric micelles based on basic amino acids including lysine, histidine, and arginine and highlighted their applications as drug carriers for cancer therapy. Different polypeptide architectures including linear polypeptides and dendrimers were developed for efficient drug loading and delivery. Besides, polylysine- and polyhistidine-based micelles could enable pH-responsive drug release, and polyarginine can realize enhanced membrane penetration and gas therapy by generating metabolites of nitric oxide (NO). It is worth mentioning that according to the structural or functional characteristics of basic amino acids and their derivatives, key points for designing functional micelles with excellent drug delivery efficiency are importantly elaborated in order to pave the way for exploring micelles based on basic amino acids.
Keywords: micelles, lysine, histidine, arginine, basic amino acids, drug delivery
INTRODUCTION
In the past few decades, micelles, as an effective drug delivery system, have considerably attracted worldwide attention for the treatment of tumors. As drug carriers, micelles have many advantages, such as easily synthesizing and modifying chemical structures, nanoparticulate size, enhanced water solubility of drug, prolonged circulation time, increased accumulation in tumor sites, reduced side effects of drugs, as well as improved drug bioavailability and efficiency (Kim et al., 2008; Sun et al., 2009; Aw et al., 2011; Wang et al., 2011). However, up to now, only a few micellar products have been approved by the Food and Drug Administration (FDA) (Cabral and Kataoka, 2014; Deshmukh et al., 2017; Adityan et al., 2020). One possible reason is their potential toxicity (Gupta et al., 2015; Knudsen et al., 2015; Deshmukh et al., 2017). Thus, natural or synthetic biodegradable materials are utilized for constructing micelles to solve the problem (Deng et al., 2012; Grossen et al., 2017; George et al., 2019).
Amino acids are a class of small-molecule compounds that are widespread in nature. More than 300 natural amino acids have been found, but only 20 amino acids take part in the human protein synthesis (Canfield and Bradshaw, 2019; Kelly and Pearce, 2020). Most of the 20 amino acids are good raw materials for fabricating micelles, for example, lysine (Itaka et al., 2003; Cheng et al., 2021; Kanto et al., 2021), arginine (Yao et al., 2016; Jiao et al., 2019), histidine (Guan et al., 2019; Wang Z. et al., 2019), glutamic acid (Krivitsky et al., 2018; Ma et al., 2020; Brunato et al., 2021), aspartic acid (Yeh et al., 2013; Teng et al., 2017), cysteine (Xu W. et al., 2015). Among them, there are three basic amino acids namely, lysine, histidine, and arginine, whose side chains contain amino, imidazolyl, and guanidine groups, respectively. The three basic groups can be protonated in acidic condition to play some special roles in the construction of micelles. For example, amino groups in the lysine side chain can be applied as a chemical attachment site, which facilitates the construction of micelles (Liu et al., 2015). The imidazolyl group of histidine has the characteristics of protonation and deprotonation, making histidine-based micelles pH-responsive (Augustine et al., 2020a). Guanidine group of arginine is positively charged after protonation and contributes to the membrane-penetration ability of micelles (Geihe et al., 2012; Hu et al., 2015). In addition, poly(amino acids) synthesized by the above three basic amino acids have good biocompatibility and biodegradability. Moreover, poly(amino acids) contain many chemically modifiable side groups, providing abundant active groups for constructing functional micelles (Xu H. et al., 2015; Augustine et al., 2020b). Therefore, basic amino acids have a broad application in the field of drug delivery.
This review describes the design and construction of drug-loaded micelles based on the three basic amino acids or their derivatives from the following perspectives: 1) Design of micelles based on the position and role of lysine in the micelle skeleton. 2) Construction of micelles based on the pH-sensitive properties of histidine. 3) Introduction of micelles using arginine’s cell-membrane-penetrating activity, and antitumor ability to convert to NO.
LYSINE-BASED MICELLES
Lysine-Based Linkers
Lysine, lysine-based dendrimer, or polylysine may serve as a linker in micelles. Compared with a single lysine molecule as a linker, the lysine-based dendrimer and polylysine possess more abundant active groups.
A Single Lysine Molecule as Linker
Lysine contains two amino groups and one carboxylic group. Therefore, when lysine is adopted as a linker during the construction of micelles, it can react with drugs, compounds, or polymeric materials containing active groups.
There are two methods of linking lysine and the above materials: 1) two amino groups of lysine are utilized to connect materials with carboxylic groups. For example, two amino groups of lysine are separately connected with carboxyl group of hydrophobic stearic acid and the terminal carboxyl group of hydrophilic polyglutamic acid to obtain amphiphilic diblock micelle skeleton (Chang et al., 2017); 2) amino group and carboxyl group of lysine are linked to hydrophilic or hydrophobic materials with carboxyl group or amino group. For example, Wang et al. (2012) connected carboxyl group of lysine with hydroxyl group of hydrophilic polyethylene glycol by an ester bond and connected two amino groups of lysine with two vitamin E succinate molecules as hydrophobic anticancer drug to construct a drug-loaded micelle skeleton.
Lysine-Based Dendrimer as Linker
Compared with lysine, lysine-based dendrimer as linker contains more active functional groups, which can provide more conjugation sites for micelles construction (Xiao et al., 2009; Li et al., 2011; Guo et al., 2020). For example, the third-generation lysine dendrimer has one carboxyl group and eight amino groups. In Figure 1A (Xiao et al., 2009), Kit S Lam group built the hydrophilic part of micelles by condensation of carboxyl group of generation 3 (G3) lysine dendrimer and amino groups of monomethyl-terminated polyethylene glycol monoamine with a molecular weight of 5,000 Da (PEG5k). Subsequently, eight cholic acid molecules (CA) were connected to the terminal amino groups of G3 lysine dendrimer through an ester bond to construct amphiphilic block polymer (PEG5k-CA8). Finally, PEG5k-CA8 was self-assembled into micelles, which significantly increased the paclitaxel loading capacity and fulfilled enhanced in vivo drug delivery. Three years later, the same research group made a cross-linked micelle based on PEG5k-CA8 (Figure 1B; Li et al., 2011). Unlike PEG5k-CA8, four amino groups of the G3 lysine dendrimer were firstly connected with cysteine (Cys), and then, eight cholic acid molecules were introduced to construct PEG5k-Cys4-L8-CA8 micelle. Finally, thiol groups in the cysteine were oxidated to form cross-linked micelles, resulting in the improvement of micellar stability.
[image: Figure 1]FIGURE 1 | (A) The chemical structure of PEG5k-CA8 G3 lysine dendrimer (Xiao et al., 2009). (B) Schematic representation of the disulfide cross-linked micelles formed by the oxidization of thiolated PEG5k-Cys4-L8-CA8 after self-assemble (Li et al., 2011). Abbreviation: PEG, polyethylene glycol; CA, cholic acid; Cys, cysteine; L, lysine.
Poly(L-lysine) as Linker
Poly(L-lysine) has abundant side chain amino groups (Li et al., 2020), which provides many chemical active sites to connect hydrophilic and hydrophobic segments. Therefore, poly(L-lysine) as linker has several advantages over constructing drug or gene delivery vehicle.
Firstly, the side chain amino groups located in poly(L-lysine) interact with drugs, siRNA, or other substances through physical interactions to achieve desired loading of micelle, including electrostatic interactions and hydrophobic interactions. For example, Lintao Cai group designed an amphiphilic triblock copolymer poly(ethylene glycol)-b-poly(L-lysine)-b-poly(L-leucine) (PEG-PLL-PLLeu) to load ovalbumin (OVA) by electrostatic interactions between the side chain amino groups of polylysine and ovalbumin vaccine (Figure 2A; Luo et al., 2013). Using the same triblock polymer, the research team also used the polyleucine block as the hydrophobic core to incorporate docetaxel by the hydrophobic interactions, while the side chain amino groups of polylysine were used to load siRNA by electrostatic interaction to achieve co-loading of anticancer drug and gene (Figure 2B; Zheng et al., 2013).
[image: Figure 2]FIGURE 2 | Schematic illustration of PEG-PLL-PLLeu micelles loaded with OVA (A) (Luo et al., 2013) or siRNA and drug (B) (Zheng et al., 2013). Abbreviation: PEG, poly(ethylene glycol); PLL, poly(L-lysine); PLLeu, poly(L-leucine); OVA, ovalbumin.
Secondly, covalently cross-linked polylysine linker could be constructed by the addition of disulfide cross-linker to realize the improvement of micellar stability. To take an example, Koo et al. prepared a triblock polymer, poly (ethylene glycol)-b-poly(L-lysine)-b-poly(L-phenylalanine) (PEG-PLys-PPhe) (Koo et al., 2008; Koo et al., 2012), which self-assembled into micelles. Then, the side chain amino groups of polylysine linker were reacted with 3,3′-dithiobis (sulfosuccinimidylpropionate) cross-linkers to realize micellar cross-linking (Figure 3; Koo et al., 2012). For the cross-linked micelles, there was no change in the particle size and spherical morphology. The stability of micelles in solution was investigated by detecting the scattering light intensity. The non-cross-linked and cross-linked micelles were separately incubated in PBS with 50% serum for 30 min, and the scattered light intensity of the former decreased to 49% of the initial intensity, while that of the latter dropped about 5%. Even if the incubation time of the latter was prolonged to 2 h, 85% of the initial intensity was still maintained. In addition, the non-cross-linked and cross-linked micelles were also incubated with a 2.5 g/L SDS solution. At 2 h, the scattering light intensity of the non-cross-linked micelles decreased to 50%, while that of the cross-linked micelles still reached more than 90% of the initial scattering intensity. The above results suggested that micellar stability was improved by cross-linking of polylysine linker. More importantly, disulfide bonds in cross-linked micelles are redox-sensitive, which can be cleaved by glutathione (GSH) (Zhang et al., 2016; Kang et al., 2018). In the blood circulation and cells, there are different concentrations of GSH (Jones et al., 1998; Kang et al., 2018), which directly affected the degree of disulfide bond cleavage in polylysine linker. For example, in the blood circulation, GSH concentration is low (∼2 μM) (Jones et al., 1998), and the degree of disulfide bond breakage is low, resulting in slow drug release in blood. Conversely, the concentration of GSH in most cancer cells is high (∼10 mM) (Kim et al., 2021), the disulfide bond in polylysine linker is broken to a high degree, and the barrier for drug release is caused by the layer of polylysine linker is removed, resulting in faster drug release. Therefore, cross-linked micelles by 3,3′-dithiobis (sulfosuccinimidylpropionate) cross-linkers were beneficial to reduce the loss of encapsulated drugs in the blood circulation and achieve responsive drug release in the target cells.
[image: Figure 3]FIGURE 3 | Illustration of shell cross-linking of DTX-loaded micelles with redox-labile disulfide cross-links and triggered release of DTX by intracellular GSH (Koo et al., 2012). Abbreviation: GSH, glutathione; DTSSP, 3,3′-Dithiobis (sulfosuccinimidylpropionate); DTX, docetaxel.
Poly(L-lysine) as the Core of Micelles
Poly(L-lysine) is positively charged and water-soluble, containing a lot of amino groups. Theoretically, poly(L-lysine) is difficult to form the core of micelles because of the poor hydrophobicity. However, there are several ways to assist polylysine in constructing the micellar core. First of all, based on electrostatic interaction, polylysine reacts with oppositely charged polyelectrolytes or molecules to significantly reduce its water solubility, so that polylysine can be used to construct the core of micelles (Boudier et al., 2009; Mebarek et al., 2013). In the next place, amino groups of polylysine are chemically modified to enhance the nucleation force of micellar core. In the following sections, the above two ways will be presented separately.
Construction of Micellar Core Through Electrostatic Interaction
The positively charged polylysine and negatively charged polymers can facilely form micellar core by electrostatic interaction. Taking polylysine and polymethacrylic acid-b-polyethylene oxide as an example, amino group of polylysine and carboxyl group of polymethacrylic acid block were combined by electrostatic interaction, and then, peptide drugs were wrapped to give a stable ternary composite micelle with a particle size of 82 nm (Boudier et al., 2011). The micelle not only kept stable under physiological pH conditions (pH = 7.4) but also facilitated the delivery of peptide drugs. After being endocytosed, the side chain amino group of polylysine was protonated under the acidic condition of cell endosomes (pH = 5), which would disintegrate the micellar core and release peptide drugs.
Alternatively, the terminal group of polylysine is connected with a hydrophilic chain segment, such as polyethylene glycol to form hydrophilic block polymer, which is chosen as positively charged polymer to build the core of the micelle through electrostatic interaction with other hydrophilic block polymers with opposite charge (Xu H. et al., 2015). It has been reported that the influence of the length of positively charged chain of pol(ethylene glycol)-b-poly(L-lysine) and negatively charged chain of poly(ethylene glycol)-b-poly(α, β-aspartic acid) on the self assembly of polyion complex micelles. When the lengths of poly(L-lysine) and poly(α, β-aspartic acid) segments with opposite charge differed greatly, the complex formed by poly (ethylene glycol)-b-poly(L-lysine) and poly(ethylene glycol)-b-poly(α, β-aspartic acid) was unstable and micelles could not form. For example, there were 18 repeating units of polylysine segment and 78 repeating units of polyaspartic acid segment, or 78 repeating units of polylysine segment and 18 repeating units of polyaspartic acid segment. On the contrary, if there was a small difference in the chain length of poly(L-lysine) and poly(α, β-aspartic acid) segments, micelles with charge would be constructed. While the dissociation degree of carboxyl group and amino group in polymer was easily affected by environmental acidity, resulting pH-dependent charge-reversal micelle was fabricated (Lv et al., 2014). Lv et al. (2014) employed MPEG-NH2 as initiator and prepared cationic block copolymer containing lysine and phenylalanine, methoxy poly (ethylene glycol)-b-poly(L-lysine-co-L-phenylalanine), by NCA ring-opening polymerization. In the same way, they also prepared anionic block polymer containing glutamic acid and phenylalanine, methoxy poly(ethylene glycol)-b-poly(L-glutamic acid-co-L-phenylalanine). In two block copolymers, the molar ratio of lysine and L-glutamic acid residues was 1:1.1, that is, lysine repeating unit in cationic block polymer was one less than glutamic acid repeating unit in the anionic block polymer. When methoxy poly(ethylene glycol)-b-poly(L-lysine-co-L-phenylalanine) and methoxy poly(ethylene glycol)-b-poly(L-glutamic acid-co-L-phenylalanine) were electrostatically combined to form micelle, due to the presence of free carboxyl residue of glutamic acid, the surface of micelle was negatively charged at physiological pH (pH 7.4). However, in acidic tumor microenvironment, the dissociation degree of carboxyl group decreased, while that of amino group increased. Consequently, the surface charge of micelles reversed from negative to positive, which was not only beneficial for micellar stability under physiological pH but also for their endocytosis after reaching cancer cells, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Schematic illustration of charge-conversional behavior and endocytosis performance of polyion complex micelles (Lv et al., 2014).
Besides adding hydrophilic block polymers with negative charge, some negatively charged photosensitizers, drugs, or genes can also interact with hydrophilic block polymer containing polylysine to form micellar core through electrostatic interactions (Jang et al., 2006; Osada et al., 2010; Dirisala et al., 2014; Lu et al., 2020; Zheng et al., 2020). Positively charged polylysine segments were complexed with negatively charged photosensitizers, genes, or drugs to make them become a part of the micellar core. The encapsulated photosensitizers, genes, or drugs could avoid enzyme degradation or removal by the reticuloendothelial system (Beyermann and Kukula, 2000; Harada-Shiba et al., 2002; Osada et al., 2012), thereby improving the therapeutic effect (Sugisaki et al., 2008; Nishiyama et al., 2009). For example, when poly(ethylene glycol)-block-poly(L-lysine) (PEG-PLys) was electrostatically compounded with plasmid DNA (pDNA), pDNA was folded by PEG-PLys to form a hydrophobic rod-like core (Osada et al., 2010). The length of the rod-like core was affected by the length of polylysine segment. The longer the polylysine segment was, the more conducive the DNA was compressed. Moreover, with increasing the length of polylysine, the length distribution of the formed micellar core became narrower, which was favorable for endocytosis (Dirisala et al., 2014).
Enhancing the Nucleation Force of Micelles Through Chemically Modifying Amino Groups of Polylysine to Construct Micellar Core
Sulfhydryl groups, carboxyl groups, or hydrophobic molecules are introduced to the side chain amino groups of polylysine segment by chemical method, which improves the nucleation force of micelles containing polylysine segment.
Cross-Linking the Micellar Core by Introducing Sulfhydryl Groups
When sulfhydryl groups are introduced into hydrophilic block polymer with polylysine segment, under oxidation condition, sulfhydryl groups are oxidized to form disulfide bond, thereby cross-linking polylysine segment and forming core cross-linked micelle (Miyata et al., 2004; Vachutinsky et al., 2011; Oe et al., 2014; Takeda et al., 2017). Core cross-linked micelles show enhanced resistance to the shear stress of blood circulation. Takeda et al. (2017) integrated 1-imino-4-mercaptobutyl (IM) groups as cross-linking agent into the side chain amino groups of polylysine segment in poly (ethylene glycol)-b-poly(L-lysine) (PEG-PLys). Introduction rate of IM accounted for 49% of lysine residues of polylysine segment. Under oxidation condition, PEG-PLys (IM) and pDNA were compounded to form core cross-linked polyplex micelle at the N/P ratio of 2:0, which was defined as a residual molar ratio of amino groups in PEG-PLys to phosphate groups in pDNA. In this process, it was accompanied by disulfide bond cross-linking and a combination of positive and negative charges. When core cross-linked micelles were exposed to venular blood flow (30 dyne/cm2 shear stress) for 30 min, they could remain stable, and the size of the rod-shaped core was not affected. In contrast, non-cross-linked micelles showed a size increase, from 194 to 242 nm, and pDNA degradation up to 50% under the same condition. Even if shear stress reached 100 dyne/cm2, the particle size of core cross-linked micelles was still maintained unchanged. Maintenance of the particle size was not only beneficial for micelles to enter cells and protect pDNA from degradation by DNasel but also significantly prolonged residence time of pDNA in mice and improved gene transfection efficiency in vivo.
Charge Reversal of Polylysine by Introducing Carboxyl Groups
If carboxyl groups are introduced into polylysine, its electrical property will vary from positive to negative charge. Thus, polylysine with negative charge can be combined with drugs with positive charge, such as doxorubicin with one amino group, to realize the load of positively charged drugs. For example, the ring-opening polymerization of cis-cyclohexene-1,2-dicarboxylic anhydride (CDA) was initiated from the side chain amino groups of methoxy poly(ethylene glycol)-block-poly(L-lysine) (mPEG-b-PLL) to get anionic methoxy poly(ethylene glycol)-block-poly(N(ε)-((1-carboxyl-cis-cyclohexene)-2-carbonyl)-L-lysine (mPEG-b-PCLL) with acid-degradable side amide bond, which was shown in Figure 5 (Wang J. et al., 2015). The carboxyl-functionalized polylysine segment of mPEG-b-PCLL interacted with doxorubicin to form micellar core. In acidic extracellular microenvironment of tumor cells (pH = 6.8), the volume of micelles expanded, resulting in rapid release of drug. When micelles entered more acidic endo/lysosomes (pH = 5.5), the cumulative release rate of drug was over 75% at 72 h. This might be related to the cleavage of the side amide bond of mPEGpolypeptide copolymer, leading to the disassembly of the micellar core (Chen et al., 2015).
[image: Figure 5]FIGURE 5 | Schematic illustration of the preparation of pH-responsive PIC micelle, and its circulation in vivo, accumulation in tumor tissue, and finally, pH-triggered intracellular DOX release after intravenous injection (Wang J. et al., 2015). Abbreviation: PEG, poly(ethylene glycol); PLL, poly(L-lysine); CDA, cis-cyclohexene-1,2-dicarboxylic anhydride; PCLL, poly(N(ε)-((1-carboxy-cis-cyclohexene)-2-carbonyl)-L-lysine; DOX, doxorubicin; PIC micelle, polyion complex micelle.
Hydrophobic Modification of Polylysine by Introducing Hydrophobic Molecules
After introducing hydrophobic molecules into the side chain amino groups of polylysine, the solubility of polylysine was changed from hydrophilic to hydrophobic. The modified hydrophobic polylysine could directly construct the core of micelles and wrap hydrophobic drugs (Wen et al., 2011; Ding et al., 2013; Lin et al., 2014). For instance, ε-carbobenzyloxy-L-lysine N-carboxyanhydride (Lys(Z)-NCA) was first synthesized by using N-ε-carbobenzyloxy-L-lysine as starting material. Then, it was reacted with propargylamine through ring-opening polymerization to produce hydrophobic α-alkyne-poly-(N-ε-carbobenzyloxy-L-lysine) (α-alkyne-PZLL). Next, α-alkyne-PZLL was added to further link with dendritic polyamidoamine (PAMAM) block copolymer (N3-D3) to synthesize amphiphilic PZLL-block-dendritic PAMAM copolymers (PZLL-D3) by copper-catalyzed azidealkyne cyclization (Lin et al., 2014). PZLL-D3 micelles enabled co-loading of doxorubicin and gene, where the PZLL core loaded doxorubicin through hydrophobic interactions, and the PAMAM shell carried gene through electrostatic interactions.
If nitro group was also introduced into the para-position of benzene ring of poly-(N-ε-carbobenzyloxy-L-lysine) segment of micelle, it would make micelle sensitive to hypoxia, which was more conducive to the rapid drug release of micelle in the hypoxic tumor tissue (Thambi et al., 2016). The case in point was the two-layered biodegradable micelle prepared by self-assembly of poly(ethylene glycol)-b-poly(ε-(4-nitro)benzyloxycarbonyl-L-lysine) (PEG-b-PLys-g-NBCF) diblock copolymers (Figure 6A). Under the hypoxic environment, the nitro groups on NBCF were easily reduced to produce amine groups by a series of six electron-transfer reactions in the presence of cellular nucleophiles or nitroreductases. As a consequence, the formed amine groups continued to induce the degradation of the N-(4-aminobenzyloxycarbonyl)-based derivative into small molecular compounds. Owing to the loss of hydrophobic NBCF groups in the polylysine segment of micelle, the micellar core disintegrated and drug was rapidly released (Figure 6B).
[image: Figure 6]FIGURE 6 | Synthetic route for preparation (A) and mechanism of hypoxic reduction under the nitroreductase of the hypoxia-sensitive copolymer (B) (Thambi et al., 2016). Abbreviation: PEG, poly(ethylene glycol); PLys, poly(L-lysine); DIPEA, N,N-diisopropylethylamine.
Polylysine as Micellar Shell
When polylysine is connected to hydrophobic block, polylysine will act as the shell of micelle so that the surface of micelle is positively charged. However, it is generally known that cationic nanocarriers interact strongly with serum components, causing severe aggregation and rapid clearance by the reticuloendothelial system (RES) (Oupicky et al., 2002; Zhang et al., 2020), which results in their short half-life in the blood circulation.
Researchers have made some efforts to address the above issues. A good strategy is to shield positive charge of micelles by occupying amino groups of polylysine. Song et al. (2013) cross-linked polylysine chains in the micellar shell by introducing cisplatin (IV) prodrug as a bi-functional cross-linker to reduce the number of free amino groups. As a result, the amount of positive charge on the surface of micelles was reduced. As shown in Figure 7, monomethoxyl poly(ethylene glycol)-b-poly(ε-caprolactone)-b-poly(L-lysine) (MPEG-b-PCL-b-PLL) block copolymer self-assembled into micelle, whose shell was composed of MPEG and PLL segments. Thereafter, PLL segment was cross-linked by cisplatin (IV) prodrug, and amino groups of PLL segment were occupied, which reduced the surface positive charge of micelles. Moreover, the larger the proportion of cross-linked amino groups was, the lower the positive charge of micelles was. The most important thing to note from Figure 7 was the triggered release of cisplatin (IV) prodrug from the cross-linked micellar shell under acidic condition or in the presence of mild reducing agents. At pH 5.0, the release rate of platinum was significantly higher than that at pH 7.4. Under the condition of 5 mM sodium ascorbate, cisplatin (II) was directly released. The released cisplatin (II) could be chelated by DNA nucleobases of tumor cells, which led to the cross-linking between adjacent nucleobases, along with preventing DNA replication, transcription, and cell division (Boulikas et al., 2007; Khoury et al., 2020).
[image: Figure 7]FIGURE 7 | Preparation of MPEG-b-PCL-b-PLL/cisPt (IV) micelles and the proposed pathway of action (Song et al., 2013). Abbreviation: PLys, poly(L-lysine); PLLA, poly(L-lactide); PIC, polyion complex.
Another example was shown in Figure 8 (Ohya et al., 2010). Anionic hyaluronic acid (HA) was coated on the outer layer of poly(L-lysine)-b-poly(L-lactide) (PLys-b-PLLA) block copolymer micelles by electrostatic interactions. Because amino groups of polylysine were covered by HA, the HA-coated polylysine micelles possessed extremely high resistance to dilution and colloidal stability, whose apparent CMC was 2.1 × 10−11 mg/ml and hydration particle size remained stable in PBS solution containing 10% FBS for 24 h. In the follow-up study (Ohya et al., 2011), the polyanion micelle was used for drug delivery. HA not only improved the stability of micelles and prolonged circulation time in the blood but also controlled drug release rate and reduced the cytotoxicity of HA-coated polylysine micelles.
[image: Figure 8]FIGURE 8 | Schematic illustration for the preparation of HA-coated micelles (Ohya et al., 2010). Abbreviation: HA, hyaluronic acid; PLys, poly(L-lysine); PLLA, poly(L-lactide).
“Constructing charge-reversal polylysine segment” is another strategy to solve the problem of cationic micelles-based polylysine. The micelles based on charge-reversal polylysine are negatively charged in the blood circulation and will complete positive-surface conversion after reaching tumor tissue or cells (Du et al., 2010; Zhang et al., 2020), which is beneficial to improve the phagocytosis of tumor cells (Du et al., 2010; Pittella et al., 2011). Guan et al. (2017) synthesized folate-poly(L-lysine)-poly(lactic acid) (FA-PLL-PLA), and then, citric acid (CA) was introduced into the side chain amino groups of polylysine by amide bond to complete the construction of a target copolymer, FA-PLL(CA)-PLA. FA-PLL(CA)-PLA could self-assemble to form micelles, whose surface charge was −19.1 mV at pH 7.4. Under the acid environment (pH = 6.5), the micelles were positive in charge (+15.5 mV). Furthermore, the positive charge rapidly increased as the pH value decreased (Figure 9). The negative-to-positive charge reversal of micelles is due to break of the amide bond between CA and the side chain amino groups of polylysine segment under the acidic condition. The design of charge-reversal polylysine segment could mask the positive charge of micelles in the blood circulation and expose the positive charge in the tumor tissue or cells, which is beneficial to keep the micellar stability under physiological pH and increase the binding opportunities of the micelles with negatively charged tumor cell membrane in the acidic tumor microenvironment.
[image: Figure 9]FIGURE 9 | Illustration of the folate-conjugated pH-responsive polymeric micelles based on FA–PLL(CA)–PLA for receptor-mediated endocytosis and pH-triggered release (Guan et al., 2017). Abbreviation: FA, folate; PLL, poly(L-lysine); CA, citric acid; PLA, poly(lactc acid); DOX, doxorubicin.
HISTIDINE-BASED MICELLES
Extracellular pH of most solid tumors is about 5.8–7.2 (Lee et al., 2008), which is mainly due to lactic acid derived from anaerobic glycolysis and carbonic acid formed from carbon dioxide and water by carbonic anhydrase over-expressed in tumor (Fukumura and Jain, 2007; Lee et al., 2008). Materials protonated in this pH range are suitable for building pH-sensitive drug-delivery systems to target tumor. Histidine is an excellent candidate, whose pKa value is about 6.0. Moreover, histidine is the only amino acid containing imidazole ring among 20 natural amino acids, which has an electron lone pair on the unsaturated nitrogen, resulting in the amphoteric formation of histidine by protonationdeprotonation (Wu et al., 2013). In the weak acid environment, the imidazole ring undergoes protonation, which making transform of histidine from hydrophobic to hydrophilic, resulting in the increasing solubility of histidine (Liu et al., 2012b). Thus, it is a good method for constructing pH-sensitive micelles to introduce single histidine or polyhistidine into micelles.
Construction of pH-Sensitive Micelles Using Single Histidine
The simplest way to develop micelles containing histidine is to attach hydrophobic histidine to hydrophilic macromolecules, such as hyaluronic acid (Wu et al., 2016), dextran (Yin et al., 2020), and auricularia auricular polysaccharide (AAP) (Wang et al., 2017). In the above micelles, histidine is usually used as a micellar core. Taking histidine-modified AAP (His-AAP) as an example, histidine was linked to AAP by an ester bond. In a neutral medium, His-AAP self-assembled into micelles. Histidine and AAP acted as hydrophobic core and hydrophilic shell, respectively. Next, paclitaxel was loaded into His-AAP micelles. Compared to that at pH 7.4, the paclitaxel accumulated release rate was increased by about 18% for 12 h at pH 5.0 (Wang et al., 2017). Research by Chang et al. (2010) also confirmed that micelles based on histidine had the characteristic of pH-sensitive drug release. N-Boc-histidine was made use of capping PLGA-PEG-PLGA triblock copolymer to prepare histidine-PLGA-PEG-PLGA-histidine. Then, capping triblock polymer self-assembled into micelles. The drug cumulative release rate of DOX-loaded micelles was approximately 20% higher in pH 6.2 medium than that in pH 7.4 medium at 12 h. The elevated accumulative release rate was mainly associated with instability of micellar core, which was caused by ionization of imidazole ring in histidine-PLGA-PEG-PLGA-histidine triblock polymer. In addition, the cumulative release rate of drug-loaded micelles based on PLGA-PEG-PLGA without histidine modification did not differ significantly at pH 6.2 or 7.4, confirming that histidine played a key role in pH-sensitive capacity of micelles.
Construction of pH-Sensitive Micelles With Polyhistidine
Different from histidine, polyhistidine can construct both pH-sensitive middle layer and core of micelles. Furthermore, how to regulate pH-responsiveness of micelles is an important factor needed to be focused on. Although polyhistidine was used as either an intermediate layer or core of micelles, factors affecting pH-responsiveness differed, which would be introduced separately below.
Factors Affecting pH Response of Micelle When Polyhistidine is Adopted as the Intermediate Layer of Micelles
pH-sensitive capability for polyhistidine as a middle layer of micelles is related to the length of polyhistidine block, namely the number of repeat units of histidine. When the number of repeat units of histidine is relatively small such as 5 and 10, polyhistidine micelles have good capability in pH-sensitive drug release. Therefore, the number of repeat units of histidine is a key factor, which should be considered in the process of designing micelles. In a report, block copolymers HistidinexLysine10 (HisxLys10, x = 0, 5, and 10) conjugated with docosahexaenoic acid (DHA) was designed and prepared to self-assemble into micelles (Wang Y. et al., 2015), in which DHA acted as hydrophobic inner core for DOX loading, polyhistidine served as an intermediate pH-sensitive layer, and polylysine block played as hydrophilic shell. In vitro drug release experiments were performed in three PBS solutions of pH 7.4, 6.0, and 5.0. As shown in Figure 10, at pH 7.4, all three micelles, DHA-Lys10, DHA-His5Lys10, and DHA-His10Lys10, released slowly, and the accumulative DOX release ratio was less than 40% in 100 h. At pH 6.0, DOX release accelerated from both DHA-His5Lys10 and DHA-His10Lys10 micelles, which was attributed to protonation of imidazole groups of some histidine residues in micelles, whereas the rate of DOX release from DHA-His5Lys10 and DHA-His10Lys10 micelles was further speeded up at pH 5.0, especially in the first 10 h. Those results were most likely because the lower pH made more imidazole rings protonate, resulting in the expansion of micellar structure. Furthermore, the longer the histidine block is, the faster the DOX release rate is. In both pH 6.0 and 5.0 media, DOX release from DHA-His10Lys10 micelles was faster than that of DHA-His5Lys10 micelles, and the former micelles had a more complete DOX release within 100 h.
[image: Figure 10]FIGURE 10 | In vitro DOX release from DHA-HisxLys10 (x = 0, 5, 10) micelles at pH 7.4 (A), 6.0 (B), and 5.0 (C) PBS solutions (Wang Y. et al., 2015). Abbreviation: DOX, doxorubicin; DHA, docosahexaenoic acid; His, histidine; Lys, lysine.
However, with increasing the number of repeat units of histidine in micelles, hydrogen-bonding interactions between histidines are probably enhanced, thereby changing the behavior of pH-sensitive drug release. For example, Liu et al. (2012a) used methyl poly(ethylene glycol)-poly(L-histidine)-poly(L-lactide) (mPEG-PH-PLLA) triple block copolymers to investigate the effect of the length of polyhistidine segment on DOX release. At pH 5.0, the cumulative DOX release of mPEG45-PH15-PLLA82 micelles is close to 80% at 24 h, while for mPEG45-PH30-PLA82, the release rate of DOX was 55% at 24 h, and it could not reach 80% until 76 h. It was possible that stronger hydrogen bond interactions existed in polyhistidine of mPEG45-PH30-PLA82, leading to retarded DOX release, compared with mPEG45-PH15-PLLA82. Therefore, when selected as an intermediate layer of micelles, polyhistidine with appropriate chain length can effectively respond to tumor acidic pH microenvironment.
Factors Affecting pH Response of Micelles When Polyhistidine Acts as Micellar Core
There are two methods to regulate pH-responsiveness of micelles when polyhistidine acts as a micellar core. The first method is to connect hydrophilic polymer block to polyhistidine. pKb value of the whole block copolymer is increased due to the introduction of hydrophilic block segments (Mccurdie and Belfiore, 1999). For example, polyhistidine with a molecular weight of 5,000 had a pKb value of about 6.5 (Lee E. S. et al., 2003). After introducing PEG with a molecular weight of 2,000, a PH (Mn 5,000)/PEG (Mn 2,000) block copolymer is formed with a pKb value of about 7.0. As pH is below 7.0, the hydrophilicity of poly(L-histidine) chain segment increased for ionization of histidine imidazole groups, leading to instability of micellar core (Jin et al., 2014). This pH-responsive property is good for drug release outside tumor cells. Jin et al. (2014) adopted pH-responsive PH-b-PEG micelles and non-pH-responsive PLLA-b-PEG ones to investigate DOX release capability for pH-sensitive micelles based on polyhistidine. In nude mice xenografted by MDA-MB-231 breast cancer, DOX release from micelles was observed by intravital fluorescence microscopy. For PH-b-PEG micelles, DOX diffused from tumor blood vessels at a faster rate than that of PLLA-b-PEG ones. It was suggested that pH-sensitive PH-b-PEG micelles had a rapid dissociation in tumor acidic pH microenvironment, which might reduce the barrier in tumor blood vessels. Moreover, rapid release of DOX made local drug concentration high within the tumor, thus improving bioavailability of drug. After DOX-loaded PH-b-PEG and PLLA-b-PEG micelles were separately administered via tail vein to nude mice three times at 3-day intervals at a dose of 10 mg/kg, the fluorescence intensity of cells was detected via flow cytometry, which was extracted from tumor tissues. The result showed that the intensity of cellular uptake of DOX supplied from PH-b-PEG micelles was approximately 3.3 times higher than that in PLLA-b-PEG micelles. PH-b-PEG micelles rapidly released in tumor extracellular pH, which not only promoted endocytosis for drug penetration into tumor cells but also led to more effective inhibition of tumor growth. The tumor volume of PLLA-b-PEG micelles treated group was 4.3 times higher than that of PH-b-PEG micelles treated group after 21 d of administration, and the latter group significantly suppressed the growth of tumor volume (p < 0.01) (Figure 11). Above results fully demonstrated that compared with pH-insensitive micelles, it was able for pH-sensitive PH-b-PEG micelles to rapidly disintegrate and trigger drug release in the acidic tumor interstitium.
[image: Figure 11]FIGURE 11 | Effects of DOX-loaded pH-sensitive PH-b-PEG micelles and pH-insensitive PLLA-b-PEG micelles on the growth of MDA 231 breast carcinoma in the window chamber model (Jin et al., 2014). Each formulation was administered three times at 3-day intervals (arrows) at a dose of 10 mg/kg for tumor growth inhibition study. Abbreviation: PEG, poly (ethylene glycol); PH, poly(L-histidine); PLLA, poly(L-lactic acid).
The second approach is that hydrophobic material is introduced into polyhistidine block by blending or copolymerization. It is known that a hydrophobic environment will reduce the local dielectric constant, thereby weakening the ionization tendency of ionizable groups (Benns et al., 2000; Putnam et al., 2001). Thus, hydrophobic material has an inhibitory effect on the ionization of imidazole group in polyhistidine block, which affects the pH value of triggering release of drugs from micelles and modulates the pH-responsiveness of micelles. Moreover, with increasing the content of hydrophobic material, pKb of imidazole groups in polyhistidine block shifts to a lower pH. For example, mixed micelles were prepared by PH (Mn 5,000)/PEG (Mn 2,000) (PH-b-PEG) and PLLA (Mn 3,000)/PEG (Mn 2,000) (PLLA-b-PEG) block copolymers (Lee E. et al., 2003). By adjusting the mixing amount of PLLA-b-PEG block copolymer, micelles with different pH-sensitivity could be obtained. When 10 wt.% PLLA-b-PEG was added into PH-b-PEG micelles, it did not change significantly in destabilizing pH, and the destabilization of micelles occurred below pH 8.0. However, 25 wt.% addition of PLLA-b-PEG significantly improved micellar stability, and destabilizing pH was below pH 7.0. Compared to 25 wt.% addition, the destabilizing pH of mixed micelles with 40 wt.% PLLA-b-PEG blend was shifted a bit further downward, which occurred below pH 6.8. It was suggested that the destabilizing pH gradually decreased as the content of PLLA-b-PEG block copolymer increased. Additionally, the results for cumulative release of DOX-loaded mixed micelles for 24 h at different pH were presented in Figure 12. At pH 7.0, mixed micelles containing 10 wt.% PLLA-b-PEG displayed the highest cumulative release amount (more than 60%). And about 32% of DOX was released from mixed micelles with 25 wt.% or 40 wt.% of PLLA-b-PEG. At pH 6.8, three mixed micelles with 10, 25, and 40 wt.% PLLA-b-PEG released approximately 75, 70, and 35%, respectively. At pH 5.0, 10 and 25 wt.% PLLA-b-PEG mixed micelles both achieved a release of more than 80%, and for 40 wt.% PLLA-b-PEG micelle, the drug release was more than 70%. It is probable that at low pH, the imidazole group is ionized on the polyhistidine chain, accompanied by an increase in the hydrophilicity of the polyhistidine chain. As a result, the hydrophobic environment of mixed micelle was disrupted, and PLLA-b-PEG was separated from micelles, leading to micelles disintegration. The added amount of PLLA-b-PEG block copolymer had an effect on the pH value of micellar dissociation. These results suggested that appropriate proportion of PLLA-b-PEG polymer could improve the discrimination and sensitivity of the mixed micelles to the acidic extracellular pH of the tumoral microenvironment.
[image: Figure 12]FIGURE 12 | pH-dependent cumulative adriamycin (ADR) release from the mixed micelles composed of polyHis/PEG and PLLA/PEG [PLLA/PEG content in the mixed micelles: 0 wt.% (●), 10 wt.% (■), 25 wt.% (▲), and 40 wt.% (▼)] (Lee E. et al., 2003).
In another example, poly(histidine-co-phenylalanine) (PHP) was synthesized via the ring-opening polymerization of the benzyl-protected L-histidine NCA and L-phenylalanine NCA (Kim et al., 2008). As the proportion of phenylalanine increased from 10 to 27%, the apparent pKb value of PHP decreased from 6.7 to 4.8. In addition, PHP could be coupled with activated monocarboxylated PEG2000 to form a diblock polymer (PHP-b-PEG). Various PHP-b-PEG polymers were designed by adjusting the molar percentage of phenylalanine in PHP, including PHP(10)-b-PEG, PHP(16)-b-PEG, PHP(22)-b-PEG, and PHP(27)-b-PEG. Above four-block polymers self-assembled to form micelles, which were named as PHSM(10), PHSM(16), PHSM(22), and PHSM(27), respectively. pH-responsiveness of polymeric micelles was evaluated by critical micelle concentration (CMC), particle size, and the light transmittance. In the aspect of CMC, at pH 6.0, CMCs of PHSM(10) and PHSM(16) were above 90 μg ml−1. However, when pH was greater than or equal to 6.5, they significantly increased. The elevated CMC of PHSM(10) and PHSM(16) indicated that both micelles were unstable at low pH. CMCs of PHSM(22) and PHSM(27) were lower than 20 μg ml−1 at pH 6.0 and 6.5, suggesting that they have good stability. In terms of the change of particle size, PHSM(10) and PHSM(16) showed a great difference. The former decreased rapidly, and the latter exhibited a gradual decrease in the range of pH 6.0 ∼ 7.4. Nevertheless, the particle size of PHSM(22) and PHSM(27) had an insignificant change at pH 5.5 and 6.5. The transmissivity of micellar solution was correlated with change in particle size. The transmittance transition points of PHSM(10), PHSM(16), PHSM(22), and PHSM(27) decreased successively at pH 7.0, 6.5, 5.8, and 5.2, respectively. These observations indicated that the introduction of hydrophobic comonomers could adjust pH-sensitivity of micellar core based on polyhistidine.
In the same report, Kim et al. (2008) mixed PHP-b-PEG with PLLA(Mn 3,000)-b-PEG(Mn 2,000) to design new pH-sensitive micelles with responsiveness to specific pH, which was possible to achieve accurate targeting of tumor organelles. As mentioned above, the destabilizing pH of PHSM(16) was approximately 6.5. When PLLA-b-PEG was introduced into PHP(16)-b-PEG to form mixed micelles, micellar triggering pH could be modulated by the added ratio of PLLA-b-PEG. pH-sensitivity of mixed micelles was determined by the fluorescence intensity of pyrene under different pH conditions, which was shown in Figure 13A. The mixed micelles containing 5, 10, and 20% of PLLA-b-PEG were named as m-PHSM (5%), m-PHSM (10%), and m-PHSM (20%), respectively. For m-PHSM (5%) and m-PHSM (10%), the main change in fluorescence intensity occurred at pH > 6.0. The fluorescence intensity of m-PHSM (20%) altered primarily in the range of 5.5 ∼ 6.0, which was closer to that of early endosomes. Obviously, the sensitivity of m-PHSM to low pH increased with increasing proportion of blended PLLA-b-PEG. This was also confirmed by the release capacity of DOX-loaded m-PHSM (DOX/m-PHSM) at different pH conditions. The 12-h cumulative DOX release from DOX/m-PHSM at pH 6.0 and 6.5 manifested that release of DOX at pH 6.5 decreased with increasing PLLA-b-PEG ratio in micelles and an opposite trend happened at pH 6.0 (Figure 13B). Compared with DOX/m-PHSM (5%) and DOX/m-PHSM (10%), the amount of drug release from DOX/m-PHSM (20%) was the least at pH 6.5, but it was the most at pH 6.0. The rapid release of DOX at pH 6.0 significantly improved the efficacy. In the in-vitro cytotoxicity study, DOX/m-PHSM (20%) was incubated with wild-type human ovarian A2780 for 48 h. The cell viability decreased from ∼75% under pH 6.5 to less than 40% under pH 6.0 (Figure 13C). The above results indicated that m-PHSM (20%) was likely to achieve the targeting of early endosome.
[image: Figure 13]FIGURE 13 | (A) The change of pyrene fluorescence intensity (I1) with pH at a constant micelle concentration (0.05 g L−1). m-PHSM constructed with the different amounts of PLLA-b-PEG (5%, ▲; 10%, □; 20%, ●) was monitored in NaOH (or HCl)-Na2B4O7 buffer solution (pH 8.0) with exposure to each pH for 24 h. (B) Cumulative amount of DOX for 12 h released from various m-PHSM at pH 6.5 (□) and pH 6.0 (■). (C) Cell viabilities determined by MTT assay of ovarian A2780 wild-type carcinoma cells treated with micelles: free DOX (white), DOX/PHIM (gray), and DOX/m-PHSM(20%) (dark gray). DOX dose was equivalent to 1,000 ng ml−1 in each formulation (Kim et al., 2008). Abbreviation: m-PHSM, pH-sensitive mixed micelles containing poly(histidine (His)-co-phenylalanine (Phe))-b-poly(ethylene glycol) (PEG) and poly(L-lactic acid) (PLLA)-b-PEG; PHIM, pH-insensitive PLLA-b-PEG micelles.
ARGININE-BASED MICELLES
Arginine possessed some special functions, which were used to fabricate micelles, including cell-membrane-penetrating function and arginine-derived nitric oxide.
Construction of Micelles Utilizing Membrane-Penetrating Function of Arginine
Arginine is a primary component of most cell-penetrating peptides (CPPs), whose guanidine group has a key role in the transmembrane transport of peptides (Schröder et al., 2008; Wender et al., 2008).
Cell-membrane-penetrating ability of arginine is related to the quantity of arginine and the density of guanidine groups. Oligoarginine with more than six repeating units of arginine exhibited perfect membrane-penetration effect (Wang P. et al., 2019; Zhai et al., 2019), and vice versa (Mitchell et al., 2000; Wender et al., 2000). In another example, Macewan and Chilkoti (2012) connected five arginines with hydrophobic segment of amphiphilic elastin-like polypeptides (ELPBCs) to build Arg5-ELPBC with characteristic of temperature sensitivity (Wright and Conticello, 2002; Dreher et al., 2008). Slightly high temperature (e.g. 42°C) could trigger Arg5-ELPBC to self-assemble into micelles, thus resulting in the increase of local arginine density. Confocal microscopy displayed that at 37°C, there was no obvious uptake by Hela cells incubated with Arg5-ELPBC for 1 h, whereas, at 42°C, the self-assembled Arg5-ELPBC micelles showed significantly increased cellular uptake. Moreover, flow cytometry manifested that there was approximately 8-fold difference in cellular uptake for Arg5-ELPBC at 37 and 42°C. It could be inferred that it was an opportunity for polymer containing less than six arginines to realize cell-membrane penetration if only the surface of micelles was covered with high density of arginine guanidine groups by some way. Song Luo’s research (Luo et al., 2016) was consistent with above inference. Specifically, single arginine and pyrene (py) were separately attached to the end of PEG and PCL segment in PEG-b-PCL to construct Arg-PEG-b-PCL-Py copolymer. Next, Arg-PEG-b-PCL-Py copolymer self-assembled into micelles, and guanidine groups of arginine were exposed on the surface of them. In comparison with micelles without modifying arginine, arginine-modified micelles had a more efficient endocytosis and more rapid endo-lysosomal escape (Figure 14), indicating that guanidine-functionalized micelles have a stronger capability to pass through the cell membrane. It was important to note that if it was sufficient for local arginine density on micellar surface, even single arginine-decorated micelles could promote tumor cell internalization.
[image: Figure 14]FIGURE 14 | The CLSM images of 4T1 cells treated with DOX/Arg-PEG-PCL-Py (A) and DOX/Ac-PEG-PCL-Py micelles (B) for 1, 3, and 6 h. The numbers 1, 2, 3, and 4 indicated the bright field, LysoTracker Green fluorescence, DOX fluorescence, and the overlay images, respectively. The concentration of DOX was 10 μg ml−1 (Luo et al., 2016). Abbreviation: Arg-PEG-PCL, arginine-modified poly(ethylene glycol)-b-poly(ε-caprolactone); Ac-PEG-PCL, acetic acid-modified PEG-PCL; Py, pyrene.
Construction of Micelles Based on Antitumor Ability of Nitric Oxide Derived From Arginine
As early as the 1980s, the immune function of organisms could be regulated by L-arginine (Hibbs et al., 1987). Later, the inhibitory effect of L-arginine on tumor and its mechanism of action were also gradually revealed. Briefly, L-arginine is the substrate of nitric oxide synthase (NOS) (Iyengar et al., 1987). At the early stage of cancer, M1 macrophages infiltrating into tumor tissues overexpress inducible NO synthase (iNOS), which converted L-arginine to NO. The gaseous and lipophilic NO rapidly permeates tumor tissue from M1 macrophages (Thomas et al., 2008). High concentration of NO is cytotoxic and can cause tumor cell apoptosis or induce tumor cell necrosis (Singh et al., 1996; Ambs et al., 1998; Kudo and Nagasaki, 2015).
It has been reported that the increase of L-arginine outside M1 macrophages will upregulate NO (Tsikas et al., 2000). However, systemic administration of free L-arginine is not a good idea, and it is because that there are a lot of problems such as rapid systemic metabolism or excretion, making L-arginine difficult to accumulate at the tumor site (Lind, 2004). But these issues can be solved via the “introducing arginine into nano-micelles” strategy. Owing to the enhanced permeability and retention (EPR) effect of tumor, arginine-rich nano-micelles enabled improved arginine accumulation at the tumor site by passive targeting strategy and generated site-specific high concentration of NO to prevent tumor progression. For instance, Kudo and Nagasaki (2015) synthesized cationic poly((ethylene glycol)-block-poly (L-arginine) (PEG-b-P(L-Arg)) block copolymers with 62 arginine repeating units, which were electrostatically coupled with polyanion chondroitin sulfate (CS) to form a polyionic complex (PIC) micelle with a particle size of about 50 nm and a near-neutral surface charge (average zeta potential: ∼0.09 mV). RAW264.7 macrophages were activated by lipopolysaccharide, which induced the expression of iNOS. The results of in vivo distribution of carriers in tumor-bearing mice confirmed that PIC micelles tended to accumulate in the tumor site, which realized the effective delivery of arginine. Subsequently, to investigate in vivo antitumor activity of PIC micelles (Figure 15), tumor-bearing mice were divided into four groups, which were named as 1-injected group, 2-injected group, 3-injected group, and 4-injected group, respectively. In 1-injected group, tumor-bearing mice received a 16 mg/kg dose of L-arginine by tail vein injection for one time (on day 0), which existed in the PIC micelles. In 2-injected group, the PIC micelles were administered at 16 mg/kg on L-arginine basis for two times (on days 0 and 1, at a total dose of 32 mg/kg). According to the above-mentioned prescription rules, tumor-bearing mice of 3-injected and 4-injected groups were given a corresponding dose of L-arginine. After 12 d in comparison with the control group, there were significant differences in tumor size for four groups. Tumor volume of 1-injected and 2-injected groups was significantly higher than that of the PBS control group (p < 0.05), whereas tumor volume of 3-injected group was close to that of the control group. It was noteworthy that suppression of tumor growth was obviously observed in 4-injected group. These results were also confirmed by Thomas et al. (Hofseth et al., 2003; Thomas et al., 2004). These results showed that the antitumor effect of NO depended on its concentration. Low-dose NO promoted tumor growth, whereas high-dose one inhibited tumor growth. The one possible reason is that low concentration of NO could enhance angiogenesis, thus promoting tumor growth. In contrast, high concentration of NO could lead to tumor cell apoptosis, along with inhibiting tumor growth. Therefore, it is helpful for designing arginine-rich micelles to enhance the therapeutic effect of tumor.
[image: Figure 15]FIGURE 15 | Tumor growth curve of tumor-bearing mice after the first injection of PEG-b-P(L-Arg)/m (Kudo and Nagasaki, 2015). The number of injections was changed from 1 up to 4 times on days 0–3 at a dose of 16 mg/kg on an arginine basis. Injection times are 1 (closed circles), 2 (open triangles), 3 (closed triangles), and 4 (open lozenges). Tumor volume change of PBS-treated mice was also shown as open squares. (n = 4, expressed as mean ± S.E., *p < 0.05). Abbreviation: P(L-Arg), poly(L-Arginine); m, micelles.
CONCLUSION
Material safety is one of the main problems that affect the development of micelles from basic research to clinical application. Raw materials for building micelles were derived from various natural and synthetic materials. Compared to synthetic materials, natural materials have almost no side effect on human body, which become the first choice for micelles. In natural materials, basic amino acids have been paid much attention for non-toxicity and good biocompatibility.
This review shows design ideas for the construction of micelles by using basic amino acids and their derivatives. It can be summarized as follows: 
1) Lysine and its derivatives can build the linker, core, and shell of micelles. As linker, lysine, lysine-based dendrimer, and polylysine provide the rich active groups to connect hydrophilic or hydrophobic materials. Additionally, the surplus amino groups of polylysine as linker can load drug by electrostatic interaction or are covalently cross-linked by introducing disulfide bond, thus improving the stability of drug-loaded micelles. In the construction of micellar core, polylysine can be physically combined with negatively charged polymer by electrostatic interaction, or chemically modified in the side chain amino groups to form micellar core. Modification methods for side-chain amino group of polylysine include charge reversal of polylysine by introducing carboxyl groups, cross-linking of polylysine by introducing sulfhydryl groups, and hydrophobic modification of polylysine by introducing hydrophobic molecules. When acting as the shell of micelles, the positive charge of polylysine is shielded by introducing drug, anionic substances, or polymers to temporarily occupy the amino groups, thereby reducing or reversing the charge of drug-loaded micelles, improving their stability in the blood circulation, and enhancing their efficiency of endocytosis by target cells.
2) Both histidine and polyhistidine can act as the core of micelles to load drug and trigger drug release by acidic pH. When introducing hydrophobic material into the micellar core based on polyhistidine, either by mixing hydrophobic polymer blocks or by introducing other hydrophobic components into the polyhistidine blocks, the ability of micelles to recognize small differences in pH is improved thus achieving accurate targeting of tumor organelles. In addition, polyhistidine as an intermediate layer of triblock polymer micelles can control drug release rate by responding to acidic pH. There is a correlation between the chain length of polyhistidine as the middle layer of micelles and pH-dependent drug release rate.
3) The micelles modified by both single arginine and oligoarginine have high membrane-penetrating ability due to covering the outside of micelles with high density of arginine guanidine groups. Moreover, the high concentration of arginine-rich micelles in tumor site can generate high concentration of NO to enhance antitumor effect.
Considerable progress has been made in the construction of drug-loaded micelles based on lysine, histidine, and arginine, and efficient drug delivery at the target site has been achieved. In addition, cytotoxicity and intracellular delivery processes have been widely studied in many researches. Nevertheless, there are still the following problems to be solved: 1) micelles based on basic amino acids are still produced on a laboratory scale, and issues related to low yield and high cost need to be resolved; 2) most of the researches in drug delivery are only at the basic research stage of cell and animal models. Information was limited on biodistribution, metabolism, and degradation mechanisms of amino acid-based micelles. In order to obtain better biomedical applications, the further corresponding studies related to the above unsolved issues are necessary.
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Chemodynamic therapy as an emerging therapeutic strategy has been implemented for oncotherapy. However, the reactive oxygen species can be counteracted by the exorbitant glutathione (GSH) produced by the tumor cells before exerting the antitumor effect. Herein, borneol (NB) serving as a monoterpenoid sensitizer, and copper sulfide (CuS NPs) as an NIR-II photothermal agent were loaded in a thermo-responsive vehicle (NB/CuS@PCM NPs). Under 1,060-nm laser irradiation, the hyperthermia produced by CuS NPs can be used for photothermal therapy and melt the phase change material for drug delivery. In the acidity microenvironment, the CuS NPs released from NB/CuS@PCM NPs could degrade to Cu2+, then Cu2+ was reduced to Cu+ during the depletion of GSH. As Fenton-like catalyst, the copper ion could convert hydrogen peroxide into hydroxyl radicals for chemodynamic therapy. Moreover, the NB originated from NB/CuS@PCM NPs could increase the intracellular ROS content to improve the treatment outcome of chemodynamic therapy. The animal experimental results indicated that the NB/CuS@PCM NPs could accumulate at the tumor site and exhibit an excellent antitumor effect. This work confirmed that the combination of oxidative stress–induced damage and photothermal therapy is a potential therapeutic strategy for cancer treatment.
Keywords: photothermal ablation therapy, chemodynamic therapy, phase change material, drug delivery, responsive nanomaterial
INTRODUCTION
Due to the hypoxic tumor microenvironment, tumor cells undergo hypoxic metabolism and inhabit in an elevated level of redox homeostasis circumstance (Yang et al., 2020). As an adaptive response, tumor cells will improve their antioxidant capacity, for example, the increased glutathione (GSH) levels in tumor cells further endow the tumor cells with anti-apoptosis and drug-resistant performance (Bansal and Simon, 2018; Liu Z. et al., 2020). Even worse, the exorbitant GSH in tumor cells as a reactive oxygen species (ROS) scavenger not only dramatically reduces the therapeutic efficacy of ROS-medicated therapy but also facilitates tumor metastasis, which makes cancer with high mortality and more difficult to be treated (McCarty et al., 2010; Lin X. et al., 2019; Liu M. D. et al., 2020; Zhu et al., 2021).
Borneol (NB) is a bicyclic monoterpenoid that can be extracted from a variety of Chinese herbal plants, such as valerian, lavender, and chamomile (Su et al., 2013). NB possesses analgesic, antibacterial, and anti-inflammatory effects, which has been approved by the Food and Drug Administration and widely used in the fields of cosmetics, food, and pharmaceuticals (Bhatia et al., 2008; Cherneva et al., 2012). NB, which serves as a chemosensitizer, can potentiate the therapeutic effect of anticancer drugs (such as cisplatin, paclitaxel, and doxorubicin) through cellular redox homeostasis interference by activating ROS-mediated oxidative damage (Horváthová et al., 2009; Su et al., 2013; Cao et al., 2020). Unfortunately, the overexpressed glutathione (GSH) in the malignant tumor generally attenuates the therapeutic effect of ROS-medicated therapy. Therefore, the synergistic therapy with tumor microenvironment remodeling property is critical for the eradication of the malignant tumor (Liang et al., 2020).
Recently, many chemodynamic agents based on variable metal ions (such as Mo5+/Mo6+, Mn2+/Mn4+, Fe2+/Fe3+, and Cu+/Cu2+) have been widely implemented in tumor microenvironment reconstruction (Liu et al., 2019; Ashok et al., 2020; Sun et al., 2020; Yang et al., 2020; Li Y. et al., 2021; Sun et al., 2021). Using this strategy, a satisfactory outcome is shown in the improvement of the treatment effect. For example, Yang et al. reported PtCu3 nanocages with horseradish peroxidase–like and GSH peroxidase–like catalytic activity, which could consume GSH for boosting the therapeutic effect of chemodynamic therapy (CDT)/sonodynamic therapy (Zhong et al., 2020; Yang H. et al., 2021). The Zhao group fabricated a hydrogen peroxide (H2O2)–responsive tin ferrite (SnFe2O4) nanoparticle with GSH peroxidase–like, Fenton-like, and catalase-like performance for GSH depletion and NIR-I photothermal-CDT (Feng et al., 2021). However, NIR-I light with limited tissue penetration depth and the maximum permissible exposure is 0.33 W cm−2, which is worse than NIR-II light (Shi et al., 2020; Dai et al., 2021; Wang et al., 2021; Zhang et al., 2021). To overcome this predicament, Sun et al. prepared copper sulfide (CuS) with NIR-II photothermal ability functionalized manganese dioxide nanoparticles for GSH elimination and NIR-II photothermal augmented CDT because Cu2+ can be reduced to Cu+ by the intratumoral GSH and then the H2O2 in the tumor can be catalyzed into the hydroxyl radical for CDT (Ma et al., 2019). Therefore, the ingenious design of nanomaterials with GSH consumption and intracellular oxidation homeostasis interference is critical for improving the therapeutic effect of ROS-medicated therapy.
Herein, the phase change material (PCM) was used to encapsulate CuS NPs and NB for disrupting intracellular redox homeostasis and thermal deactivation tumor cells. The NB serving as a chemosensitizer to enhance ROS generation and the CuS NPs working as NIR-II photothermal agent with GSH elimination and Fenton-like catalytic performance were encapsulated into the PCM vehicle to prepare the NB/CuS@PCM NPs for disturbing intracellular redox homeostasis after the PCM was melted by the heat produced by CuS NPs. Subsequently, H2O2 in the tumor cells was catalyzed by copper ions to generate hydroxyl radicals for CDT via Fenton-like reaction (Ma et al., 2019). Furthermore, the NB could improve intracellular ROS content to boost the CDT performance (Scheme 1). Combined with the oxidative stress–induced damage and photothermal therapy, NB/CuS@PCM NPs showed a pronounced antitumor effect in vitro and in vivo, demonstrating that NB/CuS@PCM NPs would be a potential candidate for oncotherapy.
[image: Scheme 1]SCHEME 1 | NB/CuS@PCM NPs for tumor photothermal and oxidative stress therapy.
MATERIALS AND METHODS
Materials
Crude borneol was provided by Fujian Green Pine CO., Ltd. and further purified (purity ≥97%) by Fujian Nanping Green Pine Chemical Co., Ltd. Copper chloride (CuCl2), sodium sulfide, and gallic acid were offered by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Dichlorofluorescein diacetate (DCFH-DA), thiazolyl blue tetrazolium bromide (MTT), and propidium iodide (PI) were provided by Beyotime Biotechnology Co., Ltd., Shanghai, China). Glutathione, polyvinylpyrrolidone (K30), and 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) were available from Shenggong Biotech Co., Ltd. (China). Murine mammary carcinoma 4T1 cells and the cell culture medium were obtained from Keygen Biotech Co., Ltd. (China).
Synthesis of CuS NPs
100 mg of polyvinylpyrrolidone, 20 mg of gallic acid, and 86 mg of CuCl2 were dissolved in 10 ml of Milli-Q water. After stirring for 1 h, 200 mg of sodium sulfide was added. The solution color would change to black within seconds. After stirring for 4 h, the resulting product was dialyzed with a 10,000 Da-molecular weight cutoff dialysis bag and filtered using a 0.22-μm syringe filter.
Preparation of NB/CuS@PCM NPs
The phase change material (PCM) consisting of 1-hexadecanol and oleic acid (3.5:1) was prepared as previously described (Ewulonu et al., 2019; Zhang et al., 2020; Yang D. et al., 2021; Xu et al., 2021). To construct the NB/CuS@PCM NPs, 20 mg of ovolecithin, 10 mg of DSPE-PEG, and 10 mg of CuS NPs were dissolved in 10 ml of water and warmed up to 50°C. The ethanol mixture of PCM (10 mg) and NB (10 mg) was quickly injected into the aforementioned solution under sonication conditions. Then the resulting solution was cooled in an ice bath. After purification by dialysis and filtration, NB/CuS@PCM NPs were harvested. The loaded content of NB in CuS/NB@PCM NPs was measured using a UV-vis spectrometer through the chromogenic reaction (Li et al., 2008).
Characterization
The size distribution and morphology of NPs were analyzed via a dynamic light scatterer, scanning electron microscope, and transmission electron microscope. The powder X-ray diffraction (XRD) pattern was implemented via a D8 Advance X-ray diffractometer. A UV-3600 UV-vis-NIR spectrometer was used for the collection of absorbance spectra. An E50 infrared camera was adopted to measure the sample temperature change.
The release behavior of NB was monitored using vanillin as a chromogenic reagent, as in the method Li described previously (Li et al., 2008). In brief, a certain amount of the concentrated sulfuric acid solution containing 10 mg ml−1 vanillin was added to 250 μL of the sample or NB standard solution. The resulting solution was placed at room temperature for 10 min. Finally, the resulting solution was diluted (1:1) with water before monitoring the absorbance spectrum change.
Photothermal Measurement
Different concentrations (0, 25, 50, and 100 μg ml−1) of NB/CuS@PCM NPs were exposed to a 1,060-nm laser (1 W cm−2). And the temperature variation of the sample was determined using a FLIR infrared camera. To investigate the effect of laser power density, NB/CuS@PCM NPs (100 μg ml−1) were exposed to the 1,060-nm laser (0.4, 0.6, 0.8, and 1 W cm−2). To evaluate the photothermal stability, the temperature variation of NB/CuS@PCM NPs (100 μg ml−1) was monitored during five laser (1 W cm−2) on–off cycles.
GSH Depletion
The depletion of GSH was performed as our work previously described (Liu et al., 2019; Shi et al., 2020). In brief, different concentrations of NB/CuS@PCM NP solution (pH = 6.5) were mixed with GSH and DTNB probe (solvent, dimethyl sulfoxide/water, 1:1). The concentrations of GSH and DTNB probe were 10 and 10 mM, respectively. Then the absorbance spectra of samples were collected by using a UV-vis-NIR spectrometer.
Chemodynamic Activity Assay
The methylene blue (MB) probe can react with the hydroxyl radical and then the blue color disappeared, which can confirm the emergence of the hydroxyl radical (Li Q. et al., 2021). To verify the catalytic performance of NB/CuS@PCM NPs, the NB/CuS@PCM NP solution treated with the 1,060-nm laser (1 mg ml−1) was incubated with different solutions (pH = 6.5), for example, NB/CuS@PCM NPs + MB, NB/CuS@PCM NPs + MB + H2O2. The concentration of MB and H2O2 was 10 μg ml−1 and 10 mM, respectively. After incubation for 3 h, the samples were characterized with a UV-vis spectrometer.
Cell Viability Test
The MTT assay was used to evaluate the cytotoxicity of NB/CuS@PCM NPs (Yang et al., 2016; Cheng et al., 2021; Menaga et al., 2021; Yu et al., 2021). First, 150 μL of 4T1 cells (5 × 105 cells ml−1) were added to each well (96-wells plate) and incubated for 16 h. Then the cells were treated with NB/CuS@PCM NPs and CuS@PCM NPs. To assess the photothermal therapeutic performance of nanoparticles, the cells were irradiated with the 1,060-nm laser. To assess the dark toxicity of nanoparticles, the cells were cultured without laser treatment. After cultivation for another 12 h, a routine cytotoxicity assay was implemented. Besides, after the cells were treated with NPs (100 μg ml−1) and laser, the photothermal therapeutic efficiency was also confirmed by calcein AM and PI fluorescent staining.
Intracellular ROS Detection
The intracellular ROS generation was analyzed using a reactive oxygen fluorescent probe (DCFH-DA). First, NB/CuS@PCM and CuS@PCM NPs were treated with the 1,060-nm laser. And the resulting dispersion solutions (pH = 6.5, H2O2 = 50 μM) were co-cultivated with 4T1 cells for 1 day. Then the cell was stained with the DCFH-DA probe before fluorescent images were recorded using an X71 inverted fluorescence microscope (Olympus, Japan).
In vivo Antitumor Assay
All animal studies were carried out according to the ethical principles of Guide For the Care and Use of Laboratory Animals of Nanjing Tech University. To probe the therapeutic effect of NB/CuS@PCM NPs in vivo, BALB/c mice (female, 4–5 weeks) bearing 4T1 cell xenografts were stochastically assigned to four groups and received different treatments: 1) PBS, 2) NB/CuS@PCM NPs (2 mg ml−1, 100 µL), 3) NB/CuS@PCM NPs (2 mg ml−1, 100 µL) + laser. Four hours after intravenous injection, the tumor was irradiated with the 1,060-nm laser. Afterward, the tumor size was determined using a vernier caliper, and the body weights were monitored simultaneously. After treatment for 14 days, the mice were euthanized and then the organs were collected, fixed in 4% formaldehyde, and embedded in paraffin for histopathological analysis.
RESULTS AND DISCUSSION
First, the CuS NPs were prepared according to the previously reported literature with minor modification (Yang et al., 2014). The sodium sulfide solution was added to the CuCl2 solution supplement with gallic acid to form the CuS NPs. The TEM image in Supplementary Figure S1A revealed that the diameter of CuS NPs was about 36 nm, which was consistent with the DLS result (Supplementary Figure S1B). As depicted in Supplementary Figure S1C, the XRD pattern of CuS NPs was consistent with the standard card (PDF#06–0,464). And the peaks located at 27.4, 29.2, 31.7, 48.0, 52.5, and 59.3° can be ascribed to the lattice planes of (101), (102), (103), (110), (108), and (116), respectively (Shen et al., 2019). The absorbance spectrum of CuS NPs exhibited that gallic acid modified CuS NPs possess a strong NIR-II absorbance (Supplementary Figure S1D). These results confirmed that the CuS NPs were successfully synthesized.
NB is a hydrophobic medical molecule, which sublimates easily and can be rapidly metabolized (Zhang et al., 2008). To realize the controllable delivery of NB and increase its medical effectiveness, NB was loaded to different vehicles (Cao et al., 2020; Li et al., 2015; Tang et al., 2015). To fabricate the on-demand therapeutic platform, the PCM carrier with temperature responsiveness was further used to load NB and NIR-II photothermal agent CuS NPs. The PCM consisting of 1-hexadecanol and oleic acid (mass ratio = 3.5: 1) has a suitable melting point of about 46°C (Zhang et al., 2020). After the PCM containing NB was dropped into the CuS NPs suspension solution, the NB/CuS@PCM NPs could be prepared when the solution was cooled in the ice water bath. As presented in Figure 1A, the absorption spectrum of NB/CuS@PCM NPs had no significant difference compare with CuS@PCM NPs. The SEM image indicated that the NB/CuS@PCM NPs held a spherical morphology with a mean diameter of 52.9 nm (Figure 1B, Supplementary Figure S2A). After treated with the 1,060-nm laser, the mean diameter of NB/CuS@PCM NPs decreased from 52.9 to 47.3 nm because PCM was melted by the heat produced by the CuS NPs (Supplementary Figure S2B). The loading efficiency of NB was measured to be 6.28%. Previous studies confirmed that the CuS NPs, which serves as a photothermal agent, have been widely used in biomedical application owing to their high photothermal conversion efficiency and high extinction coefficients in the NIR region (Yang N. et al., 2021). Then the photothermal performance of the NB/CuS@PCM NPs was confirmed under 1,060-nm laser illumination. As exhibited in Figures 1C,D, the temperature change of the NB/CuS@PCM NP dispersion revealed a dose and laser power dependence. In detail, the temperature of CuS/NB@PCM NPs (50 μg ml−1) could increase to 42.6°C after 1,060-nm laser irradiation (1 W cm−2) for 10 min. The eventual temperature of NB/CuS@PCM NPs (100 μg ml−1) increased from 31.3°C to 50.4°C as the laser power density increases from 0.4 W cm−2 to 1 W cm−2. The photothermal stability analysis indicated that the NB/CuS@PCM NPs possessed high stability even after four cycles of laser irradiation (Figure 2A). These results indicated that the CuS NPs encapsulated in the NB/CuS@PCM NPs could produce hyperthermia to melt the thermal-sensitive delivery system.
[image: Figure 1]FIGURE 1 | (A) Absorption spectra of CuS@PCM NPs and NB/CuS@PCM NPs. (B) TEM image of NB/CuS@PCM NPs. (C) Elevated temperature profile of different concentrations of NB/CuS@PCM NPs under 1,064-nm laser (1 W cm−2) exposure. (D) The elevated temperature profile of NB/CuS@PCM NPs (100 μg ml−1) under different densities of 1,064-nm laser exposure.
[image: Figure 2]FIGURE 2 | (A) Photothermal stability assay of NB/CuS@PCM NPs. (B) GSH-depleting performance of NB/CuS@PCM NPs. (C) Generation ability of the hydroxyl radical under different conditions. (D) NB release behavior under different conditions.
As we know, there is an acidic environment at the site of solid tumor (Lv et al., 2020). Under the NIR treatment, the CuS NPs released from the PCM were degraded to Cu2+. Then the Cu2+ can be transformed into Cu+ for Fenton-like chemodynamic therapy (CDT) under the reduction of the exorbitant GSH in the tumor (Wang et al., 2020). As shown in Figure 2B, in the acidic environments, the NB/CuS@PCM NPs could deplete GSH in a dose-dependent relationship. The hydroxyl radical generation ability of the NB/CuS@PCM NPs was performed under different conditions (Lin L.-S. et al., 2019). As displayed in Figure 2C, under heat conditions, the solution mixed with NB/CuS@PCM NPs, MB, and H2O2 exhibited weak absorbance intensity at 665 nm, confirming that heat can promote the generation of hydroxyl radicals. Next, the photo-activated drug release behavior of the NB/CuS@PCM NPs was investigated under 1,060-nm laser irradiation (Supplementary Figure S3). As exhibited in Figure 2D, under laser irradiation, a plentiful supply of NB was released, demonstrating the NB/CuS@PCM NPs could achieve on-demand NB release. In contrast, without NIR treatment, a small amount of NB was released from NB/CuS@PCM NPs. More importantly, the uptake of NB/CuS@PCM NPs was enhanced upon exposure to the 1,060-nm laser (Supplementary Figure S4).
After validating the catalytic and photothermal properties of NB/CuS@PCM NPs, the antitumor activities of NB/CuS@PCM NPs were evaluated in vitro. First of all, the cytotoxicity of NB/CuS@PCM NPs toward 4T1 cells was carried out. As shown in Figure 3A, in the dark environment, the cell viability of 4T1 cells was greater than 78% even NB/CuS@PCM NPs was concentration up to 100 μg ml−1. Upon exposure to 1,060-nm laser and NPs at 50 μg ml−1, the cell viability decreased sharply to 53.1% (for CuS@PCM) and 33.4% (for NB/CuS@PCM) (Figure 3B). Previous results indicated NB can improve the uptake of anticancer drugs and enhance its therapeutic effect by the increment of ROS content (Cao et al., 2020; Horváthová et al., 2009). The cells treated with NB/CuS@PCM NPs and laser produced a large amount of ROS (Figure 3D, DCFH-DA staining, Supplementary Figure S5). Moreover, the GSH content in the cells treated with NB/CuS@PCM NPs reduced significantly (Figure 3C). These results confirmed that the NB can enhance the therapeutic effect of CDT by the cellular redox homeostasis interference because of the NB with good biocompatibility when the concentration is lesser than 500 μg ml−1 (Supplementary Figure S6). Finally, the antitumor effect of NB/CuS@PCM NPs is also verified by PI staining (Yan et al., 2021). And the result was consistent with the MTT assay (Figure 3D, PI staining).
[image: Figure 3]FIGURE 3 | (A) Cytocompatibility assay. (B) Cytotoxicity assay of NPs under laser exposure. (C) Intracellular GSH-depleting capability of NB/CuS@PCM NPs. (D) Intracellular ROS content assay using DCFH-DA probe (green fluorescence). Cell death staining analysis using PI probe (red fluorescence).
To further confirm the feasibility of tumor therapy in vivo, the photoacoustic imaging (PAI) performance and antitumor effect of NB/CuS@PCM NPs were investigated by using 4T1 tumor-bearing BALB/c mice. After intravenous medication, the accumulation of NB/CuS@PCM NPs in the tumor was monitored. As shown in Figures 4A,B, the photoacoustic signal intensity of the tumor reached a maximum 4 h after injection . Thus, 4 h after injection was chosen for photo-triggered drug release and photothermal therapy. Previous studies confirmed that the tumor produces exorbitant GSH and H2O2 (Yang et al., 2020). After the PCM was melted, the Cu2+ release from the CuS NPs in the acidic tumor environment was reduced to Cu+ by the exorbitant GSH (Chen et al., 2019). Thereafter, the Cu+ can react with the intratumoral H2O2 to produce a highly poisonous hydroxyl radical (·OH) by the Fenton-like process (Wang et al., 2020). As expected, in the NB/CuS@PCM NPs + laser group, the temperature at the tumor site raised rapidly and increased from 32.5 to 52.0°C in 5 min, which confirmed that the hyperthermally produced NB/CuS@PCM NPs were feasible to ablate the tumor cells and trigger the NB and CuS NPs release for enhanced chemodynamic therapy (Figures 4C,D). On the contrary, in the control group, the temperature elevated insignificantly, indicating that there was not a photothermal effect when the mice were only treated with the 1,060-nm laser. During treatment, the growth of the tumor was traced. As displayed in Figure 5A, in the groups treated with the 1,060-nm laser or NB/CuS@PCM NPs, the growth of tumor was not inhibited. After some time, the tumor volume increased 14.6-fold (for laser treatment) and 13-fold (for NB/CuS@PCM NPs treatment) after 16 days of treatment, while the tumor receiving NB/CuS@PCM NPs and 1,060 nm laser treatment was eliminated (Figure 5A; Supplementary Figure S7), which fully confirmed the antitumor effect of the NB/CuS@PCM NPs.
[image: Figure 4]FIGURE 4 | (A,C) NIR-II photoacoustic imaging photo and thermal imaging photo of tumor after the intravenous injection of NB/CuS@PCM NPs. (B,D) Photoacoustic signal and temperature change profile after the administration of NB/CuS@PCM NPs.
[image: Figure 5]FIGURE 5 | (A) Change of tumor volume after intravenous injection of NPs or PBS with and without NIR light exposure. (B) Weight fluctuation of mice during the treatment. (C) Histopathological analysis of tumor tissue by H&E staining after 1 day of treatment.
To evaluate the antitumor effect of NB/CuS@PCM NPs, the tumors were extracted for histopathological analysis. As shown in Figure 5C, an insignificant change was observed in the control group or the NB/CuS@PCM NP treatment group. On the contrary, in the treatment group of NB/CuS@PCM NPs + laser, a remarkable deformation could be seen, which indicated that the tumor cells might undergo apoptosis or necrosis, confirming that the NB/CuS@PCM NPs possess a strong antitumor effect with the assistance of laser (Figure 5C). To observe apoptotic cells in tissue sections, the terminal transferase–mediated dUTP nick end-labeling (TUNEL) was carried out (Li et al., 2017; Wu et al., 2018; Yang et al., 2019). As expected, after the tumor was treated with NB/CuS@PCM NPs and laser, substantial tumor cells were labeled with green fluorescence (Figure 6). This result was consistent with HE staining results.
[image: Figure 6]FIGURE 6 | TUNEL assay of tumor tissue after 1 day of treatment. Nucleus was labeled by DAPI with blue fluorescence. The DNA nick was labeled by FITC modified dUTP with green fluorescence.
Finally, the potential biotoxicity of the NB/CuS@PCM NPs was assessed by body weight change analysis, blood routine examination, and pathomorphology analysis. During the treatment, the body weight of the three groups had insignificant change, implying that the NB/CuS@PCM NPs possessed low physiological toxicity. In blood routine examination, various indicators in the blood, such as hemoglobin (HGB), red blood cells (RBC), white blood cells (WBC), and so on, exhibited no obvious fluctuations after the mice received treatment (Supplementary Figure S8). Besides, the major organs of mice were collected for histopathological analysis when the treatment was complete. As presented in Supplementary Figure S9, there were no prominent morphological changes, indicating NB/CuS@PCM NPs had excellent biocompatibility.
CONCLUSION
In summary, we fabricated an NIR-II–activated nanoplatform (NB/CuS@PCM NPs) for photothermal therapy and intracellular oxidation homeostasis disturbance. The PCM could be melted by the hyperthermia under 1,060-nm laser irradiation to realize the thermo-responsive release of NB and CuS NPs. Under the acidic tumor environment, the copper ion dissociated from the CuS NPs was reduced into Cu+ via the consumption of GSH. Furthermore, intratumoral H2O2 was converted into highly poisonous ⋅OH to disrupt the intracellular oxidation hemostasis via Fenton-like reaction. Besides, the NB could increase the intracellular content of ROS for enhancing the therapeutic effect of chemodynamic therapy. In vivo, with the assistance of photoacoustic imaging, NB/CuS@PCM NPs exhibited a satisfactory therapeutic effect in cancer therapy.
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In recent years, the exploration of tumor microenvironment has provided a new approach for tumor treatment. More and more researches are devoted to designing tumor microenvironment-responsive nanogels loaded with therapeutic drugs. Compared with other drug carriers, nanogel has shown great potential in improving the effect of chemotherapy, which is attributed to its stable size, superior hydrophilicity, excellent biocompatibility, and responsiveness to specific environment. This review primarily summarizes the common preparation techniques of nanogels (such as free radical polymerization, covalent cross-linking, and physical self-assembly) and loading ways of drug in nanogels (including physical encapsulation and chemical coupling) as well as the controlled drug release behaviors. Furthermore, the difficulties and prospects of nanogels as drug carriers are also briefly described.
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INTRODUCTION
The use of nanogels as carriers for drugs and other molecules has been extensively studied over the past 2 decades (Raemdonck et al., 2009; Li Y. et al., 2015; Mohammadi et al., 2020; Zhao et al., 2021). Generally, nanogels are defined as 3D sub-micron sized hydrophilic polymer networks formed through physical or chemical cross-linking, exhibiting the comprehensive properties of hydrogels and nanoparticles simultaneously. Physical cross-linking mainly includes hydrophobic interactions, electrostatic interactions, hydrogen bonds, and ionic interactions. Chemical method is to produce covalent bonds during the preparation of nanogels (Neamtu et al., 2017). Researchers define the acceptable nanogel size as 10–1,000 nm, while others have reported the optimal size of nanogel for biomedical applications is less than 200 nm (Akiyama et al., 2007). Nanogels are able to absorb a large quantity of water. The cross-linking network of nanogels is considered as a matrix to hold the inner liquid medium, while the absorbed water can be regarded as a filter medium for the diffusion of cargoes. Nanogels with negative Zeta potential are beneficial to avoid phagocytosis of the immune system and can resist the adsorption of negatively charged proteins (Xiao et al., 2011; Cuggino et al., 2019). Moreover, the swelling and shrinking behavior of nanogels is considered as an indispensable feature, which promotes the diffusion of loaded drug (Clegg et al., 2020).
With the exploration of controlled drug delivery, many kinds of drug carriers have attracted wide attention, such as liposomes, polymer vesicles, micelles, and microemulsions due to their good performances in prolonging blood circulation and improving therapeutic efficiency (Zhu et al., 2017; Iqbal et al., 2020; Large et al., 2021). As an emerging drug carrier, nanogel shows unique and promising prospects in biomedical field because of its good biocompatibility, high drug loading capacity, stimuli-responsiveness, low toxicity, and biodegradability (Pinelli et al., 2020; Shah et al., 2020). In general, an ideal nanogel drug delivery system (NG-DDS) should meet the requirements of the entire drug delivery process. Firstly, nanogels are required to effectively load therapeutic drugs and protect them from phagocytosis, elimination, and burst release. Secondly, nanogels should target to the diseased tissues to reduce damage to normal cells. Afterwards, under corresponding stimulus (temperature, pH, magnetic field, light, redox potential, enzymes, etc.), the structures of nanogels are triggered to collapse, swell, or contract to achieve controlled drug release. Finally, the remaining nanogels should be degradable and eliminated from the body with circulation (Xu et al., 2013; Ahmed et al., 2020). Therefore, the design strategies of nanogels as drug carriers include high drug loading content, good biocompatibility, long circulation time, specific ligands recognized by targeted cells, and stimulus-sensitive degradation characteristics.
In recent years, researchers have developed various nanogels with abundant performances. Most nanogels are designed to load therapeutic drugs such as doxorubicin (DOX), curcumin (CUR), methotrexate (MTX), and cisplatin (CDDP), and the others are utilized to deliver nucleic acids, proteins, and genes (Li et al., 2017; Luckanagul et al., 2018a; Lakkakula et al., 2021). So far, the instability of carriers and the presence of various biological barriers are still the main challenges to drug delivery efficiency (Oh et al., 2008; Sharma et al., 2016; Mauri et al., 2018; Hajebi et al., 2019b; Dreiss, 2020). In order to further explore NG-DDS comprehensively and systematically, this review primarily summarizes the synthetic strategies of nanogels (chemical crosslinking and physical crosslinking), methods of drug loading (physical encapsulation and chemical coupling) as well as stimuli-responsive drug release behaviors (pH, temperature, redox; single, dual, and multi). In addition, according to the development of NG-DDS, major challenges and future prospects of NG-DDS are also depicted (Scheme 1).
[image: Scheme 1]SCHEME 1 | General preparation methods and responsive-release types of drug-loaded nanogels.
GENERAL SYNTHETIC METHODS
The preparation of nanogels is divided into chemical methods and physical approaches. Chemical methods involve the formation of covalent bonds and the most common technology is the heterogeneous free radical polymerization (Li Z. et al., 2019; Mackiewicz et al., 2019; Gurnani and Perrier, 2020). Compared with traditional free radical polymerization, controlled living polymerization could synthesize polymers with specific structures and properties (Gurnani and Perrier, 2020). In order to control the molecular weight, particle size, and particular three-dimensional structure of the polymer, atom transfer radical polymerization (ATRP), reversible addition-fragmentation chain transfer (RAFT), and nitroxide radical polymerization (NMRP) have been widely developed. Besides, the introduction of special cross-linkers into the polymerization system also tends to construct covalently cross-linked nanogels. The decomposition of cross-linkers is beneficial to the degradation of nanogels and controlled drug release in the later stage (Pei et al., 2018). Physical cross-linking means the self-assembly of polymers through weaker interactions, including hydrophobic interactions, supramolecular host-guest assembly, electrostatic interactions, and hydrogen bonds (Wei et al., 2013; Ding et al., 2019b). Comparing these two procedures, the chemical cross-linking shows more permanent and stable connections for the polymer network, whereas physically cross-linked structure is more likely to be destroyed. It is notable that the different cross-linked structures also influence the subsequent ways of drug release. A list of cross-linking mechanisms and corresponding release behaviors of drug-loaded nanogels is shown in Table 1.
TABLE 1 | The preparation mechanisms and relevant drug release behaviors of NG-DDS.
[image: Table 1]Free Radical Polymerization
Most nanogels are prepared by free radical polymerization, which have the advantages of fast reaction speed, high molecular weight of the products, and the increasing of conversion rate with the extension of reaction time (Noordergraaf et al., 2018; Gao et al., 2020). The structures and properties can be adjusted by changing monomer, crosslinking agent, initiator, reaction medium, reaction time, and reaction temperature to achieve optimal drug delivery effect (Ahmed, 2015). Precipitation polymerization, (micro) emulsion polymerization, and dispersion polymerization are common polymerization techniques. Utilizing N-isopropylacrylamide as the monomer, acrylic dendritic polyglycerol as the crosslinking agent, sodium lauryl sulfate as the stabilizer, temperature-sensitive nanogels loading coumarin six were prepared by precipitation polymerization. The results showed that the drug release was thermo-dependent with a remarkable increase above the volume phase transition temperature of 32–37°C (Sahle et al., 2017). Sengel prepared a drug carrier with N-(2-mercaptoethyl)acrylamide as a monomer and ethylene glycol dimethacrylate as a cross-linker through dispersion polymerization (Sengel and Sahiner, 2019). Emulsion polymerization means monomers are dispersed in water with the help of emulsifiers and mechanical stirring, and micelles are formed above the critical micelle concentration, where polymer chains keep sustained growth. On this basis, micro (mini) emulsion polymerization and reverse (micro) emulsion polymerization have been developed (Lovell and Schork, 2020; Pereira et al., 2020). The pH-sensitive H40-based nanogels with new structures were synthesized through mini-emulsion polymerization and click reaction (Abandansari et al., 2014). Firstly, the synthesized reactants were added dropwise to the aqueous phase with sonication to obtain the milky macroemulsion. Then the formed macroemulsion was constantly ultrasonicated under ice cooling to form a stable milky miniemulsion. Subsequently, the miniemulsion was heated and catalysts were added to induce the azide-alkyne click reaction and the pure nanogels were collected through dialysis (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic illustration of the mini-emulsion technique (Abandansari et al., 2014). Copyright (2014) Elsevier.
With the development of free radical polymerization and controlled drug delivery systems, controllable/living free radical polymerization has attracted much attention (Matyjaszewski and Xia, 2001; Kim et al., 2016; Lou et al., 2017). These prepared polymers have the characteristics of narrow molecular weight distribution and uniform particle size distribution, which facilitate the construction of homogeneous polymer networks and drug loading. ATRP relies on external catalysts (usually transition metal complexs) to reversibly deactivate the free radicals to a dormant state (Matyjaszewski and Xia, 2001). Most of the biodegradable, well-defined and water-dispersed nanogels prepared by ATRP technology occur in reversed micro (mini) emulsions (Siegwart et al., 2009; Averick et al., 2011). The disulfide crosslinked biodegradable nanogels were designed and synthesized employing inverse miniemulsion ATRP (Oh et al., 2007). The releases of encapsulated molecules such as the fluorescent dye rhodamine and the anticancer drug Dox were triggered by the biodegradation of nanogels, demonstrating that these nanogels can be developed as targeted drug delivery carriers for biomedical applications. Compared with ATRP, RAFT with simpler procedures usually uses chain transfer agent (thiocarbonyl compound) rather than poisonous catalysts (Xin et al., 2020). The poly (methyl methacrylate) hair nanoparticles with core-shell structures were prepared through RAFT method. The carriers had high passive drug loading capacity for DOX, exhibiting fast and adjustable drug release behavior at intracellular pH (Qu et al., 2017). It is noticeable that although there are lots of merits of controlled living free radical polymerization, these preparations are rarely studied in vivo, and there is little information about biodistribution, clearance and long-term tolerance.
At present, photo-initiated polymerization has become an effective preparation method due to the short reaction time, mild reaction conditions, and controllable time and space (Fu et al., 2015). Messager reported a synthetic method for hyaluronic acid-based nanogels with controllable structures (Messager et al., 2013). Under UV light irradiation, the methacryloyl hyaluronic acid precursor started crosslinking in the droplets of water-in-oil emulsion, which obtained nanoparticles with homogeneous sizes. However, UV radiation may cause potential cell damage, and UV light tends to be scattered by large monomer droplets. Therefore, visible light-induced photopolymerization has been developed because they have longer wavelengths, less scattered by larger objects and better penetration (Matsui et al., 2017; Le Quemener et al., 2018). For example, Bakó prepared nanogels using methacrylic acid poly-γ-glutamic nanoparticles loading antibiotic drug ampicillin by visible (blue) light-initiated photopolymerization, and the release kinetics showed the controlled and efficient release behaviors (Bakó et al., 2016). Notably, our lab has also developed some strategies on the preparation of nanogels through laser photopolymerization, which is related with the investigation of the initiating system, polymerization mechanism and biomedical applications (Li J. et al., 2021; Liu et al., 2021; Peng et al., 2021; Wang et al., 2021). Specifically, Wang chose biocompatible polyethylene glycol diacrylate (PEGDA) as a monomer and ultrasmall nanogels with around 30 nm in size were prepared successfully through surfactant-free photopolymerization at 532 nm. Subsequently, Li in our lab introduced the third component DPI into the EY/TEOA initiating system, which significantly increased the polymerization rate and conversion ratio, and multifunctional PEGDA hydrogels through a beam expansion device were investigated. Liu’s work concentrated on rapid preparation of nanogels through laser beam expansion under low monomer concentration. And the role of triethanolamine in the effect on the cross-linking degree of PEGDA nanogels was investigated by Peng, indicating that triethanolamine could adjust the double-bond conversion.
Covalent Cross-Linking
The networks of the nanogels can be obtained not only by the polymerization of C = C bonds, but also by coupling between other groups. Compounds containing disulfide bonds are one of the most commonly used cross-linking agents, because the disulfide bonds are easily broke by high concentrations of glutathione in tumor tissues and cells to achieve redox-responsive drug release. For instance, Tian and his coworkers prepared self-assembled hyaluronic acid and polyethylene glycol diglycidyl ether nanogels, then added with cystamine for the second cross-linking and loaded with DOX into the dense networks (Tian et al., 2019). Double cross-linking structures increased the tightness and decreased the burst release of drugs. Besides, the nanogels containing imine bonds formed by aldamine condensation are extensively utilized to deliver drugs due to their good biological activity and acid-sensitivity (Su et al., 2016; Zhao et al., 2017). The modified alginate was coupled with cystamine via disulfide bonds and coupled with DOX via imine bonds, achieving folate receptor-mediated targeting and pH/reduction dual-responsive drug release (Pei et al., 2018). The cleavage of unstable disulfide bonds and imine triggered the collapse of nanogels, promoting the DOX release and accumulation in the nucleus. In particular, these nanogels exhibited strong fluorescence in acidic media such as the microenvironment of tumor cells, and could be used for real-time, non-invasive positioning and tracking of cancer cells.
In recent years, click chemistry has become a promising strategy for designing nanogels due to its high reactivity, good selectivity, and mild reaction conditions. The thiol-ene click reaction is common in the addition of thiol to the double bonds under photo-initiation, which is efficient, high-yield, and can tolerate different functional groups (Tasdelen et al., 2016; Le et al., 2018; Phan et al., 2020; Mondal et al., 2021). The PEG and polycyclic phenylborate nanogels loaded with insulin and glucose oxidase (Gox) were developed through a one-pot thiol-ene click chemistry method by using tetrathiol compound QT as a coupling agent (Li C. et al., 2019). Since the H2O2 produced during the oxidation of glucose could cause cytotoxicity, the in-situ consumption of H2O2 effectively alleviated the side effects of Gox. Compared with nanogels without Gox, nanogels loaded with Gox presented better glucose-responsive abilities and stronger insulin release. These novel glucose/H2O2 dual-sensitive nanogels for insulin delivery will be a promising candidate material in the treatment of diabetes in the future. Zhang reported the self-assembly of modified PEG with hydrophobic segments through hydrophilic and hydrophobic interactions and cross-linked with thiols as shown in Figure 2 (Zhang et al., 2019). The loading capacity of nanogels for DOX, gemcitabine, and methotrexate was investigated, showing that all three drugs could be successfully encapsulated inside the nanogels, and delivered to the 3D pancreatic spheroid tumor model. In summary, many researches have demonstrated that click nanogels with good biocompatibility are very suitable for targeted intracellular drug delivery. However, the current research is still in the preliminary stage. In-depth exploration and reasonable design are necessary to realize true clinical applications.
[image: Figure 2]FIGURE 2 | Purposed structure of dendritic nanogels (DNGs) (Zhang et al., 2019). Copyright (2019) John Wiley and Sons.
Physical Self-Assembly
Compared with chemical cross-linked nanogels, nanogels prepared by physical cross-linking show new functions and have the potential to process, recycle and self-repair due to the nature of dynamic and reversible non-covalent interactions. Usual preparation techniques are to couple hydrophobic segments to hydrophilic polymers, forming amphiphilic macromolecules, and then nanogels will be obtained via self-assembly in aqueous solutions (Chattopadhyay et al., 2016; Thelu et al., 2018; Wang et al., 2018; Wu et al., 2018; Wang et al., 2020). The self-assembled nanogels of ethylene glycol chitosan modified with deoxycholic acid were synthesized, and the diabetic drug palmitoylated exendin-4 (Ex4-C16) was adsorbed on the deoxycholic acid of the chitosan nanogels by hydrophobic interactions (Lee et al., 2012). This kind of drugs could combine with serum albumin to avoid the filtering effect of kidneys and prolong the half-life in the blood. Compared with natural Ex4, palmitoylated Ex4 nanogels had lower penetration rate, but the drug release was slower with longer hypoglycemic effects. These nanogels produced hypoglycemia for 2 days in diabetic mice at a relatively low dose (100 nmol/kg), indicating that the nanogels had long-term hypoglycemic abilities as displayed in Figure 3. In a word, these drug carriers synthesized by hydrophobic interaction are beneficial to the adsorption of hydrophobic drugs, and the interactions between the drugs and carriers can also delay the drug release.
[image: Figure 3]FIGURE 3 | Preparation illustration of nanogels and drug release behaviors. (A) An illustration of self-assembled nanogels; (B) The nanogel particle size distribution with ratio 1:100; (C) Release characteristics of Ex4 and Ex4-C16 from nanogels (Lee et al., 2012). Copyright (2012) Elsevier.
Supramolecular chemistry refers to the chemistry of molecular aggregates based on non-covalent bond interactions between molecules, which primarily studies weak interactions and the assembly, structure, and performance of molecular aggregates (Zan et al., 2015; Qin et al., 2020). Compared with traditional covalently cross-linked nanogels, supramolecular nanogels are easier to adjust their chemical and physical properties by changing the ratio of different components or introducing different stimulus-responsive groups. Common supramolecular host molecules include cyclodextrin, calixarene, crown ether, and hyperbranched polymer (Webber et al., 2016). According to Ding, the phenylalanine grafted chitosan and DOX were wrapped in the cavity of cucurbit(8)urea [CB(8)] to prepare chitosan nanogels with high drug loading efficiency, good biocompatibility, and selective cytotoxicity against therapeutic targets (Ding et al., 2019a). The CB cavity here functioned as a cross-linking agent, and the self-assembly of macromolecules was realized by wrapping phenylalanine in the cavity. Over-expressed spermine or exogenous stimulus amantadine in tumor cells would replace phenylalanine, because the binding affinity of phenylalanine to CB (8) was much weaker than that of amantadine or spermine to CB (8), leading to decrosslinking of nanogels. This kind of drug carriers could respond to specific endogenous or exogenous stimuli to achieve controlled drug release (Figure 4).
[image: Figure 4]FIGURE 4 | Scheme showing the preparation of host-guest interaction-initiated supramolecular CNGs and their stimuli-responsive payload release in cancer cells (Ding et al., 2019b). Copyright (2019) American Chemical Society.
Particularly, ionically cross-linked nanogels are provided with better stability than self-assembled nanogels with micellar structures (Perez-Alvarez et al., 2016; Dong et al., 2020). Ionic polysaccharides are commonly used natural macromolecules for the synthesis of nanogels, including chitosan, hyaluronic acid, alginate, etc. (Liang et al., 2015). Nanogels loaded with antitumor drug methotrexate (MTX) were synthesized through ion gel methods using chitosan and sodium tripolyphosphate (TPP) with the small average particle size of 53.34 ± 7.23 nm, which helped nanogels extend blood circulation time and crossed the blood-brain barriers. After coating the nanogels with polysorbate 80, the MTX-loaded nanogels showed sustained drug release behaviors (about 65–70% within 48 h). These surface-modified nanogels might be candidates for drug delivery to the central nervous system (Azadi et al., 2012). Besides, alginate could be mixed with cationic poly [(2-dimethylamino) ethyl methacrylate] in water through electrostatic attraction, forming nanogels with size of 150 nm. When loading DOX, the nanogels exhibited acid-accelerated release behaviors as a result of the protonation of DOX and nanogels in an acidic medium, facilitating drug release due to electrostatic repulsion. This preparation method was simple in operation, and had low cost, no organic solvent or additives, good biocompatibility, and controllable drug release, which is beneficial to the drug delivery (Cai et al., 2012).
Microfluidic Technology
Unlike traditional methods, microfluidic technology has precise fluid control and rapid micro-scale mixing, which has aroused widespread interest in the preparation and engineering of nano-drug delivery materials. Compared with the traditional batch method, the drug-loaded nanomaterials prepared by the microfluidics have better monodispersity and their microstructures could be controlled by changing the flow rate and time (Amrani and Tabrizian, 2018; Nie et al., 2019; Zhang et al., 2020). To solve the issues of nanogels as carriers with large size, poor cell uptake rate, and endoplasmic embedding, Huang reported the preparation of HA-based nanogels with particle size of 80–160 nm via microfluidic technology and tetrazole-olefin light click cross-linking (Huang et al., 2019). The microfluidic chip was made of soda lime glass and nano-droplets formed at the intersection of the three water inlets. Within a certain range, the particle size decreased as the flow rate increasing and the concentration of HA reducing. These carriers could load various therapeutic proteins, such as cytochrome C, herceptin, and BSA with reduction-sensitivity because of the broken of disulfide bonds in the presence of glutathione.
Besides, microfluidic synthesized nanogels could show superior performance in the encapsulation and release of loaded cargoes (Rhee et al., 2011; Feng et al., 2015). For example, the alginate-based and growth factor-loaded nanogels were prepared through ionic gelation using the microfluidic technology (Mahmoudi et al., 2020). An alginate solution mixed TGF-β3 as core flow was injected into the microchip, while CaCl2 as the sheath flow was injected into the side channels’ inlets of microchip, resulting in the interaction and rapid ionical cross-linking between alginate polymer chains and Ca2+ ions. According to the dynamic light scattering analysis, the microfluidic synthesized nanogels had a smaller diameter and a better polydispersity index (43 ± 4 nm, PDI ≤ 0.2) than those of the bulk prepared nanogels (137 ± 22 nm, PDI ≥ 0.5). And the sizes of nanogels would increase with the enhancement of the flow rate ratio, showing a good correlation. Based on the small diameters and compact characteristics of nanogels, the high encapsulation efficiency and slow drug release could be achieved, while the large sizes of the bulk synthesized nanogels caused the low encapsulation efficiency and burst release. Therefore, the nanogels prepared through the microfluidic approach have shown good potential in cargo loading and sustained release.
LOADING WAYS OF DRUG IN NANOGELS
Loading content refers to the amount of drug loaded per unit weight or unit volume of nanogel, and the amount of drug that can be released is the effective drug loading. An efficient nanocarrier system is required to have high drug loading content, because the drug loading capacity directly affects the clinical application (Sun et al., 2017). The loading methods of carriers include non-covalent and covalent means, namely physical packaging and chemical conjugation. A list of drug-loading ways, the encapsulation techniques and corresponding release behaviors of drug-loaded nanogels is shown in Table 2.
TABLE 2 | The drug-loading ways and relevant drug release behaviors of NG-DDS.
[image: Table 2]Physical Encapsulation
Most drugs are loaded in nanogels by non-covalent interactions, including hydrophilic and hydrophobic interactions, hydrogen bonding interactions, and electrostatic interactions, because this method is simple and effective, and does not change the activity of drug molecules (Feng et al., 2010). Among them, the hydrophobic interaction is widely applied, because many therapeutic drugs are hydrophobic that can be adsorbed to the hydrophobic center (mainly in the core) of the nanogels. For instance, Yoon prepared hyaluronic acid nanogels coupled with a hydrophobic segment of 5β-cholanic acid through self-assembly and loaded with chlorin e6 (Ce6) as a hydrophobic photosensitizer with great drug loading content of 80% (Yoon et al., 2012). At the same time, hydrogen bond-based drug loading is also promising due to directionality, selectivity, and relatively strong interaction, providing drug carriers with stronger drug loading capacity and high physical stability (Li et al., 2018). A novel preparation method of three-hydrogen bonds drug conjugated nanogels was developed (Senthilkumar et al., 2019). The hydrogen bond connection achieved a high drug loading ratio (82 ± 4%), while this number was merely 59 ± 3% when drug was loaded through hydrophobic interaction. Importantly, the uniform connection of the hydrogen-bonded conjugates in the network assisted the drug to stay in the gel matrix for long time during the circulation. These nanogels had strong stability, good biocompatibility and achieved sustainable drug release for several days. This new strategy of three-point hydrogen bonds drug coupling could be extended to other carrier systems and various amphiphilic conjugated polymers.
Chemical Coupling
Physical encapsulation usually leads to inevitable burst release, which reduces the therapeutic effect of drugs (Seidi et al., 2018). To overcome this shortcoming and improve the blood circulation time and accumulation of drugs, covalent coupling has been developed. Lee studied the difference between physical loading and chemical coupling of photosensitizers of tumor-targeted glycol chitosan nanogels as shown in Figure 5 (Lee et al., 2011). On the one hand, the hydrophobic photosensitizer Ce6 was physically loaded into hydrophobically modified carriers. On the other hand, Ce6 was chemically coupled with ethylene glycol chitosan and then nanocarriers were synthesized through self-assembly in aqueous solution. Both nanogels had similar particle sizes and singlet oxygen generation efficiency, but the physical loading exhibited sudden drug release under buffer conditions, where 65% of drugs were released rapidly within 6.5 h, while the chemical coupling presented longer circulation time and more effective tumor accumulation. When two drug carriers and free Ce6 were injected into tumor-bearing mice, only the chemically coupled carriers showed good phototoxicity, and the tumor volume in mice exhibited sharper reduction than others. The high-efficiency therapeutic effect was probably related to the chemical bond between the drugs and nanogels, indicating that this kind of NG-DDS was an effective and promising Ce6 delivery system. In addition, the DOX with active amino groups in the molecules is often coupled to nanogels through Schiff base bond. The pH-sensitive drug-loaded nanogels were obtained through coupling hydroformylated dextran nanogels and DOX (Su et al., 2018). At pH 2.0, 5.0, and 7.4, the drug release amount within 72 h were about 66, 28, and 9%, while the physically loaded nanogels did not demonstrate acid-accelerated release behaviors. In general, although chemical methods slightly solve the problem of drug burst release, some chemical reactions may also affect the activity and efficacy of drugs. It can be observed that these two drug loading methods have respective advantages and disadvantages.
[image: Figure 5]FIGURE 5 | Preparation of HGC-Ce6 and GC-Ce6 and release profiles and in vivo therapeutic efficacy. (A) Schematic illustration of HGC-Ce6 (drug-loaded nanoparticle) and GC-Ce6 (drug-conjugated nanoparticle); (B) In vitro release profiles of HGC-Ce6 and GC-Ce6; (C) Tumor growth data after photodynamic therapy with free Ce6, HGC-Ce6, or GC-Ce6 (5 mg/kg of Ce6) in HT-29 tumor-bearing mice (Lee et al., 2011). Copyright (2011) Elsevier.
STIMULI-RESPONSIVE DRUG RELEASE BEHAVIORS
As mentioned in the first section, an ideal NG-DDS needs to achieve effective drug release at the target site, and the most common release mechanism is drug diffusion (Clegg et al., 2020). In fact, the developments in recent years have shown that regardless of physical embedding or covalent coupling, the current release mechanism tends to be stimuli-responsive release (such as pH, temperature, redox, light, enzymes, etc.), which mainly divides into drug diffusion and swelling, shrinkage, and degradation of nanogels as described in Figure 6. Several stimuli-responsive release systems will be introduced in the following.
[image: Figure 6]FIGURE 6 | Stimuli-responsive drug release mechanisms of nanogels.
pH-Responsive Nanogels
Designing pH-responsive NG-DDS is one of the most commonly used strategies in tumor treatment, because the weakly acidic pH (∼6.5) of tumor cells caused by the excessive lactic acid produced by hypoxia is slightly lower than that (∼7.4) of normal tissues. Furthermore, the acidic lysosomes in cells (pH 5.0–5.5) are also beneficial to the acid-responsive drug release (Li Z. et al., 2021). To obtain acid-sensitive drug carriers, the modification of pH-sensitive molecules and introduction of pH-sensitive bonds (such as acetal bonds, ketal bonds, and imine bonds) into the nanogels are widely used.
Manchun used glyoxal as a crosslinking agent to synthesize dextrin-based nanogels with acid-sensitive bonds (acetal bond) through emulsion polymerization, loaded with DOX as a model drug, and the drug release behaviors of nanogels with different crosslinking agent content in different pH were investigated (Manchun et al., 2014). When the molar ratio of dextrin and glyoxal was 20:1, the cumulative release amount was about 40, 94, and 100% within 72 h at pH 7.4, 6.8, and 5.0, which presented obvious acid-accelerated release behaviors. Under the same pH conditions, as the increase of molar ratio of dextrin and glyoxal, the release amount was accordingly enhanced, because the content of the crosslinking agent was relevant to the crosslinking density of the nanogels. Afterwards, the author replaced glyoxal with formaldehyde as a crosslinking agent, and exhibited similar acid-responsive drug release (Manchun et al., 2015). Moreover, 2,2-dimethylacryloyloxy-1-ethoxypropane (DMAEP) containing ketal bonds was also employed as a pH-labile crosslinking agent. Acid-responsive DOX-loaded nanogels were formed through free radical copolymerization, using acylated HA as a monomer and DMAEP as a cross-linker, which accelerated the DOX release under acidic conditions (Luan et al., 2017). Borate also has unique acid sensitivity, making borate bonds attractive as driving force for integrated assembly. For example, Zhu reported the self-assembly of dextran and phenylboronic acid-modified cholesterol to synthesize DOX-loaded lysosome-acid targeting drug carriers. At the cellular level, it was clearly demonstrated that lysosomes had a strong influence on the uptake efficiency of nuclear drugs, indicating that lysosomal acidity was the main factor affecting drug efficacy (Zhu et al., 2015).
Currently, nanogels with carboxyl or/and amino groups in the molecular structure are commonly used as pH-responsive drug delivery vehicles. The pH and thermo sensitive nanogels with DOX loading composed of poly (N-isopropylacrylamide-co-acrylicacid) core, a polydopamine layer and an outer folic acid layer were designed and developed (Pu et al., 2021). With the decrease of pH from 7.4 to 5.5, the cumulative DOX release amount improved from 17.6 to 56.5%. The enhancement of drug release at pH 5.5 was attributed to the reduction of carboxyl ionization, which induced electrostatic interaction between carboxyl groups as well as the shrinkage of nangels. Moreover, poly (N,N-dimethylaminoethyl methacrylate) (PDMAEMA) is also a pH-sensitive cationic polymer because of protonation of the amino groups when the pH is lower than pKa of PDMAEMA (approximately 7.5) (Brannigan and Khutoryanskiy, 2017; Li Z. et al., 2021). Injectable PDMAEMA nanogels were developed through facile precipitation polymerization with in situ thermogelling behaviors and pH-triggered switching activity (Maiti et al., 2018). According to the release profile, the DOX release was acidic dependent from merely 43% at physiological pH to around 80% at pH 5.8 after 96 h of incubation. On the one hand, the protonation of the amino group resulted in increased electrostatic repulsion, causing the swelling of PDMAEMA nanogels. On the other hand, it might originate from enhanced electrostatic repulsion between quaternized PDMAEMA and positively charged DOX drug molecules, facilitating the DOX release.
Temperature-Sensitive Nanogels
Another feature of tumors and inflammatory areas is that the temperature (40–45°C) is slightly higher than that (37°C) of body fluids, which makes it valuable to design thermo-sensitive nanogels (Seo et al., 2012). Changes in temperature can reverse the segment-segment interaction or the segment-solvent molecule interaction, resulting in swelling or shrinkage of nanogels to achieve responsive drug release with corresponding temperature of the lower and higher critical solution temperature (LCST/UCST) (Yu et al., 2021).
Poly (N-isopropylacrylamide) (PNIPAAm) is one of the most attractive thermo-sensitive polymers with a low LCST of approximately 32°C (Wang et al., 2014). For example, Luckanagul reported the synthesis of chitosan-based nanogels with modification by thermo-sensitive PNIPAM and CUR was successfully loaded through a simple sonication method in aqueous media, showing temperature-responsive drug release behaviors (Luckanagul et al., 2018b). In order to study the influence of the degree of crosslinking and the existence of holes in the nanogels on the drug loading and release characteristics, Hajebi synthesized temperature-responsive hybrid core-shell nanogels using NIPAM and vinyl-modified silica nanoparticles via precipitation polymerization, and hollow PNIPAM nanogels were obtained by hydrolysis of silicic acid (Hajebi et al., 2020). All results demonstrated that the hollow nanogels had higher DOX loading content and higher toxicity, whereas hybrid nanogels showed faster drug release. Both nanogels presented thermo-sensitive drug release behaviors. The above results show that PNIPAM NG-DDS is promising for cancer treatment due to heat-sensitive, non-toxic, and biocompatible. However, their clinical applications are restricted due to hard degradation of PNIPAM in the body.
Other molecules like acrylamide (AAm) and N-vinylcaprolactam (NVCL) are similar with NIPAM, which exhibit temperature sensitive behaviors. The NVCL-based nanogels through self-assembly with poly (N-vinylpyrrolidone) were successfully prepared, loaded with the non-steroidal anti-inflammatory drug diclofenac sodium (Zavgorodnya et al., 2017). The cumulative transporting amount of drug at 32°C was 12 times than that at 22°C, showing excellent temperature-controlled drug release. Theune developed thermo-sensitive polypyrrole nanogels with spherical shape (200 nm of hydrodynamic size) using semi-interpenetrating in-situ polymerization and the obtained nanogels maintained good temperature responsive behaviors in the near-infrared region (Theune et al., 2019). When the MTX was loaded, temperature did not have much effect on the release with the cumulative release amount of 10–15%. However, the release increased significantly with near-infrared radiation, mainly due to that the local heating of the polypyrrole chains weakened the interactions between the drugs and nanogels, causing collapse of nanogels to promote the drug release. Compared with PNIPAM-based nanogels, polypyrrole-based nanogels can be accumulated in multiple intravenous injections without structural collapse at higher temperatures (such as 37°C). Besides, polymers with thermo-sensitivity, such as polyethylene glycol, polyethylene oxide-polypropylene oxide copolymers, poly (ε-caprolactone), and poly (propylene glycol) are also expected to be applied to design temperature-dependent nanogels for drug delivery (Yu et al., 2021).
Redox-Sensitive Nanogels
Due to the high proliferation characteristics of tumor cells, high levels of reactive oxygen species (ROS) are overexpressed in tumor tissues and cells, resulting into high levels of reduced glutathione (GSH) in order to maintain redox homeostasis (Wu, 2006). According to research data, the concentration of GSH in tumor cells reaches 2–10 mM, while the concentration in normal tissues is merely around 2–20 μM (Yuan et al., 2018; Kumar et al., 2019). Based on this, Lu developed a two-in-one cross-linking strategy to prepare GSH-responsive prodrug nanogels by coupling DOX and CPT using disulfide compound as cross-linker agent (Lu et al., 2021). Under the high concentration of GSH in tumor, both DOX and CPT released about 75% within 48 h in physiological pH 7.4. Moreover, compared with the single drug, the toxicity of the prodrug nanogels showed significant superiority, indicating the high-performance drug synergetic capacity of this strategy. Similarly, as illustrated in Figure 7, a redox-responsive cross-linker was introduced to synthetize prodrug nanogels based CPT and purpurin 18 (P18) with suitable size (∼67 nm), high drug loading content, controlled drug release, and deep tumor penetration (Ma et al., 2021). According to the release profile, nearly 90% of CPT released in 10 mM GSH, whereas the cumulative release amount was merely 10% without GSH in the pH 7.4 PBS solution. Simultaneously, the released P18 could be activated by NIR of 700–900 nm as a fluorescence imaging agent, demonstrating that nanogels achieved combined photodynamic and chemotherapy as potential drug carrier and diagnostic agent.
[image: Figure 7]FIGURE 7 | Schematic illustration of redox-responsive prodrug nanogels for combining photodynamic therapy and chemotherapy (Ma et al., 2021). Copyright (2021) Elsevier.
Besides disulfide bonds, Se-Se bonds also show stimulus-responsive to redox conditions due to their lower bond energy. More importantly, selenium is an essential trace element for the human body and its anti-cancer activity has been confirmed by anti-cancer mechanisms and clinical experimental studies (Lanfear et al., 1994; Zhu et al., 1996; Moses et al., 2019). For instance, Li and his coworkers chose sodium diselenide as a crosslinking agent to synthesize nanogels with polyphosphate core and hydrophilic PEG shell (Li C. et al., 2015). The nanogels behaved strong inhibitory effects on the proliferation of the tumor cells, which might be attributed to the cleavage of diselenide bonds in the presence of the over-expressed ROS and GSH in the cancer cell. These nanogels were little toxicity to normal cells, and seemed to be promising and highly effective self-release anticancer drug carriers. In addition, the nanogels containing diselenide bonds could also be loaded with other anticancer drugs to achieve combined therapy. For example, the diselenide cross-linked PEG-based nanogels were simply synthesized through physical self-assembly with 32.7% DOX loading content (Hailemeskel et al., 2018). Experiments showed that the initial release was relatively fast in the first few hours with the presence of GSH and H2O2, reaching 52.5 and 54% at 24 and 48 h, respectively. In the absence of GSH and H2O2, the 72 h release amount was relatively low at 35.6%. Another important feature of Se is that hydrophobic selenide group can be oxidized to hydrophilic selenoxide/selenone groups with the presence of oxidant. The selenium-containing polyphosphoester nanogels as stable and efficient drug carriers were developed by ring-opening polymerization (Zhang et al., 2018). Under the condition of overproduced ROS in cancer cells (0.05–0.1 mM), the average hydrodynamic diameter of nanogels increased from 164 to 400 nm due to the oxidation of selenide group, which accelerated the efficient intracellular drug release owing to the rapid swelling of nanogels.
External-Stimulus Responsive Nanogels
The above three stimuli belong to the endogenous stimuli of the tumor microenvironment. In addition, some external stimuli, such as light and magnetic field, are also often used in nanogel drug delivery systems. The UV-light responsive crosslinker 5-(acryloyloxy)-2-nitrobenzyl acrylate was introduced into the methoxy polyethylene glycol methacrylate-based nanogels with higher drug loading and encapsulation efficiency, showing good photo-responsive release capability at the 365 nm ultraviolet light (Xin et al., 2020). Zan developed a near-infrared light-triggered nanogel drug release system based on the advantages of high tissue penetration and low damage. The nanogels loaded with indocyanine green and DOX exhibited superior photo-thermal performance and controlled drug release under NIR laser irradiation (Zan et al., 2015). Besides, the magnetic field-responsive hybrid nanogels have been widely developed recently, which can be attributed to the generation of external heat to kill tumor cells when exposed to a magnetic field. The magnetic/NIR-thermally responsive core-shell hybrid nanogels loaded curcumin were prepared, using bifunctional nanoparticles composed of carbon dot and superparamagnetic nanocrystals cluster as the core and the poly (NIPAM-AAm) as the shell. Both alternating magnetic field and the NIR light irradiation produced local heat, resulting in the shrinkage of poly (NIPAM-AAm) shell and the accelerated release of curcumin. Therefore, the multifunctional hybrid nanogel can be considered as an external stimulus-responsive drug carrier.
Dual/Multi-Stimuli Responsive Nanogels
At present, the development trend of nanogels as drug carriers is more and more intelligent. Compared with single stimulus-responsive nanogels, the sensitivity and specificity for dual and multiple responsive nanogels to target tumors might be improved (Hajebi et al., 2019a). The physical or chemical properties of these nanogels can be adjusted in response to a stimuli combination of temperature, pH, redox, light, and enzyme to release their cargoes. In this section, we will discuss dual-stimuli and tri-stimuli responsive nanogels and their release behaviors.
Among various dual-stimuli sensitive nanocarriers, the combination of temperature and pH is currently the most widely used. In order to reduce the release of cisplatin in pH-responsive nanogels, NIPAM was introduced into nanogels as the thermo-sensitive unit (Peng et al., 2013). The release of cisplatin in nanogels containing NIPAM was facilitated by H+ attack and decreased as the temperature increasing. The results showed that the pH/temperature dual-responsive nanogels are effective intracellular delivery systems for cisplatin drugs. As mentioned above, ketal and PNVCL are common acid and temperature-sensitive compounds. The pH/thermo responsive nanogels loaded with DOX were designed through precipitation polymerization using N-(2-hydroxypropyl) methacrylamide and NVCL as copolymer monomers and the ketal as a cross-linking agent as seen in Figure 8. The release of DOX could be accelerated by lowering the pH and increasing the temperature. Compared with nanogels without ketal agent, the nanogels containing ketal showed obvious acid-dependent release behavior, with a release amount of 13% (pH 7.4) and 96% (pH 5.0) at 48 h, and higher cytotoxicity and efficiency to kill HeLa cells (Wang et al., 2015).
[image: Figure 8]FIGURE 8 | Illustration of the preparation, stimuli-responsive behavior and acid-triggered drug release of the P(VCL-ketal-HPMA) nanogel (Wang et al., 2015). Copyright (2015) Royal Society of Chemistry.
Due to the presence of high concentrations of GSH in tumor cells and the acidic environment of the lysosome, pH/GSH dual-sensitive nanogels provide an effective strategy for delivery and intracellular release of anti-cancer drugs (Chen et al., 2014; Li and Liu, 2018). The pH/redox dual-responsive nanogels based on NIPAM and acrylic acid with disulfide bonds as the crosslinking agent were prepared by Yang et al. (2016). As shown in Figure 9, when the DOX-loaded nanogels were internalized into the lysosome of tumor cells, they would shrank to partially release DOX, and then disintegrated under the trigger of high intracellular GSH, causing the complete DOX release. Camptothecin (CPT) belongs to plant anticancer drugs, and has good effects on gastrointestinal, head and neck cancers, but its poor water solubility and serious side effects hinder its clinical application (Ulukan and Swaan, 2002; Tai et al., 2014). To solve these, researchers try to modify the prodrug to improve the performance of CPT. For instance, Qu utilized functionalized CPT, methacrylic acid, and N,N’-methylenebisacrylamide as raw materials, where CPT was chemically coupled to nanogels through disulfide bonds (Qu et al., 2019). The drug release was pH and redox dependent, and it accelerated with the increase of GSH level and the decrease of pH value. At physiological pH 7.4, the cumulative release amount for 48 h was less than 8.6%. However, when the GSH concentration was 2 and 10 mM, the 48 h release amount was 50.9 and 87.7% under the condition of pH 5.0, respectively. It is beneficial to achievie “on-demand” drug release in the microenvironment of tumor cells and tumor tissues for these nanogels.
[image: Figure 9]FIGURE 9 | Schematic illustration of P (NIPAM-ss-AA) nanogels for anticancer drug delivery. (A) Construction of P(NIPAM-ss-AA) nanogels; (B) Characterization of P(NIPAM-ss-AA) nanogels in response to intracellular microenvironment; (C) Site-directed DOX release delivered (Yang et al., 2016). Copyright (2016) American Chemical Society.
Compared with single-responsiveness and double-responsiveness, multi-responsiveness are hopeful to improve the versatility of carriers to meet more practical needs. According to Lou, a pH/thermo/redox three-stimuli responsive targeted-liver cancer NG-DDS was developed by using functionalized galactose, NVCL, and methacrylic acid as monomers and disulfide bonds compound as a cross-linking agent to encapsulate DOX (Lou et al., 2015). After entering the cancer cells, GSH triggered the cleavage of disulfide bonds and disintegration of nanogels, leading to the release of drugs. PNIPAM was added to the alginate emulsion and cross-linked with cystamine to prepare nanogels with triple-stimuli properties (temperature, pH and redox sensitivity) (Ji et al., 2017). Under the synergistic effects, the release of DOX was more complete than the release of one or two stimuli, which promoted the tumor-targeting and intracellular delivery characteristics of anticancer drug release. Besides the above three stimuli system, light stimulation has also attracted much attention due to the rapid development of photodynamic therapy (PDT) and photothermo therapy (PTT). For example, a new type of disulfide cross-linked polyacrylic acid-methyl spiropyran light/pH/redox responsive drug carrier was designed and synthesized, which tended to be isomerization under ultraviolet light or at low pH, and the addition of the reducing agent dithiothreitol caused collapse of nanogels (Chen et al., 2017). The combined stimulation showed synergistic effect on the DOX cumulative release. Multi-responsive PVCL-based nanogels with core/shell structure were synthesized using precipitation polymerization as exhibited in Figure 10 (Li X. et al., 2021). The nanogels could be employed to modify or/and load with various functional agents to construct multi-stimuli responsive nanoplatforms. DOX-loaded nanogels exhibited pH/NIR/redox triggered drug release, which achieved DOX release of 59.2% under pH 5.5 and NIR laser, and the final DOX cumulative release amount reached 79.2% under pH 5.5 and GSH condition. Remarkably, the combinational therapies are beneficial to the controlled drug release and deeper tissue tumor penetration, achieving enhanced anticancer efficacy compared with single photothermo therapy and chemotherapy.
[image: Figure 10]FIGURE 10 | Overview of multi-responsive PVCL-based nanoplatforms (Li X. et al., 2021). Copyright (2021) John Wiley and Sons.
MAJOR CHALLENGES AND CONCLUSION
Although there have been lots of research of NG-DDS, there are still problems and challenges in the actual clinical applications. Firstly, the drug loading content of most nanogels is not always high, leading to the low release amount. Therefore, the structures of carriers are required to be further optimized to load more drugs. Secondly, after the carriers entering the blood circulation, the problem of burst release still exists, resulting in significant reduction of drugs that actually target tissues and cells, which requires the deeper exploration of more intelligent stimulus-responsive nanogels to improve the targeting performance and responsiveness. Thirdly, it is currently recognized that the main factor for the enrichment of nanogels in tumor sites is the EPR effect, namely, the high permeability and retention effect due to the rich blood vessels of tumor tissues and the wide vascular wall gap. However, the research on the EPR effect is currently only at the stage of animal experiments and has not been verified in humans. Fourthly, after administration, nanogels are required to overcome lots of biological barriers, such as mucus, skin, tumor microenvironment, blood-brain barrier, etc. Therefore, it is essential to flexibly change the physical and chemical properties of nanogels or modify the surface of nanogels to overcome different biological barriers.
In general, nanogels have shown promising prospects as drug carriers, and provided great potential for intelligent drug delivery. The strategies for designing nanogels as ideal drug carriers should have high drug loading, long circulation time, specific ligands recognized by target cells, and stimulus-sensitive degradation characteristics. There is no doubt that drug carriers are beneficial in tumor treatment, such as reducing drug toxicity, improving efficacy, and enhancing patient tolerance. However, nanogel drug delivery systems can truly achieve clinical applications after solving problems mentioned above.
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Corneal wound involves a series of complex and coordinated physiological processes, leading to persistent epithelial defects and opacification. An obstacle in the treatment of ocular diseases is poor drug delivery and maintenance. In this study, we constructed a Wnt/β-catenin pathway inhibitor, XAV939-loaded liposome (XAV939 NPs), and revealed its anti-inflammatory and antiangiogenic effects. The XAV939 NPs possessed excellent biocompatibility in corneal epithelial cells and mouse corneas. In vitro corneal wound healing assays demonstrated their antiangiogenic effect, and LPS-induced expressions of pro-inflammatory genes of IL-1β, IL-6, and IL-17α were significantly suppressed by XAV939 NPs. In addition, the XAV939 NPs significantly ameliorated alkali-burned corneas with slight corneal opacity, reduced neovascularization, and faster recovery, which were attributed to the decreased gene expressions of angiogenic and inflammatory cytokines. The findings supported the potential of XAV939 NPs in ameliorating corneal wound and suppressing neovascularization, providing evidence for their clinical application in ocular vascular diseases.
Keywords: liposomes, Wnt/β-catenin pathway, XAV939, corneal wound, corneal neovascularization
INTRODUCTION
As one of the most vulnerable parts of the eye that is exposed to the external environment, the cornea is consistently susceptible to potential infectious and traumatic damages (Mobaraki et al., 2019; Chen F. et al., 2020; Han et al., 2020a). In addition, the constantly increasing number of refractive surgeries has prompted corneal wound healing an important clinical problem. Corneal wound involves a series of complex and dynamic pathological processes, including cell death, inflammatory and immune response, corneal neovascularization (CNV), and limbal stem cell deficiency, which compromise corneal transparency and lead to decreased vision (Roshandel et al., 2018; Ziaei et al., 2018). Previous studies have illustrated the effectiveness of inhibiting inflammatory responses and blocking angiogenic signaling pathways in accelerating corneal wound healing, providing potential therapeutic options that target multiple processes in treating corneal wounds (Ellenberg et al., 2010; Chandler et al., 2019; Yang J. et al., 2020, Yang et al., 2020 S.; Rebibo et al., 2021).
The evolutionarily highly conserved Wnt signaling pathway regulates various processes, including proliferation, polarization, migration, apoptosis, and stem cell maintenance and differentiation, which are related to systemic development and various congenital and developmental diseases (Reya and Clevers, 2005; Klaus and Birchmeier, 2008; Clevers and Nusse, 2012; Feng et al., 2020). In addition, previous studies have implicated the indispensable role of the Wnt pathway in developmental and pathological ocular angiogenesis (Ouyang et al., 2014; Wang Z. et al., 2019). In the canonical Wnt signaling pathway, Wnt ligands bind to the receptor complex of frizzled receptors and low-density lipoprotein receptor–related protein 5/6, which results in the stabilization of β-catenin and the degradation of Axin (Huang et al., 2009; Clevers and Nusse, 2012). Without phosphorylation, β-catenin is translocated into the nucleus and binds to the transcription factors to activate Wnt target genes (Huang et al., 2009; Clevers and Nusse, 2012). Consequently, various inhibitors along the Wnt signaling pathway have been identified to regulate abnormal gene activation, among which XAV939, a small molecule that stabilizes Axin and stimulates β-catenin degradation, exhibits therapeutic promise in treating Wnt pathway–dependent diseases (Huang et al., 2009). Further studies have identified the anti-inflammatory and antitumor activities of XAV939, yet its potential in treating ocular vascular diseases has not been reported (Li et al., 2018; Almasoud et al., 2020; Zhang et al., 2020).
One obstacle to the treatment of ocular diseases is poor drug delivery and maintenance (Fan et al., 2021; Zhang et al., 2021). The topical eye drop solution, which is one of the most common and preferred methods of drug administration to the eye, is readily excreted through tear drainage and peribulbar blood flow. For instance, it is estimated that 60% of the drug is eliminated within 2 min and is completely discharged within 15 min, resulting in low drug absorption (Jumelle et al., 2020). Moreover, eye drops are unlikely to deliver drugs with insoluble properties. As such, the liposome delivery system, one of the first polymeric nanoparticles approved by the FDA, allows the delivery of hydrophobic and hydrophilic compounds with varying sizes and properties (Kompella et al., 2013; Anselmo and Mitragotri, 2019; Chen X. et al., 2020; Chang et al., 2021; Shi et al., 2021). As biodegradable and biocompatible lipid assemblies, liposomes can achieve sustained drug release to the ocular surface and high penetration into the inner structure (Kompella et al., 2013; Peng et al., 2020; Tavakoli et al., 2020; Yuba, 2020). Various studies have reported prolonged release, improved efficacy, and reduced toxicity of liposome-capsulated drugs, thereby providing substantial potentials for clinical applications (Eriksen et al., 2018; Jin et al., 2019; Ma et al., 2020).
In this study, we constructed a Wnt/β-catenin pathway inhibitor, XAV939-loaded liposomes (XAV939 NPs), and investigated its anti-inflammatory and antiangiogenic effects. The effects of corneal wound healing and CNV suppression were investigated in an alkali-burned mouse model to explore its therapeutic potential in treating ocular vascular diseases.
MATERIALS AND METHODS
Preparation of XAV939 NPs
The liposomes loaded with XAV939 were prepared using a thin-film hydration method as described in previous studies (Alfaifi et al., 2020; Ye et al., 2020). In brief, 3 mg of XAV939 (MedChemExpress, China), 8 mg of L-α-phosphatidylcholine (soybean lecithin, J&K Scientific, China), 3 mg of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000] [DSPE-PEG (2000), AVT Pharmaceutical Technology Co., Ltd, China], and 2 mg of cholesterol (J&K Scientific, China) were dissolved in 10.0 ml chloroform in a round-bottom flask. The mixture was evaporated under reduced pressure in a rotary evaporator for 3 h, and a homogeneous phospholipid film was formed. Then, 10 ml of double-distilled water was added into the round-bottom flask to hydrate the phospholipid film for 1 h, and the liposomes were ultrasonicated for 1 min to form a uniform suspension. The final concentration of XAV939 in the liposomes was 1 mM.
Characterization of XAV939 NPs
The hydrodynamic size and polydispersity index of the XAV939 NPs were measured by dynamic light scattering (DLS, Zetasizer Nano ZS90, Malvern, United Kingdom). The samples were filtered through a 0.22-μm Millipore filter before taking the measurements, and their morphologies were characterized by cryo-electron microscopy (Cryo-EM) on a 200 kV Talos F200C microscope (FEI, Holland).
Cell Culture
Human corneal epithelial cells (HCEs) were purchased from the American Type Culture Collection (United States). Human umbilical vein endothelial cells (HUVECs) were purchased from Beyotime Biotechnology (China). The HCEs were cultured with DMEM/F12 (Corning, United States) with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin. The HUVECs were cultured with DMEM (Corning, United States) with 10% FBS and 1% penicillin–streptomycin. All cells were incubated in a 37°C/5% CO2 humidified chamber.
Cytotoxicity Assays
Cell Counting Kit-8 Assay
Cytotoxicity was measured with a cell counting kit-8 (CCK-8) assay (Dojindo, Japan) (Han et al., 2017; Han et al., 2020b). Briefly, the HCE cells were seeded in a 96-well plate to reach the density of 1 × 104 per well. The cells were incubated with a 100 μl DMEM/F12 medium and treated with 10% phosphate buffered saline (PBS) or XAV939 NPs of different XAV939 equivalent concentrations: 0, 0.1, 1, 10, 25, and 50 μM. After 24 h of incubation, 10 μl CCK-8 solution was added to each well and maintained for 2 h at 37°C according to the manufacturer’s instructions. The optical density at 450 nm (OD450nm) was measured using an absorbance microplate reader (Bio-rad iMark, United States).
Calcein-AM/Propidium Iodide Assay
For Calcein-AM/propidium iodide (PI) assay (Yeasen, China), the HCE cells were seeded in a 12-well plate with a density of 1 × 105 cells per well. The cells were incubated with 1 ml DMEM/F12 medium and treated with 10% PBS or XAV939 NPs of different XAV939 equivalent concentrations: 0, 0.1, 1, 10, 25, and 50 μM. After 24 h of incubation, the medium was removed, and the cells were rinsed with PBS three times. Subsequently, the cells were treated with 0.67 μM Calcein AM and 1.5 μM PI and were incubated for 15 min at 37°C. The cells were then observed under a fluorescence microscope (Leica, Germany), and images of live (green) and dead (red) cells were obtained.
Quantitative Reverse Transcription-Polymerase Chain Reaction
The HCEs were seeded in a 12-well plate until they reached a density of 1 × 105 cells per well. The cells were first incubated with a fresh DMEM/F12 medium containing 1% FBS, and 10% PBS, XAV939 (10 μM), or XAV939 NPs (10 μM XAV939 equivalent) for 24 h. To induce an inflammatory response, the cells were treated with 1 μg/ml lipopolysaccharides (LPS, Sigma Aldrich, United States) for 2 h. The total RNA of the HCEs was extracted using TRIzol reagent (Invitrogen, Carlsbad, United States) and reverse-transcribed using the PrimeScript™ RT Master Mix (Takara Bio Inc., Japan). Reverse transcription–polymerase chain reaction (RT-PCR) was performed using the ChamQTM SYBR Color qPCR Master Mix (Vazyme Biotech Co., Ltd., China) on a 7500 Fast Real-Time PCR System (Thermo Scientific, United States). The relative gene expressions of inflammatory cytokines, including interleukin (IL)-1β, IL-6, and IL-17α, were analyzed and normalized to the GAPDH level. The relative quantitation was calculated with the comparative cycle threshold Ct (∆∆Ct) method.
Cell Migration Assay
Vascular endothelial cells proliferation has been validated as an initial step in angiogenesis, followed by migration, adhesion, and differentiation (Lamalice et al., 2007). Therefore, for the cell migration assay, we adopted HUVECs, which have been abundantly used (Lamalice et al., 2007; Wang M. et al., 2019). These cells were seeded in a 6-well plate until they reached a density of 2 × 105 cells per well. After a confluent monolayer was formed, a wound was generated in each well by a sterilized 200 μl peptide tip, and the cells were washed three times with PBS. The cells were then treated with 1 μg/ml recombinant human vascular endothelial growth factor-165 (rhVEGF165, PeproTech Inc., United States) and combined with 10% PBS, XAV939 (10 μM) or XAV939 NPs (10 μM XAV939 equivalent) and incubated with a fresh DMEM medium containing 1% FBS. Cell migration and wound closure were observed at 0, 12, and 24 h with an Olympus inverted light microscope, and microphotographs were taken at 10× magnification with an Oplenic digital camera. The scratch widths and the percentage of wound closure were quantified using ImageJ software (National Institutes of Health, Bethesda, United States).
Immunoblotting
The HUVECs were seeded in a 6-well plate with a density of 2 × 105 cells per well. These cells were then treated with 1 μg/ml rhVEGF165 and combined with the previously indicated treatments. After 24 h of incubation, the cells were rinsed three times with PBS. The cell lysates were harvested with a lysis buffer with protease and phosphatase inhibitors (Sangon Biotech, China). After lysing on ice for 30 min, the cell lysates were centrifuged at 14,000 × g for 15 min at 4°C. The protein concentration was calculated using a bicinchoninic acid protein assay kit (Thermo Scientific, United States) and normalized. Thirty micrograms of protein were resolved with 6–10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electro-transferred to polyvinylidene fluoride membranes. The membranes were then blocked with a protein-free rapid blocking buffer (Epizyme, China) and immunoblotted with the following antibodies: rabbit monoclonal anti–β-catenin (Cell Signaling Technology, United States, 1:1000), rabbit monoclonal anti-Axin 1 (Cell Signaling Technology, United States, 1:1000), and rabbit monoclonal anti–β-actin (Cell Signaling Technology, United States, 1:1000). All quantitative data were normalized to β-actin as an endogenous control. ImageJ software was used to analyze the band intensity.
Animals
Female C57BL/6 mice aged 6–8 weeks were purchased from Shanghai SLAC Laboratory Animal Co., Ltd, China. All animal experiments strictly abided by the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research and the guidelines of Zhejiang University Administration on Laboratory Animal Care.
In Vivo Biocompatibility Assessment
To assess the biocompatibility of the liposomes, 10 μl of XAV939 NPs (10 μM XAV939 equivalent) was topically administered to the eyes of the healthy mice in the experimental group. The control group received 10 μl of saline solution. On days 3, 7, and 14, the mice were anesthetized, and the ocular surface was observed with a slit lamp microscope. After 14 days of treatment, the mice were sacrificed, and the eyeballs and major visceral organs, including the heart, liver, spleen, lung, and kidney, were fixed to perform hematoxylin and eosin (H&E) staining for histological observation.
Alkali-Burned Injury Mouse Model
The alkali-burned injury mouse model was developed to generate corneal wound and CNV, as previously described (Anderson et al., 2014). A mouse was first anesthetized through a peritoneal injection of sodium pentobarbital (100 mg/kg) and topical administration of 0.5% proparacaine solution to the corneal surface of the right eye. Then, a 2-mm-diameter filter paper was soaked in 1 N sodium hydroxide (NaOH) solution and tapped on a dry filter paper for 5 s to absorb the excess alkali. The NaOH-soaked filter paper was placed on the center of the mouse’s right cornea for 30 s and then rinsed with 10 ml of PBS for 60 s. All alkali-burned injury procedures were performed by the same investigators to minimize variability, and the mice were randomly divided into three groups: saline, XAV939 (10 μM, dissolved in 0.1% v/v DMSO/saline), and XAV939 NPs (10 μM XAV939 equivalent). All alkali-burned eyes were treated with 10 μl of the abovementioned eye drop solution twice daily for 14 consecutive days.
Clinical Examination
On days 3, 7, and 14, all mice were weighed and observed with a slit lamp microscope, and representative images were taken. Two examiners independently performed clinical evaluations and reported a final score according to the established methods (Anderson et al., 2014):
1) Corneal opacity (0–4): 0 = completely clear; 1 = slightly hazy, iris and pupil easily visible; 2 = slightly opaque, iris and pupil detectable; 3 = opaque, pupils hardly detectable; and 4 = completely opaque, pupil undetectable.
2) CNV (0–3): 0 = no CNV, 1 = CNV at the corneal limbus, 2 = CNV spanning over the corneal limbus to the corneal center, and 3 = CNV invading the corneal center.
3) Neovessels (0–3): 0 = no neovessels; 1 = neovessels detectable under a surgical microscope; 2 = neovessels easily visible under a surgical microscope; and 3 = neovessels visible to the naked eye.
CNV was calculated based on the range of clock hours of corneal neovessels. The CNV size was calculated as follows:
[image: image]
where S = CNV size, C = clock hours of CNV, r = radius of the mouse cornea, and l = length of the longest neovessel from the limbus.
Immunohistochemistry
After 14 days of treatment, the mice were sacrificed, and the right eyes were enucleated under a stereomicroscope (Leica, Germany), followed by fixation with 4% paraformaldehyde (PFA, Biosharp, China) overnight. The eyeballs were then embedded in paraffin, sectioned, and stained with H&E. The sections were then observed under a microscope (Leica, Germany), and representative photographs were taken. The central corneal thickness was measured and analyzed independently by two examiners using ImageJ software. To assess the biosafety and toxicity of XAV939 and XAV939 NPs, the alkali-burned mice were sacrificed and major visceral organs were enucleated to perform H&E staining.
Immunofluorescence
On day 15, the mice were sacrificed, and the eyeballs were harvested for corneal flat mount staining. After being fixed in 4% PFA overnight, the corneas with the limbal area were carefully dissected under a stereomicroscope. To make the cornea lie flat, four incisions were made from the periphery toward the center cornea. After being rinsed with PBS with Tween-20 (PBST) three times, the corneas were blocked with 1% bovine serum albumin, 2% goat serum, and 0.2% Triton X-100 in PBS for 2 h and incubated with rabbit anti–mouse CD31 antibody (Abcam, United Kingdom, 1:50) prepared in a blocking buffer at 4°C overnight. The corneas were then rinsed with PBST six times and incubated with Alexa-Fluor 555-conjugated goat anti-rabbit secondary antibody (Invitrogen Life Technologies, United States, 1:1000) for 2 h at room temperature, followed by rinsing with PBST six times. Immunofluorescent images of the corneas were obtained using a fluorescence microscope. The neovessels length and the ratio between the CNV area and whole cornea area were calculated with ImageJ software.
qRT-PCR
After 14 days of treatment, the mice were sacrificed, and the right corneas were excised. The total RNA of the corneas was extracted using TRIzol reagent. Two corneas were pooled as one biological replica, and three samples were conducted for each group. The methods used for qRT-PCR have been described in the previous section. The relative gene expression quantification included the following: Vegfs, Vegfrs, Mmps, α-Sma, Cd31, and Il-6. The gene expressions were normalized to the GAPDH level, and the relative quantitation was calculated with the ∆∆Ct method.
Statistical Analyses
All statistical analyses were performed using SPSS 26.0 (IBM Corp., United States). The data were presented as the mean with its standard error of mean (SEM). Comparisons among three or more groups were performed for statistical significance using one-way analysis of variance (ANOVA). The statistical significance was defined as p < 0.05.
RESULTS AND DISCUSSION
Preparation and Characterization of XAV939 NPs
As illustrated in Figure 1, the hydrophobic drug XAV939 was loaded into liposomes formed of L-α-phosphatidylcholine, DSPE-PEG (2000), and cholesterol to obtain biocompatible XAV939 NPs. The encapsulation efficiency of the XAV939 NPs was calculated to be 91.2%. The XAV939 NPs exhibited a low polydispersity index (PDI = 0.216) with a hydrodynamic diameter of approximately 100.2 nm using DLS measurements (Figure 1). The cryo-EM images show that XAV939 NPs are spherical and well-dispersed round-shaped vesicles and are predominantly unilamellar (Figure 1), similar to the previously reported liposomes (Cong et al., 2021).
[image: Figure 1]FIGURE 1 | Schematic diagram depicting the XAV939 NPs with corneal wound healing and anti-CNV effect.
In Vitro Cytotoxicity Assessment
To assess the cytotoxicity of XAV939 NPs, HCE cells incubated with different concentrations of XAV939 NPs were evaluated by the CCK-8 assay and Calcein-AM/PI assay. After incubation for 24 h, cytotoxicity was assessed with the Calcein-AM/PI assay, where green fluorescence represents live cells and red fluorescence represents dead cells. As shown in Figure 2A, few red cells were observed over the concentrations ranging from 0.1 to 50 μM. The results were confirmed by the CCK-8 assay, which indicated the relatively low cytotoxicity of XAV939 NPs with equivalent drug concentrations (Figure 2B). The cell viability treated with XAV939 NPs over a range of concentrations was not significantly different. Even at the highest equivalent concentration of 50 μM, the cell viability treated with XAV939 NPs was 96.9%. Taken together, the in vitro cytotoxicity assays confirmed good cytocompatibility of the XAV939 NPs, and the equivalent concentration of 10 μM XAV939 was chosen for further experiments.
[image: Figure 2]FIGURE 2 | In vitro and in vivo biocompatibility assessments. Calcein-AM/PI assay (A) and CCK-8 assay (B) of HCEs following exposure of different concentrations of XAV939 NPs. Results are presented as the mean ± SEM. n = 5. Scale bar: 200 μm. (C) Representative images of slit lamp examination following 14 days treatment of saline and XAV939 NPs (10 μM XAV939 equivalent). Scale bar: 1 mm. (D) Representative images of H&E staining of the cornea, heart, liver, spleen, lung, and kidney following 14 days treatment of saline and XAV939 NPs (10 μM XAV939 equivalent) in healthy mice. Scale bar: 100 μm.
In Vivo Biocompatibility Assessment in Healthy Mice
The in vivo biocompatibility evaluation of XAV939 NPs was assessed with a corneal stimulation test conducted on healthy mice eyes. As shown in Figure 2C, topical XAV939 NPs (10 μM XAV939 equivalent) or saline were administered to healthy mouse eyes twice daily and observed consecutively for 14 days. Clinical examination exhibited no visible signs of corneal opacity, inflammation, conjunctival congestion, CNV, or hemalopia in the mice’s eyes in both groups. After 14 days of examination, the mice were sacrificed to conduct corneal and systemic anatomical morphology assessments by H&E staining. Anatomical segments of the cornea and major visceral organs of the XAV939 NPs group showed a comparable morphology to the control group (Figure 2D). No signs of inflammatory infiltration, cellular lesions, or acute or chronic physiological toxicity were observed in either group, indicating good biocompatibility of XAV939 NPs in vivo. Previous studies have reported the in vivo biocompatibility of 10 µM of XAV939 in mouse models of dermal fibrosis and cutaneous and cartilage injury (Distler et al., 2013; Bastakoty et al., 2015). Based on these preliminary results, it can be hypothesized that XAV939 NPs embrace satisfactory ocular tolerance and can act as secure theranostic agents for further ocular drug delivery applications.
In Vitro Antiangiogenesis Effect
Previous studies have verified the vital roles of the vascular endothelium in wound healing and angiogenesis, which are indicated by excessive cellular proliferation and migration (Wilson et al., 2001; Dorrell et al., 2007). Here, the antiangiogenesis effect of XAV939 NPs (10 μM XAV939 equivalent) was assessed with a HUVEC cell migration assay. The average scratch width and percentage of wound closure observed after 24 h of indicated incubation at each time point are presented in Figure 3A. The average initial scratch wound of the HUVECs was 736 μm in each group. Following induction by 1 μg/ml rhVEGF165, significantly increased proliferation and migration of the HUVECs were observed in the control group, with 320 μm scratch width at 12 h and 157 μm scratch width at 24 h (Figure 3B). Nevertheless, pretreatment with XAV939 and XAV939 NPs remarkably attenuated the stimulation of rhVEGF165. Previous evidence has also suggested that XAV939 significantly inhibited the proliferation and migration of vascular smooth muscle cells after stimulation with platelet-derived growth factor-BB, which is attributable to the regulatory role of XAV939 in the Wnt signaling pathway (Chen et al., 2016). In particular, HUVECs pretreated with XAV939 NPs presented significantly wider scratch wounds (396 vs. 291 μm, p < 0.01) and delayed wound closure (45 vs. 61%, p < 0.001) than the XAV939 group, suggesting an enhanced antimigration effect of XAV939 NPs (Figures 3B,C). This is attributable to the high affinity and similarity of the liposomes delivery system with the cell membrane, which in turn facilitates an effective internalization and cellular uptake of the nanoparticles (Skotland et al., 2017; Patel et al., 2020).
[image: Figure 3]FIGURE 3 | In vitro antiangiogenesis and anti-inflammatory effects through Wnt/β-catenin signaling pathway regulation. (A) Scratch wound migration assay of HUVECs stimulated with rhVEGF165 (1 μg/ml) following exposure of PBS, XAV939 (10 μM), and XAV939 NPs (10 μM XAV939 equivalent). Scale bar: 200 μm. Quantification of the scratch widths (B) and the percentage of wound closure (C). Results are presented as the mean ± SEM. n = 10. (D) Relative expression of mRNA levels of IL-1β, IL-6, and IL-17α of HCEs stimulated with LPS (1 μg/ml) following exposure of PBS, XAV939 (10 μM), and XAV939 NPs (10 μM XAV939 equivalent). Results are presented as the mean ± SEM. n = 3. Western blot analysis (E) and quantification of the relative protein levels (F) of Wnt pathway components Axin 1 and β-catenin following pretreatment of PBS, XAV939 (10 μM), and XAV939 NPs (10 μM XAV939 equivalent). Results are presented as the mean ± SEM. n = 3. (One-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant).
In Vitro Anti-Inflammatory Effect
As one of the initial pathological processes of corneal injury, inflammation can be ascribed as a precursor to the development and deterioration of CNV (Lee et al., 2014; Huang et al., 2017). To evaluate the potential anti-inflammatory effect of XAV939 NPs, HCEs were stimulated with 1 μg/ml of LPS for 2 h, and the expressions of the pro-inflammatory genes, including IL-1β, IL-6, and IL-17α, were examined. A significantly upregulated pro-inflammatory gene expression was found in the control group. For instance, the relative expression of IL-6 achieved more than a five-fold elevation after LPS stimulation. However, cells pretreated with 10 μM of XAV939 and XAV939 NPs exhibited significantly suppressed pro-inflammatory gene expressions (Figure 3D). The XAV939 NPs group showed the lowest levels of IL-1β (p < 0.01 vs. control and p < 0.01 vs. XAV939), IL-6 (p < 0.01 vs. control and p < 0.05 vs. XAV939), and IL-17α (p < 0.01 vs. control and p < 0.05 vs. XAV939). Our results are in accord with those obtained in a previous study that identified the anti-inflammatory activity of XAV939 in both human bronchial epithelial cells and HUVECs (Jang et al., 2019). During the inflammatory process, the Wnt signaling pathway was activated, and XAV939 was found to dose-dependently suppress LPS-induced pro-inflammatory signaling (Koopmans et al., 2017). Therefore, with the liposome delivery system, XAV939 NPs mediated substantial and sustained drug release and exhibited a greater anti-inflammatory effect.
In Vitro Wnt/β-Catenin Signaling Pathway Regulation
The Wnt/β-catenin signaling pathway controls various biological processes, and abnormal activation of the Wnt pathway has been observed in various ocular congenital and developmental vascular diseases (Huang et al., 2009; Chen et al., 2011; Lee et al., 2012; Wang et al., 2015). Previous studies have identified that XAV939 can stimulate β-catenin degradation by stabilizing Axin and selectively inhibiting abnormal β-catenin–mediated transcription (Huang et al., 2009). To evaluate the mechanism of XAV939 NPs and the modulation of the Wnt/β-catenin signaling pathway, the protein levels of the key modulators of the pathway were investigated (Figure 3E). The pretreatment of 10 μM of XAV939 significantly increased the protein levels of Axin 1 and that of XAV939 NPs exhibited the effect to a greater extent (p < 0.01 vs. control and p < 0.05 vs. XAV939). Additionally, XAV939 and XAV939 NPs decreased the abundance of β-catenin (p < 0.01 vs. control and p < 0.05 vs. XAV939), which is the key regulator of the transcription of Wnt pathway-responsive genes (Figure 3F). Our results showed that XAV939 displayed a significant inhibitory effect on the abnormally activated Wnt signaling pathway, and the XAV939 NPs group exhibited better performance. Consistent with previous evidence, the inhibitors of the Wnt signaling pathway exhibit therapeutic potential for ocular neovascularization diseases (Chen et al., 2007; Hu et al., 2013).
In Vivo Anti-CNV and Corneal Wound Healing Effects
As one of the most severe causes of corneal wound, alkali-burned corneas suffer from immediate epithelial defects, followed by opacification, CNV, and fibrosis in the later stage (Kubota et al., 2011). Based on the above findings, the efficacy of XAV939 NPs in promoting corneal wound healing and inhibiting CNV was further assessed using an alkali-burned injury mouse model. Briefly, alkali-burned mice were topically administered with the indicated treatments twice daily for 14 days, and clinical examination was conducted with a slit lamp microscope, after which the mice were sacrificed for histological assessments (Figure 4A). During the 14 days of observation, the body weights of the mice in each group were steady and comparable (Figure 4B). Figure 4C presents the representative front and side photographs of morphological differences induced by different treatments. Generally, corneal opacity and edema were observed on day 3 after the alkali burn, reached their peak on day 7, and gradually weakened afterward in all treatment groups. After the injury, the corneas underwent rapid and dynamic regeneration and repairment (Chandler et al., 2019). Specifically, mice treated with XAV939 NPs had significantly reduced opacification and edema compared to that of the XAV939 group and the saline group during the observation, suggesting an ameliorated inflammatory response.
[image: Figure 4]FIGURE 4 | In vivo anti-CNV and corneal wound healing effects. (A) Schematic timeline of the experimental process. (B) Representative front and side images of slit lamp examination on day 3, day 7, and day 14 of the indicated treatments. Yellow dot lines indicate the range of CNV. Scale bar: 1 mm. (C) Mice’s weights during the clinical observation of 14 days treatment. Results are presented as the mean ± SEM. n = 6. Quantification of the neovessel length (D), CNV size (E), and clinical scores (F) on day 14 with indicated treatments. Results are presented as the mean ± SEM. n = 6. (One-way ANOVA, *p < 0.05, ***p < 0.001, ****p < 0.0001).
With respect to CNV, the neovessels were found to expand over the limbal vascular plexus on day 7 and reached the peak on day 14 in all groups. The mice treated with saline presented with the most apparent neovessels, which expanded over the corneal limbus on day 7 and gradually invaded the corneal center. During the corneal healing process, mice treated with XAV939 NPs consistently showed slower development and growth of neovessels than the XAV939 group and the saline group. Notably, a slight intraocular lens opacity was observed in all treatment groups, which indicated the development of cataract. According to previous studies, such phenomena are attributable to repeated anesthetization, the stimulus of strong light from the slit lamp, low body temperature, and eye dryness after an alkali burn (Ridder et al., 2002; Lee et al., 2020). Therefore, avoiding unnecessary anesthetics use and light exposure, keeping the ocular surface moisturized, and maintaining body temperature may prevent the formation of lens opacity.
Additional quantifications of CNV size, neovessel length, and clinical scores were calculated and compared among the groups on day 14 (Figures 4D–F). In the control group, the CNV size was 4.25 mm2 with a neovessel length of 1.32 mm. The XAV939 group had an average CNV size of 2.81 mm2 and a neovessel length of 1.03 mm. Mice treated with XAV939 NPs presented with a significantly smaller CNV size of 1.25 mm2 and neovessel length of 0.66 mm (p < 0.001 for the control group; p < 0.001 for the XAV939 group). Furthermore, the evaluation of the clinical scores indicated significantly better corneal wound healing in the XAV939 NPs group (4.57 points) than in the XAV939 group (6.60 points, p < 0.001) and the control group (7.91 points, p < 0.001). As expected, XAV939 NPs treatment had better suppression of the ocular inflammatory response and CNV than XAV939 alone. It is speculated that hydrophobic XAV939 was relatively insoluble in the mice’s eyes and was therefore readily cleared away, which may hamper the treatment effect. On the other hand, the XAV939 NPs with a liposomal delivery system achieved better bioavailability and longer retention on the ocular surface, thereby providing better therapeutic efficacy. With further consideration on the price, consecutive administration of the XAV939 NPs (10 μM XAV939 equivalent) for 14 consecutive days is estimated to cost $ 0.86, which is fairly affordable compared to $ 1.3 of 0.1% sodium hyaluronate eye drops.
Histological and Immunofluorescent Analyses In Vivo
Histological morphology of healthy and alkali-burned mice eyes in all treatment groups was observed with H&E staining (Figure 5A). After the alkali burn, the corneas became generally loosened and frangible. Consistent with the clinical examination, the control group was marked with severely destroyed and exfoliated laminal squamous epithelium, edematous stromal layers, disordered collagen fibers, and more CNV. In addition, more inflammatory infiltration, edema, and epithelial layer detachment were observed. The average central corneal thickness in the control group was 368.3 μm, compared to the values of 231.1 μm noted for the XAV939 group (p < 0.001) and 174.5 μm for the XAV939 NPs group (p < 0.001) (Figure 5C). The corneal thickness was thinner and more regularly arranged in the XAV939 and XAV939 NPs groups. In the XAV939 group, better morphology and less edema were found, but still presented with slight CNV. In contrast, owing to prolonged retention on the cornea surface, XAV939 NPs-treated corneas showed apparent repairment and inhibition of CNV compared to the other groups.
[image: Figure 5]FIGURE 5 | Immunohistochemistry and immunofluorescence assessments of the corneal sections. (A) H&E staining of the corneal sections following 14 days of the indicated treatment. The black arrows mark the CNV sites. Scale bar: 50 μm. (B) CD31 corneal flat mount staining of the corneal sections following 14 days of the indicated treatment. Scale bar: 500 μm. Quantification of the central corneal thickness (C), neovessel length (D), and CNV area (%) (E). Results are presented as the mean ± SEM. n = 3. (One-way ANOVA, *p < 0.05, **p < 0.01, ****p < 0.0001, ns, not significant).
To better visualize the CNV of the cornea in all groups, corneal flat mount immunofluorescent staining of the vascular endothelial cell marker CD31 was conducted. The CD31 molecule not only facilitated the formation of intercellular junctions between endothelial cells but also signaled the leukocytes to the vasculature (Mansouri et al., 2006). As displayed in Figure 5B, excessive growth of neovessels was found to expand to the cornea center in the saline group. Significant suppression of CNV was observed in the XAV939 and XAV939 NPs groups. CNV areas and neovessel lengths were quantified and compared between the groups. In the saline group, the neovessels expanded over half of the whole corneas with an area percentage of 54% and a length of 924.5 μm (Figures 5D,E). CNV in mice treated with XAV939 was slightly ameliorated, with the CNV size observed to be 38% (p < 0.0001 vs. saline group) and a neovessel length of 680.7 μm (ns. vs. saline). The XAV939 NPs group almost recovered from injury, with a CNV area of 29% (p < 0.0001 vs. saline; p < 0.01 vs. XAV939) and a length of 435.5 μm (p < 0.01 vs. saline; p < 0.05 vs. XAV939). Therefore, the corneal wound healing and therapeutic efficacy of XAV939 NPs might be related to the downregulation of CD31. Taken together, these results indicate that the XAV939 NPs demonstrated a significant advantage over free XAV939 in attenuating corneal wound and CNV after alkali burns.
Angiogenic and Inflammatory Gene Expression Assessment
Alkali-burn injury to the cornea involves a complex and dynamic inflammatory and immune response which consequently leads to inevitable CNV and fibrosis in the later stage (Sakimoto et al., 2012; Huang et al., 2017; Sun et al., 2018). In the angiogenesis cascade, VEGFs and their receptors have been identified as the main critical regulating factors (Ellenberg et al., 2010; Apte et al., 2019). According to previous evidence, the Wnt signaling pathway is an upstream pathway regulating VEGFs, and its inhibitors have displayed satisfactory efficacy in inhibiting retinal neovascularization formation (Lee et al., 2012; Hu et al., 2013; Yu et al., 2019). To assess the potential effect of XAV939 NPs on the pathogenesis of CNV, the relative gene expression levels of mice corneas were measured for angiogenic factors (Figure 6). In our study, the relative expressions of angiogenic genes were significantly reduced following the XAV939 NPs treatment. The XAV939 NPs group displayed significantly lower levels of Vegfa (p < 0.001 vs. saline; p < 0.01 vs. XAV939), Vegfb (p < 0.001 vs. saline; p < 0.05 vs. XAV939), Vegfc (p < 0.001 vs. saline; p < 0.05 vs. XAV939), and Vegfd (p < 0.0001 vs. saline; p < 0.05 vs. XAV939). Significantly decreased expressions of Vegfr2 and Vegfr3 were also found in the XAV939 NPs group. Treatment with XAV939 also significantly reduced the elevation of Vegfs and Vegfrs compared to that of the saline group, but was not comparable to the effect of XAV939 NPs.
[image: Figure 6]FIGURE 6 | Relative gene expression analyses of Vegfa, Vegfb, Vegfc, Vegfd, Vegfr2, Vegfr3, α-Sma, Cd31, IL-6, Mmp3, and Mmp9 for each group following 14 days of the indicated treatment. Results are presented as the mean ± SEM. n = 3 (two corneas served as one biological replica). (One-way ANOVA, *p < 0.05, **p < 0.01, ****p < 0.0001, ns, not significant).
During the process of corneal wound healing and CNV, the keratocytes in the corneal stroma begin with the transition to fibroblast and myofibroblast to repair the corneal wound edge, which indicates corneal scarring and fibrosis (Maltseva et al., 2001; Ziaei et al., 2018). Therefore, the relative gene expressions of α-Sma, a typical marker for myofibroblasts, and Cd31, a typical marker for endothelial cells, were further analyzed. As shown in Figure 6, α-Sma was significantly suppressed by XAV939 NPs treatment (p < 0.001 vs. saline; p < 0.01 vs. XAV939). The expression of Cd31 was also inhibited in the XAV939 NPs group (p < 0.001 vs. saline; p < 0.01 vs. XAV939). The results also implied inhibited fibrosis and CNV in mice treated with XAV939 NPs.
During the progress of chemical burn–induced corneal injury, inflammatory signaling has been identified as an initial response. Previous studies have deduced the vital role of Il-6 trans-signaling in ocular surface inflammation after the alkali burn (Sakimoto et al., 2012; Han et al., 2020c). In addition, overexpressed inflammation-associated target genes, such as Mmps, have also been reported, and the inhibition of inflammatory signaling pathways could alleviate the corneal wound and accelerate the healing process (Vandooren et al., 2013; Lee et al., 2014). Further analyses were conducted for inflammatory-related genes. Up to 10-fold upregulated expressions of Il-6, Mmp3, and Mmp9 were observed for the control group. Mice treated with XAV939 and XAV939 NPs showed suppressed expressions of the pro-inflammatory genes. However, better efficacy was observed for the XAV939 NPs group, with inhibited genes of Il-6 (p < 0.001 vs. saline; p < 0.05 vs. XAV939), Mmp3 (p < 0.0001 vs. saline; p < 0.05 vs. XAV939), and Mmp9 (p < 0.001 vs. saline; p < 0.05 vs. XAV939). Altogether, these results reconfirm the therapeutic effect of XAV939 NPs through the regulation of angiogenic, inflammatory-related, and fibrotic-related gene expressions.
Biosafety Assessments of Alkali-Burned Mice
Further biosafety assessments were conducted to investigate the toxicity of XAV939 and XAV939 NPs by H&E staining of major visceral organs, including the heart, liver, spleen, lung, and kidney, in the alkali-burned mice. As presented in Figure 7, treatment with XAV939 and XAV939 NPs did not exhibit significant morphological or histological differences from the control group. The results indicated the reliable systemic biosafety of topical treatment of XAV939 and XAV939 NPs, thus further proving the superiority and biocompatibility of XAV939 NPs in treating alkali-burned corneal wounds.
[image: Figure 7]FIGURE 7 | Main visceral organs biosafety assessments in alkali-burned mice. Representative images of H&E staining of the heart, liver, spleen, lung, and kidney following 14 days treatment of saline, 10 μM XAV939, and XAV939 NPs (10 μM XAV939 equivalent). Scale bar: 200 μm.
CONCLUSION
In this study, the therapeutic potential of the Wnt/β-catenin pathway inhibitor XAV939 in treating ocular vascular disease was reported for the first time. In addition, biocompatible liposomes were used to enhance the water solubility and bioavailability of hydrophobic XAV939, enabling ocular application. In vitro studies indicated XAV939 NPs’ anti-inflammatory and antiangiogenic efficacy through the regulation of the Wnt signaling pathway, which exhibited an advantage over XAV939 treatment. When topically administered to alkali-burned corneas, XAV939 NPs demonstrated enhanced corneal wound healing and suppressed CNV, and the expressions of angiogenic and inflammatory-related genes were inhibited by XAV939 NPs, further confirming their anti-inflammatory and antiangiogenic effects. Taken together, our results illustrate the therapeutic potential of the ocular liposomes of XAV939, thus providing a promising alternative therapy for corneal wound repair and CNV inhibition.
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Photodynamic therapy (PDT) has attracted tremendous attention in the antitumor and antimicrobial areas. To enhance the water solubility of photosensitizers and facilitate their accumulation in the tumor/infection site, polymeric materials are frequently explored as delivery systems, which are expected to show target and controllable activation of photosensitizers. This review introduces the smart polymeric delivery systems for the PDT of tumor and bacterial infections. In particular, strategies that are tumor/bacteria targeted or activatable by the tumor/bacteria microenvironment such as enzyme/pH/reactive oxygen species (ROS) are summarized. The similarities and differences of polymeric delivery systems in antitumor and antimicrobial PDT are compared. Finally, the potential challenges and perspectives of those polymeric delivery systems are discussed.
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INTRODUCTION
Photodynamic therapy (PDT) has attracted intensive attention for the treatment of tumor and bacteria during recent years(Celli et al., 2010; Bugaj, 2011; Kamkaew et al., 2013; Lincoln et al., 2013; Tian et al., 2013). For instance, for traditional cancer therapy strategies such as chemotherapy and radiotherapy, patients often suffer from severe side effects, limited tumor suppression, and unavoidable regrowth of metastatic tumor. In comparison, PDT has high spatiotemporal selectivity in triggering tumor cell death and can generate immune response (Wang et al., 2020), showing advantages over the traditional cancer therapies. On the other hand, concerning anti-bacterial therapy, antibiotic resistance problems become increasingly prominent (Maisch et al., 2004). PDT is expected to be a promising alternative to antibiotic therapy for combating bacterial infections (Klausen et al., 2020). PDT therapeutics such as Porfimer sodium, ALA, and Verteporfin have been approved worldwide to be used in clinics (Agostinis et al., 2011). PDT has been approved to treat some diseases in clinical trials, such as premalignant tumors, cutaneous malignant tumors, tumors of the head, neck, and oral cavity, lung, gastrointestinal, and other tumors (Brown et al., 2004), viral lesions, acne, gastric infection by Helicobacter pylori, and brain abcesses (Hamblin and Hasan, 2004).
The mechanism of PDT is described in Figure 1. With light irradiation, the photosensitizer is promoted to its singlet excited state, followed by intersystem crossing to its triplet state. As the transition from triplet excited state (T1) to ground state is spin forbidden, this T1 state is relatively long-lived and can react with molecular oxygen. Concerning the reaction type between the T1 state and molecular oxygen, there are two possibilities. Electron transfer between the T1 state and molecular oxygen will initially produce a superoxide anion (O2•−), and subsequently produce other ROS such as hydroxyl radical or hydrogen peroxide that is toxic to cells or bacteria, which is the so-called Type I PDT. Energy transfer between the T1 state and molecular oxygen will produce toxic singlet oxygen (1O2) to kill tumor cells or bacteria, which is Type II PDT.
[image: Figure 1]FIGURE 1 | Diagram illustrating the process of PDT. Reprinted with permission from Majumdar et al. (2014).
It is obvious that triplet photosensitizer, light, and oxygen are three key factors of PDT. Among these, triplet photosensitizer plays a leading role (Majumdar et al., 2014). Although a variety of conventional photosensitizers such as porphyrin derivatives (e.g., chlorin e6, PpIX), phthalocyanine derivatives (e.g., ZnPc), and some newly developed triplet photosensitizers such as Bodipy derivatives have PDT ability (Detty et al., 2004), their water solubility is unsatisfactory. The delivery of those photosensitizers to tumor or infected site is a critical issue.
Polymers consist of many structural units or monomers that are connected with a covalent bond; hence, they have a super high molecular weight. Some polymers play the role of triplet photosensitizers as they can produce ROS (Blacha-Grzechnik, 2021). Some reports found that polymers may have enhanced ROS production ability than monomers, which might be due to the increased number of vibrational energy levels and broader energy bands of polymers as compared with monomers (Wu et al., 2018c; Liu et al., 2021). More commonly, polymers functioned as carries of organic triplet photosensitizer, which increases its water solubility and its accumulation in the tumor or infected site (Regehly et al., 2007; Lee et al., 2009; Park S. Y. et al., 2011; Huang et al., 2016; Cui et al., 2019). In addition, small molecules tend to be cleaned up quickly from the body; hence, the polymers are expected to extend the circulation time. Polymers can also serve as a gene delivery vector, e.g., the delivery of a genetically encoded photosensitizer (such as killerred, miniSOG) for PDT cancer treatment (Sarkisyan et al., 2015; Tseng et al., 2015). Polymers have versatile functions and can combine with other therapy strategies, achieving multimodal therapy (Li and Pu, 2020). For instance, polymers can act as prodrugs for PDT and chemotherapy (Xu et al., 2016; Wang et al., 2019; Lu L. et al., 2020), the combination of polymer and cytotoxic enzymes shows outstanding tumor treatment efficacy (Li et al., 2019c); it can also function as a blockader to intervene in the protein biosynthesis to depress the tumor (Li et al., 2019b); the polymers become stimulants in the combination of PDT and immunotherapy (Li et al., 2019a)
Smart polymers that can target tumor/infected tissues or be activatable by the tumor/bacterial microenvironment are highly desired. Although the PDT has relatively high spatial selectivity, there is still great concern about the skin phototoxicity. For instance, patients treated with porphyrin derivatives have to stay in the dark for at least 72 h, which is a great psychological challenge to patients. An activatable delivery system is beneficial to reduce the skin phototoxicity. Small organic molecules tend to be cleared out from the body, and an activatable polymeric delivery system can protect the small photosensitizer and achieve on site release of photosensitizer. Moreover, the nonspecifically distribution of the triplet photosensitizer in the whole body requires a higher dose of photosensitizer, which is more likely to lead to organ damage; a specific accumulation of the photosensitizer to the lesion site is beneficial to reduce administration dosage, elevate the therapeutic efficacy, and play down the side effects. Hence, developing smart polymeric delivery systems that can target the tumor/bacterial site or activate by the tumor/bacterial microenvironment is urgent. In recent years, elegant works have been conducted in these areas (Hoffman, 2008; Li and Huh, 2014; Kamaly et al., 2016; Chen et al., 2017; Wu L. et al., 2018; Wu et al., 2018b; Li and Yan, 2018; Li et al., 2020; Zheng et al., 2020; Han et al., 2021). This review will give a brief summary on the smart polymeric delivery system for antitumor and antimicrobial photodynamic therapy. Note that due to the limitation of the space, we only selected part of typical articles as examples to introduce in detail. The authors apologize for omitting some important and elegant works in advance.
SMART POLYMERIC DELIVERY SYSTEM FOR ANTITUMOR PHOTODYNAMIC THERAPY
Cancer has been a leading cause of death all over the world (Ferlay et al., 2010). Data from the World Health Organization (WHO) shows that nearly 10 million deaths from cancer occurred in 2020. Traditional cancer therapy strategies such as chemotherapy and radiotherapy have severe side effects (Mitsunaga et al., 2011; Wang and Guo, 2013; Lucky et al., 2015) Moreover, there are great concerns on the drug resistance and radioactivity for chemotherapy and radiotherapy, respectively (Mitsunaga et al., 2011; Wang and Guo, 2013; Lucky et al., 2015).
PDT has attracted tremendous attention since its birth in the early 1900s, when Tappeiner conducted the first therapy to himself by topical eosin and sunlight. Later, Figger et al. and Lipson et al. discovered the photosensitizer hematoporphyrin and forwarded the PDT of the tumor to clinical applications, respectively (Figge et al., 1948). Compared with conventional approaches of cancer therapy such as surgical excision, chemotherapy, and radiotherapy, PDT shows great advantages such as higher spatial/temporal resolution and the anti-drug resistance.
As the photosensitizers may distributed over the whole body, a smart polymeric delivery system is beneficial for precise therapy. The delivery system is expected to protect the photosensitizers from systemic clearance, and carry the photosensitizer to the tumor site. In some cases, the delivery system releases the photosensitizers, either with a slow sustained release or a burst of release. Hence, the sustained release and biodegradable polymeric delivery systems are introduced. Smart polymeric delivery systems that can target the tumor and be activatable by the tumor microenvironment are highlighted.
Sustained Release and Biodegradable Polymeric Delivery System
One of the most crucial functions of a polymeric delivery system is to enhance the water solubility of hydrophobic photosensitizers. For instance, polyethylene glycol (PEG) is one of the most frequently used polymers to increase the water solubility. PEG provides stealth to photosensitizers, making them invisible to microorganisms and cells. Hence the protection by PEG resisted protein adsorption and prolonged the circulatory half-life of photosensitizer (Keerthiga et al., 2020), which is beneficial to achieve long-term antitumor effects.
Polymers with high molecular weight may raise great concern about their toxicity. Hence, it is highly desired that the polymer can be degraded into small nontoxic fragments such as water and carbon dioxide, which is easy to be metabolized from the body (Kamaly et al., 2016). Concerning this aspect, biodegradable polymers such as polylactide (PLA), poly (glycolic acid) (PGA), poly (lactic-co-glycolic acid) (PLGA), and poly-β-benzyl-l-aspartate (PBLA) have been developed, which can be degraded slowly by the hydrolysis of the ester bond (Vert et al., 1992; Hoffman, 2008; Kim et al., 2009; Keerthiga et al., 2020) Hence the encapsulated photosensitizers can be sustained released.
Tumor-Target Polymeric Delivery System
Passive Targeting
The passive targeting of those polymeric nanoparticles is referred to the enhanced permeation and retention (EPR) effect proposed by Hiroshi Maeda in Kumamoto, Japan, with the theory based on the high permeability of blood vessels at tumor sites, due to the leakage of the tumor vasculature as a consequence of growing fast (Hoffman, 2008). There are plenty of systems that enhance the accumulation efficacy to tumor via EPR effect (Regehly et al., 2007; Lee et al., 2009). However, this targeting strategy may release a considerable quantity of drugs before substantial uptake by tumor cells. Moreover, recently the EPR effect is becoming a controversial topic as researchers found that human bodies do not have obvious leakage of tumor vasculature and EPR effect. Hence, the general applicability of this EPR effect is challenged and still an open question.
Active Targeting
Active targeting includes the use of targeting moieties such as ligands, antibodies, and aptamers that can recognize specific receptors on tumor vasculature, tumor cells, and even tumor subcellular organelles for enhanced delivery of photosensitizers (Li and Yan, 2018; Zhang et al., 2020; Zheng et al., 2020)
The tumor vasculature targeting is an efficient way to combat cancer as a result of cutting off the supply of oxygen and nutrients. In addition, by interrupting the tumor vessel integrity, an increased accumulation of the materials to the tumor tissue is expected to improve the PDT efficacy. Vascular endothelial growth factor (VEGF) and its receptor are hallmarks of tumor cells, which can be utilized as main antiangiogenic targets (Tirand et al., 2006; Prasad et al., 2014). Vascular cell adhesion molecule-1 (VCAM-1) is involved in tumor cell adhesion and metastasis (Yin et al., 2017), and matrix metalloproteinases (MMPs) are responsible for the angiogenesis and metastasis (Danhier et al., 2010; Liu T. W. et al., 2016), RGD ligands are another frequently used target and the recognition is via αvβ3 integrin (Yuan et al., 2014). All of them are crucial tumor vasculature targets.
Target tumor cells are a straightforward targeting strategy that accelerate the phagocytosis/endocytosis of nanocarriers (Hanahan and Weinberg, 2011; Liu L. et al., 2016; Liu et al., 2017). The representative receptors are CD44 receptor (Jiang et al., 2017), folate (FA) receptor (Li et al., 2018d), transferrin receptor (Kaspler et al., 2016), epidermal growth factor (EGF) receptor (del Carmen et al., 2005), etc.
Subcellular targeting, such as mitochondria, lysosome, nucleus, and endoplasmic reticulum, is another type of targeting. Among these, mitochondria targeting is of great importance as mitochondria is the energy factory of tumor cells (Chakrabortty et al., 2017). The triphenylphosphonium (TPP) cation is a typical mitochondria targeting moiety. Due to the limited diffusion distance of singlet oxygen, the subcellular targeting of different organelles may lead to varying degrees of destruction of tumor cells.
With a large amount of targeting candidates mentioned above, herein we only choose one example for the demonstration of the importance of targeting function in PDT. Target function is especially crucial to cross the blood-brain-barrier (BBB) in the treatment of brain tumor. The treatment of brain disease is not a trivial task as the delivery of the drugs to the brain area is very difficult due to the BBB. An iRGD-conjugated prodrug micelle with BBB penetrability was used to enhance the anti-glioma therapy (Lu L. et al., 2020) As shown in Figure 2, the structure of the polymer CPT-S-S-PEG-iRGD consists of a prodrug camptothecin (CPT) for chemotherapy, a disulfide linker responsive to glutathione (GSH), and the internalizing RGD peptide (iRGD) as targeting moiety. The ability to cross the BBB and target glioma cells is expected to be enhanced via αvβ integrin and neuropilin-1 mediated ligand transportation. The polymer is self-assembled into micelle with a diameter of approximately 100 nm. A photosensitizer IR780 is loaded into the micelle for PDT.
[image: Figure 2]FIGURE 2 | (A) Preparation of self-assembled micelles, BBB penetrating, and glioma cell targeting by the iRGD peptide and GSH-induced disassembly for the combination of chemotherapy and photodynamic therapy; (B) molecular structure of CPT-S-S-PEG-iRGD; (C) the quantitative analysis of absorption spectra in the lower chamber after CPC@IR780 micelles and CPD@IR780 micelles were cultured in the upper chamber for different times; (D) whole body fluorescence imaging of U87 orthotopic glioma mice at different time intervals. Dashed line indicates the glioma site; (E) intratumoral penetration characterization using U87 tumor spheroids treated with micelles in 45 μm interval between consecutive slides. Reprinted with permission from Lu L. et al. (2020).
Hence, the micelle is functionalized as the CPT and photosensitizer IR780 carrier, which is responsive to the high concentration of GSH in glioma tumor and triggers the release of the therapeutics CPT and IR780. The iRGD peptide bonded at the surface of the micelles is responsible for the cross of the BBB and glioma tumor targeting. The penetration ability of the micelles is examined in vitro BBB model, which is established by co-culture of bEnd.3 cells and U87 cells in the upper and lower chamber, respectively. The bEnd.3 simulates the BBB. By examination of the uptake efficiency of the micelles by U87 cells in the lower chamber, the penetration ability of the materials is found to be significantly improved (Figure 2C). The results show that 89.92 ± 1% of iRGD modified CPD@IR780 micelles cross the simulated BBB into the lower chamber, while for the unmodified CPC@IR780 micelles the value is only 41.78 ± 0.22%.
The authors further constructed U87 tumor spheroids in vitro to examine the penetration ability (Figure 2E). For the CPD@IR780 micelles, the fluorescence is stronger and uniformly distributed in the glioma spheroids. While for the CPC@IR780 micelles, the fluorescence is mainly distributed in the periphery of the glioma spheroids. These results demonstrated the enhanced penetration ability to the glioma spheroids of CPD@IR780 micelles due to iRGD modification. The biodistribution of micelles in vivo was studied (Figure 2D). The iRGD modified CPD@IR780 micelles show enhanced accumulation in the brain, as compared to the unmodified CPC@IR780 micelles and IR780. Confocal images of brain sections of U87 orthotopic glioma mice were studied. The iRGD modified CPD@IR780 micelles show preferably distribution in glioma tumor cells instead of healthy cells. All those results confirmed the target ability of CPD@IR780 micelles to glioma cells. The combination of activatable chemotherapy and PDT with target function to enhance penetration to BBB successfully extended the survival time of mice bearing glioma tumor.
Tumor-Activatable Polymeric Delivery System
Abnormal expression of proteins usually has a close relationship with diseases. Enzymes are especially crucial biomarkers, and a variety of enzymes are overexpressed by tumor cells or tumor associated macrophages. For instance, hyaluronidase, matrixmetalloproteinases, and cathepsin B are overexpressed in tumor cells. The enzyme-activated polymeric delivery systems have been developed, which have high specificity as compared with other activation strategies such as pH and GSH activation (Bae and Na, 2010; Park W. et al., 2011; Li H. et al., 2017; Huo et al., 2019).
The increased glycolysis and proton-pump activities on plasma membranes of cancer cells produce a large amount of lactic acid, resulting in a slightly acidic extracellular microenvironment of tumor. The pH value of tumor sites is in the range of 6.0–7.0, which is lower than that of normal tissues (pH = 7.4) (Pan et al., 2013). Taking advantage of the difference in pH, an acid activatable system can be designed (Du et al., 2010; Du et al., 2011; Yuan et al., 2012; Tseng et al., 2015; Li F. et al., 2018; Dong et al., 2018; Lin et al., 2019; Lu Y. et al., 2020) mainly based on the protonation of the amine group or acid cleavage of acidic-labile linkers such as hydrazone linkers (Braslawsky et al., 1990), Schiff base linkers (-RC = N-) (Ke et al., 2014), cis-acotinyl linkers (Zhu et al., 2010), acetal linkers (Gu et al., 2013), etc. (Figure 3A).
[image: Figure 3]FIGURE 3 | (A) Representative pH/ROS/GSH/hypoxia-responsive linkers for activatable polymeric delivery system; (B) three commonly used activation strategies.
Reactive oxygen species (ROS) and GSH are of great importance for maintaining the redox stability. Tumor cells have higher levels of ROS due to the oncogenic stimulation, mitochondrial malfunction, and increased metabolic activity(Li X. et al., 2017). For instance, the concentration of hydrogen peroxide in tumor cells is reported to be approximately 10 μM, which is higher than normal cells. Boronic acid esters are typical hydrogen peroxide-responsive moieties (Saravanakumar et al., 2017; Zeng et al., 2020). In addition, GSH is abundant in a tumor intracellular environment (2–10 mM) (Li and Yan, 2018). Disulfides and sulfonyl group are frequently utilized to construct GSH-responsive polymeric delivery systems (Kim et al., 2014; Li et al., 2014; Liu X. et al., 2016). The representative ROS and GSH responsive organic moieties are summarized in Figure 3A.
Due to the consumption of oxygen within about 100 µm of the inadequate tumor vasculatures by quickly proliferating cancer cells, the oxygen concentration of tumors is only about 4%, which is very distinct from normal tissues. Based on this, hypoxia-responsive polymeric systems have been developed and three representative hypoxia-responsive moieties have been summarized in Figure 3A.
Based on the different microenvironments of tumor and normal tissues, a variety of activatable polymeric delivery systems are emerging (Park et al., 2016; Sun et al., 2017; Wei et al., 2018; Li et al., 2019c; Yan et al., 2020; Zeng et al., 2020; Yang et al., 2021). Despite the different structures and constituents of thousands of reports, they mainly achieve the activation via the following three strategies: (1) self-quenching and dequenching of photosensitizers due to aggregation and disintegration; (2) utilize another quencher to quench the triplet state of photosensitizer and dequenching upon cleavage of sensitive bonds; and (3) the change of size and surface charge to induce an enhanced internalization by tumor cells. These three strategies are summarized in Figure 3B.
Herein we introduce some typical polymeric delivery systems for PDT, as an illustration of the above-mentioned activations and strategies.
Enzyme
Choi et al. reported a protease biodegradable poly-L-lysine, grafted with PEG and photosensitizer Ce6 (L-SR15). As shown in Figure 4, the quenched fluorescence and singlet oxygen production ability is recovered due to the degradation of the poly-L-lysine by tumor-associated protease cathepsin B. A poly-D-lysine backbone (D-SR16) that is uncleavable by proteases was synthesized for comparison. In vitro results are shown in Figures 4B,C, both the fluorescence/singlet oxygen generation ability of L-SR15 and D-SR16 are significantly decreased as compared with the free Ce6. The fluorescence intensity/singlet oxygen generation ability of L-SR15 is recovered by the addition of cathepsin B, while there is no change for D-SR16. The fluorescence/singlet oxygen generation ability enhancement can be inhibited by the addition of cathepsin B inhibitor CA-074. In vivo results show that the tumor can be imaged by the L-SR15 (Figure 4D), due to the selectively activation by the cathepsin B in the tumor site. The tumor volume is significantly depressed for the L-SR15 group as compared with D-SR16 group or L-SR15 + inhibitor CA-074 group. These results demonstrated that the tumor-specific protease cleaved the poly-L-lysine backbone, restoring the self-quenched fluorescence/singlet oxygen production ability of Ce6 and achieving selective imaging and PDT of the tumor.
[image: Figure 4]FIGURE 4 | (A) Schematic diagram of PM-PDT strategy; (B) activation of fluorescence intensity and (C) singlet oxygen generation of L-SR15 and D-SR16 with phosphate buffer (black columns), cathepsin B (white columns), and CA-074 inhibitor-pretreated cathepsin B (striped columns); (D) six consecutive slices from a three-dimensional fluorescence-mediated tomographic scan (Choi et al., 2006).
A similar strategy was reported by Kun Na et al., who is also one of the pioneer researchers in this area. For instance, photosensitizer Pheophorbide (Pba) was dangled onto hyaluronic acid (HA), which leads to self-quenching of the photosensitizer. The polymer can be easily internalized by HA receptor-mediated endocytosis and then degraded by intracellular microenvironment enzymes, releasing free Pba with recovered PDT efficacy (Li et al., 2010). However, those reports by Choi et al. and Kun Na et al. are based on the self-quenching of photosensitizers. Both the quenching and activation efficiency are highly dependent on the substitution degree of the photosensitizers to the polymer backbone. A higher degree of substitution will lead to higher quenching efficiency but maybe lower activation efficiency because it decreases the recognition site of the biomarker.
Zheng et al. reported a molecular beacon system based on intramolecular quenching (Zheng et al., 2007). As shown in Figure 5A, triplet photosensitizer (pyropheophorbide, Pyro) is connected with a quencher (BHQ3) by a peptide linker, which is activatable by tumor-associated protease MM7. Both the fluorescence and the singlet oxygen production ability of Pyro can be quenched by BHQ3, while it restored upon cleavage of the peptide linker by the MM7. This is confirmed with fluorescence emission and the direct detection of singlet oxygen (Figure 5C and Figure 5E). The molecular beacon is specifically cleavable by MM7 peptide (PPMMP7B + MMP7 in Figure 5C), while uncleavable by MM2 peptide (PPMMP7B + MMP2 in Figure 5C). Moreover, the addition of MM7 inhibitor (PPMMP7B + MMP7+inhibitor in Figure 5C) cannot restore the fluorescence and singlet oxygen production ability. All these results demonstrate the selectivity of the peptide linker to MM7. The cleavage of the peptide linker was further evidenced by high performance liquid chromatography (HPLC) in Figure 5D. The PPMMP7B has a retention time of approximately 26.1 min. The cleavage of PPMMP7B by MM7 resulted in two fragments peaked at 14.1 and 36.0 min, corresponding to the BHQ3 moiety and Pyro moiety, respectively, which is confirmed by the UV-vis absorption spectroscopy and MALDI-TOF mass spectroscopy. The PPMMP7B shows significant photodynamic cytotoxicity (Figure 5F) in KB cells (MMP7 overexpressed cell line) compared with the BT20 cells (MMP7 less expressed cell line). The KB tumors are found to be greatly depressed by the enzyme cleavable molecular beacon PPMMP7B.
[image: Figure 5]FIGURE 5 | (A) The concept of photodynamic molecular beacons. (B) Molecular structure of PPMMP7B. (C) Fluorescence kinetics of different groups. (D) HPLC spectrum of PPMMP7B + MMP7 incubated at 37°C for 2 h and corresponding UV-vis spectra. (E) The relative 1O2 counts of different groups. (F) Photodynamic cytotoxicity determined by MTT assay as a function of PS and light doses, compared with untreated cells. Copyright (2007) National Academy of Sciences (Zheng et al., 2007).
pH
Liu et al. constructed an imaging-guided pH sensitive PDT platform by using charge reversible up-conversion nanoparticles (Wang et al., 2013). As shown in Figure 6A, the pH-sensitive polymer PAH-DMMA-PEG (negatively charged) was grafted onto the positive surface of the Mn2+-doped, Ce6 layered up-conversion nanoparticles (UCNPs) via electrostatic interactions (UCNP@2XCe6-DMMA-PEG). At pH = 6.8, the nanoparticle zeta potential increasing from approximately −18 mV to +10 mV, confirming the acid-responsive detaching of the PEG coating from the UCNPs. UCNP@2XCe6-SA-PEG that is not responsive to acid is used as a reference. As expected, the zeta potential remained the same in pH = 7.4 and pH = 6.8. The ability of the internalization by cancer cells at different pH was studied by confocal laser scanning microscopy imaging. The UCNP@2XCe6-DMMA-PEG at pH = 6.8 shows increased internalization ability than at pH = 7.4, hence enhanced phototoxicity to HeLa cells was observed (Figure 6D). Owing to the doping of the Mn2+ to the UCNPs, the materials can be used for dual-modal imaging, i.e., up-conversion luminescence imaging and magnetic resonance imaging (Figure 6B and Figure 6C). Both materials show good accumulation in tumor sites. UCNP@2XCe6-DMMA-PEG has a longer retention in tumor than the reference UCNP@2XCe6-SA-PEG. This is due to the acid-responsive detaching of the PEG coating resulting in a strong positive surface of UCNPs, which enhanced the stickiness of the material to the negatively charged cancer cell membranes and tumor tissues. The longer retention time of UCNP@2XCe6-DMMA-PEG contributes to the better PDT efficacy in vivo than UCNP@2XCe6-SA-PEG (Figure 6E).
[image: Figure 6]FIGURE 6 | (A) Schematic illustration of pH-responsive smart theranostic UCNPs, showing the detachment of PAH-DMMA-PEG from the positively charged nanoparticle surface under pH 6.8; (B) in vivo UCL images and (C) T1 MR images of mice after intratumoral injection with UCNP@2xCe6-DMMA-PEG or UCNP@2xCe6-SA-PEG. The images were taken at different times post-injection; (D) cell viability data of HeLa cells after various treatments indicated with and without the 980 nm laser irradiation as evaluated by the standard MTT assay; (E) tumor growth curves of different groups of mice after various treatments. Reprinted with permission from Wang et al. (2013).
ROS
An ROS responsive self-degrading polymer was constructed for enhanced chemotherapy and PDT (Wang et al., 2019). As shown in Figure 7A, the therapeutic prodrug DOX was conjugated to the polymer with a pendant thioketal bond, which is responsive to ROS such as singlet oxygen or hydrogen peroxide. The triplet photosensitizer Ce6 with a planar aromatic structure interacted with the DOX via π-π stacking, constituting a self-assembled nanoparticle PEG-PBC-TKDOX(Ce6). In the tumor microenvironment or upon light irradiation, the abundant hydrogen peroxide in the tumor microenvironment or the singlet oxygen produced from irradiated Ce6 leads to the cleavage of the pendant thioketal bond, followed by the cascade reaction of self-destructive polymer. Accordingly, the Ce6 and DOX are actively released (Figure 7A). The degradation of the polymer was confirmed by 1H-NMR characterization and the decrease of the molecular weight in the presence of hydrogen peroxide. The release of DOX was confirmed by confocal laser scanning microscopy imaging. Free DOX has fluorescence and accumulates in nuclear. As compared with those without light irradiation, KB cells incubated with PEG-PBC-TKDOX(Ce6) upon light irradiation show enhanced accumulation in nuclear, indicating the release of DOX from polymer backbone. Biodistribution of DOX and Ce6 was studied (Figures 7B,C). The light irradiation enhanced the accumulation of the PEG-PBC-TKDOX(Ce6) in tumor sites. This may be attributed to the ROS induced destruction of the polymer, as smaller molecular size is known to have better tumor accumulation ability (Wang et al., 2019). The PEG-PBC-TKDOX(Ce6) upon light irradiation shows outstanding therapeutic efficacy (Figure 7D) and decreased free DOX-related side effects such as decrease of body weight (Figure 7E).
[image: Figure 7]FIGURE 7 | (A) Schematic drawing of the cascade reaction of self-destructive polymeric nanomicelles; (B) biodistribution of DOX solution and PEG-PBC-TKDOX (Ce6) micelles at 12 h with or without light irradiation; (C) biodistribution of Ce6 solution and PEG-PBC-TKDOX (Ce6) micelles at 12 h with or without light irradiation; (D) growth curves of subcutaneously inoculated KB tumors. Intravenous injections were given to mice at day 7, day 9, and day 11. The 660 nm laser irradiation followed at 12 h after each injection; (E) body weight changes (n = 5, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001). Reprinted with permission from Wang et al. (2019).
GSH
Natural polysaccharides have been popularly used for the development of self-quenchable nanoparticles due to their good water solubility, biodegradability, biocompatibility, and tumor targeting ability (Bae et al., 2010; Bae and Na, 2010; Li et al., 2011; Yoon et al., 2012) Kang Moo Huh et al. constructed a GSH responsive pheophorbide a-glycol chitosan system for PDT. As shown in Figure 8C, the photosensitizer pheophorbide a (PheoA) was dangled onto the glycol chitosan via a reducible disulfide bond (PheoA-ss-GC in Figure 8A), which is sensitive to the GSH that is abundant in the tumor microenvironment. The conjugate tends to aggregate into nanoparticles and the fluorescence/singlet oxygen production ability of PheoA is diminished due to self-quenching. The cleavage of the disulfide bond by GSH recovered both the fluorescence and singlet oxygen production ability, achieving the on-site release of the photosensitizer and selectively killing tumor cells. A reference compound (PheoA-GC in Figure 8B) that has no disulfide bond linker was also synthesized for comparison. The recovery of fluorescence and singlet oxygen production ability of PheoA-ss-GC were evidenced both in cuvette and in vitro. As shown in Figure 8D, the fluorescence of PheoA is obvious in the KB cells treated with PheoA-ss-GC, while it was completely quenched in the cells treated with PheoA-GC. Moreover, the PheoA-ss-GC shows significantly higher phototoxicity to KB cells than PheoA-GC (Figure 8E) as the self-quenching effect of the photosensitizer is greatly alleviated upon the activation of high concentration of GSH in tumor cells. Consequently, outstanding PDT efficacy of PheoA-ss-GC is achieved (Figure 8F).
[image: Figure 8]FIGURE 8 | Chemical structures of (A) PheoA-ss-GC and (B) PheoAeGC conjugates and (C) illustration of bioreducible PheoA-ss-CNPs for switchable photoactivity of PheoA; (D) CLMS images of KB cells treated with free PheoA, PheoAeCNPs, and PheoA-ss-CNPs; (E) phototoxicity and dark toxicity of free PheoA, PheoAeCNPs, and PheoA-ss-CNPs; (F) tumor growth of HT-29 tumor-bearing mice after various treatments. Reprinted with permission from Oh et al. (2013).
Hypoxia
Tumor tissues are known to be hypoxic. Taking advantage of this characteristic, Zhao et al. designed multifunctional micelles that are dually responsive to hypoxia and singlet oxygen (Li et al., 2018c). The molecular structure is consisted of azobenzene and imidazole. The hypoxic atmosphere of the tumor tissues induces the collapse of azobenzene and consequently provoked PEG shedding (dePEGylation); the singlet oxygen produced by Ce6 upon light irradiation leads to an oxidation of hydrophobic imidazole to hydrophilic urea, followed by a rapid release of Ce6. Enhanced internalization of micelles by LLC cells and improved PDT efficacy is observed.
Temperature
Besides the internal triggers such as pH, enzyme, GSH, and hypoxia, external triggers such as temperature can also activate the PDT. Poly (N-isopropylacrylamide) (PNIPAM) is a frequently used thermo-sensitive polymer (Liu et al., 2009; Lv et al., 2015). It can go through the phase transition from hydrophilic to hydrophobic state when the temperature is above the lower critical solution temperature (LCST) (Stöber et al., 1968; Pelton and Chibante, 1986; Pelton, 2000). The LCST of PNIPAM in water is approximately 32–33°C. Molecular structure modification to the PNIPAM (co-polymerization with other monomers) or adjusting the pH value can affect this LCST value (Hoare and Pelton, 2004; Rijcken et al., 2007; Dai et al., 2012; Zhang et al., 2013; Jiang et al., 2014). Hence it is possible to adjust this LCST to suitable values such as body temperature (ca. 37°C). In addition, tumor tissues are reported to have a higher temperature than normal tissues due to inflammation and cancer cell immortalization (Wang et al., 2013; Lv et al., 2015)
A nanoplatform based on the pH-temperature sensitive polymer was constructed for cancer therapy (Xu et al., 2016). As shown in Figure 9, the up-conversion nanoparticles (UCNP) are decorated with carbon dots and chemotherapeutic reagent DOX and PDT reagent zinc(II)-phthalocyanine (ZnPc). The up-converted fluorescence excited the ZnPc to its triplet state and produce singlet oxygen, and the decorated carbon dots generate photothermal effect upon near infrared laser irradiation. This thermal effect at tumor acidic tissues induces the shrinkage of P(NIPAm-MAA) polymer, leading to the controlled drug release. As shown in Figure 9F, the nanoplatform shows significant drug release at 50°C (pH = 7.4). Moreover, the drug can be efficiently released at acidic conditions (pH = 4.0, Figure 9G) at 37°C. These results show that the drug release can be controlled by pH and temperature. The thermal effect of the nanoplatform upon NIR laser irradiation was shown in Figure 9D. The NIR laser irradiation to the material accumulated in tumor site increased the local temperature, hence the drug release upon NIR laser irradiation can be expected (Figure 9H). The combination of the PDT and chemotherapy shows an outstanding therapeutic efficacy (Figure 9B and Figure 9C).
[image: Figure 9]FIGURE 9 | (A) Schematic illustration of pH-temperature sensitive polymer for cancer therapy. (B) Changes in the tumor size of the H22 tumor obtained from mice after different treatments; (C) Picture of tumor and H&E staining; (D) in vivo infrared thermal images of a tumor-bearing mouse after injection of USZCP under NIR irradiation with different times; (E) UV-vis absorption spectrum of DOX (inset shows the DOX loading content of UCNPs@mSiO2 and USZCP); the release efficiency of USZCP–DOX at different (F) temperatures and (G) pH values; (H) the release efficiency of USZCP–DOX triggered by a NIR laser. Reprinted with permission from Xu et al. (2016).
SMART POLYMERIC DELIVERY SYSTEM FOR ANTIMICROBIAL PHOTODYNAMIC THERAPY
Antibiotics have been the most effective strategies to fight against bacterial infections. However, the abuse of antibiotics has led to severe antimicrobial resistance (Bush et al., 2011). There are approximately 700,000 deaths per year due to antimicrobial resistance all over the world (Klausen et al., 2020). Developing other anti-bacterial strategies such as PDT that are alternatives to antibiotics is of great urgency (Demidova and Hamblin, 2004; Hamblin and Hasan, 2004; Pagonis et al., 2010; Huang et al., 2012).
The delivery of the photosensitizer to the bacteria (especially Gram-negative bacteria) is not a trial task due to its structural features. As shown in Figure 10, the cell wall of Gram-positive bacteria consists of thick, porous layers of peptidoglycan embedded with proteins and lipoteichoic acid. The porous layers are relatively easy to go through for photosensitizers. Moreover, the lipoteichoic acids on the outside are negatively charged, which tends to bind with cationic agents (Minnock et al., 2000; Lambert, 2002). As a comparison, the cell wall of Gram-negative bacteria is thicker, being composed of a peptidoglycan layer, the inner cytoplasmatic membrane, and the outer membrane. This additional outer membrane of Gram-negative bacteria is composed of phospholipids and lipopolysaccharides, which is an effective barrier that limits the penetration of photosensitizers (Minnock et al., 2000). Hence, a smart polymeric delivery system that can target the bacteria and selectively kill the bacteria is necessary for optimal antimicrobial PDT.
[image: Figure 10]FIGURE 10 | The cell walls of Gram-negative and Gram-positive bacteria. Reprinted with permission from Yin et al. (2015).
Bacterial-Target Polymeric Delivery System
Structure-Inherent Targeting
As it has been mentioned that the structures of the tumor cells and the bacteria are different, photosensitizers that are commonly used in PDT of tumors cannot always be fit for the PDT of bacteria, especially Gram-negative bacteria (Malik et al., 1992). For instance, the cell wall of Gram-negative bacteria is thick and it has been a tough issue to deliver the photosensitizer into the Gram-negative bacteria. Hence, the Gram-negative bacteria are notoriously difficult to deal with (Malik et al., 1992).
As the bacteria are heavily negatively charged, the cationic photosensitizers are beneficial for their penetration and targeting to bacteria via electrostatic interactions (Minnock et al., 1996; Chen et al., 2020). This is a kind of structure-inherent targeting. Cationic photosensitizers such as methylene blue, cationic porphyrins, cationic Bodipy, and cationic phenoxyphthalocyaninato zinc (II) are shown as examples in Figure 11A.
[image: Figure 11]FIGURE 11 | (A) Molecular structure of cationic photosensitizers; (B) methylene blue-loaded microneedle for photodynamic antimicrobial chemotherapy at a range of methylene blue concentrations on killing of biofilm grown strains S. aureus and E. coli (Caffarel-Salvador et al., 2015).
Active Targeting
Similar to the anti-tumor therapy, there is also active targeting strategy to achieve better PDT efficacy. As the structures of tumor cells and bacteria are different, the target point also varies. For instance, the anti-tumor therapy targets the tumor vasculature, tumor cells, and tumor subcellular organelles such as mitochondria, lysosome, nucleus, and endoplasmic reticulum. While the anti-bacterial therapy targets the bacteria membranes, bacterial exopolysaccharides (EPS), fimbriae, etc. For instance, various EPS are produced by bacteria to create a binding network between pathogens. Hence, bacterial EPS extracted from Lactobacillus plantarum can be utilized as targeting moiety (Li C. et al., 2018; Klausen et al., 2020). In addition, glycan is a commonly used targeting moiety with specific binding to lectins. Concerning to this aspect, different sugars such as mannose, sialic acid, and galactose have been utilized to target different pathogens. For instance, D-mannose has been used to bind to FimA protein of Escherichia coli (E. coli) (Krogfelt et al., 1990). As a deeper investigation and understanding to the bacteria, more and more target moieties are emerging.
Physical Penetration Targeting
As it has been introduced that the bacteria, especially Gram-negative bacteria, have thick cell walls, it makes them very difficult to deal with. Physical penetration by microneedles is an attractive strategy to go across the barriers and target the bacteria (Henry et al., 1998; Lee et al., 2008; Tuan-Mahmood et al., 2013; Donnelly et al., 2014; Kearney et al., 2014; Park et al., 2014). Methylene blue-loaded dissolving microneedles were constructed for antimicrobial PDT (Caffarel-Salvador et al., 2015). The microneedles were fabricated with aqueous blends of Gantrez® AN-139 co-polymer loading with different percentages of methylene blue. As presented in Figure 11B, the microneedles are in the micron range and are arranged in arrays. Loading high percentages of methylene blue (5% w/w) resulted in a decrease of needle height and microneedle strength. Loading suitable percentages of methylene blue (0.5% w/w) shows good mechanical strength that enables the insertion of the microneedles into the wound. The insertion distance is in the range of 378–504 μm, which is measured with a human tissue mimicker Parafilm™. The microneedles are expected to dissolve, followed by the release of the methylene blue. Upon photoirradiation, efficient bactericidal activity against Staphylococcus aureus (S. aureus) and E. coli biofilms was observed (Figure 11B).
Bacterial-Activatable Polymeric Delivery System
Due to the encapsulation of EPS, the biofilm microenvironment is lack of oxygen, which leads to anaerobic glycolysis (Flemming et al., 2016). Recalling from the tumor-activatable polymeric delivery system section, the tumor tissues are also hypoxic. The anaerobic glycolysis or the anaerobic respiration contributes to the acidic and highly reductive microenvironment of both bacterial biofilms and tumor tissues (Gales et al., 2008; Chen et al., 2013; Koo et al., 2017). For instance, the pH in the methicillin resistant Staphylococcus aureus (MRSA) biofilm microenvironment is less than 5.5, and the concentration of GSH in E. coli biofilm is up to 10 mM (Fux et al., 2005; Gales et al., 2008; Chen et al., 2013; Klare et al., 2016). Hence, the microenvironment of bacteria is similar to that of tumor, which is hypoxic, acidic, highly reductive, and has abundant ROS. Taking advantage of the differences between bacteria and normal tissues, the activatable polymeric delivery system can be developed, achieving selectively killing of the bacteria while keeping the host normal tissue unaffected. Hence, decreased side effect is expected. Herein we presented some typical examples of activatable polymeric delivery systems for anti-bacteria PDT (Radovic-Moreno et al., 2012; Li F. et al., 2018; Zhao et al., 2019; Broenstrup et al., 2021; Wu et al., 2021; Ye et al., 2021).
Enzyme
Hypocrellin A-loaded lipase sensitive polymer system was reported. The Hypocrellin A is a perylenequinoid pigment that is isolated from the tradition Chinese medicine and it is reported to have singlet oxygen production ability, hence it functioned as a photosensitizer. The lipase sensitive polymer methoxy poly (ethylene glycol)-blockpoly (ε-caprolactone) (mPEG-PCL) self-assembled to micelles, which is used to encapsulate the photosensitizer Hypocrellin A and enhance its water solubility. As shown in Figure 12A, this Hypocrellin A-loaded polymer micelles can be degraded by the bacterial lipase, along with the release of the photosensitizer. The release of Hypocrellin A in the presence of lipase in PBS was confirmed and presented in Figure 12C. An in vitro antibacterial study shows that the light irradiation significantly reduced the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values (0.69 and 1.38 mg/L, respectively), as compared with that in the dark (250 and 500 mg/L, respectively). This result demonstrated that the antibacterial activity is mainly attributed to PDT. An in vivo antibacterial study shows that the MRSA in spleen and blood is cleared up and the bacteria in liver is significantly reduced upon PDT (Figure 12D). Compared with the free Hypocrellin A, the polymeric micelles show slightly higher MIC and MBC values, which might be due to the incomplete release of Hypocrellin A. However, the lipase sensitive polymeric micelles achieve significantly increased survival rate, indicating that the lipase sensitive polymeric micelles are a potent polymeric system for combating MRSA infection.
[image: Figure 12]FIGURE 12 | (A) Schematic illustration of the mPEG-PCL/HA micelles for enhanced photodynamic antibacterial activity; (B) schematic illustration of the mPEG-PCL/HA micelles for the in vivo treatment; (C) cumulative release of HA from micelles without or with lipase (1.0, 2.0 mg/ml); (D) total bacterial counts in the liver, spleen, and blood of mice after being treated with mPEG-PCL/HA micelles (HA dose: 5 mg/kg) in dark or light irradiation for 24 and 48 h. Reprinted with permission from Guo et al. (2020).
pH
A pH-sensitive, surface charge switchable supramolecular polymeric system was constructed (Hu et al., 2019). As shown in Figure 13A, the pH-sensitive poly (ethylene glycol) (PEG) block polypeptide copolymer [PEG-(KLAKLAK)2-DA] interacted with the α-CD prodrugs (PDT therapeutics α-CD-Ce6 and NO therapeutics α-CD-NO) via host-guest interaction, forming a negatively charged supramolecular nanocarrier at physiological pH. The negative charge is in favor of the long-term blood circulation. While in acidic conditions (pH = 5.5), the amide bond tends to be cleaved, leading to a switch of the surface charge of the nanocarrier. The obtained positive charge is beneficial for the penetration into biofilms due to the stronger interaction and adhesion to the negatively charged bacterial membrane. As compared with the surface charge unswitchable nanocarrier α-CD-Ce6-NO-SA, the surface charge switchable nanocarrier α-CD-Ce6-NO-DA shows enhanced penetration to biofilms and accumulation in MRSA biofilm infected area (Figure 13B). Hence, it is reasonable that upon light irradiation, enhanced bactericidal rate was observed for α-CD-Ce6-NO-DA as compared with α-CD-Ce6-NO-SA (Figure 13C and Figure 13D).
[image: Figure 13]FIGURE 13 | (A) Schematic diagram of the acid-activated charge reversal of PEG-(KLAKLAK)2-DA at pH 5.5 and the mechanisms of the MRSA biofilm associated infection eradication by synergistic effects between ROS and NO produced by α-CD-Ce6-NO-DA nanocarriers; (B) in vivo time-dependent body fluorescence imaging of the MRSA biofilm infected mice after various treatments; (C) related bactericidal results of different nanocarriers with the same Ce6 concentration under laser irradiation, characterized by the standard plate counting assay. (D) In vivo bactericidal rates of various treatments. Reprinted with permission from Hu et al. (2019).
Another pH-sensitive charge reversible nanoparticle system was constructed for enhanced penetration and antibacterial PDT efficiency (Wu et al., 2021). As shown in Figure 14A, the photosensitizer Rose Bengal is dangled with dopamine, and then decorated with polymyxin B (PMB) and gluconic acid (GA) layer-by-layer. Resembling the isoelectric point of protein, the resulted nanoparticles (RB@PMB@GA) are negatively charged at physiological pH while they switched to positive charged when the pH is below 5.5, due to the presence of an amino group and a carboxyl group. Consequently, the antibacterial efficiency is greatly improved at pH = 5.0 (Figure 14B), due to the pH-sensitive charge inversion. To be specific, as presented in Figure 14C, only Gram-positive bacteria S. aureus were effectively killed upon light irradiation at pH = 7.4, while the Gram-negative bacteria E. coli were not affected unless in acidic condition (pH = 5.0). This indicates that the charge inversion in acidic condition enhanced the penetration and adhesion to bacteria. As the positively charged polymers are expected to quickly infiltrate biofilms via electrostatic interactions, the nanoparticles show outstanding biofilm penetration and eradication ability (Figures 14D–F).
[image: Figure 14]FIGURE 14 | (A) Schematic illustration of the preparation process of photodynamic NPs for enhanced penetration and antibacterial efficiency in biofilms; (B) antibacterial activities against E. coli at pH 7.4 and pH 5.0, with or without irradiation; (C) photographs of E. coli labeled with the red protein and S. aureus colonies incubated together with the different treatments; (D) typical photographs of the incision areas and implanted catheters from mice under different treatments on Days 1, 3, and 7; (E) photographs of P. aeruginosa bacterial colonies, and (F) quantitative analysis of bacterial colony-forming units obtained from the tissues and catheters in each group. Reprinted with permission from Wu et al. (2021).
ROS
A pH/H2O2 dual responsive polymeric system to combat the S. aureus and its biofilm is presented in Figure 15A(Zhao et al., 2021) The polymer POEGMA-b-PBMA is assembled with a surface charge-switchable photosensitizer, 5,10,15,20-tetra-{4-[3-(N,N-dimethyl-ammonio) propoxy]phenyl} porphyrin (TAPP) into nanoparticles with an average diameter of 180 nm. The large amount of H2O2 in S. aureus reacts with the arylboronic ester moiety and induces the disintegration of the nanoparticles, followed by the release of TAPP. The TAPP is further protonated in an acidic bacterial microenvironment, which increases its hydrophilicity and reduces its self-quenching effect. As a result, enhanced fluorescence emission and singlet oxygen production ability of TAPP were observed in the presence of H2O2 at pH = 5.5. The in vitro antibacterial effect was examined (Figure 15B and Figure 15C). The zeta potential of the bacteria is increased from −10 to +2 mV when incubated with the nanoparticles, indicating the adherence ability of nanoparticles to bacteria. There was 80% of S. aureus killed by nanoparticles in the presence of H2O2 upon light irradiation (Figure 15B and Figure 15C). In vivo anti-biofilm activity of nanoparticles was quantified, and an obvious depression of biofilm was observed for the PDT treatment group.
[image: Figure 15]FIGURE 15 | (A) Schematic diagram of a pH/H2O2 dual-responsive nanoplatform and its photodynamic antimicrobial therapy process; (B) bacterial viability of S. aureus treated with different conditions at pH = 5.5; (C) the corresponding S. aureus on agar plates after different treatments. Reprinted with permission from Zhao et al. (2021).
GSH
Disulfide bond is frequently used as the GSH responsive linker to construct smart polymeric delivery systems for antibacterial PDT (Lu et al., 2018; Ye et al., 2020). For instance, the hyperbranched PEG was loaded with (Zinc)Porphyrins via disulfide and benzacetal linkers, which are sensitive to reductive (GSH) and acidic microenvironment of bacteria, respectively (Staegemann et al., 2018). The release of photosensitizer (Zinc)Porphyrins is confirmed via thin layer chromatography (TLC), size exclusion chromatography (SEC), dialysis and extraction, etc. The polymeric material shows significant phototoxicity against S. aureus. The benzacetal linker containing polymeric material was also applied for the PDT of tumor, which shows a less efficient depression of the tumor. This might be due to the more reductive and acidic microenvironment of bacteria than tumor, leading to more complete release of photosensitizers in bacteria and hence a better PDT efficacy. This result indicates that the treatments of cancer and bacteria are different.
SUMMARY AND OUTLOOK
Photodynamic therapy (PDT) has attracted great attention in the antitumor and antimicrobial area. This review introduces the smart polymeric delivery system for the PDT of tumor and bacterial infections. In particular, targeted and activatable polymeric delivery systems are highlighted. Due to the different structure of tumor and bacterial cells, the target point is different to some extent. For instance, the anti-tumor therapy targets the tumor vasculature, tumor cells, and tumor subcellular organelles such as mitochondria, lysosome, nucleus, and endoplasmic reticulum. While the anti-bacterial therapy targets the bacteria membranes, bacterial exopolysaccharides (EPS), and fimbriae, etc. On the other hand, the microenvironment of tumor and bacteria shares plenty of similarities such as hypoxic, acidic, highly reductive and have abundant ROS, etc. Hence, activatable polymeric delivery systems for both tumor and bacteria treatment have been developed. The activation is mainly via the following three strategies: (1) self-quenching and dequenching of photosensitizers due to aggregation and disintegration; (2) utilize another quencher to quench the triplet state of photosensitizer and dequenching upon cleavage of sensitive bonds; and (3) the change of size and surface charge to induce an enhanced internalization and penetration of tumor cells or bacterial cells.
Despite of the vigorous development of smart polymeric delivery system for PDT of tumor and bacteria, there are still some problems. First, there is great concern to the uncertainty of the molecular structure of polymers, which leads to the problem of reproducibility. Without a stable production and stable property, it is difficult for polymers to be applied in the clinic.
Second, concerning the passive targeting, recently the EPR effect is becoming a controversial topic and the general applicability of this EPR effect is challenged and still an open question.
Third, concerning the activatable polymeric delivery system, although the microenvironment of tumor/bacteria is different from that of normal tissues, there are still risks of inefficient specificity. For instance, ROS is not only abundant in tumor/bacteria cells, but also active in inflamed tissues. In addition, normal cells also have acidic subcellular compartments such as endosome and lysosome that are similar to those of cancer cells, which limits the pH-activatable theranostics to some extent.
Last but not the least, the reported polymeric delivery systems are usually complicated, and there is great concern to their toxicities. Developing non-toxic and simple polymeric delivery systems and forward their application from bench to bedside is highly desired.
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Multidrug resistance (MDR) is one of the leading causes of the failure of cancer chemotherapy and mainly attributed to the overexpression of drug efflux transporters in cancer cells, which is dependent on adenosine triphosphate (ATP). To overcome this phenomenon, herein, a mitochondrial-directed pH-sensitive polyvinyl alcohol (PVA) nanogel incorporating the hexokinase inhibitor lonidamine (LND) and the chemotherapeutic drug paclitaxel (PTX) was developed to restore the activity of PTX and synergistically treat drug-resistant tumors. The introduction of 2-dimethylaminoethanethiol (DMA) moiety into the nanogels not only promoted the drug loading capacity but also enabled the lysosomal escape of the nanogels. The subsequent mitochondrial targeting facilitated the accumulation and acid-triggered payload release in the mitochondria. The released LND can destroy the mitochondria by exhausting the mitochondrial membrane potential (MMP), generating reactive oxygen species (ROS) and restraining the energy supply, resulting in apoptosis and susceptibility of the MCF-7/MDR cells to PTX. Hence, the nanogel-enabled combination regimen of LND and PTX showed a boosted anti-tumor efficacy in MCF-7/MDR cells. These mitochondrial-directed pH-sensitive PVA nanogels incorporating both PTX and LND represent a new nanoplatform for MDR reversal and enhanced therapeutic efficacy.
Keywords: multidrug resistance reversal, mitochondrial targeting, pH responsive, nanogel, combination therapy
INTRODUCTION
Chemotherapy remains one of the major means for treating tumors; however, the therapeutic efficacy is perplexed by many reasons including the multidrug resistance (MDR) (Lage 2008; Holohan et al., 2013; Rebucci and Michiels, 2013). The underlying mechanisms are complex and can be mainly summed up in the increased drug efflux from the cytoplasm to the extracellular compartment via the adenosine triphosphate (ATP)-binding cassette (ABC) transporters in the cells such as P-glycoprotein (P-gp) and multidrug resistance-associated protein 1 (MRP1) driven by the energy supply of ATP (Cole 2014; Kartal-Yandim et al., 2016; Assaraf et al., 2019). In order to reverse MDR, many strategies have been dedicated to the MDR inhibition by interfering the energy supply, re-sensitizing the tumor cells to the chemotherapeutic drugs (Abdallah et al., 2015; Assanhou et al., 2015; Li et al., 2016; Tu et al., 2018; Gao et al., 2019; Cheng et al., 2021; Liu et al., 2021).
Lonidamine (LND), which is a hexokinase inhibitor, blocks the energy supply and mitochondrial respiration, leading to mitochondrial dysfunction (Floridi et al., 1981; Price et al., 1996; Nath et al., 2016). In addition, LND triggers cell apoptosis by dissipating mitochondrial membrane potential (MMP) and generating reactive oxygen species (ROS). The combination of LND as a chemosensitizer with chemotherapeutic drugs provides an effective strategy for treating drug-resistant tumors (Li et al., 2002; Nath et al., 2013; Nath et al., 2015; Huang et al., 2020). Nevertheless, the poor water solubility and the lack of targetability of the drugs compromised their efficacy and limited their applications. Nanomedicine by virtue of its unique properties, such as the solubilization of the hydrophobic drugs and the delivery of the payload to the tumor sites via the enhanced permeability and retention (EPR) effect, has received widespread attention (Golombek et al., 2018; Majumder et al., 2019; Cao et al., 2020; Qiao et al., 2021). Nowadays, multifunctional nanomedicine integrating various modules of targeting (Qiao et al., 2019), lysosomal escaping, stimuli sensitivity, etc. (Pu et al., 2019; Zong et al., 2020; Zhong et al., 2021; Zong et al., 2021) could further improve the drug delivery efficacy, maximizing the therapeutic outcomes (Chen et al., 2017; Shahriari et al., 2019; Yang et al., 2019; He et al., 2021; Peng et al., 2021). It should be noted that the mitochondrial-targeting strategy plays an essential role in fully taking advantage of LND (Li et al., 2013; Zhang et al., 2015; Liu et al., 2017; Guo et al., 2021). Additionally, the biosafety of nanomedicine is a big concern.
In this study, we have constructed a triphenylphosphine (TPP)-installed pH-sensitive biocompatible polyvinyl alcohol (PVA) nanogel containing 2-dimethylaminoethanethiol (DMA) moiety for mitochondrial-directed co-delivery of LND and the chemotherapeutic drug paclitaxel (PTX) in drug-resistant tumors. The nanogels (T-D-NGs@LND and PTX) were fabricated by in situ crosslinking of the acrylate in PVA derivative under UV light and the concurrent co-loading of LND and PTX via hydrophobic and/or electrostatic interactions. After the internalization in the drug-resistant tumor cells, T-D-NGs@LND and PTX escaped from the lysosome due to the proton sponge effect of DMA moiety, effectively accumulated in the mitochondria with the orientation of TPP module, and rapidly released the payload resulting from the acid-triggered cleavage of the acetal linker within the network of nanogels (Scheme 1). The unleashed LND acted on the mitochondria and de-energized the cancer cells, resulting in cell apoptosis and making the cells more susceptible to the released PTX. The nanogel-mediated drug resistance alleviation and synergistic effect significantly boosted the anti-tumor activity in MCF-7/MDR cells, holding a great potential for conquering MDR.
EXPERIMENTAL SECTION
Preparation of DMA-Modified Vinyl Ether Acrylate-Functionalized PVA
Vinyl ether acrylate (VEA) and VEA-functionalized PVA (PVA-g-VEA) were prepared based on the previous reports (Chen et al., 2017). For the synthesis of DMA-functionalized PVA-g-VEA (PVA-g-VEA-DMA), DMA and Et3N (20 μl) were added to a 10-ml solution of PVA-g-VEA (0.413 g, 0.024 mmol) in methanol under stirring, and the reaction was continued for 12 h. Afterwards, the above mixture solution was condensed by rotary evaporation. Finally, PVA-g-VEA-DMA was purified using the precipitant of ice-cold diethyl ether and then dried using the vacuum drier.
Preparation of TPP-Functionalized PVA-g-VEA-DMA
To synthesize TPP-modified PVA-g-VEA-DMA, a mixture of TPP (70.5 mg, 0.16 mmol), DCC (49.1 mg, 0.24 mmol), and DMAP (20.3 mg, 0.17 mmol) was dissolved in dimethyl sulfoxide (DMSO) (10 ml), and the obtained solution was vigorously stirred for 1 h for activation of the carboxyl group in TPP. Subsequently, a solution of PVA-g-VEA-DMA (100 mg) in DMSO (5 ml) was slowly added for a 24-h reaction under stirring. After that, PVA-g-VEA-DMA/TPP was purified via extensive dialysis [molecular weight cut off (MWCO): 3.5 kDa] against methanol for 24 h, concentrated through rotary evaporation, precipitated in ice-cold diethyl ether, as well as vacuum dried.
Preparation and Characterization of Nanogels
Acid-responsive nanogels were prepared using the UV-crosslinking method. Briefly, the nanogels were obtained by dissolving the polymer of PVA-g-VEA-DMA/TPP in water (1 mg/ml) with the addition of a photoinitiator (I2959, 5 wt% of polymer), adjusting solution pH to 6.8, and stirring under UV exposure for 10 min. To prepare drug-loaded nanogels, a solution of PTX and LND in DMSO (10 mg/ml) was added in the aqueous polymer solution with a feeding ratio of 10%. Through adjusting the solution pH to 6.8 and in situ crosslinking of acrylate in the polymers under UV light for 10 min, PTX and LND co-loaded nanogels were obtained. A Millipore ultrafiltration centrifugal tube with a MWCO of 10,000 was used to remove the free drugs.
pH-Induced Degradation of Nanogels and In Vitro Release Profile of LND and PTX
pH-induced degradation of nanogels was studied by detecting the nanogel size change via dynamic light scattering (DLS) in different conditions (pH 7.4 and 5.0) for different periods (0, 6, and 24 h). The unleash behavior of LND and PTX-loaded nanogels was explored in different conditions (pH 7.4 and 5.0) through the dialysis procedure. In brief, a dialysis bag (MWCO: 3,500) containing 1 ml of PTX and LND co-loaded nanogel suspension was placed into a large-volume tube with 20 ml of the corresponding medium under a continuous shaking at 100 rpm at 37°C. At various time intervals (0, 2, 4, 6, 8, 10, 24, 52, 56, and 72 h), 5 ml of the medium in the tube of each group was extracted and supplemented by the newly prepared medium. The collected media of each group were concentrated and subjected to HPLC for quantification of the released PTX and LND.
Lysosomal Escape and Co-Localization Into the Mitochondria
MCF-7/MDR cells (1 × 105 cell/well) were seeded into a 24-well plate containing a rounded coverslip in each well. After 24 h, fluorescein isothiocyanate (FITC)-labeled NGs, D-NGs, and T-D-NGs were added and incubated with the cells for 8 h. Then, the medium was removed, and the cells were incubated with 500 μl of serum-free media containing 200 nM MitoTracker® Red CM-H2XRos probes at 37°C for 20 min or 500 μl of serum-free media containing 50 nM LysoTracker® Red DND-99 probes at 37°C for 30 min. After washing thrice in phosphate-buffered saline (PBS) and fixation of the cells using 4% paraformaldehyde for 20 min, 4′,6-diamidino-2-phenylindole (DAPI) was added for 10-min staining of the cell nucleus, and the excess DAPI was removed by washing thrice in PBS. Finally, the fluorescence images of each group were obtained by confocal laser microscope (CLSM, LSM700, Zeiss, Germany) and processed using the ZEN imaging software.
Mitochondrial Membrane Potential (Δψm) Depolarization
To measure the mitochondrial depolarization, the cationic fluorochrome JC-1 was employed to detect mitochondrial membrane potential change. Briefly, MCF-7/MDR cells were seeded in a 12-well plate (1 × 105 cells/well) and incubated for 24 h. Then, free LND, NGs@LND, D-NGs@LND, and T-D-NGs@LND at a LND dosage of 50 μg/ml were severally added and incubated with the cells for 12 h. Thereafter, the cells were washed with PBS followed by incubation with 0.0125 M JC-1 at 37°C for 20 min. After washing thrice in PBS, the cells were observed using a fluorescence microscope (IX73, Olympus, Japan).
ROS Level Detection
A ROS assay kit (Beyotime, China) was utilized for the detection of the intracellular ROS level. Briefly, MCF-7/MDR cells were cultured in a 12-well plate (1 × 105 cells/well) and incubated for 24 h. Then, free LND, NGs@LND, D-NGs@LND, and T-D-NGs@LND at a LND dosage of 50 μg/ml were respectively added and incubated with the cells for 12 h. Afterwards, the cells were washed with PBS for two times and stained with dichlorodihydro-fluorescein diacetate (DCFH-DA) for 20 min. After washing thrice in PBS and fixation of the cells using 4% paraformaldehyde for 20 min, DAPI was added for a 10-min staining of the cell nucleus, and the excess DAPI was removed by washing thrice in PBS. Finally, the cells were observed using a fluorescence microscope (IX73, Olympus, Japan).
ATP Content Detection
An ATP assay kit (Beyotime, China) was utilized for the detection of the intracellular ATP levels. MCF-7/MDR cells were cultured in a six-well plate (1 × 105 cell/well) for 24 h. After that, free LND, NGs@LND, D-NGs@LND, and T-D-NGs@LND at a LND dosage of 50 μg/ml were respectively added and incubated with the cells for 12 h. The intracellular ATP level was measured according to the manufacturer’s protocol.
In Vitro Anti-Tumor Activity
To evaluate the apoptosis-inducing effect of different LND formulations, MCF-7/MDR cells were seeded into 12-well plates (1 × 105 cell/well) and cultured for 24 h at 37°C. Then, different LND formulations (50 μg/ml LND) were added and incubated with the cells for 12 h. After that, the cells were digested and collected for Annexin V-FITC/propidium iodide (PI) staining based on the manufacturer’s instructions and analyzed by flow cytometry.
MTT assay was utilized to study the cytotoxicity of MCF-7/MDR cells receiving various formulations. The cells were cultured in 96-well plates for 24 h and then incubated with various formulations or free drug. After 48-h incubation, MTT solution was added for 4-h incubation. Then, the culture medium was replaced by DMSO for detection under a microplate reader with the absorbance at 490 nm.
Statistical Analysis
Data were expressed as mean ± standard deviation. Differences between groups were assessed by a two-tailed unpaired Student’s t-test or one-way ANOVA with Tukey’s post hoc test. The level of significance was set at probabilities of *p < 0.05, **p < 0.01, and ***p < 0.001.
RESULTS AND DISCUSSION
Synthesis and Characterization of TPP-Modified PVA Nanogels
We started with the synthesis of PVA-g-VEA/VEA-DMA/TPP polymer, in which the pendent VEA, positively charged DMA, and mitochondria-recognizable TPP were successively conjugated onto the water-soluble PVA backbone (Scheme 1). The VEA was firstly grafted onto PVA polymers via an acetalization reaction between vinyl ether and hydroxyl group in the presence of PTSA. The signals at δ 6.6 and δ 5.85–6.45 attributable to the vinyl protons of VEA and newly formed acetal methine proton, respectively, revealed the successful conjugation of VEA to the polymers, and the VEA grafting ratio was determined to be about 6.1% by comparing the integral of the peaks at δ 1.3 and at δ 6.6 (Figure 1A). DMA was further conjugated with acrylate in PVA-VEA, yielding a DMA functionality of about 2.66% with 3.44% acrylate left for UV-mediated crosslinking according to the 1H NMR spectra (Figure 1B). Lastly, the obtained polymeric conjugates were coupled with TPP on the backbone using DCC and DMAP via esterification, and the content of the TPP moiety on PVA-VEA-DMA-TPP was about 1.3 wt% as revealed from the integrals of the peaks at δ 7.68 of benzene protons and at δ 1.3 (Figure 1C).
[image: Scheme 1]SCHEME 1 | Schematic illustrations for the constituent, fabrication, and destruction of T-D-NGs@LND and PTX and its endocytosis, lysosomal escape, mitochondrial orientation, and acid-triggered drug release within drug-resistant tumor cells for synergistic effect including LND-induced apoptosis, drug resistance alleviation, and restored chemotherapeutics of PTX.
[image: Figure 1]FIGURE 1 | 1H NMR spectra of (A) PVA-g-VEA (300 MHz, CD3OD), (B) PVA-g-VEA-DMA (300 MHz, CD3OD), and (C) PVA-g-VEA-DMA/TPP (300 MHz, DMSO-d6). VEA, vinyl ether acrylate; PVA-g-VEA, VEA-functionalized PVA; PVA-g-VEA-DMA, DMA-functionalized PVA-g-VEA; TPP, triphenylphosphine.
T-D-NGs were then obtained by dissolving the polymer of PVA-g-VEA/VEA-DMA/TPP in water, adjusting pH to 7.8, crosslinking acrylate in the presence of I2959 under UV light. D-NGs and NGs were prepared in a similar way. As displayed in Figure 2A–C, T-D-NGs, D-NGs, and NGs presented a typical spherical shape with uniform sizes of about 170 nm. pH-responsive T-D-NGs were explored by detecting the size change of T-D-NGs in acetate buffer (pH 5.0) for different times via DLS measurement. T-D-NGs displayed a swelled structure with a size of about several hundred nanometers after 6 h and later a small-sized particle with a size of about 17 nm after 24 h, whereas the size of T-D-NGs maintained almost the same at pH 7.4 after 24-h incubation (Figure 2D). These results revealed that T-D-NGs possessed a good colloidal stability in the physiological condition while suffered from the destruction at pH 5.0 that mimicked intracellular acidic condition. It should be noted that the swelled structure of T-D-NGs in response to acidic condition in their initial stage was ascribed to their partial cleavage of the acetal linkers in the network of T-D-NGs, which ultimately led to complete disassociation and small-sized conjugates in the acidic condition.
[image: Figure 2]FIGURE 2 | Size distribution of (A) T-D-NGs, (B) D-NGs, and (C) NGs determined by DLS and TEM (inset). Scale bars: 500 nm. (D) pH-triggered size variation of T-D-NGs for different times (0, 6, and 24 h) determined by DLS. In vitro (E) PTX and (F) LND release from T-D-NGs (2 mg/ml) at 37°C (n = 3, *p < 0.05, **p < 0.01). DLS, dynamic light scattering; TEM, transmission electron microscopy; PTX, paclitaxel; LND, lonidamine.
Preparation and Characterization of Drug-Loaded Nanogels
LND, which is a small-molecule hexokinase inhibitor, and chemotherapeutic PTX were co-loaded into the T-D-NGs via hydrophobic and/or electrostatic interactions. LND and PTX-loaded nanogels showed increased sizes in comparison to the blank nanogels as determined by DLS (Table 1). The introduction of DMA and TPP moieties in the nanogels dramatically improved drug loading content (DLC) from 2 wt% to about 5 wt% at a theoretical DLC of 10 wt%, which was probably due to their increased hydrophobicity and electropositivity.
TABLE 1 | Characteristics of different drug-loaded nanogelsa
[image: Table 1]The in vitro LND and PTX release profiles from T-D-NGs were studied at various pH, i.e., pH 5.0 and pH 7.4. As displayed in Figure 2E, F, a small amount of LND (31.7%) and PTX (34.5%) was leaked from T-D-NGs at pH 7.4 after 72 h, respectively, whereas more than 70% of LND and PTX were released at pH 5.0 after 72 h, further confirming pH-triggered disassociation of the nanogels and the subsequent payload release.
Escape From Lysosomes and Mitochondrial Targeting
The cellular behaviors of T-D-NGs were investigated by using CLSM in MCF-7/MDR cells. T-D-NGs, D-NGs, and NGs were labeled with FITC for CLSM imaging, and the results showed that FITC-labeled NGs (FITC-NGs, green signal) were captured by lysosomes (red signal) with colocalized orange signal within cells for 8-h incubation, while most of the green signal of FITC-labeled T-D-NGs (FITC-T-D-NGs) and FITC-labeled D-NGs (FITC-D-NGs) were separated from the red signal of lysosomes after 8 h, indicating the successful escape of FITC-T-D-NGs and FITC-D-NGs from lysosomes with the aid of DMA module in the nanogels (Figure 3). In the following, we evaluated the mitochondrial-targeting ability of FITC-T-D-NGs, FITC-D-NGs, and FITC-NGs by staining the mitochondria with MitoTracker (red). After 12 h, a large area of FITC-T-D-NGs were overlapped with the mitochondria, resulting in intense orange fluorescence in the merged image (Figure 4). In contrast, FITC-D-NGs presented separated green and red fluorescence, and hardly any green signal was observed in the FITC-NG group with only red fluorescence in the merged image. All the above results demonstrated that FITC-T-D-NGs could efficiently escape from the lysosomes and target the mitochondria for facilitating LND delivery, while FITC-NGs and FITC-D-NGs either got trapped in the lysosomes or lacked mitochondrial orientation.
[image: Figure 3]FIGURE 3 | CLSM images of MCF-7/MDR cells treated with different FITC-labeled nanogels (500 μg/ml) following 8-h incubation. The lysosomes were stained with LysoTracker Red, and the cell nuclei were stained with DAPI (blue signal). Scale bar: 20 μm. CLSM, confocal laser microscope; FITC, fluorescein isothiocyanate; DAPI, 4′,6-diamidino-2-phenylindole.
[image: Figure 4]FIGURE 4 | CLSM images of MCF-7/MDR cells treated with different FITC-labeled nanogels (500 μg/ml) following 12-h incubation. The mitochondria were stained with MitoTracker Red, and the cell nuclei were stained with DAPI (blue signal). Scale bars: 20 μm.
Dysfunction of the Mitochondria
To explore the underlying mechanism of LND-loaded T-D-NGs (T-D-NGs@LND) in interfering mitochondrial functions, the measurements of MMP, ROS production, and ATP secretion in MCF-7/MDR cells were performed. JC-1 staining was firstly employed, which served as a fluorescence probe to detect MMP. JC-1 forms aggregates with red fluorescence at a high MMP, while remains monomers with green fluorescence at a low potential level, which is indicative of early apoptosis. After 12-h incubation, free LND displayed minimal green signal and intense red signal level comparable to the PBS group in MCF-7/MDR cells due to its slow diffusion and poor mitochondrial targeting (Figure 5A; Supplementary Figure S1). NGs@LND slightly increased the green fluorescence to some extent and maintained the strong red fluorescence, revealing an insufficient dissipation of MMP because of being trapped in lysosomes and limited accumulation in the mitochondria as demonstrated above. D-NGs@LND ameliorated this phenomena because of its lysosomal escape aided by DMA moieties in the nanogels. T-D-NGs@LND was the most effective in dissipating MMP with the strongest green fluorescence concomitant with the weakest red fluorescence, which was ascribed to its lysosomal escape, mitochondrial accumulation, and effective LND release triggered by acid within cells.
[image: Figure 5]FIGURE 5 | (A) The MMP depolarization level of MCF-7/MDR cells incubated with LND, NGs@LND, D-NGs@LND, and T-D-NGs@LND for 12 h. The mitochondrial channel was stained with JC-1. Scale bars: 20 μm. (B) Cell apoptosis studies with treatments of various LND-loaded nanogels for 12 h. MMP, mitochondrial membrane potential.
ROS production causes oxidative cell damage at a high level, which was another mechanism involved in cancer cell apoptosis via the mitochondrial pathway. ROS production level was detected by a fluorescence probe of DCFH-DA via CLSM imaging. The trend of the intracellular ROS production level was similar with the results of the dissipation of MMP (Figure 6; Supplementary Figure S2), verifying that T-D-NGs@LND induced a large amount of intracellular ROS production in the mitochondria, potentially for anti-tumor applications.
[image: Figure 6]FIGURE 6 | Intracellular ROS level in MCF-7/MDR cells receiving LND, NGs@LND, D-NGs@LND, and T-D-NGs@LND for 12 h using a probe of DCFH-DA. Scale bars: 20 μm. ROS, reactive oxygen species; DCFH-DA, dichlorodihydro-fluorescein diacetate.
Cumulative evidences demonstrated that LND had the potential to inhibit hexokinase enzyme that was implicated in ATP generation and mitochondrial respiration. ATP secretion from the MCF-7/MDR cells receiving various LND formulations was estimated through the ATP assay kit. As expected, T-D-NGs@LND significantly decreased ATP secretion from the cells with a decline of about 60.9% versus 43.48%, 30.44%, and 15.95% for D-NGs@LND, NGs@LND, and free LND severally after 12-h incubation (Supplementary Figure S3). Such a pronounced inhibition of ATP secretion in MCF-7/MDR cell induced by T-D-NGs@LND further confirmed the precise and efficient delivery of LND into the mitochondria and also laid a solid foundation for MDR reversal by suppressing P-gp that was dependent on ATP.
Anti-Tumor Activity
The cell apoptosis with the treatments of various LND formulations via the mitochondrial pathway was explored via Annexin V-FITC/PI staining through flow cytometry. LND could induce cell apoptosis via several mechanisms like destruction of MMP and oxidative stress of overproduced ROS in the mitochondria as noted above. Total apoptotic rates of about 47.8% was found in T-D-NGs@LND-treated cells, which was higher than the D-NGs@LND (44%), NGs@LND (35.5%), and free LND (35.8%) groups (Figure 5B). Moreover, T-D-NGs@LND caused both higher early (41.4%) and late (6.4%) apoptosis than other treatments. MTT assay was also carried out and showed that all of the LND formulations led to a dose-dependent cytotoxicity toward MCF-7/MDR cells, among which T-D-NGs@LND displayed the most potent anti-tumor activity with a cell viability of about 33.47% at a LND concentration of 100 μg/ml for 48 h (Figure 7A). Taken together, T-D-NGs@LND was demonstrated to exert direct tumor cell-killing ability of LND by overcoming lysosomal trap, navigating into the mitochondria and efficiently releasing LND.
[image: Figure 7]FIGURE 7 | Cytotoxicity of MCF-7/MDR cells after 48-h treatments of (A) LND-loaded nanogels, (B) PTX-loaded nanogels, (C) LND and PTX-loaded nanogels (LND: 50 μg/ml), and (D) drug-free nanogels (n = 3, *p < 0.05, **p < 0.01).
Furthermore, the potential role of LND for drug resistance reversal and chemo-sensitization was utilized to reactivate the treatment ability of PTX in MCF-7/MDR cells. Thus, the combination of LND and PTX in T-D-NGs could bring about a synergistic anti-tumor activity by fully exerting tumor cell killing of both LND and PTX. To verify the above assumption, MTT assay was performed in MCF-7/MDR cells receiving PTX- and/or LND-loaded nanogels for 48 h. As displayed in Figure 7B, all the PTX formulations and free PTX revealed mild cytotoxicity toward the cells with cell viabilities more than 40% even at a high PTX concentration of 20 μg/ml, reflecting drug resistance of the cells and inactivation of PTX formulations. The combination of LND and PTX in various formulations showed cytotoxicity toward the cells in a PTX dose-dependent fashion at a fixed LND concentration of 50 μg/ml (Figure 7C). As predicted, T-D-NGs@LND and PTX remarkably boosted the tumor cell-killing activity with a cell viability of about 18.59% at LND and PTX concentrations of 50 and 20 μg/ml for 48 h, which was much lower than T-D-NG-enabled monotherapy (T-D-NGs@LND and T-D-NGs@PTX), revealing the reversal of drug resistance and the synergistic therapeutic efficacy of unleashed LND and PTX. The half maximal inhibitory PTX concentration (IC50) of T-D-NGs@LND and PTX (LND: 50 μg/ml) was also calculated, which was determined to be 7.44 μg/ml. T-D-NGs@LND and PTX also displayed a much higher anti-tumor activity as compared with D-NGs@LND and PTX (IC50: 10.70 μg/ml), NGs@LND and PTX (IC50: 11.96 μg/ml), and LND and PTX (IC50: 11.49 μg/ml), further verifying T-D-NG-mediated lysosomal escape, mitochondrial accumulation, and acid-triggered payload release for fully exerting the efficacy of both drugs. In the meanwhile, the cytotoxicities of drug-free nanogels toward the cells were also assessed, and the results showed cell viabilities of 80%–100% at nanogel concentrations ranging from 0.15 to 2 mg/ml (Figure 7D), confirming the superior biocompatibility of the nanogels, which was mainly made up of FDA-approved biocompatible PVA backbone.
CONCLUSION
In conclusion, we have developed mitochondrial-directed pH-sensitive nanogels incorporating LND and PTX (T-D-NGs@LND and PTX) for drug resistance reversal and synergistic therapy against drug-resistant tumors. After internalization into MCF-7/MDR cells, T-D-NGs@LND and PTX efficiently escaped from the lysosomes with the aid of DMA moiety in the nanogels, accumulated into the mitochondria, and rapidly released the payload in the acidic conditions. The released LND, on one hand, directly induced cell apoptosis via dampening the mitochondrial membrane potential, promoting oxidative stress from the ROS production; on the other hand, it facilitated drug resistance reversal and sensitization of PTX activity by blocking the energy source and thus inhibiting drug resistance-related P-gp expression. As a result, T-D-NGs@LND and PTX demonstrated a significantly potent anti-tumor activity against MCF-7/MDR cells with an extremely low IC50 of 7.44 μg/ml PTX (LND: 50 μg/ml) after 48-h treatment and a synergistic effect of LND and PTX. Our work provides a promising and synergistic strategy to conquer tumor MDR.
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Artificial small-diameter vascular grafts (SDVG) fabricated from synthetic biodegradable polymers, such as poly(ε-caprolactone) (PCL), exhibit beneficial mechanical properties but are often faced with issues impacting their long-term graft success. Nitric oxide (NO) is an important physiological gasotransmitter with multiple roles in orchestrating vascular tissue function and regeneration. We fabricated a functional vascular graft by electrospinning of nitrate-functionalized poly(ε-caprolactone) that could release NO in a sustained manner via stepwise biotransformation in vivo. Nitrate-functionalized SDVG (PCL/NO) maintained patency following abdominal arterial replacement in rats. PCL/NO promoted cell infiltration at 3-months post-transplantation. In contrast, unmodified PCL SDVG showed slow cell in-growth and increased incidence of neointima formation. PCL/NO demonstrated improved endothelial cell (EC) alignment and luminal coverage, and more defined vascular smooth muscle cell (VSMC) layer, compared to unmodified PCL SDVG. In addition, release of NO stimulated Sca-1+ vascular progenitor cells (VPCs) to differentiate and contribute to rapid luminal endothelialization. Furthermore, PCL/NO inhibited the differentiation of VPCs into osteopontin-positive cells, thereby preventing vascular calcification. Overall, PCL/NO demonstrated enhanced cell ingrowth, EC monolayer formation and VSMC layer regeneration; whilst inhibiting calcified plaque formation. Our results suggested that PCL/NO could serve as promising candidates for improved and long-term success of SDVG implants.
Keywords: small-diameter vascular grafts, nitric oxide, vascular regeneration, vascular progenitor cells (VPCs), vascular calcification
INTRODUCTION
Cardiovascular disease (CVD) is the leading cause of global mortality (Roth et al., 2015; Virani et al., 2021). CVDs are frequently associated with damaged vasculature, functional inadequacies of blood vessels, and peripheral arterial diseases. Surgical replacement of the dysfunctional blood vessels with autologous vessels, such as saphenous veins and radial internal mammary arteries, are considered the gold-standard option for intervention. However, limited availability of suitable donor vessels, donor site co-morbidities, infection risk, and prevalence of long-term graft complications necessitate the development of alternative options. Synthetic polymer vascular grafts, including expanded polytetrafluoroethylene (ePTFE; Teflon/GORE-TEX) and polyethylene terephthalate (PET; Dacron) tubular prosthetics, are clinically employed as large diameter vascular grafts, but fail to perform adequately when used as small diameter vascular grafts (SDVG; ≤ 6 mm). Explanations for high failure rates are largely related to immunogenicity, poor hemocompatibility of the materials, and lack of bioactivity; often resulting in thrombosis, intimal hyperplasia, atherosclerosis, calcification, infection, and subpar long-term patency (Greenwald and Berry, 2000; Zilla et al., 2007; Hadinata et al., 2009). Thus, progression in the bioengineering of artificial alternatives for SDVGs is driven by urgent necessity.
The use of polycaprolactone (PCL) to manufacture “off-the-shelf” vascular grafts yields biocompatible artificial SDVGs that exhibit patency and mechanical properties capable of withstanding arterial blood flow pressure (de Valence et al., 2012). In combination with the versatile technique of electrospinning, PCL can be processed into fibrous extracellular matrix (ECM)-like materials with fiber and pore diameters ranging from the micrometer to nanometer scale, which enables the tuning of structural scaffold mechanical properties and to facilitate cell attachment, migration, and bioactive factor or nutrient exchange (Park et al., 2019). However, PCL vascular grafts have slow degradation rates, poor hydrophilicity, and low bioactivity (Pektok et al., 2008; Valence et al., 2013; Yang et al., 2019). Therefore, cell ingrowth, vascularization, and ECM deposition is hampered in long-term implantation. The timely regeneration of a functional endothelium provides an antithrombotic interface (Ren et al., 2015) and regulates the formation of organized vascular smooth muscle cell (VSMC) layers during vessel remodeling (McCallinhart et al., 2020). Functionalization of PCL grafts can help achieve antithrombotic actions (Yao et al., 2014; Wei et al., 2019) until a functional endothelium has formed on the graft lumen. It is the consensus that endothelial cells (ECs) have a limited migration ability from anastomotic sites (Zheng et al., 2012). Thus, augmenting PCL SDVG bioactivity is necessary to achieve rapid re-endothelization and to limit occurrence of vascular complications.
Nitric oxide (NO) is a gasotransmitter and signaling molecule, endogenously produced by the endothelium. NO is essential in maintaining cardiovascular homeostasis (Yang et al., 2018) and dysfunctions in NO signaling is often an associated-complication of CVD pathologies (Erdmann et al., 2013). NO-based interventions were shown to attenuate myocardial infarction (Rassaf et al., 2014; Zhu et al., 2021), thrombus formation (Heusch, 2015; Heusch and Gersh, 2017; Yang et al., 2020a), and convey immunomodulatory and cardioprotective effects (Bogdan, 2001; Chouchani et al., 2013). NO release or generation mechanisms have been incorporated into multiple cardiovascular implants, including stents (Zhang et al., 2019; Yang et al., 2020b) and vascular grafts (Wang et al., 2015), with demonstratable benefits to the promotion of angiogenesis, re-endothelialization, and vascular tissue regeneration (Yang et al., 2015; Li et al., 2018; Kabirian et al., 2019). In addition to the l-arginine derived NO, generation of NO can be achieved from biotransformation of endogenous NO-donors, such as S-nitrosothiols and nitrates present in blood and tissues (Lundberg et al., 2008; Panesar, 2008; Lundberg et al., 2009; Qian et al., 2021). However, the bioavailability of circulating endogenous NO donors at any one time is finite and with the added complications of reactivity, short half-life, labile nature, and instability of NO (Nichols et al., 2012; Midgley et al., 2020), achieving long-term controlled release at efficacious concentrations by NO-generating/NO-donor functionalised vascular grafts remains a major clinical challenge.
Accumulating evidence have implicated NO in diverse regulatory effects on progenitor and stem cells, including impacting paracrine secretion patterns, and the production of growth factors and exosomes. (Bonafè et al., 2015; Midgley et al., 2020). In addition, endothelial nitric oxide synthase (eNOS) was implicated in the mobilization of stem and progenitor cells from cardiovascular niches (Aicher et al., 2003). In murine vessels, stem cell antigen-1 (Sca-1) expressing vascular progenitor cells (VPCs) in the adventitia were shown to migrate to the intima and contribute to vascular remodeling (Hu et al., 2004; Covas et al., 2005; Ingram et al., 2005). Sca-1+ VPCs from the media of mouse abdominal aorta could differentiate into ECs or VSMCs in response to angiogenic growth factors in vitro (Sainz et al., 2006). Under stable physiological conditions in vivo Sca-1+ VPCs differentiate into a balanced ratio of EC:VSMC, which becomes dysregulated during vascular pathogenesis (Torsney and Xu, 2011). Cardiac resident Sca-1+ progenitor cells were implicated in contributing to cardiac vasculature regeneration, with involvement in EC expansion after myocardial infarction (Vagnozzi et al., 2018). Therefore, resident Sca-1+ VPCs contribution to ECs and VSMCs during vascular tissue repair may be key events important in limiting the occurrence of intimal hyperplasia. Whether the vasoprotective effect of NO during vascular remodeling is associated with the modulation and participation of resident Sca-1+ VPCs, is currently unknown.
In this study, we designed nitrate-functionalized vascular grafts based on a design concept that utilizes a blend of low-molecular weight nitrate-functionalized PCL polymers with high-molecular weight PCL. PCL/NO SDVGs were first tested for mechanical properties. Consistent and controlled long-term release of NO was modelled in vitro by incubation of grafts with enzymes to mimic in vivo biotransformation cascades. Rat abdominal aorta replacement models were used to assess the performance of implanted PCL/NO SDVG and to demonstrate the beneficial effects of sustained local NO delivery in the regeneration of vascular tissues. The capacity for PCL/NO SDVGs to induce Sca-1+ VPC recruitment and direct their differentiation into vascular cells during vascular regeneration was also assessed. The results of this study support the intention to establish NO-functionalized graft fabrication strategies for substantial clinical viability and improvement of long-term SDVG implant success.
MATERIALS AND METHODS
Fabrication of Nitrate-Functionalized Vascular Grafts
Briefly, PCL (Mn 80,000) was mixed with PCL-ONO2 (Mn 2,000) at blending ratios of 9/1 (w/w), according to our previously published protocol (Zhu et al., 2021). The mixture was dissolved in mixed chloroform/methanol (5:1, v/v) by sufficient stirring to obtain homogeneous solution with a final concentration of 10% (w/v). Microfiber grafts were fabricated by electrospinning using a setup previously described with minor modification (Wei et al., 2019). Briefly, polymer solution was ejected at a continuous rate (2 ml/h) using a syringe pump through a stainless-steel needle (2 mm i.d.) and collected on a rotating stainless-steel mandrel. A high voltage (15 kV) was applied to the needle with a variable high-voltage power supplier. Electrospinning continued until scaffold wall thickness reached approximately 350 μm. The resulting scaffold was then removed from the mandrel and placed into a vacuum overnight to remove the residual solvent. Prior to use in experiments, the grafts were sterilized by immersion in 75% ethanol for 30 min, and then exposed to UV light overnight.
Characterization and Composition
The surface morphology of electrospun mats was observed under a field emission scanning electron microscopy (SEM; Quanta 200, Czech Republic) at an accelerating voltage of 10 KV. The surface was sputter-coated with gold before observation. The surface chemistry was characterized using Fourier transform infrared spectroscopy (FTIR) and at a single attenuated total reflectance (ATR) mode (Bio-Rad FTS 6000 Spectrometer: spectral resolution, 8 cm−1). The PCL mats were subjected to energy dispersive X-ray spectroscopy (EDS) using a Quanta FEI 650 device (Quanta FEI). The quantification of elements (C, N, O) in the region struck by the rapid electron were determined graphically.
Mechanical Tests
The mechanical properties of the scaffolds were assessed by a tensile-testing machine with a load capacity of 1 kN (Instron). Samples with 6.28 mm width, 350 μm thickness, and 2 cm length in each scaffold group (n = 3) were prepared. The inter-clamp distance was set as 1 cm, and then, samples were pulled longitudinally at a rate of 10 mm/min until rupture. The stress-strain curves of the scaffolds were recorded. The Young’s modulus was calculated based on the slope of the stress-strain curve in the elastic region. Burst pressure was measured by filling a graft segment (3 cm length) with soft paraffin (Vaseline) whilst clamping one end and hermetically sealing the other with a vascular catheter. A constant filling rate of 0.1 ml/min was applied, and the filling pressure was recorded until the graft wall burst.
NO Release From PCL/NO Grafts
The NO releasing profile was determined by 3-Amino, 4-aminomethyl-2′, 7′-difluorescein, diacetate (DAF-FM) probe (Beyotime, China) according to the manufacturer’s protocol. Briefly, 6 mg of nitrate-functionalized materials were put into 2 ml of PBS buffer (pH 7.4) containing DAF-FM (5 μM), and muscular homogenate or peritoneal fluid were added at certain concentration to act as catalyst for the NO generation, respectively. After pre-determined time interval, solution was transferred into 96-well plates, and the fluorescence intensity was measured by a microplate reader (Synergy 4-BioTek, USA).
In vitro Nitrate Release
10 mg nitrate-functionalized materials were incubated in PBS buffer at 37°C. The production of nitrate was evaluated according to the Griess method using the Total Nitric Oxide Assay Kit (Beyotime Biotechnology, S0023). The optical density was measured at 540 nm, and the amount of nitrate was determined using sodium nitrate as a reference standard.
Measurement of NO Generation From Nitrates
NaNO3 was dissolved into 2 ml of PBS, or the muscular homogenate or peritoneal fluid at a final concentration of 200 μM. Samples were placed on a shaker at 37°C and the NO generation was determined by DAF-FM probe. After pre-determined time interval, solution was transferred into 96-well plates, and the fluorescence intensity was measured by a microplate reader (Synergy 4-BioTek, USA).
In vivo Implantation
The use of experimental animals was approved by the Animal Experiments Ethical Committee of Nankai University and carried out in conformity with the Guide for Care and Use of Laboratory Animals. The procedure was carried out as described previously. In brief, rats were anesthetized with chloral hydrate (300 mg/kg) by an intraperitoneal injection. Heparin (100 units/kg) was administered for anticoagulation by tail vein injection before surgery. A midline laparotomy incision was then performed, and the abdominal aorta was isolated, clamped, and transected. The tubular PCL grafts (2.0 mm in inner diameter and 1.0 cm in length) were sewn in an end-to-end fashion with 8–10 interrupted stitches using 9–0 monofilament nylon sutures (Yuan Hong, Shanghai, China). No anticoagulation drug was administered to the rats after surgery. At the predetermined time points (1 and 3 months), the patency and blood velocity of the grafts was visualized by high-resolution ultrasound (Vevo 2100 System, Canada) after the rats were anesthetized with isoflurane.
Histological Analysis
After 3 months, animals were sacrificed by injection of overdose chloral hydrate. Subsequently, grafts were explanted, rinsed with saline, and cut into two parts from the middle. One part was sectioned into suture-site, quartile, and middle segments (1.5 mm) for frozen cross-sectioning. The other half was longitudinally cut into two pieces. One piece was first observed by stereomicroscope, and then for frozen longitudinal section. The other piece was processed for SEM examination.
Briefly, the samples were fixed with 2.5% glutaraldehyde overnight, and dehydrated in a sequence of ethanol solutions for 5 min each. After air-drying at room temperature, samples were mounted onto aluminium stubs and then sputter-coated with gold for SEM.
After embedded in OCT and snap-frozen in liquid nitrogen, the samples were cryo-sectioned to 6 mm in thickness. Subsequently, sections were stained with H&E (Legend) or von Kossa (Legend) using standard histological methods. Images were observed under an upright microscope using a 4×, 10× or 20× objective lens (Leica, Germany), photographed and then analysed using ImageJ software (1.8.0, NIH, Bethesda, MD, USA).
For immunofluorescent staining, the frozen sections were fixed in cold acetone for 10 min, air-dried, and rinsed once with 0.01 mM PBS. Then slides were incubated in 5% normal goat serum (Zhongshan Golden bridge Biotechnology, China) for 45 min at 4 C. For intracellular antigen staining, 0.1% Triton-PBS was used to permeate the membrane before incubation with serum. Then the sections were incubated with primary antibodies in PBS overnight at 4 C, followed by incubation with secondary antibody in PBS for 2 h at room temperature. The nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI) containing mounting solution (DAPI Fluoromount G, Southern Biotech, UK).
Endothelial cell staining was performed using monoclonal mouse anti-CD31 (Abcam, 1:100) primary antibody. The smooth muscle cells were stained using rabbit anti-α-SMA (Abcam, 1:100) and mouse anti-smooth muscle myosin heavy chain (SM-MHC, Santa Cruz, 1:100) primary antibodies. Rabbit anti-Sca-1 (Abcam, 1:100) was used to visualize vascular progenitor cells. Goat anti-mouse IgG (1:200, Invitrogen) and goat anti-rabbit IgG (1:200, Invitrogen) were used as the secondary antibodies. Sections that were not incubated with primary antibodies were used as negative controls to assess and eliminate background staining. Immunohistochemistry images were captured by fluorescence microscope (Zeiss Axio Imager Z1, Germany) and analysed by ImageJ software (1.8.0 NIH). Endothelial coverage rate was calculated according to the following equation:
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Four sections per sample and four samples per group were included to obtain the statistical results.
Statistical Analysis
All quantitative in vitro results were obtained from at least three samples for analysis. All qualitative and quantitative in vivo results were obtained from at least four animal per experimental group. GraphPad Prism software v5.0 (San Diego, CA, USA) was used for statistical analysis. Student’s t-tests were used for comparisons of means between two groups. Comparisons of means among three or more groups were done by one-way ANOVA and for grouped data with two or more variables, two-way ANOVA was performed. Differences were considered significant at *p =<0.05 and **p = <0.01.
RESULTS
Characterization of Nitrate-Functionalized PCL Vascular Grafts
Fabricated PCL and PCL/NO SDVGs were successfully prepared by electrospinning (Figure 1A) and visualized by SEM (Figure 1B). SDVGs exhibited homogenously distributed fibers within the graft. The tubular SDVGs had regular and uniform structure with inner diameters of 2 mm. The SDVGs possessed well-defined fiber morphology, and the average fiber diameter of PCL and PCL/NO SDVGs was 5.62 ± 0.36 μm and 5.36 ± 0.63 μm, respectively (Figure 1C). EDS analysis demonstrated an elevated nitrogen peak within the PCL/NO graft group, indicating the increased nitrogen content (-ONO2) (Figure 1D). Furthermore, FTIR verified incorporation of -ONO2 groups in the PCL/NO grafts, as evidenced by characteristic NO2 group peak (1,660 cm−1), which was only present in the PCL/NO graft group (Figure 1E). The assessed burst pressure of the PCL and PCL/NO grafts showed that there was no significant difference between the PCL and PCL/NO grafts. Both grafts demonstrated burst pressure values above the 1,600 mmHg threshold for withstanding arterial pressure (Figure 1F). Mechanical testing indicated that PCL/NO had a non-significant tendency to exhibit lower tensile strength and elongation at break than PCL, whereas calculated Young’s moduli of PCL/NO SDVGs also showed no significance difference compared to PCL (Figure 1G). The in vitro release of NO from nitrate-functionalized SDVGs was first evaluated by NO fluorescent probe (DAF), and generation of NO was detected in the PBS buffer with the addition of peritoneal fluid or muscular homogenate (Figure 1H), suggesting that the biotransformation is catalyzed by the relevant enzymes in the abdominal microenvironment where the graft was implanted. To get further insight into the transformation mechanism, the hydrolysis of nitrate-functionalized SDVGs in PBS was investigated. Nitrate ions (NO3−) were the main hydrolysis product, and the release of NO3− demonstrated a sustained and linear accumulated release profile over 30 days (Figure 1I). The released NO3− could be further reduced to NO under the catalysis of reductase present in the muscle instead of abdominal fluid (Figure 1J). These results suggested that the biotransformation of nitrate-functionalized PCL may proceed through two distinct pathways. First, it could be reduced directly into NO by the reductase in the peritoneal fluid, similar to the transformation of organic nitrates, such as GTN (Ferreira and Mochly-Rosen, 2012). Additionally, as a macromolecular nitrate, PCL-ONO2 undergoes non-enzymatic hydrolysis to release nitrate anion. Then, the generated nitrate anions are further reduced to release NO via the NO3→NO2→NO sequential pathway under the catalysis of reductase within muscular tissues (Zhu et al., 2021).
[image: Figure 1]FIGURE 1 | Fabrication and characterization of nitrate-functionalized SDVGs. (A) Schematic illustrating the PCL/NO SDVG synthesis by electrospinning of PCL blends. (B) SEM images of SDVG enface cross-sections (top row; scale bar = 1 mm) and surface networks of PCL microfibers (bottom row; scale bar = 20 µm). (C) Average PCL microfiber diameter in PCL and PCL/NO SDVGs. (D) EDS analysis of the SDVGs demonstrating an elevated nitrogen-peak in PCL/NO. (E) FTIR analysis of the SDVGs demonstrating the presence of NO2 groups (1,660 cm-1) in PCL/NO grafts. (F) The burst pressure of the SDVGs. (G) Representative stress-strain curves of the PCL and PCL/NO vascular grafts and the quantitative analysis of mechanical properties shown in the table alongside. Data presented as mean ± S.E.M. (H) NO generation from PCL/NO in the presence of muscular homogenate (20 mg/ml) or peritoneal fluid was detected by DAF-FM in vitro. (I) The long-term and slow accumulative release of nitrate and nitrite ions from SDVGs over 30 days in PBS buffer. (J) Reduction of NO3− into NO in the presence of muscular homogenate (20 mg/ml) or peritoneal fluid. Images and data are representative of n = 3 independent experiments.
In vivo Implantation and Performance of Nitrate-Functionalized PCL Vascular Grafts
The fabricated SDVGs were assessed for 3-months in vivo performance using a rat abdominal artery replacement model (Figure 2A). After 3 months of implantation time, the patency rates of both SDVGs were 4/4, and excised grafts showed no sign of material rupture, structural deformation, or stenosis after 3 months of implantation time (Figure 2B). Immunohistochemistry staining of DAPI in SDVG enface cross-sections (Figure 2C) demonstrated a significantly enhanced cellular infiltration at 0–150 μm and 150–300 µm depths from the luminal surface by 1 month in PCL/NO SDVGs compared to PCL SDVGs, and by 3 months post-implantation the cell numbers within grafts were consistent amongst both grafts and at the assessed graft depths (Figure 2D). H&E staining showed that PCL SDVGs developed a thin neointimal layer at 1 and 3 months after implantation, whereas a thicker neointimal tissue layer was present in PCL/NO SDVGs at 1 and 3 months after implantation (Figure 2E). The average neointimal thickness of PCL/NO was significantly greater than that in the PCL group (Figure 2F), whereas luminal diameter (Figure 2G) remained unchnaged at 1- and 3-months in both graft groups. The results indicated that PCL/NO SDVGs promoted cell infiltration and accelerated neointimal formation whilst maintaining graft structure and performance.
[image: Figure 2]FIGURE 2 | In vivo performance of SDVGs in abdominal aorta replacement rat models. (A) Photographic representation of fabricated grafts (left) and surgical implantation and anastomosis of SDVGs in rat abdominal aortae (right). (B) High-resolution ultrasound imaging of implanted SDVGs at 3 months, patency rating inset (left panels). Longitudinally cut transections of SDVGs and observation by stereomicroscope, inset panels are stereomicroscope images of enface cross-sections before transection, scale bars = 2 mm (right panels). (C) DAPI stained sections of SDVGs at 1- and 3-months post-implantation to visualize cell infiltration at 0–150 μm and 150–300 µm graft depths. Yellow dashed line indicates the graft lumen surface, white dashed lines indicate 150 and 300 µm depths from the lumen surface. Scale bar = 100 µm. (D) The average cell number per high-powered field (HPF) within different SDVG depths at 1 month (left) and 3 months (right). (E) H&E staining of enface SDVG sections. Scale bars = 500 µm. Red boxes indicate the view shown in zoomed images alongside each panel. Scale bars = 100 µm. The neointima (n.i.) is labeled alongside zoomed panels. Calculated (F) average neointimal thickness and (G) luminal diameter of PCL and PCL/NO SDVGs at 1- and 3-months post-implantation. Images and data are representative of n = 4 independent experiments.
Nitrate-Functionalized Grafts Have Enhanced Endothelium Coverage
To assess the degree of SDVG endothelialization, SEM was used to visualize endothelial coverage on the luminal surface (Figure 3A). At 1 month, PCL and PCL/NO demonstrated a degree of cell coverage; at the mid-, quarter-, and suture-sites. PCL microfibers could still be identified, but less so in the suture site segments of the lumens. At 3 months, PCL microfiber structures could be seen at the mid and quarter site of the PCL graft lumen, but EC coverage was evident and was improved at the suture site. The majority of the lumen sections in PCL/NO grafts exhibited ECs with tight cell junctions aligned to the blood flow direction, and individual PCL microfiber structures were difficult to detect. Immunofluorescence staining for the EC marker, CD31 (Figure 3B), confirmed the observations made from SEM. Quantification and statistical analysis of EC coverage indicated that PCL/NO SDVGs significantly improved endothelial coverage at 1-month post-implantation, and there were no statistically significant differences detected in EC coverage between the two grafts after 3 months of implantation time (Figure 3C). These results suggested that PCL/NO SDVGs promoted the earlier formation of an endothelium in the graft lumen, compared to PCL SDVGs.
[image: Figure 3]FIGURE 3 | Sustained NO release from nitrate-functionalized SDVGs increases endothelialization. (A) SEM images of the luminal surface of the SDVGs at the mid-, quarter- and suture-site segments after 1 month and after 3 months (scale bars = 30 µm). Images orientated to blood flow direction. Red dashed boxes indicate location of zoomed inset images outline in red. (B) CD31 staining of endothelial cells within transverse sections of the SDVGs at the mid-, quarter- and suture-site segments after 1 month (top rows) and after 3 months (bottom rows). Images orientated to blood flow direction. Scale bars = 100 µm. (C) Quantification of the average percentage of endothelial cell monolayer coverage of SDVG lumens at 1 month (top) and at 3 months (bottom). Images and data are representative of n = 4 independent experiments.
Nitrate-Functionalized Grafts Improve the Formation of an Organized VSMC Layer
To evaluate vascular smooth muscle regeneration, fluorescence immunohistochemistry was performed to visualize α-smooth muscle actin (α-SMA) expressing VSMCs (Figure 4A). At 1 month, a layer of uniformly distributed α-SMA+ cells formed in the PCL/NO group, whereas a thin layer of α-SMA+ cells formed in the PCL group. At 3 months, the PCL/NO maintained a compact and uniform α-SMA+ cell layer. In contrast, a thin layer of α-SMA+ cells remained present in the PCL group and an abundance of α-SMA+ cells were present in the SDVG wall. The α-SMA+ cell layer was significantly thicker than in the control group at both time points (Figure 4B). The sections were stained to visualize smooth muscle myosin heavy chain (SM-MHC), a marker of mature and contractile VSMCs (Figure 4C). The results indicated that in the PCL group, a thin SM-MHC+ layer had formed but a large amount of SM-MHC+ cells were present throughout the SDVG wall at 1-month post-implantation. At 3 months, the PCL group displayed a more uniform layer of SM-MHC+ VSMCs, but the layer remained thin. In contrast, the PCL/NO group exhibited thicker uniform layers of SM-MHC+ cells at both 1- and 3-months post-implantation. The SM-MHC+ VSMCs in the PCL/NO group showed superior thickness to the PCL group (Figures 4D) and similarities in thickness and organisation to the α-SMA+ cell layer at 3 months, suggesting that the VSMCs in the neo-tissue possessed the contractile phenotype. These results demonstrated that NO release from PCL SDVGs enhanced the regeneration of contractile VSMC layers.
[image: Figure 4]FIGURE 4 | Sustained NO release from nitrate-functionalized SDVGs enhances the formation of an organized VSMC layer. (A) Immunohistochemical staining of SDVG enface sections (left panels, scale bar = 1 mm; right panels, scale bar = 100 µm) for α-SMA expression at 1- and 3-months post-implantation. (B) Quantification of average α-SMA+ neointimal thickness. (C) Immunohistochemical staining of SDVG enface sections (left panels, scale bar = 1 mm; right panels, scale bar = 100 µm) for SM-MHC expression at 1- and 3-months post-implantation. (D) Quantification of average SM-MHC+ neointimal layer thickness. Images and data are representative of n = 4 independent experiments. White dashed line boxes indicate zoomed area. White dashed line borders indicate the graft wall.
Nitrate-Functionalized Grafts Promote Sca-1+ VPC Recruitment and Contribution to Vascular Regeneration
The effect of NO release on the recruitment of Sca-1+ VPCs was assessed at 3-months post-implantation by immunohistochemistry (Figure 5A). Infiltration of Sca-1+ VPCs into the SDVG walls was detectable in both graft groups. The release of NO enhanced the recruitment of Sca-1+ VPCs into the PCL/NO SDVGs, resulting in a significantly greater number of cells compared to the PCL group. Co-immunostaining for CD31 and Sca-1 demonstrated that a proportion of the Sca-1+ cells differentiated into ECs and contributed to the formation of the endothelium (Figure 5B). Sca-1+ cells co-expressing CD31 were most evident in the PCL/NO group, within the SDVG walls and within the endothelium, as evidenced by double-positive staining. Co-immunostaining for α-SMA and Sca-1 showed that a proportion of the Sca-1+ cells differentiated into VSMCs and contributed to the formation of the smooth muscle layer in both SDVG groups (Figure 5C). Vascular graft calcification is a common feature of pathogenesis associated with long-term implantation (de Valence et al., 2012; Jiang et al., 2017). Co-immunostaining to visualize Sca-1 and osteogenic marker osteopontin (OPN) revealed that a small proportion of Sca-1+ VPCs has differentiated to OPN+ cells in PCL SDVGs, and that there were significantly greater numbers of Sca-1+/OPN+ cells than in PCL/NO SDVGs, which were largely absent of OPN expressing cells (Figure 6A). Quantification of Sca-1+ VPCs co-expressing the different cell markers indicated that there were no statistically significant differences between Sca-1+/α-SMA+ VSMC numbers in PCL and PCL/NO groups. However, there were significantly more Sca-1+/CD31+ EC numbers and significantly fewer Sca-1+/OPN+ osteogenic cells in the PCL/NO group, compared to the PCL group (Figure 6B). Von Kossa staining for calcified tissues in SDVGs at 3 months post-implantation indicated that calcification was present in PCL SDVGs sections but largely absent in the majority of PCL/NO SDVGs sections (Figures 6C,D). However, quantification of calcified area was variable in the PCL SDVGs, indicating no statistically significant differences between PCL and PCL/NO SDVG groups. These results suggested that NO was vasculoprotective by inducing VPC differentiation into vascular cells and that NO may inhibit VPC differentiation to osteoblastic lineages, thereby enhancing vascular regeneration and limiting calcification.
[image: Figure 5]FIGURE 5 | Sustained NO release from nitrate-functionalized SDVGs promotes Sca-1+ VPC differentiation into EC and VSMCs. (A) Immunohistochemical staining for Sca-1+ VPCs in SDVGs. Scale bar = 100 µm. The quantification of Sca-1+ VPCs per 1 mm2 section area is shown alongside. (B) Immunohistochemical staining for Sca-1+ (red)/CD31+ (green) ECs in SDVGs after 3 months. Scale bar = 100 µm. The quantification of Sca-1+/CD31+ ECs per 1 mm2 area at 3 months post-implantation is shown alongside. (C) Immunohistochemical staining for Sca-1+ (green)/α-SMA+ (red) VSMCs in SDVGs at 3 months post-implantation. Scale bar = 100 µm. White arrow heads indicate double-positive staining in cells. White boxes indicate the position of the inset zoomed images. The quantification of Sca-1+/α-SMA+ VSMCs per 1 mm2 area at 3 months post-implantation is shown alongside. Images and data are representative of n = 4 independent experiments.
[image: Figure 6]FIGURE 6 | Sustained NO release from nitrate-functionalized SDVGs inhibits vascular calcification. (A) Immunohistochemical staining of cross sections (scale bar = 100 µm) for OPN (osteogenic cells, green) and Sca-1 (vascular progenitor cells, red). White boxes indicate area of magnified images (scale bar = 20 µm), white box shows area of inset enlarged image of positive staining around a PCL microfiber. (B) Quantification of Sca-1+/OPN+ cells per 1 mm2 area at 3 months post-implantation. (C) Histochemical staining of SDVG (left panels, scale bar = 1 mm; right panels, scale bar = 100 µm) sections with Von Kossa stain to visualize calcified plaque formation. (D) Quantification of the area of calcification present in SDVG sections at 3 months post-implantation. Images and data are representative of n = 4 independent experiments.
DISCUSSION
Development of functional SDVGs with improved long-term outcomes remains a clinical demand. In physiological tissue microenvironments, NO is a crucial gasotransmitter and signalling molecule, which is continuously produced and released by ECs within the blood vessel lumens (de Mel et al., 2011). Previous studies have focused on developing NO-releasing or NO-generating materials (Enayati et al., 2021). The sustained release of NO was shown to markedly inhibit platelet adhesion and thrombus formation (Gkaliagkousi et al., 2009; Zhao et al., 2013). Our previous work further showed that NO release from vascular grafts improved tissue regeneration, remodelling, and physiological function (Wang et al., 2015). However, challenges associated with exogenous NO delivery include burst release, dose-dependent toxicity, and short half-life and diffusion distance of NO released for donors, which ultimately has restricted the commercialization of NO releasing materials (Panesar, 2008). In the present study, organic nitrates were utilized as NO donor compounds. It has been extensively demonstrated that organic nitrates undergo biotransformation to NO through different enzymatic pathways (Zhu et al., 2021). Therefore, we hypothesized that NO release from nitrate functionalized SDVGs would provide beneficial effects on the promotion of vascular regeneration whilst inhibiting the incidence of graft failure. Results showed that NO improved the regeneration of vascular grafts after 3 months of implantation, consistent with trends observed previously (Kabirian et al., 2019; Enayati et al., 2021). Overall, the prolonged, low-level release of NO achieved by PCL/NO SDVGs provided endothelium-mimicry to the graft lumen, whilst regulating VPC regeneration of the EC and VSMC layers, thus achieving markedly improved vascular regeneration, whilst minimizing the occurrence of pathological tissue remodelling.
Within the past 2 decades, several types of vascular stem cells, in addition to circulating progenitors, have been identified and characterized, with evidence that they are not only involved, but also play pivotal contributory roles in blood vessel remodelling and disease development (Wang et al., 2018; Zhang et al., 2018). Vascular tissue-resident stem cells, or vascular progenitor cells (VPCs), have been discovered to display the capacity to differentiate into vascular cell lineages, which may also contribute to the regenerative process post-graft implantation. Sca-1+ vascular progenitor cells (VPCs) can contribute to EC and VSMC populations during vascular remodelling (Torsney and Xu, 2011) and are important cell source mediating tissue regeneration of vascular grafts (Issa Bhaloo et al., 2018). In this work, we investigated the fates of Sca-1+ VPCs in the NO-enriched vascular tissue microenvironment. Sca-1+ VPCs are resident to the adventitial layer of the vessel walls with described roles in regeneration of blood vessels following vascular injury, but also to pathological remodelling (Hu et al., 2004). Genetic lineage tracing suggested that Sca-1 expressing VSMCs constituted over 40% of the VSMCs in the vessel wall during recovery of vessel injury. Under homeostasis and after wire injury, pre-existing VSMCs were the major source for VSMC expansion, but after significant loss of local VSMCs, VPCs from the adventitia appear to act as the source of new VSMCs in vascular repair and regeneration (Hu et al., 2004; Roostalu et al., 2018; Tang et al., 2020). Disruption of the elastic lamellae is suggested to be an important requirement that facilitates migration of adventitial VPCs to the media and intima (Psaltis and Simari, 2015; Zhang et al., 2018). This is likely to occur in human vascular pathologies and surgeries, such as transplant vasculopathy, vein graft arteriosclerosis and artificial vascular graft implantation. Our previous work demonstrated that the adventitial resident VPCs played a major role in the vascular graft regeneration (Issa Bhaloo et al., 2018; Pan et al., 2018), via migration toward the vessel graft and differentiation into ECs or VSMCs, respectively. Indeed, in the present study, we showed that following SDVG implantation, a population of Sca-1+ differentiated to ECs in the presence of sustained NO release; VSMCs regardless of NO release; and osteogenic lineages in the absence of NO release. The former is supported by our previous studies that demonstrated that Sca-1+/CD31+ cells migrated from the surrounding tissue to the midportion of the vascular grafts under favourable conditions (Pan et al., 2018). The latter may be indicative of material influence over cell infiltration and activation. Nonetheless, our study demonstrated that sustained release of NO exhibited a governance over Sca-1+ fate.
NO has been reported to play roles in modifying stem cell behaviours, such as survival, migration, proliferation, differentiation, and apoptosis (Midgley et al., 2020). Previously, it was demonstrated that NO signalling was important in the endothelial differentiation of embryonic stem cells (Nie et al., 2017). The relationship between NO and its influence over Sca-1+ VPC migration and fate has not previously been thoroughly investigated, especially in the context of vascular graft implantation. This study provides evidence that adds to the increasing pool of information suggestive of the importance of NO in directing Sca-1+ VPC differentiation into ECs and VSMCs during vascular regeneration. Indeed, we showed that the facilitation of local NO levels increased the number of CD31+ cells that co-expressed Sca-1+. However, there was a presence of a Sca-1+ VPC population that did not express CD31 or α-SMA, which raises the question about whether these cells contributed to vascular tissue regeneration in different way, whether directly or passively. Additionally, it is still unknown whether the increased recruitment of Sca-1+ specifically to the graft site was dependent on NO across the 3 months of implantation time assessed. Deeper exploration of the full extent of Sca-1+ VPC contribution, recruitment mechanisms, and relation to vascular graft success would form suitable research directions for future investigations.
Vascular calcification is a prominent contributor to cardiovascular morbidity and mortality (Paloian and Giachelli, 2014). Once considered a passive precipitative process, it is now appreciated that vascular calcification is an active cell-mediated process with striking resemblance to osteogenesis (Shroff et al., 2013). Previous studies have shown that Sca-1+ (Sca-1+/PDGFRα+ and Sca-1+/PDGFRα−) stem/progenitor cells exhibit osteoblastic differentiation potential (Cho et al., 2013; Kramann et al., 2016). These findings suggest that a subtype of vessel-resident progenitor cells offer a promising therapeutic target for the prevention of vascular calcification. Indeed, Sca-1+ VPCs were reported to contribute to osteoblastic lineages that drive the formation of calcified plaques (Cho et al., 2013). Here we found that following local generation of NO from grafts, numbers of Sca-1+/OPN+ cells were decreased in the vascular wall, which implied that NO inhibit vascular grafts calcification via a modulation of Sca-1+ VPC behaviour. The detailed molecular mechanisms of this action remained to be elucidated.
Long-term evaluation beyond the point of complete PCL degradation is rarely performed in pre-clinical studies, and this represents a key area of the research field that is lacking strong evidence in the favour of clinical adoption of PCL vascular grafts. Classic approaches to arterial substitutes prefer the use of mechanically strong materials (Niklason et al., 1999). However, biodegradability also offers an advantage for tissue remodelling and regeneration (Wu et al., 2012). Ideally, graft materials should degrade gradually in tandem with the synthesis of new ECM by the graft-populating cells, eventually resulting in a completely regenerated and polymer-free artery. Electrospun PCL vascular grafts are attractive candidates for off-the-shelf and readily available artificial vascular grafts, especially in terms of maintained patency, mechanical properties, and rapid endothelialization (Pektok et al., 2008), but PCL does have shortcomings, such as widely reported insufficiencies in facilitation of late-stage tissue remodelling and regeneration of the vascular wall, often leading to hyperplasia and calcification (de Valence et al., 2012). Therefore, integration of additional biological cues into the PCL fiber structure have formed a major focus in the development of artificial vascular grafts, and ultimately aims to achieve clinical success through the in-situ tissue engineering of arterial tissues. Here, we identified that NO release served as a beneficial cue for tissue regeneration in rats. However, there remains a requirement to perform extended studies in future investigations to address whether PCL/NO grafts regenerate structural and functional arterial tissue with the capability to resist arterial pressure and maintain long-term patency, beyond the point of complete PCL microfiber degradation [estimated to take 18–24 months (de Valence et al., 2012)]. Indeed, larger animal models become a necessity when assessing performance of regenerated vascular tissues after the completion of the PCL biodegradation term.
In summary, nitrate-functionalized SDVGs were successfully developed and achieved localised delivery of NO to the transplant site. In rat abdominal aorta replacement models, transplant of PCL/NO SDVGs demonstrated therapeutic efficacy, including maintenance of vessel patency and enhanced vascular regeneration, characterized by earlier regeneration of endothelium and organised smooth muscle layers, compared to PCL SDVGs. The remarkable enhancement of vascular regeneration was NO-dependent, and the prolonged release of low levels of NO from PCL/NO SDVGs promoted regenerative mechanisms, which were demonstrated to be a result of the rapid induction of Sca-1+ VPCs to the graft site. Our data suggested that NO plays roles in inhibiting Sca-1+ cell differentiation into OPN+ osteogenic cells, and instead promoted Sca-1+ cell differentiation into ECs. The rapid re-establishment of endothelial and smooth muscle layers inhibited the occurrence of graft failure and incidence of calcified plaque formation. Taken together, our data suggests that PCL/NO SDVGs are suitable artificial alternatives to autologous vessels and strong candidates for used in surgical interventions for small diameter vessel replacement or bypass surgery.
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Eye drops account for more than 90% of commercialized ophthalmic drugs. However, eye drops have certain shortcomings, such as short precorneal retention time and weak corneal penetration. The requirement of frequent instillation of eye drops also causes poor patient compliance, which may lead to further aggravation of the disease. We aimed to develop a cationic liposome formulation to increase the bioavailability of the therapeutic agent and solve the aforementioned problems. In the present study, we prepared cationic liposomal tacrolimus (FK506) with a surface potential of approximately +30 mV, which could bind to the negatively charged mucin layer of the ocular surface. Our results showed that the content of FK506 in the cornea was increased by 93.77, 120.30, 14.24, and 20.36 times at 5, 30, 60, and 90 min, respectively, in the FK506 liposome group (0.2 mg/ml) compared with the free drug group (0.2 mg/ml). Moreover, FITC-labeled FK506 liposomes significantly prolonged the ocular surface retention time to 50 min after a single dose. In addition, the results of the Cell Counting Kit-8 assay, live and dead cell assay, sodium fluorescein staining, and hematoxylin and eosin staining all indicated that FK506 liposomes had good biological compatibility in both human corneal epithelial cells and mouse eyeballs. Compared with the free drug at the same concentration, FK506 liposomes effectively inhibited vascular endothelial growth factor-induced green fluorescent protein-transduced human umbilical vein endothelial cell migration and tube formation in vitro. In a mouse corneal neovascularization model induced by alkali burns, FK506 liposomes (0.2 mg/ml) enhanced corneal epithelial recovery, inhibited corneal neovascularization, and reduced corneal inflammation, and its therapeutic effect was better than those of the commercial FK506 eye drops (1 mg/ml) and the free drug (0.2 mg/ml). Collectively, these results indicate that cationic FK506 liposomes could increase the efficacy of FK506 in the corneal neovascularization model. Therefore, cationic FK506 liposomes can be considered as a promising ocular drug delivery system.
Keywords: tacrolimus, liposomes, corneal neovascularization, bioavailability, corneal permeability, ocular retention time
1 INTRODUCTION
Corneal neovascularization (CoNV), one of the most common causes for reduced corneal transparency and vision loss, can be induced by inflammation and a variety of angiogenic stimuli (Chuang et al., 2019; Chen et al., 2021). At present, among the many therapeutic agents used for the treatment of CoNV caused by alkali burns, anti-inflammatory drugs and anti-vascular endothelial growth factor (VEGF) drugs are the most commonly used regimens (Roshandel et al., 2018). FK506 is a potent immunosuppressant and an effective drug candidate for CoNV therapy; previous studies have reported the anti-angiogenesis and anti-inflammation effects of FK506 in treating corneal alkali burns in mice (Park et al., 2015; Chen et al., 2018; Wu et al., 2019).
Eye drops remain the most common method of administration for the current treatment of eye diseases, accounting for 90% of commercialized ophthalmic drugs (Alvarez-Trabado et al., 2017; Jumelle et al., 2020). Although eye drops are the most non-invasive and the simplest method of administration, due to the complicated anatomical and physiological characteristics of the eye as well as the rapid clearance mechanisms (e.g., tear dilution, blinking, and nasolacrimal duct drainage) on the ocular surface, 95% of these drugs are drained to the whole body through the nasolacrimal duct, and the bioavailability of common eye drops is extremely low (1–5%) (Lin et al., 2021). To achieve therapeutic effects, high concentrations and frequent use of eye drops are usually required to achieve a locally effective drug concentration, and this can result in serious off-target effects and low patient compliance (Urtti, 2006; Mu et al., 2018; Jumelle et al., 2020). Extending the ocular surface residence time and increasing the corneal permeability are the two most common methods of ameliorating drug bioavailability (Jumelle et al., 2020). Previous studies have reported that some FK506 formulations, such as liposomes (Pleyer et al., 1993; Whitcup et al., 1998; Zhang et al., 2010; Dai et al., 2013), micelles (Lin et al., 2019), and niosomes (Li et al., 2014; Zeng et al., 2016), have effectively enhanced the corneal permeability and have been evaluated in animal models of uveitis, dry eye, and corneal transplantation. In addition, previous extensive studies have also demonstrated that for poorly water-soluble drugs, such as FK506, cationic liposomes show potential for enhancing ocular bioavailability (Gai et al., 2018). However, to the best of our knowledge, no previous research has evaluated the potential of cationic FK506 liposomes in the treatment of corneal alkali burns.
In this study, we developed cationic FK506 liposome eye drops using cationic phospholipids 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). This study aimed to demonstrate that in comparison with commercial FK506 eye drops and the free drug, FK506 liposomes showed improved therapeutic effects on CoNV and corneal inflammation in a mouse corneal alkali burn model. Moreover, we evaluated the biocompatibility of cationic FK506 liposomes, their inhibitory effects on angiogenesis in vitro and in vivo, and the improvement in corneal permeability and ocular retention time.
2 MATERIALS AND METHODS
2.1 Materials
DOTAP was acquired from AVT Pharmaceutical Tech Co., Ltd (Shanghai, China). DOPE was obtained from Sigma. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DSPE-PEG2000) was provided by Shanghai Yuanye Biological Technology Co., Ltd. FK506 was purchased from Selleck (Shanghai, China). Solvents, such as chloroform, methanol, and acetonitrile, were supplied by the materials and chemicals procurement management platform of Zhejiang University.
2.2 Preparation of FK506 Liposomes
FK506 liposomes were prepared using the membrane hydration method according to the published procedure (Mendez et al., 2014; Wu et al., 2021). Briefly, DOTAP, DOPE, cholesterol, DSPE-PEG2000 (at a ratio of 4:4:4:1) and 2 mg FK506 were dissolved in chloroform, and the solvent was evaporated on a rotary evaporator to form a semi-transparent lipid film. Then, the film was hydrated with PBS, sonicated for 40 min, and filtered through a 0.2-μm polycarbonate membrane extrusion filter to further homogenize the particle size. The DSPE-PEG2000 was replaced with FITC-PEG2000-DSPE for the FITC-labeled liposome synthesis.
2.3 Characterization of FK506 Liposomes
2.3.1 Transmission Electron Microscopy
The liposomes were placed on a copper mesh and then negatively stained with ammonium molybdate. The morphology and structure of the FK506 liposomes were observed using TEM (JEM-1400, JEOL, Japan) at the acceleration voltage of 80 kV.
2.3.2 Size Distribution and Zeta Potential
The particle size, zeta potential, and polydispersity (PDI) of FK506 liposomes and blank liposomes were determined using a Malvern Nano-ZSE laser particle size analyzer. The liposomes were diluted 100 times, followed by gentle vibration before measurement.
2.3.3 In vitro Drug Release Profile and Entrapment Efficiency
The release profile of FK506 liposomes was measured as follows. Briefly, an 8-ml volume of FK506 liposomes was transferred to a dialysis bag and then submerged in 30 ml of 1% sodium dodecyl sulfate solution for drug release analysis. At the indicated time points, 1 ml of dialysate was taken out and freeze dried. Later, the freeze-dried powder was re-dissolved in 0.4 ml of methanol, and the drug concentration was measured by HPLC (Agilent 1100, USA, FK506 210 nm).
The HPLC conditions were as follows: C18 column (250 mm × 4.6 mm 4 micron, Phenomenex); the mobile phase included acetonitrile and 0.1% phosphoric acid (80:20, v:v); flow rate: 1 ml/min; and column temperature: 50°C. The EE was calculated as follows: EE (%) = amount of FK506 entrapped/total amount of FK506 × 100%.
2.4 Cells
Green fluorescent protein-transduced human umbilical vein endothelial cells (HUVEC-GFPs) and human corneal epithelial cells (HCECs) were maintained in DMEM medium (Corning, USA) containing 1% penicillin, 1% streptomycin, and 10% fetal bovine serum (FBS) in a 37°C incubator supplied with 5% CO2.
2.4.1 Cell Counting Kit-8 Assay
Briefly, 5,000 HCECs were inoculated per well in a 96-well plate. After culturing for 24 h, different concentrations of the free drug and FK506 liposomes (0, 3.91, 7.81, 15.63, 31.25, and 62.5 μg/ml) were added into each well for another 24-h incubation. Then, the HCECs were gently washed with PBS and replaced with 100 μL of medium containing 10 μL of CCK-8 liquid (Dojindo, Japan) for CCK-8 analysis. After incubating for another 2 h, the absorbance values were measured at 450 nm on a microplate reader (Molecular Devices Spectramax M5, USA).
2.4.2 Live and Dead Cell Assay
HCECs were inoculated in a 24-well plate at a density of 1 × 104 cells/well and cultured overnight. Then, the free drug and the FK506 liposomes were added at different concentrations (0, 5, 25, and 35 μg/ml) and incubated for 24 h. Subsequently, the drug solution was removed, and the cells were washed 3 times with PBS. After that, the cells were stained using a Calcein-AM/PI double staining kit (Yeason, China) (Calcein-AM, 0.67 μM; PI, 1.5 μM) and incubated at 37°C for 15 min in the dark. Finally, an inverted fluorescence microscope (Zeiss, Germany) was used to record the images.
2.4.3 Cell Model
HUVEC-GFP cells were cultivated according to the conditions mentioned above. In vitro angiogenesis assays were carried out by adding a high concentration of recombinant human VEGF-165 (rhVEGF, PeproTech, USA) to the culture medium to simulate the environment of neovascularization.
2.4.4 Wound Healing Assay
HUVEC-GFP cells were seeded in a 12-well plate at a density of 1 × 104 cells/well and were adhered overnight. Subsequently, a 200-μL pipette tip was utilized to produce uniform scratches. Then, serum-free DMEM containing 100 ng/ml VEGF was added with 5 μg/ml of the free drug or FK506 liposomes and incubated with the cells for another 48 h. The migration profile was recorded by an inverted fluorescence microscope at 24 and 48 h, and the widths of the scratches were measured by ImageJ software (NIH, USA).
2.4.5 Transwell Migration Assay
HUVEC-GFP cells (1.5 × 104) were resuspended in serum-free DMEM containing different concentrations of FK506 liposomes and the free drug (0, 5, 15, and 25 μg/ml) and seeded in the upper chamber of Transwell inserts (BD Bioscience, USA). The lower chamber was a medium (600 μL) containing 10% FBS as a chemoattractant. After incubating for 24 h, the cells were dyed with a mixed solution of 4% paraformaldehyde and 0.05% crystal violet for 15 min and then thoroughly washed with PBS solution. Then, the cells in the upper chamber were gently wiped off, and the cells in the lower chamber were counted under a light microscope.
2.4.6 Tube Formation Assay
Briefly, 250 μL of Matrigel (Corning, 356230) was carefully smeared in a pre-cooled 24-well plate and incubated at 37°C to form a gel. Later, 2.3 × 105 HUVEC-GFP cells were suspended in the culture medium, supplemented with 200 ng/ml rhVEGF and different concentrations of FK506 liposomes or the free drug, and seeded on the surface of the Matrigel. At 6 h, tube formation was captured using an inverted fluorescence microscope and analyzed using ImageJ software.
2.5 Animals
All C57BL/6 mice (6–8 weeks, 20–25 g, male) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. New Zealand rabbits weighing from 2 to 2.5 kg were acquired from the Experimental Animal Center of Zhejiang Academy of Medical Sciences (Hangzhou, China).
2.5.1 Ethics Statement
The animal experiments were carried out following the “Statement on the Use of Animals in Ophthalmology and Vision Research” described by the Association for Research in Vision and Ophthalmology. The research protocols were approved by the Animal Ethics Committee of the Second Affiliated Hospital of Zhejiang University School of Medicine (batch number: [2021] No. [057]).
2.5.2 Ocular Surface Stimulation Test
FK506 liposome eye drops (0.2 mg/ml, 10 μL) were locally administered four times a day for 14 days. Mice treated with normal saline (NS) served as the control group. On day 14, the eye irritation was evaluated using a slit lamp microscope (66 Vision-Tech, China) and corneal sodium fluorescein staining; then, the eyeballs were removed for hematoxylin and eosin (H&E) staining.
2.5.3 Biocompatibility Evaluation of FK506 Liposomes in vivo
The mice were sacrificed at the end of the treatment. For each mouse, the blood was collected and centrifuged at 3,000 g for 15 min, and the supernatant was taken for liver and kidney function analysis. In addition, the heart, liver, spleen, lung, and kidney were collected and subjected to H&E staining for the toxicity assessment.
2.5.4 Mouse Model of Corneal Alkali Burns
Mice corneal alkali burn model was established as previously described (Anderson et al., 2014). The mice were generally anesthetized via intraperitoneal injection of 0.3% pentobarbital sodium and locally anesthetized using proparacaine hydrochloride eye drops (Alcon-Couvreur, Belgium). The 2-mm round filter papers were soaked in 1M NaOH solution for 20 s, placed in the center of the mice corneas for 40 s, and then quickly removed. Finally, 20 ml of NS was used to rinse the ocular surface. On the first day after surgery, all animals were randomly divided into four groups: the NS group (n = 6), the commercial FK506 eye drop group (FK 1 mg/ml, n = 6), the free drug group (0.2 mg/ml) (n = 6), and the FK506 liposome group (0.2 mg/ml) (n = 6). Treatment for each mouse was administered four times a day (10 μL each time) for 14 days.
2.5.5 Clinical Assessment
On days 1, 3, 7, and 14, the corneas of the mice from different groups were observed, photographed, and scored according to the previous scoring system (Han et al., 2020b; Zhong et al., 2021). Briefly, the corneal turbidity was scored from 0 to 4 points, and the CoNV area and the size of the blood vessels were scored from 0 to 3 points. Additionally, each cornea was stained with fluorescein sodium ophthalmic strips for examination of the corneal epithelial defect. ImageJ software was used to quantify the vessel lengths, CoNV areas, and areas of corneal epithelial defect.
2.5.6 H&E Staining and Immunohistochemistry Staining
The mouse eyeballs were enucleated, fixed in 4% paraformaldehyde overnight, embedded in paraffin, and then prepared into 4-μm-thick paraffin sections. H&E staining was carried out, and immunohistochemistry (IHC) staining was conducted using anti-α-smooth muscle actin (Wuhan Sanying Biotechnology; dilution 1:2,000).
2.5.7 Immunofluorescence Staining
After fixing in 4% paraformaldehyde for 1 h, the intact corneas were carefully peeled off and blocked for 2 h. Then, the corneas were incubated with rabbit anti-mouse CD31 antibody (Abcam; dilution 1:50) at 4°C overnight and then incubated with Alexa Fluor 555-conjugated goat anti-rabbit secondary antibodies (Invitrogen; dilution 1:500) for 1 h in the dark. Finally, the corneas were radially cut, flat mounted, and observed under a fluorescence microscope.
2.5.8 Quantitative RT-PCR
The total RNA of the cornea was extracted using TRIzol reagent (Accurate Biotechnology, China). Then, reverse transcription and real-time PCR were carried out according to the operating steps provided in the instructions. The relative expressions of the target genes, such as VEGF-A, VEGF-R3, interleukin (IL)-6, and matrix metalloproteinase (MMP)-9, were determined using the 2−∆∆Ct method, and GAPDH was adopted as the housekeeping gene.
2.5.9 Retention of FK506 Liposomes on the Ocular Surface
Three types of fluorescent eye drops (FITC dye solution, free-drug solution, and FITC-labeled FK506 liposomes, 5 μL) were dripped into the eyes of the mice after they were anesthetized. A Xenogen IVIS Lumina imaging system (Perkin Elmer, Akron, OH, USA) was used to capture images of the eyes every 5 min, and the percentage of residual fluorescence intensity was calculated as the proportion of the fluorescence intensity at the corresponding time point to the initial fluorescence intensity.
2.5.10 FK506 Content in the Cornea/Aqueous Humor
Briefly, 75 μL of three FK506 preparations (0.02% FK506 liposome eye drops, 0.02% free-drug solution, and 0.1% commercial FK506 eye drops) was added to the eyes of the rabbits, respectively. The rabbits were euthanized at 5, 30, 60, and 90 min after administration, the corneas were collected, and 150 μL of aqueous humor was harvested. After cutting into pieces, the cornea was suspended in two volumes of NS containing high-strength ceramic beads and then fully broken. Then, three volumes of acetonitrile were added to extract the drug from the cornea. As for the aqueous humor, one volume of acetonitrile was added to the sample to extract the drug. Finally, the samples were centrifuged at 10,000 rpm for 10 min, and 200 μL of supernatant was used for FK506 concentration measurement using a mass spectrometer (Agilent Technologies, USA).
The HPLC conditions of the LC/MS/MS were as follows: Zorbax SB C18 column (150  mm × 2.1  mm, 3.5 µm); the mobile phases included phase A and phase B (phase A contained 5 mmol sodium acetate and 0.1% formic acid, and phase B was methanol); the precursor was 821.5 m/z; the ion product was 786.4; and the flow rate was 0.3 ml/min.
2.6 Statistical Analysis
All data were expressed as means ± standard deviations (SDs). The statistical differences between groups were determined using two-tailed Student’s t test or one-way analysis of variance (ANOVA). A p-value of <0.05 was considered statistically significant.
3 RESULTS AND DISCUSSION
3.1 Characterization of FK506 Liposomes
3.1.1 Morphology, Size Distribution, and Zeta Potential
The TEM image (Figure 1A) showed that the liposomes were nearly spherical nanostructures with a particle size of approximately 200 nm. Further dynamic light scattering results (Figures 1B,C) indicated that the average hydrodynamic diameter of FK506 liposomes and blank liposomes were 235.23 ± 26.22 nm and 270.17 ± 8.33 nm, respectively. And the particle dispersion index of the two liposomes were 0.30 ± 0.05 and 0.30 ± 0.04, indicating that the particle size of the liposomes was uniformly dispersed. Moreover, the zeta potential of FK506 liposomes and blank liposomes were approximately +24.33 ± 0.81 mV and +27.90 ± 1.13 mV, respectively (Figure 1C).
[image: Figure 1]FIGURE 1 | Characterization and biocompatibility evaluation of FK506 liposomes. (A) TEM image of FK506 liposomes. Scale bar: 200 nm. (B) Zeta potential and size distribution of liposomes revealed by dynamic light scattering. (C) Characterization of FK506 liposomes and blank liposomes. (D) In vitro release profile of FK506 liposomes (n = 4). (E) CCK-8 assay of the HCECs exposed to free-drug or FK506 liposomes (n = 3). (F) In vivo biocompatibility evaluation of FK506 liposomes. The corneas were examined with a slit lamp microscope (scale bar: 1 mm), corneal fluorescein staining (scale bar: 1 mm), and H&E staining (scale bar: 100 μm) after 14 days of treatment with NS or FK506 liposomes (0.2 mg/ml). (G) Topical application of FK506 liposomes neither influenced the function of the main organs in vivo (scale bar: 100 μm) nor changed the (H) body weight of the mice in the four groups during the 14-days treatment period. (I) Toxicity studies of liver function (ALT, AST) and kidney function (UA, BUN) in mice after receiving commercial FK506 eye drops (1 mg/ml), free drug solution (0.2 mg/ml), or FK506 liposomes (0.2 mg/ml) for 14 consecutive days (n = 3). The data was presented as mean ± SD, two-tailed Student’s t test and one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns denotes no significance.
Previous literature has shown that a small particle size can enhance the permeability of the cornea, hence increasing the bioavailability of the therapeutic agent. The small particle size and uniform spherical structure can also ensure low irritation to the ocular tissues when used as an ophthalmic drug delivery system (Gai et al., 2018). Furthermore, the positive charge of the cationic liposomes not only provides an effective repulsive force between the liposomes and the negatively charged mucins on the ocular surface, therefore significantly prolonging the drug retention time and facilitating the uptake of liposomes by the ocular surface cells, but also enhances the stability of the liposomes when used as a drug delivery system.
3.1.2 In vitro Drug Release Profile and Entrapment Efficiency
Figure 1D shows the 96-h in vitro cumulative release curve of FK506 liposomes. FK506 liposomes released approximately 28.14% of the total amount of the drug in 96 h in vitro; the drug was released more quickly in the first 6 h (approximately 16.16% was released in the first 6 h). Moreover, the average EE of FK506 liposomes was 84.19 ± 0.93% (Figure 1C) (measured through three batches of FK506 liposomes).
The rapid release rate of FK506 liposomes in the early stage provides a sufficient drug dose to inhibit corneal inflammation in the initial stage of CoNV. Meanwhile, the slower, sustained release in the later stage helps to release the drug for a long period of time to inhibit the growth of CoNV. Since FK506 is a hydrophobic drug that is encapsulated in the lipid bilayer of liposomes, the slow release of FK506 can be ascribed to the high affinity of FK506 to the hydrophobic part of the formulation. The in vitro sustained-release curve showed that FK506 liposomes possessed sustained-release properties after being encapsulated by liposomes.
3.2 Biocompatibility Evaluation of FK506 Liposomes
3.2.1 Cytotoxicity Evaluation in vitro
At all concentrations, the viability of the cells from the FK506 liposome group was significantly higher than that of cells from the free-drug group (Figure 1E). Even at an FK506 concentration of 31.25 μg/ml, the cell viability of HCECs in the FK506 liposome group was still more than 80% (86.02 ± 2.52%), while the cell viability of the free-drug group at the same concentration was only 26.48 ± 3.55% (p < 0.0001). Similarly, live and dead cell staining was conducted; red and green represented dead cells and live cells, respectively. At the same drug concentration, the number of live cells in the visual field in the FK506 liposome group was markedly higher than that in the free-drug group (Supplementary Figure 1).
Since cationic liposomes have certain cytotoxicity, it is necessary to evaluate the biocompatibility of cationic FK506 liposomes beforehand. Both the CCK-8 assay and Calcein-AM/PI staining demonstrated that the cationic FK506 liposomes had good biosafety, and the toxicity of cationic FK506 liposomes to HCECs was much less than that of the free FK506 at the same drug concentration, indicating that the cytotoxicity of FK506 could be significantly reduced after liposomal encapsulation.
3.2.2 Ocular Surface Stimulation Test
After 14 days of topical administration of FK506 liposomes, the results of the slit lamp evaluation indicated that the corneas of the mice were smooth and transparent, and no hyperemia, inflammation, or neovascularization was found. Moreover, the sodium fluorescein images showed no green staining, indicating that there were no defects in the corneal epithelium during the FK506 liposome treatment. In addition, H&E staining indicated that the anatomical structures of the mouse corneas were complete and neatly arranged, and no vascular lumens or inflammatory cells were observed, similarly to the corneas of the normal mice. These results demonstrated that FK506 liposomes had no potential negative effects on mouse corneas, indicating good ocular biocompatibility. These results are shown in Figure 1F.
3.2.3 Biocompatibility Evaluation of FK506 Liposomes in vivo
The mice treated with NS, commercial FK506 eye drops, the free drug, and FK506 liposomes did not exhibit significant histological differences (Figure 1G). In addition, the body weight of the mice remained stable during the 14 days, with no significant differences between the four groups (Figure 1H). Further biochemical tests showed that the liver functions (alanine aminotransferase, ALT; aspartate aminotransferase, AST) and kidney functions (creatinine, CREA; blood urea nitrogen, BUN) of the mice were all within the normal ranges after receiving different preparations for 14 days (Figure 1I).
Due to the narrow therapeutic window of FK506, long-term use of high-concentration FK506 may cause severe off-target, systemic effects, such as liver and kidney toxicity and neurotoxicity (Liu et al., 2019). Therefore, the aforementioned results all indicate that FK506 liposomes are superior with regard to biosafety.
3.3 The Inhibitory Effects of FK506 Liposomes on Vascular Endothelial Growth Factor-Induced Angiogenesis in vitro
3.3.1 Wound Healing Assay and Transwell Migration Assay
A wounding healing assay was performed to assess the influence of the free drug and FK506 liposomes at the same concentration on the migration property of HUVEC-GFPs cells in vitro. The VEGF treatment (100 ng/ml) induced the surrounding HUVEC-GFP cells to crawl toward the center of the scratch, almost filling the gap within 48 h, showing the smallest scratch width in all treatment groups (Figure 2A). However, both FK506 liposomes and the free drug significantly delayed the migration of HUVEC-GFP cells. Notably, compared with the free drug at 5 μg/ml, FK506 liposomes significantly reduced the migration of HUVEC cells at the same concentration (p < 0.05) (Figure 2B). The findings of the transwell assay revealed the same tendency (Figure 2C). FBS served as a chemical attractant to promote the migration of HUVECs to the lower chamber of transwell inserts. Compared with the NS, VEGF, and free-drug groups, the number of vascular endothelial cells that migrated to the underside of the transwell membrane was significantly reduced in the FK506 liposome treatment group at all drug concentrations (Figure 2C). The migration rates of HUVECs inhibited by FK506 liposomes were 27.94, 12.25, and 9.31% at FK506 concentrations of 5, 15, and 25 μg/ml, respectively (Figure 2D).
[image: Figure 2]FIGURE 2 | In vitro evaluation of FK506 liposomes in the inhibition of angiogenesis. (A) FK506 liposomes inhibited the migration of HUVEC-GFP cells by wounding healing assay (scale bar: 200 μm, n = 3). (B) Quantitative analysis of the scratch widths. (C) Different concentrations of FK506 liposomes inhibited the migration of HUVEC-GFP cells by transwell migration assay (scale bar: 100 μm, n = 3). (D) Quantitative analysis of the number of migrated cells in each view. (E) Tube formation activity of HUVEC-GFP cells. Representative fluorescence and bright-field images of HUVEC-GFP cells after co-incubation with 15 μg/ml FK506 or FK506 liposomes for 6 h (scale bar: 200 μm, n = 3). Quantitative analysis of (F) total master segment length and (G) number of master segments.
3.3.2 Tube Formation Assay
The tube formation assay indicated that the formation of capillary networks was more abundant in the 200 ng/ml VEGF induction group and that fewer disconnected network tubes were observed in the free-drug and FK506 liposome treatment groups (Figure 2E). In addition, the quantitative analysis found that compared with the free-drug group, at the same concentration, FK506 liposomes were more effective in inhibiting the formation of the capillary networks. After incubation with 15 μg/ml FK506 liposomes for 6 h, tubes showed a shorter total master segment length (p < 0.001) and a smaller number of master segments (p < 0.01) (Figures 2F,G). Additionally, the result of the tube formation assay was consistent with those of the migration assays of vascular endothelial cells in vitro.
Blood vessel formation is induced by many factors, such as hypoxia and inflammation, and followed by the recruitment of inflammatory cells, production of angiogenic factors, basement membrane degradation, and proliferation, migration, and tube formation of vascular endothelial cells, etc. (Nowak-Sliwinska et al., 2018; Chen et al., 2021). FK506 liposomes inhibited the specific stages of angiogenesis induced by rhVEGF165, including the migration and tube formation of HUVEC-GFP cells. Among these stages, migration is one of the early steps of angiogenesis (Nowak-Sliwinska et al., 2018), and tube formation indicates the maturation of migrated vascular endothelial cells (Han et al., 2020b). The results mentioned above implied that FK506 liposomes had a stronger inhibitory effect on angiogenesis, which might be attributed to cationic liposomes increasing the intracellular uptake of FK506.
3.4 Anti-Corneal Neovascularization Effect of FK506 Liposomes in vivo
3.4.1 Inhibition of Neovascularization
On day 14, neovascularization in the NS group and free-drug group formed and almost invaded the center of the cornea (Figure 3A). Dense vessels around the entire eyeball were observed from the limbus, and the CoNV areas of the two groups accounted for 89.41 ± 8.58% and 79.59 ± 18.17% of the entire cornea, respectively (Figure 3B). In addition, anterior chamber hemorrhage was also observed in some mice in the NS group. Moreover, the average CoNV area was 76.64 ± 10.03% in the commercial FK506 eye drop group. In contrast, the FK506 liposome group showed only moderate neovascularization, which was mainly confined around the limbus, and the blood vessels were relatively sparse (Figure 3A). Compared with the NS group, the commercial FK506 eye drop group, and the free-drug group, the CoNV area was reduced by 59.97% (p < 0.0001), 47.2% (p < 0.001), and 50.15% (p < 0.001) in the FK506 liposome group (Figure 3B), respectively. In addition, the lengths of the blood vessels increased significantly with time. On day 14, the vessel lengths in the NS group (937.57 ± 111.66), commercial FK506 eye drop group (711.89 ± 124.48), free-drug group (745.24 ± 152.80), and FK506 liposome group (342.90 ± 116.85) were quantitatively analyzed (Figure 3C). The results showed that both the commercial FK506 eye drops and FK506 liposomes effectively reduced the vessel lengths; the effect of FK506 liposomes was better (p < 0.0001 vs. NS; p < 0.001 vs. free drug; p < 0.001 vs. commercial FK506 eye drops). Compared with the NS group, mice treated with FK506 liposomes showed a reduction in vessel length of approximately 63.43% (Figure 3C).
[image: Figure 3]FIGURE 3 | In vivo therapeutic effect evaluation of FK506 liposomes in mouse corneal alkali burn model. (A) Slit-lamp examination of CoNV on the 1st, 3rd, 7th, and 14th days after corneal alkali burn. Scale bar: 1 mm. (B) Quantification of the CoNV area (n = 6). (C) Quantitative analysis of the corneal vessel length (n = 6). (D) The corneal opacity score on the 14th day of treatment (n = 6). (E) The corneal sodium fluorescein staining areas in each treatment group on days 1, 4, and 7 (scale bar: 1 mm) and their (F) quantitative analysis (n = 6). (G) CD31 vascular endothelial marker immunofluorescence staining on day 14. Scale bar: 500 μm. (H) H&E staining and (I) α-SMA IHC staining of corneal sections after treatment with various formulations for 14 days. Scale bars: 100 μm. (J) The expressions of vascular endothelial growth factors (VEGF-A, VEGFR-3) and inflammatory factors (IL-6, MMP-9) in the corneas of each treatment group on the 14th day (n = 3). The data was presented as mean ± SD, one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
Meanwhile, the corneas were also stained with a vascular endothelial cell marker (CD31) to more intuitively study the CoNV area at the end of the 14th day (Figure 3G). Similar to the aforementioned results, after administration of FK506 liposomes, the CoNV area and vessel length were significantly reduced compared with the other three groups (Figure 3G; Supplementary Figure 2), indicating that FK506 liposomes were more effective in delivering drugs and inhibiting the formation of new blood vessels compared with the free drug and commercial FK506 eye drops.
Bakunowicz-Łazarczyk and Urban (2016) showed that in the acute phase of alkali burns, anti-inflammation, anti-angiogenesis, and enhancing epithelial healing are the key aspects in clinical treatments. The new blood vessels gradually grew out on days 3 and 7 and reached the peak on day 14. New vessels can block and diffract the penetration of light through their physical presence and can further damage the structural integrity of the cornea (Sharif and Sharif, 2019). The significant reduction in angiogenesis after FK506 treatment was essential for maintaining optimal vision and protecting the eyes from infection and structural damage. One of the treatment methods for CoNV is to begin anti-angiogenesis at an early stage and stop the formation of neovascularization, while the other is intended to trigger vascular degeneration by inducing the reversal of immature blood vessels. FK506 may act via these two aspects to inhibit the formation of CoNV (Sharif and Sharif, 2019). The therapeutic effect of FK506 liposomes on CoNV was associated with the preocular retention time and the amount of drug entering the cornea. The aforementioned findings further confirmed that FK506 liposomes had a greater effect on reducing CoNV.
3.4.2 Corneal Turbidity Scores
After the mouse model of alkali burns was established, the corneal stroma developed edema, and the corneas lost transparency over time. On days 7 and 14 after treatment, the corneal turbidity score of the cationic FK506 liposome group was markedly lower compared with those of the NS group (day 7, 1.33 ± 0.52 vs. 3.50 ± 0.63, p < 0.001; day 14, 1.83 ± 0.93 vs. 3.92 ± 0.20, p < 0.001) and the free-drug group (day 7, 1.33 ± 0.52 vs. 3.17 ± 1.21, p < 0.01; day 14, 1.83 ± 0.93 vs. 3.25 ± 1.04, p < 0.01), indicating that the transparency of the cornea gradually improved after treatment with FK506 liposomes (Figure 3D). In contrast, the corneal transparency in the NS group gradually deteriorated over time. The corneal transparency of the commercial FK506 eye drop group was significantly improved on day 7 compared with that of the NS group (p < 0.05). However, no significant difference between the two groups was detected on day 14. Similarly, mice treated with the free drug showed no difference in corneal opacity compared with the NS group on day 14, and the internal structure of the anterior chamber was still not clearly visible.
The cornea is an avascular structure, which is an essential element for obtaining optimal vision (Qazi et al., 2010; Kather and Kroll, 2014; Nicholas and Mysore, 2021). In the case of inflammation and hypoxia, the expressions of angiogenesis factors are up-regulated, and CoNV is formed, leading to a vicious circle of corneal opacity and chronic inflammation. Except for small corneal scrapes, the damaged cornea is unable to return to its original transparency. After a corneal injury, when the corneal stromal cells transform into activated fibroblasts, the reflectivity of the corneal stromal cells is increased, thereby enhancing the turbidity of the cornea (Zahir-Jouzdani et al., 2019). In addition to causing severe tissue damage, corneal alkali burns can also cause the production of many growth factors and inflammatory cytokines, which promote corneal opacity after injury. The results of the present study showed that treatment with FK506 liposomes could help restore corneal optical transparency and vision after alkali burns.
3.4.3 Corneal Epithelial Defect Area
Figure 3E illustrates the typical images of corneal epithelial defects on days 1, 3, and 7 of alkali burn treatment. Sodium fluorescein staining showed that on day 1, corneal surfaces were extensively stained in all groups, indicating that the corneal epithelia in all groups were severely damaged. On day 3, the area of the corneal epithelial defects in the FK506 liposome group (18.67 ± 17.82%) was significantly smaller than that in the NS group (52.00 ± 15.86%) (p < 0.01) (Figure 3F). However, there was no difference in sodium fluorescein staining areas among the free-drug group (30.83 ± 16.76%), commercial FK506 eye drop group (32.17 ± 13.26%), and NS group. On day 7, the areas of corneal epithelial defects in the free-drug group (22.83 ± 15.15%) and commercial FK506 eye drop group (21.83 ± 14.28%) were similar to that in the NS group (26.67 ± 4.80%) (Figure 3F). However, quantification results on day 7 showed that the corneal epithelial defects in the FK506 liposome treatment group (2.17 ± 5.31%) were markedly smaller than those in the NS group and the free-drug group (p < 0.05 for both), indicating that FK506 liposomes exhibited the fastest wound healing effect and could significantly improve corneal epithelial healing after alkali burns.
Furthermore, CoNV is also closely related to corneal epithelial defects. When the cornea is injured, the normal differentiation of limbal stem cells is disturbed; metaplasia and keratosis will occur in the corneal epithelium, leading to transparency loss and subepithelial CoNV (Kather and Kroll, 2014). In recent studies, the anti-angiogenic effect of the corneal epithelium and its role in the prevention of CoNV have been widely accepted (Roshandel et al., 2018). After alkali burns, the structure of the cornea is destroyed, thereby promoting the entrance of pathogenic factors into the deeper layers of the cornea. After FK506 treatment, the rapid recovery of the corneal epithelium can help rebuild the corneal structure and prevent further invasion of inflammatory mediators (Chowdhury et al., 2013). Therefore, the acceleration of corneal epithelialization in the FK506 liposome group could strengthen corneal healing after alkali burns.
3.5 H&E Staining and α-smooth Muscle Actin Staining
As shown in Figure 3H, the most severe corneal stroma edema was found in the NS group, and this group’s corneal thickness was also the thickest among all groups. Additionally, the corneal stromata in the NS group were loosely arranged, and there were many neovascular cavities and inflammatory cells infiltrated. The corneal thickness in the free-drug group was still very high, while the vascular lumens and inflammatory cell infiltration were significantly reduced, indicating that local drug treatment helped restore the normal structure of the cornea. However, the corneas treated with commercial FK506 eye drops and FK506 liposomes only had mild edema, and the central corneal thickness was significantly reduced, showing relatively normal stromata. In addition, the numbers of neovascular lumens and infiltrated inflammatory cells were also lower than in the other two groups. The results of α-SMA IHC staining showed that compared with the other three groups, the FK506 liposome group had a weaker α-SMA staining intensity (Figure 3I).
After an alkali burn, the corneal epithelium is severely damaged, and the corneal stroma has edema. The restoration of the normal anatomical structure of the cornea is the optimal result, and it can promote the restoration of vision. The microscopic morphological changes of the cornea after the FK506 liposome treatment indicated that liposomes effectively reduced the degree of inflammation and inhibited the formation of CoNV after alkali burns. Furthermore, α-SMA is a vascular smooth muscle marker produced by fibroblasts that can locate mature blood vessels (Chen et al., 2021). After alkali burns, fibroblasts produce α-SMA in the process of scar formation, leading to corneal fibrosis and severe pathological corneal opacity, which greatly affects a patient’s corneal transparency (Joung et al., 2020). Therefore, inhibiting the differentiation of fibroblasts into myofibroblasts after a corneal alkali burn is an important aspect of treatment. The results of both H&E staining and α-SMA staining showed that the administration of FK506 liposomes helped to restore the normal structure of the cornea and reduce the degree of corneal fibrosis.
3.6 Evaluation of Corneal Inflammation and Angiogenesis-Related Factors Using qRT-PCR
To further explore the therapeutic mechanisms of FK506 liposomes in CoNV and corneal inflammation caused by alkali burns, qRT-PCR was used to study the expressions of several inflammatory and angiogenesis-related cytokines at the mRNA level on day 14. The corneas in the NS group expressed high levels of angiogenic factors VEGF-A and VEGFR-3 and inflammation-related cytokines IL-6 and MMP-9 (p < 0.01 vs. controls) (Figure 3J). Compared with the other three treatment methods, FK506 liposomes significantly reduced the expression of VEGF-A (p < 0.0001 vs. NS; p < 0.001 vs. the free drug; p < 0.01 vs. commercial FK506 eye drops). Moreover, both the commercial FK506 eye drops and the FK506 liposomes effectively reduced the expression of MMP-9 (p < 0.05). Furthermore, all treatment groups exhibited reduced expression of IL-6; the reduction was the most significant in the FK506 liposome group (p < 0.0001 vs. NS; p < 0.0001 vs. the free drug; p < 0.05 vs. commercial FK506 eye drops). Similar to VEGF-A and IL-6, the lowest expression of VEGFR-3 was also detected in the corneas treated with FK506 liposomes (p < 0.0001 vs. NS; p < 0.001 vs. the free drug). The free drug had no significant effect on reducing VEGFR-3 or MMP-9 (p > 0.05 vs. NS), while FK506 liposomes significantly reduced the expressions of the four cytokines in the corneas (p < 0.05 vs. NS).
CoNV is attributed to the imbalance between the expressions of pro-angiogenic factors and anti-angiogenic factors in the cornea. Among the cytokines that promote the formation of CoNV, VEGF is the most direct and is one of the strongest angiogenesis-promoting cytokines known in current research. Furthermore, VEGF-A plays a critical role in promoting neovascularization in the cornea and retina. Meanwhile, VEGFR-3 could also promote neovascularization by regulating lymphangiogenesis. In addition, angiogenesis requires the degradation of the extracellular matrix surrounding capillaries. MMPs can lyse the vascular basement membrane, promote the movement of vascular endothelial cells to the injured sites, and assist in the formation of blood vessels. MMP-2 and MMP-9, as the most effective metalloproteinases, are closely related to CoNV (Nicholas and Mysore, 2021). In addition, inflammation is also a core part of neovascularization (Roshandel et al., 2018). Research has shown that IL-6 is important in VEGF-mediated ocular neovascularization. The expression of IL-6 can be strongly induced in the early stage of corneal alkali burns (Tian et al., 2021). IL-6 can promote the expression of VEGF (Tian et al., 2021), and these two factors lead to the increase in vascular permeability and the formation of new blood vessels. These results indicate that FK506 liposomes may inhibit CoNV and inflammation by blocking the pathways related to VEGF, MMP, and IL-6.
3.7 Retention of FK506 Liposomes on the Ocular Surface
The pre-corneal retention time was expressed as the intensity of the residual fluorescence on the ocular surface. Figure 4A shows the residual fluorescence on the ocular surface at different time points after using three different preparations. After using the eye drops for 10 min, the residual fluorescence intensity in the mice treated with FITC-labeled FK506 liposomes (97.02 ± 1.71%) was significantly higher than that in the mice treated with the free-drug solution (61.97 ± 15.3%) (p < 0.01). The fluorescence intensities of the free-drug solution and the fluorescent dye solution showed significant attenuation in 10–20 min and completely disappeared at the end of the 20th minute. However, at the end of the 50th minute, fluorescent signals from the mice in the cationic FK506 liposome group were still detectable. Figure 4B shows the percentage of the residual fluorescence intensity to the initial fluorescence intensity at different time points.
[image: Figure 4]FIGURE 4 | (A) After instilling three different preparations for 0, 5, 10, 15, 20, 35, and 50 min, the fluorescence intensity on the ocular surface. (B) Fluorescence intensity variation curve of different treatment groups tracked by IVIS at different time intervals (n = 3). (C) FK506 concentration in the rabbit corneas after using different FK506 preparations at different time intervals (n = 3). (D) Corneal FK506 concentration-time curve (n = 3); (E) FK506 concentration in the aqueous humor of rabbits after using different FK506 preparations at different time intervals (n = 3). The data was presented as mean ± SD, one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns denotes no significance.
This finding indicated that compared with the other two preparations, cationic FK506 liposomes were not quickly eliminated from the cornea; this might be attributed to the electrostatic effect between the cationic liposomes and the negatively charged mucin layer, causing the liposomes to remain on the corneas for a longer period of time (Han et al., 2020a). Moreover, the viscosity of the FK506 liposomes was higher than those of the other two formulations; this might also play a role in prolonging the retention time on the ocular surface.
3.8 FK506 Content in the Cornea and the Aqueous Humor
Figures 4C,D show the concentrations of FK506 in the corneas after topical administration of three different preparations. At 5, 30, 60, and 90 min after administration, the corneal drug concentration in the FK506 liposome group was 93.77 (p < 0.01), 120.30 (p < 0.01), 14.24 (p < 0.001), and 20.36 times (p < 0.0001) higher, respectively, than in the free-drug group at the same time points. Moreover, the corneal drug level was 49.58 (p < 0.01), 21.95 (p < 0.01), 21.19 (p < 0.001), and 8.33 times (p < 0.0001) higher than that of the commercial FK506 eye drops at the time points mentioned above.
We also measured the drug content in the aqueous humor and found that the drug contents in the commercial FK506 eye drop group and the free-drug group were almost negligible at all time points. At 5, 30, 60, and 90 min after administration, the drug concentration in the aqueous humor of the FK506 liposome group was 2.91, 2.40 (p < 0.001), 3.43 (p < 0.001), and 2.51 times (p < 0.05) higher, respectively, than in the free-drug group at the same time points. Moreover, the cornea drug level was 2.91, 2.33 (p < 0.001), 3.21 (p < 0.001), and 2.05 times (p < 0.01) higher, respectively, than in the commercial FK506 eye drop group. Figure 4E illustrates the curve of the FK506 concentration in the aqueous humor over time.
The underlying mechanism of the stronger corneal permeability of FK506 liposomes might be attributed to the following aspects. First, FK506 liposomes adhered to the corneal surface and continuously penetrated the aqueous humor due to the electrostatic interaction between the positive liposomes and the negative ocular surface mucins. Second, the positively charged liposome surface assisted in opening the tight junctions between cells and increasing the absorption of the drug. Finally, due to the amphiphilic nature of liposomes and the membrane fusion between the liposomes and the corneal epithelium, hydrophobic FK506 could break through the hydrophilic and lipophilic barriers between different layers of the cornea after being encapsulated by liposomes. Commercial FK506 eye drops are an eye suspension that can retain the drug particles in the precorneal cavity to prolong the contact time between FK506 and the cornea. However, the particle size of the therapeutic agent determines the time required for the drug molecule to enter the corneal tissues, which might be the reason why the bioavailability of commercial FK506 eye drops was affected (Gote et al., 2019). Therefore, both the ocular surface retention time and corneal penetration experiments proved that cationic FK506 liposomes had a longer residence time and better corneal permeability.
4 CONCLUSION
In the present study, we demonstrated the potential of cationic FK506 liposomes in improving the ocular bioavailability and therapeutic effects of hydrophobic FK506. Compared with the free drug (0.2 mg/ml) and commercial FK506 eye drops (1 mg/ml), cationic FK506 liposomes (0.2 mg/ml) exhibited a 2.5-fold prolonged ocular residence time and an approximately 120-fold amount of the drug entering into the cornea. Furthermore, both in vitro and in vivo experiments proved that cationic FK506 liposomes had good biocompatibility. Additionally, the inhibitory effects of FK506 liposomes on VEGF-induced vascular endothelial cell migration and tube formation were also confirmed in vitro. Meanwhile, the present research showed that compared with the free drug and commercial FK506 eye drops, cationic FK506 liposomes could better inhibit the formation of CoNV caused by alkali burns, reduce inflammation, and promote corneal epithelial healing. Collectively, cationic FK506 liposomes might have broad prospects in the treatment of CoNV and corneal inflammation in the future.
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 Animal Ethics Committee of the Second Affiliated Hospital of Zhejiang University School of Medicine.
AUTHOR CONTRIBUTIONS
XL, XY, XC, SS, JW, BW, and WX designed and implemented the entire study. XL, XY, and WX analyzed the data and wrote the manuscript.
FUNDING
We thank the financial support from Zhejiang Province Key Research and Development Program (2017C03046).
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.
ACKNOWLEDGMENTS
We thank Zhang Xiaomin of Zhejiang University for her help in the TEM part of this article.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2021.791954/full#supplementary-material
REFERENCES
 Alvarez-Trabado, J., Diebold, Y., and Sanchez, A. (2017). Designing Lipid Nanoparticles for Topical Ocular Drug Delivery. Int. J. Pharmaceutics 532 (1), 204–217. doi:10.1016/j.ijpharm.2017.09.017
 Anderson, C., Zhou, Q., and Wang, S. (2014). An Alkali-Burn Injury Model of Corneal Neovascularization in the Mouse. J. Vis. Exp. 86, 51159. doi:10.3791/51159
 Chen, L., Zhong, J., Li, S., Li, W., Wang, B., Deng, Y., et al. (2018). The Long-Term Effect of Tacrolimus on Alkali Burn-Induced Corneal Neovascularization and Inflammation Surpasses that of Anti-vascular Endothelial Growth Factor. Drug Des. Devel Ther. 12, 2959–2969. doi:10.2147/DDDT.S175297
 Chen, Z., Mao, X., Ye, X., Li, S., Wu, T., Wang, Q., et al. (2021). A Novel and Biocompatible Nanofiber of VEGF Peptide for Enhanced Corneal Neovascularization Suppression. Chem. Eng. J. 416, 129081. doi:10.1016/j.cej.2021.129081
 Chowdhury, S., Guha, R., Trivedi, R., Kompella, U. B., Konar, A., and Hazra, S. (2013). Pirfenidone Nanoparticles Improve Corneal Wound Healing and Prevent Scarring Following Alkali Burn. PLoS One 8 (8), e70528. doi:10.1371/journal.pone.0070528
 Chuang, Y.-L., Fang, H.-W., Ajitsaria, A., Chen, K.-H., Su, C.-Y., Liu, G.-S., et al. (2019). Development of Kaempferol-Loaded Gelatin Nanoparticles for the Treatment of Corneal Neovascularization in Mice. Pharmaceutics 11 (12), 635. doi:10.3390/pharmaceutics11120635
 Gai, X., Cheng, L., Li, T., Liu, D., Wang, Y., Wang, T., et al. (2018). In Vitro and In Vivo Studies on a Novel Bioadhesive Colloidal System: Cationic Liposomes of Ibuprofen. AAPS PharmSciTech 19 (2), 700–709. doi:10.1208/s12249-017-0872-4
 Gote, V., Sikder, S., Sicotte, J., and Pal, D. (2019). Ocular Drug Delivery: Present Innovations and Future Challenges. J. Pharmacol. Exp. Ther. 370 (3), 602–624. doi:10.1124/jpet.119.256933
 Han, H., Gao, Y., Chai, M., Zhang, X., Liu, S., Huang, Y., et al. (2020a). Biofilm Microenvironment Activated Supramolecular Nanoparticles for Enhanced Photodynamic Therapy of Bacterial Keratitis. J. Controlled Release 327, 676–687. doi:10.1016/j.jconrel.2020.09.014
 Han, H., Yin, Q., Tang, X., Yu, X., Gao, Q., Tang, Y., et al. (2020b). Development of Mucoadhesive Cationic Polypeptide Micelles for Sustained Cabozantinib Release and Inhibition of Corneal Neovascularization. J. Mater. Chem. B 8 (23), 5143–5154. doi:10.1039/d0tb00874e
 Joung, C., Noh, H., Jung, J., Song, H. Y., Bae, H., Pahk, K., et al. (2020). A Novel CD147 Inhibitor, SP-8356, Attenuates Pathological Fibrosis in Alkali-Burned Rat Cornea. Int. J. Mol. Sci. 21 (8), 2990. doi:10.3390/ijms21082990
 Jumelle, C., Gholizadeh, S., Annabi, N., and Dana, R. (2020). Advances and Limitations of Drug Delivery Systems Formulated as Eye Drops. J. Controlled Release 321, 1–22. doi:10.1016/j.jconrel.2020.01.057
 Kather, J. N., and Kroll, J. (2014). Transgenic Mouse Models of Corneal Neovascularization: New Perspectives for Angiogenesis Research. Invest. Ophthalmol. Vis. Sci. 55 (11), 7637–7651. doi:10.1167/iovs.14-15430
 Li, Q., Li, Z., Zeng, W., Ge, S., Lu, H., Wu, C., et al. (2014). Proniosome-derived Niosomes for Tacrolimus Topical Ocular Delivery: In Vitro Cornea Permeation, Ocular Irritation, and In Vivo Anti-allograft Rejection. Eur. J. Pharm. Sci. 62, 115–123. doi:10.1016/j.ejps.2014.05.020
 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. Mater. Inter. 11 (43), 39603–39612. doi:10.1021/acsami.9b13851
 Lin, X., Wu, X., Chen, X., Wang, B., and Xu, W. (2021). Intellective and Stimuli-Responsive Drug Delivery Systems in Eyes. Int. J. Pharmaceutics 602, 120591. doi:10.1016/j.ijpharm.2021.120591
 Liu, D., Wu, Q., Chen, W., Lin, H., Zhu, Y., Liu, Y., et al. (2019). A Novel FK506 Loaded Nanomicelles Consisting of Amino-Terminated Poly(ethylene glycol)-block-poly(D,L)-lactic Acid and Hydroxypropyl Methylcellulose for Ocular Drug Delivery. Int. J. Pharmaceutics 562, 1–10. doi:10.1016/j.ijpharm.2019.03.022
 Mendez, N., Herrera, V., Zhang, L., Hedjran, F., Feuer, R., Blair, S. L., et al. (2014). Encapsulation of Adenovirus Serotype 5 in Anionic Lecithin Liposomes Using a Bead-Based Immunoprecipitation Technique Enhances Transfection Efficiency. Biomaterials 35 (35), 9554–9561. doi:10.1016/j.biomaterials.2014.08.010
 Mu, C., Shi, M., Liu, P., Chen, L., and Marriott, G. (2018). Daylight-Mediated, Passive, and Sustained Release of the Glaucoma Drug Timolol from a Contact Lens. ACS Cent. Sci. 4 (12), 1677–1687. doi:10.1021/acscentsci.8b00641
 Nicholas, M. P., and Mysore, N. (2021). Corneal Neovascularization. Exp. Eye Res. 202, 108363. doi:10.1016/j.exer.2020.108363
 Nowak-Sliwinska, P., Alitalo, K., Allen, E., Anisimov, A., Aplin, A. C., Auerbach, R., et al. (2018). Consensus Guidelines for the Use and Interpretation of Angiogenesis Assays. Angiogenesis 21 (3), 425–532. doi:10.1007/s10456-018-9613-x
 Park, J.-H., Joo, C.-K., and Chung, S. K. (2015). Comparative Study of Tacrolimus and Bevacizumab on Corneal Neovascularization in Rabbits. Cornea 34, 449–455. doi:10.1097/ico.0000000000000336
 Pleyer, U., Lutz, S., Jusko, W. J., Nguyen, K. D., Narawane, M., Rückert, D., et al. (1993). Ocular Absorption of Topically Applied FK506 from Liposomal and Oil Formulations in the Rabbit Eye. Invest. Ophthalmol. Vis. Sci. 34 (9), 2737–2742.
 Qazi, Y., Wong, G., Monson, B., Stringham, J., and Ambati, B. K. (2010). Corneal Transparency: Genesis, Maintenance and Dysfunction. Brain Res. Bull. 81 (2-3), 198–210. doi:10.1016/j.brainresbull.2009.05.019
 Qi, J., Dai, R., Zhou, L., Lu, Y., Wu, W., and Liu, W. (2013). Liposomes Containing Bile Salts as Novel Ocular Delivery Systems for Tacrolimus (FK506): In Vitro Characterization and Improved Corneal Permeation. Int. J. Nanomedicine 8, 1921–1933. doi:10.2147/IJN.S44487
 Roshandel, D., Eslani, M., Baradaran-Rafii, A., Cheung, A. Y., Kurji, K., Jabbehdari, S., et al. (2018). Current and Emerging Therapies for Corneal Neovascularization. Ocul. Surf. 16 (4), 398–414. doi:10.1016/j.jtos.2018.06.004
 Sharif, Z., and Sharif, W. (2019). Corneal Neovascularization: Updates on Pathophysiology, Investigations & Management. Rom. J. Ophthalmol. 63 (1), 15–22. doi:10.22336/rjo.2019.4
 Tian, Y., Zhang, F., Qiu, Y., Wang, S., Li, F., Zhao, J., et al. (2021). Reduction of Choroidal Neovascularization via Cleavable VEGF Antibodies Conjugated to Exosomes Derived from Regulatory T Cells. Nat. Biomed. Eng. 5, 968–982. doi:10.1038/s41551-021-00764-3
 Urtti, A. (2006). Challenges and Obstacles of Ocular Pharmacokinetics and Drug Delivery. Adv. Drug Deliv. Rev. 58 (11), 1131–1135. doi:10.1016/j.addr.2006.07.027
 Whitcup, S. M., Pleyer, U., Lai, J. C., Lutz, S., Mochizuki, M., and Chan, C.-C. (1998). Topical Liposome-Encapsulated FK506 for the Treatment of Endotoxin-Induced Uveitis. Ocul. Immunol. Inflamm. 6 (1), 51–56. doi:10.1076/ocii.6.1.51.8079
 Wu, D., Zhao, Z., Kim, J., Razmi, A., Wang, L. L. W., Kapate, N., et al. (2021). Gemcitabine and Doxorubicin in Immunostimulatory Monophosphoryl Lipid A Liposomes for Treating Breast Cancer. Bioeng. Transl Med. 6 (1), e10188. doi:10.1002/btm2.10188
 Wu, Y., Xu, Z., Yang, Y., Qiu, J., Yang, M., Wu, C., et al. (2019). Tetramethylpyrazine (TMP) Ameliorates Corneal Neovascularization via Regulating Cell Infiltration into Cornea after Alkali Burn. Biomed. Pharmacother. 109, 1041–1051. doi:10.1016/j.biopha.2018.10.091
 Zahir‐Jouzdani, F., Khonsari, F., Soleimani, M., Mahbod, M., Arefian, E., Heydari, M., et al. (2019). Nanostructured Lipid Carriers Containing Rapamycin for Prevention of Corneal Fibroblasts Proliferation and Haze Propagation after Burn Injuries: In Vitro and In Vivo. J. Cel Physiol 234 (4), 4702–4712. doi:10.1002/jcp.27243
 Zeng, W., Li, Q., Wan, T., Liu, C., Pan, W., Wu, Z., et al. (2016). Hyaluronic Acid-Coated Niosomes Facilitate Tacrolimus Ocular Delivery: Mucoadhesion, Precorneal Retention, Aqueous Humor Pharmacokinetics, and Transcorneal Permeability. Colloids Surf. B: Biointerfaces 141, 28–35. doi:10.1016/j.colsurfb.2016.01.014
 Zhang, R., He, R., Qian, J., Guo, J., Xue, K., and Yuan, Y.-f. (2010). Treatment of Experimental Autoimmune Uveoretinitis with Intravitreal Injection of Tacrolimus (FK506) Encapsulated in Liposomes. Invest. Ophthalmol. Vis. Sci. 51 (7), 3575–3582. doi:10.1167/iovs.09-4373
 Zhong, Y., Wang, K., Zhang, Y., Yin, Q., Li, S., Wang, J., et al. (2021). Ocular Wnt/β-Catenin Pathway Inhibitor XAV939-Loaded Liposomes for Treating Alkali-Burned Corneal Wound and Neovascularization. Front. Bioeng. Biotechnol. 9, 753879. doi:10.3389/fbioe.2021.753879
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 © 2021 Lin, Yu, Chen, Sheng, Wang, Wang and Xu. 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.
		ORIGINAL RESEARCH
published: 22 February 2022
doi: 10.3389/fbioe.2022.805996


[image: image2]
Efficient Transient Expression of Plasmid DNA Using Poly (2-(N,N-Dimethylamino) Ethyl Methacrylate) in Plant Cells
Zishuai An1,2,3, Bing Cao1,2,3, Junzhe Zhang1,2,3, Baihong Zhang1,2,3, Chengqian Zhou4, Xianglong Hu1,2,3* and Wenli Chen1,2,3*
1MOE Key Laboratory of Laser Life Science and Institute of Laser Life Science, College of Biophotonics, South China Normal University, Guangzhou, China
2Guangdong Provincial Key Laboratory of Laser Life Science, College of Biophotonics, South China Normal University, Guangzhou, China
3Guangzhou Key Laboratory of Spectral Analysis and Functional Probes, College of Biophotonics, South China Normal University, Guangzhou, China
4Neuroscience Laboratory, Hugo Moser Research Institute at Kennedy Krieger, Baltimore, MD, United States
Edited by:
Wenzhong Li, Freie Universität Berlin, Germany
Reviewed by:
Hui Gao, Tiangong University, China
Honghao Hou, Southern Medical University, China
* Correspondence: Wenli Chen, chenwl@scnu.edu.cn; Xianglong Hu, huxlong@mail.ustc.edu.cn
Specialty section: This article was submitted to Biomaterials, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 31 October 2021
Accepted: 19 January 2022
Published: 22 February 2022
Citation: An Z, Cao B, Zhang J, Zhang B, Zhou C, Hu X and Chen W (2022) Efficient Transient Expression of Plasmid DNA Using Poly (2-(N,N-Dimethylamino) Ethyl Methacrylate) in Plant Cells. Front. Bioeng. Biotechnol. 10:805996. doi: 10.3389/fbioe.2022.805996

Nanomaterials have been widely studied for their potential to become the new generation of nanocarriers in gene transfection, yet it remains still difficult to apply them efficiently and succinctly to plant cells. Poly (2-(N,N-dimethylamino) ethyl methacrylate) (PDMAEMA), which possesses temperature and pH dual-sensitivity, has largely been applied in animal cells, but it is rarely involved in plant cells. As a proof of concept, PDMAEMA as a gene carrier is incubated with plasmid GFP (pGFP) to explore its transfection ability in plants, and cationic polymer polyethylenimine (PEI) is used as a control. pGFP was efficiently condensed into the nanostructure by electrostatic interactions at an N/P (amino group from cationic polymers/phosphate group from plasmid DNA (pDNA)) ratio of 15; after complexation into nanocarriers, pGFP was protected from endonuclease degradation according to the DNase I digestion assay. After incubation with protoplasts and leaves, GFP was observed with confocal microscopy in plant cells. Western blot experiments confirmed GFP expression at the protein level. Toxicity assay showed PDMAEMA had a lower toxicity than PEI. These results showed that transient expression of pGFP was readily achieved in Arabidopsis thaliana and Nicotiana benthamiana. Notably, PDMAEMA showed lower cytotoxicity than PEI upon incubation with Nicotiana benthamiana leaves. PDMAEMA exhibited great potency for DNA delivery in plant cells. This work provides us with new ideas of more concise and more effective methods for plant transformation.
Keywords: poly (2-(N, N-dimethylamino) ethyl methacrylate) (PDMAEMA), polyethylenimine (PEI), plant cells, gene delivery, gene transfection
INTRODUCTION
Great progress has been made in plant biotechnology in the recent years, but it remains still difficult to efficiently perform genetic transformation on plants (Altpeter et al., 2016). Although the agrobacterium-mediated delivery system is the most classic method for plant genetic transformation, it still has defects such as limitation of plant species and low transformation efficiency (Baltes et al., 2017). Biolistic (gene gun) is another plant transformation tool, which can deliver biomolecules into more general plants without species limitation, but it may cause plant tissue damage under high bombardment pressure and require a large amount of DNA to perform an efficient plant transformation (Altpeter et al., 2016). Plant viral vectors such as tobacco mosaic virus can also be used to perform transient expression of the exogenous gene in plants. Viral vectors are compatible with various plant species. However, due to relatively narrow virus–host specificity, different plant species may require different vectors.
In recent years, increasing interests have been focused in biological and biomedical applications of nanomaterials (Mei et al., 2019). Among them, the application of nanomaterials for gene delivery in animal cells has been widely studied (Gregory et al., 2020; Yan et al., 2020). Various delivery platforms such as mesoporous silica nanoparticles (Ding et al., 2020), carbon nanotubes (Cifuentes-Rius et al., 2017), gold nanoparticles (Huo et al., 2014; Ortega-Munoz et al., 2016), quantum dots (Liu et al., 2019), magnetic nanoparticles (Lo Y.-L. et al., 2015; Huang et al., 2019), DNA origami (Liu et al., 2018), nanodroplets (Zhang et al., 2019; Cao et al., 2020), and polymers (Chu et al., 2020; Guo et al., 2020; Wang et al., 2020; Wang Z. et al., 2021) can load drugs or other active biomolecules and deliver them to target sites due to their relatively small size, special chemical composition, or functionalized surface structure. Among these many nanomaterials, cationic polymers have attracted more and more attention in molecular delivery due to their advantages of easy synthesis, high stability, low toxicity, low immunogenicity, and compatibility with larger molecular payloads (Yin et al., 2013; Lo C.-W. et al., 2015; Ding et al., 2021). Positively charged cationic polymers can interact with negatively charged DNA by electrostatic interactions and condense DNA into a compact complex in nanoscale (Lo C.-W. et al., 2015). The charge of the complex remains positive and makes it easier to internalize into cells based on the interaction with the negatively charged cell membranes (Lo C.-W. et al., 2015; Demirer et al., 2019). Poly (2-(N,N-dimethylamino) ethyl methacrylate) (PDMAEMA) and polyethylenimine (PEI) are two typical cationic polymers with a high density of positively charged amine groups, and have both been used for DNA delivery in animal cells (Wu et al., 2011; Yu et al., 2012; Lo C.-W. et al., 2015; Guo et al., 2021; Richter et al., 2021). Yet, their applications in plant cells are rarely investigated. Hence, it is meaningful to interrogate their potency for plants, such as the controlled release of agrochemicals and target-specific delivery of biomolecules (Faraz et al., 2019; Bijali and Acharya, 2020; Wang W. et al., 2021). PEI shows a relatively high toxicity than other cationic polymers including PDMAEMA in animal cells (Lo C.-W. et al., 2015). Compared with human cancer therapy, there are few studies on the application of nanotechnology in plants. In agriculture field, applications of nanomaterials have been found to efficiently resist environmental stress and improve the efficiency of agrochemicals, including fertilizers and pesticides in an environment-friendly way (Khot et al., 2012; Shang et al., 2019; Fincheira et al., 2020). Mesoporous silica nanoparticles have shown great potential to deliver an exogenous gene into intact Arabidopsis thaliana roots and protoplasts without any mechanical aids (Torney et al., 2007; Chang et al., 2013). Additionally, carbon nanotubes with high aspect ratios can efficiently deliver plasmid DNAs (35S–GFP–NOS and UBQ10–GFP–NOS) to several mature plants (Demirer et al., 2019; Kwak et al., 2019). However, there is still a need to develop new delivery methods with good transfection efficiency, good biocompatibility, low toxicity, and immunogenicity in plant cells (Keles et al., 2016).
In our previous study, functioned gold nanoparticles were used to carry a small interfering RNA and successfully silenced a target gene (NPR1) in Arabidopsis thaliana (Lei et al., 2020). To further explore the transfection behavior of PDMAEMA in plant cells, we combine plasmid GFP (pGFP) as a reporter gene with PDMAEMA and incubated them with protoplasts and leaves to transfect plant cells. GFP fluorescence was successfully observed with confocal microscopy in plant cells. GFP expressions were also detected in the protein level. We managed to transiently transfect plant cells using PDMAEMA, which laid the foundation for the genetic transformation of plants.
MATERIALS AND METHODS
Materials
Plasmid DNA (pDNA) pBI221-GFP (Supplementary Figure S1) was purified using a HiPure Plasmid EF Maxi Kit (Magen, Guangzhou, China) for all experiments in this study. The concentration and purity of pGFP were determined by the absorbance ratio at OD260/OD280 using a Nano Drop 2000 (Thermo Scientific). Cellulase R-10 (MX7352, Yakult Japan) and MacerozymeR-10 (DH188-2, Dingguo, China) were used for protoplast extraction. The following chemicals were purchased from Sigma-Aldrich: 4-cyano-4-(phenylcarbonothioylthio) pentanoate (CPADB), 2-(dimethylamino) ethyl methacrylate (DMAEMA, 99%) sodium chloride, calcium chloride dehydrate, 2-(N-morpholino) ethanesulfonic acid (MES), D-mannitol, potassium chloride, magnesium chloride hexahydrate, polyethylene glycol (4,000), and polyethylenimine (branched, 25 kDa). 2, 2′-Azobis (2-methylpropionitrile) (AIBN) was obtained from Acros chemicals. 1,4-Dioxane was purchased from Sinopharm Chemical Reagent Co. Ltd. Water used in the study was deionized with a Milli-QSP reagent water system (Millipore).
The seeds of Arabidopsis thaliana and Nicotiana benthamiana were germinated in pots with a mixture of soil and vermiculite at a ratio of 4:1. The two plants were both grown in the growth chamber (16 h light at 23°C/8 h dark at 23°C). The light intensity was approximately 120 μmol photons m−2s−1, and the relative humidity was about 82%.
METHODS
Synthesis of PDMAEMA
The synthesis of PDMAEMA was referred to the previous report (Hu et al., 2014; Cao et al., 2020; Xiao et al., 2020). The chain transfer agent, 4-cyano-4-(phenylcarbonothioylthio) pentanoate (CPADB, 73.3 mg, 0.262 mmol), 2-(dimethylamino) ethyl methacrylate (DMAEMA, 1,450 mg, 9.22 mmol), and 2, 2′-azobis (2-methylpropionitrile) (AIBN, 8.6 mg, 0.052 mmol) were mixed and charged into a glass ampoule containing 1,4-dioxane (1.375 mL). The ampoule was degassed via three freeze–pump–thaw cycles and flame-sealed under vacuum. Then, the glass ampoule was immersed into an oil bath (70°C) to start polymerization. After 12 h, the ampoule was quenched into liquid nitrogen to terminate the polymerization. The mixture was precipitated into an excess of petroleum ether to generate red residues; the residues were dissolved in dichloromethane and precipitated into petroleum ether. After three cycles of dissolution–precipitation, the final product was dried in a vacuum oven overnight at room temperature, yielding a red solid (1,085 mg, yield: 71.2%). The degree of polymerization of DMAEMA was determined to be ∼37 based on the 1H NMR analysis (Supplementary Figure S2).
Preparation of PDMAEMA + DNA and PEI + DNA Complexes
Gel retardation assay was performed to determine the N/P ratio of the cationic polymer and DNA (Luo et al., 2011). The complexes of pGFP and polymer were freshly prepared before experiments. The N/P ratio of the complex was counted according to the molar ratio of the amino group from the cationic polymer relative to the phosphate group from pDNA. The solution of plasmid was added to the solution of polymer by gradually increasing PDMAEMA or PEI and the same amount of pGFP. N/P ratios were 1:1, 2:1, 5:1, 10:1, and 15:1. The mixtures were then incubated at room temperature for 30 min to form stable complexes and were run electrophoresis on a 1% agarose gel.
Measurements of Particle Size
A total of 5 micrograms of DNA (1,600 ng/μL) were mixed with PDMAEMA (1 mg/mL) or PEI (1 mg/mL) at the fixed N/P ratio of 15. The formed complexes were diluted in 10 mM MgCl2/MES (pH 5.7) to a final volume of 800 μL. The particle sizes of PDMAEMA + DNA and PEI + DNA complexes were evaluated using the Nano-ZS (Malvern, U.K.). The data are calculated as the means of three measurements.
DNase I Protection Assay
DNase I protection assay was performed as described in reference by Luo et al., (2011) with some modifications to investigate the ability of polymers to protect DNA against endonuclease degradation. The samples of PDMAEMA + DNA (N/P 4.38:1) and PEI + DNA (N/P 2.6:1) complexes were freshly prepared. After incubating the complexes for 30 min at room temperature, samples were treated with DNase I at 37 °C for 10 min, followed by denaturation of DNase I at 65 °C for 10 min, and 2 μL of sodium dodecyl sulfate (SDS, 1% w/v, final concentration 0.1%) was added, and the samples were incubated for 2 h at 37 °C to completely dissociate DNA from the complexes. The samples of naked DNA with or without DNase I treatment were used as positive or negative controls, respectively. The DNA dissociated from PDMAEMA or PEI after DNase I treatment was run on a 1% agarose gel.
Protoplast Isolation From Arabidopsis thaliana Leaves
Protoplasts were isolated from the leaves of wild-type Arabidopsis thaliana as described by Yoo et al., (2007). In brief, epidermis-removed leaves by adhesive tape were immersed in 15 mL of enzyme solution (1.5% cellulase R-10, 0.75% Macerozyme R-10, 0.5 M mannitol, 10 mM MES with pH 5.7, 10 mM CaCl2, and 0.1% BSA), then incubated at 25 °C for 3 h in the dark with stirring gently. The undigested leaf tissue was removed by filtration with a 75-μm nylon mesh, and then 10 mL W5 solution (1.54 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES with pH 5.7, and 5 mM glucose) was added, followed by centrifugation at 60 rcf for 5 min at 4 °C. The pelleted protoplasts were resuspended in W5 solution with a pH of 5.7, which has similar osmolality and pH to those of the protoplasts. The isolated protoplasts are viable on ice for over 24 h. Even then, the freshly isolated protoplasts should be used for gene expression.
Protoplast Transformation With PDMAEMA + DNA, PEI + DNA, and PEG/Ca2+
Protoplast transfection was performed as described in reference by Demirer et al., (2019) with some modifications. A volume of 100 μL (about 1×104) of isolated protoplasts in W5 solution was added to about 10 μL of PDMAEMA + DNA, PEI + DNA containing 10 μg DNA, or for the control sample containing the same amount of pDNA and mixed well by gently tapping the tube. The mixture was incubated at room temperature for 24 h to ensure sufficient internalization and expression. For PEG/Ca2+ transformation, Arabidopsis mesophyll protoplasts were added to 110 μL PEG-Ca2+ solution (100 mM CaCl2, 0.2 M mannitol, and 40% PEG 4000) for 15 min incubation at room temperature. Then, protoplasts were diluted in 220 μL W5 solution, followed by 440 and 880 μL W5 solution to wash off the PEG, and after which the protoplasts were harvested by centrifugation at 60 g for 5 min at 4 °C. The pellet was washed twice with W5 solution, resuspended in 100 μL W5 solution, and incubated for 24 h at room temperature in the dark. Confocal laser scanning microscope (CLSM) imaging was performed to detect GFP expression by imaging the protoplasts.
Infiltration of Leaves With PDMAEMA + DNA, PEI + DNA, or PDMAEMA + FAM-siRNANPR1
Healthy leaves from Arabidopsis thaliana (three to four weeks old) and Nicotiana benthamiana (3 weeks old) were chosen for experiments. After preparation of PDMAEMA + DNA and PEI + DNA complexes containing 10 μg DNA at a N/P ratio of 15 (total volume 10 μL), it was diluted with 10 mM MgCl2/MES with pH 5.7 to a final volume of 200 μL and then infiltrated on the abaxial surface of the leaves using a 1-mL needleless syringe by applying gentle pressure. FAM-siRNANPR1 (20 μM) (Lei et al., 2020) was mixed with PDMAEMA (1 mg/mL) at the fixed N/P ratio of 15 and incubated at room temperature for 30 min. The formed complexes were diluted 10 times in 10 mM MgCl2/MES (pH 5.7) before infiltration.
Confocal Microscope Imaging
The images of Arabidopsis thaliana protoplasts and leaves were captured using a confocal laser scanning microscope (Carl Zeiss LSM 880 META, Germany). The captured images were processed with commercial Zen software (Carl Zeiss, Germany). GFP fluorescence was captured with 488 nm laser excitation and 539 nm emission wavelengths. Chlorophyll autofluorescence was captured with 633 nm laser excitation and 691 nm emission wavelengths.
Protein Extraction and Western Blot
The protoplasts after incubation with PDMAEMA + DNA or PEI + DNA and the cell culture in the dark were added an equal volume of 2× sample buffer directly at 100 °C for 10 min. For protein extraction of plant leaves, 0.4 g of leaf tissue was ground in liquid nitrogen before adding extraction buffer. The extracts were centrifuged, and the supernatant protein was collected to be denatured in the SDS sample buffer at 100 °C for 10 min. The same amount of total protein for each sample was run on 10% SDS-PAGE gels.
After electrophoresis, protein was transferred onto a polyvinylidene difluoride (PVDF) membrane and then blocked for 2 h with 5% (w/v) skim milk powder in TBS plus 0.1% (v/v) Tween 20 (TBST). For GFP detection, the antibody (JL-8, Monoclonal Antibody, A-6455, WB: 1:1,000, Fisher, Invitrogen, Waltham, MA, USA) directly against GFP protein was diluted in TBST at a ratio of 1:1,000 and incubated with the membrane overnight at 4 °C. The membrane was then washed three times with TBST for 10 min. Goat anti-mouse IgG-HRP (Absin, abs 20001) was then incubated with the membrane for 2 hours at room temperature. The membrane was washed twice for 10 minutes and another one time for 30 minutes with TBST. Clarity Western Substrate (BIO-RAD) was used for chemiluminescent detection of the GFP protein. The detection was performed using a LI-COR Odyssey Infrared Imaging System (Tanon, 5,200, China).
Toxicity Assay
To evaluate plant toxicity, the expression of a known gene called respiratory burst oxidase homolog B (NbRboh B) in Nicotiana benthamiana leaves infiltrated with different samples was detected by qPCR analysis (Demirer et al., 2019), and three-week-old leaves of Nicotiana benthamiana were infiltrated with buffer (10 mM MgCl2/MES with pH 5.7, as a negative control), 1% SDS (as a positive control), PDMAEMA + DNA (N/P ratio of 15:1), and PEI + DNA (N/P ratio of 15:1). The infiltrated leaves were collected respectively at 1 h, 3 h, 6 h, and 12 h post-infiltration. The total RNA was extracted from the collected leaves using Trizol and reverse transcribed into cDNA using HiScript RT SuperMix (Vazyme). qPCR was performed using Hieff qPCR SYBR Green Master Mix (Yeason Biotech). Elongation factor 1 (EF1) was measured as a reference gene in the experiment.
Primers for NbRboh B are as follows:
Forward: 5 ′-TTT​CTC​TGA​GGT​TTG​CCA​GCC​ACC​ACC​TAA-3′; Reverse: 5′-GCC​TTC​ATG​TTG​TTG​ACA​ATG​TCT​TTA​ACA-3′.
Primers for EF1 are as follows:
Forward: 5′-TGG​TGT​CCT​CAA​GCC​TGG​TAT​GGT​TGT-3′; Reverse: 5′- ACGCTTGAGATCCTTAACCGCAACATTCTT-3′(Demirer et al., 2019).
qPCR was run at an annealing temperature of 60 °C with 40 cycles. The fold change of NbRboh B expression was normalized with respect to EF1 known as a reference gene. qPCR assay was performed for PDMAEMA + DNA, PEI + DNA, and 1% SDS in triplicate-independent experiments. For each sample, three technical replicates and three biological replicates were performed.
Besides the qPCR analysis, the Fv/Fm ratio is also commonly used to indicate the plant toxicity assay (Demirer et al., 2019). The Fv/Fm ratio represents the variable/maximum fluorescence measurement of the photosystem II in plants. The same 3-week-old leaf of Nicotiana benthamiana was infiltrated on four different locations at the abaxial surface with the buffer (10 mM MgCl2/MES with pH 5.7) as a negative control and PDMAEMA + DNA (N/P ratio of 15:1), PEI + DNA (N/P ratio of 15:1), or 1% SDS as a positive control. The infiltrated leaves were then incubated for 24 h. Subsequently, the infiltrated leaf was dark-treated for 30 min, and chlorophyll fluorescence-related parameters were measured using the Imaging-PAM Maxi fluorimeter (Walz) to calculate the Fv/Fm ratio.
Data Processing and Statistical Analysis
All experiments were repeated at least three times or three parallel replicate samples, and the results were processed by GraphPad Prism 8, and then the t-test (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001) was used for statistical analysis. Data were expressed as mean ± SD.
RESULTS AND DISCUSSION
Characterization of PDMAEMA + DNA and PEI + DNA
Gel electrophoresis shift assay was performed to characterize the interaction and stabilities of the DNA complexes with PDMAEMA or PEI. As shown in Figures 1A,C, two polymers combined with the same amount of DNA (1 μg) at different N/P ratios showed different migration of DNA across the gel relative to DNA only. All bands of the DNA complexes with PDMAEMA or PEI were present at different positions compared to those of free DNA. The amount of the migrated free DNA was reduced with an increasing N/P ratio. In other words, with a low N/P ratio, DNA has not been completely coated with PDMAEMA or PEI, and DNA bands can be seen. When the N/P ratio increased, all DNAs were gradually wrapped to form a stable complex, and the DNA bands were no longer visible. The optimal N/P ratio of PDMAEMA + DNA was 4.38:1 and that of PEI + DNA was 2.6:1 (Supplementary Figures S3A, B). As shown in Figures 1A,C, about 100% of the DNA was captured by PDMAEMA at an N/P ratio of 10 and PEI at an N/P ratio of 5, and thus no free-form plasmid DNA remained in the lane of the gel. Figures 1B,D show the average sizes for complexes of PDMAEMA + DNA and PEI + DNA formed at a constant DNA concentration of 5 μg and at an N/P ratio of 15. The average hydrodynamic diameters of the complexes PDMAEMA + DNA (N/P ratio 15) and PEI + DNA (N/P ratio 15) dispersed in 10 mM MgCl2/MES (pH 5.7) were both between 80 and 165 nm, respectively. The most distribution of the diameter of PDMAEMA + DNA and PEI + DNA is 105 nm (Figures 1B,D). However, the size of complexes at a low N/P ratio (4.38:1 for PDMAEMA + DNA and 2.6:1 for PEI + DNA) is larger than that of complexes at a high ratio of 15 (See Figures 1B,D and Supplementary Figures S1B, D). Besides, higher N/P ratios are more conducive to transfection efficiencies (Clamme et al., 2003; Maury et al., 2014; Neuberg and Kichler, 2014). Therefore, an N/P ratio of 15 was chosen for all the transfection experiments in this study.
[image: Figure 1]FIGURE 1 | Characterization of PDMAEMA + DNA and PEI + DNA. (A) Gel retardation assay of PDMAEMA + DNA (1 μg) at N/P ratios of 1:1, 2:1, 5:1, 10:1, and 15:1. (B) Hydrodynamic diameter distributions of PDMAEMA + DNA (5 μg) (N/P ratio 15) determined by dynamic light scattering. (C) Gel retardation assay of PEI + DNA (1 μg) at N/P ratios of 1:1, 2:1, 5:1, 10:1, and 15:1. (D) Hydrodynamic diameter distributions of PEI + DNA (5 μg) (N/P ratio 15) determined by dynamic light scattering.
PDMAEMA and PEI Protect DNA From DNase I Degradation
Protection of DNA from nuclease degradation facilitates cell internalization and improves the gene delivery efficiency in vivo and in vitro (Luo et al., 2011). In consideration of the degradation of nuclease in cells, DNase I was employed to mimic the nuclease in the cell and to test the ability of PDMAEMA and PEI in protecting DNA from nuclease degradation (Lo C.-W. et al., 2015). First, we needed to determine an appropriate concentration of DNase I for this treatment. A decreasing concentration gradient of DNase I was respectively added to the same amount of DNA (1 μg). The different amounts of DNA are shown across the gel with treatment at different concentrations of DNase I (Figure 2A). DNA was slightly decomposed after treatment at 37 °C for 10 min (Lane 3, Figure 2A) compared to the untreated DNA (Lane 2, Figure 2A). A small amount of DNA was degraded after DNase I treatment at concentrations of 0.05 mg/mL and 0.01 mg/mL, but DNA was degraded (Lane 4, Figure 2A) after that of 1 mg/mL. Most of the DNA was degraded after DNase I treatment of 1 mg/mL (Lane 5, Figure 2A). DNase I treatment of 1 mg/mL is excess for DNA degradation. A lane of 0.1 mg/mL DNase I treatment is more optimal than the lane of DNA and DNA treated. Therefore, the optimal concentration (0.1 mg/mL) of DNase I for DNA degradation was determined. The N/P ratio is important for a compact combination of cationic polymer and DNA. Therefore, the threshold N/P ratios of 4.38:1 for PDMAEMA + DNA and 2.6:1 for PEI + DNA (Supplementary Figure S3) were chosen for the DNase I degradation experiments. For DNase I protection assay, DNase I (0.1 mg/mL) was added to the same amount of DNA (1 μg) combined with PDMAEMA or PEI at the threshold N/P ratio. The naked DNA was degraded by DNase I (Lane 4, Figure 2B) as the control group and was used to compare to the PDMAEMA + DNA and PEI + DNA groups to test the protection of PDMAEMA and PEI. The DNase I protection assay showed that PDMAEMA and PEI were capable of forming compact complexes with DNA, which could largely protect DNA from nuclease degradation (Lane 6 compared with Lane 5, Lane 8 compared with Lane 7, Figure 2B). A part of the DNA from PEI + DNA was not shifted but retained in the sample well, and the unclear band at the bottom of the lanes was the degraded DNA (Lane 8, Figure 2B). The more amount of degraded DNA means the weaker ability of cationic polymers to protect DNA from degradation. The protective ability of PDMAEMA was even stronger than that of PEI (Lane 6 compared with Lane 8, Figure 2B). Similar results about DNase I protection assay of the peptide dendrimers were shown in the previous study (Luo et al., 2011).
[image: Figure 2]FIGURE 2 | Plasmid DNA protection assay. (A) Same amount (1 μg) of pDNA treated by DNase I was run on a 1% agarose gel to determine the optimal DNase I concentration for DNA degradation. (B) Agarose gel electrophoresis of DNA, PDMAEMA + DNA (N/P ratio of 4.38:1), and PEI + DNA (N/P ratio of 2.6) incubated with DNase I to evaluate DNA protection against nuclease degradation.
Transfection in Isolated Arabidopsis thaliana Protoplasts
Generally, the cell wall of plants consists mostly of fibrous structures such as cellulose, pectin, and lignin, which may play a role of barrier against the entry of exogenous substances. Protoplasts are plant cells without cell walls. Therefore, to avoid the cell wall as a barrier, the protoplast isolated from Arabidopsis thaliana leaves was employed to perform the transfection experiment. Plasmid DNA (pBI221 vector contains a GFP gene) was used as a report gene in the transfection experiment. The total charges of PDMAEMA + DNA and PEI + DNA complexes maintained a positive value (Supplementary Figure S4). Hence, it facilitated the interaction with negatively charged cell membranes and the internalization of complexes into plant protoplasts (Lakshmanan et al., 2013). To evaluate the transfection of PDMAEMA and PEI, DNA complexes of PDMAEMA or PEI were incubated with protoplasts isolated from Arabidopsis thaliana leaves as an expression host. Transient GFP expression was detected in protoplasts when protoplasts were incubated with PDMAEMA + DNA or PEI + DNA 24 h later, while there was no GFP fluorescence observed in the protoplasts treated with DNA only (Figure 3A, Supplementary Figure S4).
[image: Figure 3]FIGURE 3 | GFP expression imaging in Arabidopsis thaliana protoplast. (A) Confocal microscope was used to image the Arabidopsis thaliana protoplast incubated with DNA only as a negative control, PEG/Ca2+ as a positive control, PDMAEMA + DNA (N/P ratio of 15:1), and PEI + DNA (N/P ratio of 15:1). GFP fluorescence images were captured with 488 nm laser excitation and 539 nm emission wavelengths. Chlorophyll autofluorescence images were captured with 633 nm laser excitation and 691 nm emission wavelengths. Scale bar, 20 μm. Protoplasts were incubated with PEG/Ca2+ for 15 min and washed with W5 solution to remove PEG. Then, protoplasts were resuspended with W5 solution in a 1.5-mL tube for another 12 h in the dark. The protoplasts were incubated with PDMAEMA + DNA or PEI + DNA directly for 12 h. (B) Western blot of the GFP expression level of Arabidopsis thaliana protoplasts incubated with DNA only, DNA-PEG/Ca2+, PDMAEMA + DNA, and PEI + DNA.
Polyethylene glycol 4,000 (PEG 4000) is a polymer fusogenic agent, which is commonly used for plant protoplast transfection. It can facilitate the entry and expression of DNA by changing membrane permeability with the existence of Ca2+ (Yoo et al., 2007) and was used as a positive control in this experiment. Western blot was also performed to verify the GFP expression in the protein level in the protoplasts incubated with PDMAEMA + DNA, PEI + DNA, and PEG/Ca2++DNA (Figure 3B). The GFP fluorescence of control PEG/Ca2++DNA was obviously stronger than that of PDMAEMA + DNA and PEI + DNA, but the Western blot band of the control was weaker than that of PDMAEMA + DNA and PEI + DNA. The transfection way of PEG/Ca2+ is different from that of PDMAEMA + DNA and PEI + DNA. Therefore, the incubation time between protoplast and PDMAEMA + DNA or PEI + DNA was 12 h while that of PEG/Ca2+ was 15 min. The more fluorescence but less protein level for PEG/Ca2++DNA treatment may be caused by the protoplast buffer containing PEG 4000, which was not exactly removed in the blocked sample running in one way. Also, we used all the protoplast solution to run the Western blot instead of the supernatant. The results demonstrated that the PDMAEMA + DNA and PEI + DNA can serve as delivery systems and cause DNA expression in Arabidopsis thaliana protoplasts.
Transfection in Arabidopsis thaliana Leaves
Arabidopsis thaliana leaves were used as the experiment material to further study the expression of plasmid DNA delivered by these two polymers. After preparation of PDMAEMA + DNA and PEI + DNA at the N/P ratio of 15, they were infiltrated on the abaxial surface of the three-week-old Arabidopsis thaliana leaves lamina using a needleless syringe. DNA only (in 10 mM MgCl2/MES) was used as a control. GFP fluorescence was observed by confocal microscopy in the stoma cells of leaves, 24 h after infiltration with these two complexes. There was no GFP fluorescence detected in the leaves infiltrated with DNA only (Supplementary Figure S5). These results showed that PDMAEMA + DNA and PEI + DNA traverse the plant cell wall and the plasma membrane to enter the plant cell in some way and have an expression in the stoma cells of leaves within 24 h. But, this transfection effect is not so significant compared to that of protoplasts. One possible reason was that infiltration time is not sufficient for a preferable expression. Therefore, a time-course transformation experiment was performed in a subsequent study.
Transfection in Nicotiana benthamiana Leaves
Additionally, gene expression experiments were also performed in Nicotiana benthamiana leaves to demonstrate the applicability of cationic polymers in different plant species. Nicotiana benthamiana leaves of three weeks old were infiltrated with DNA only (in 10 mM MgCl2/MES with pH 5.7 as control) and PDMAEMA + DNA on three successive days. On the fourth day, one part of leaves of different treatment was collected to perform confocal microscope imaging (GFP expression for 1 day, 2 days, and 3 days was observed at the same time), while the other part of the leaves was collected to perform Western blot to detect GFP expression in the protein level. The cells around the infiltrated area were transfected with PDMAEMA + DNA (Figure 4A) or PEI + DNA (Supplementary Figure S6A), and GFP fluorescence was observed in both the leaves treated with PDMAEMA and PEI compared to the autofluorescence of chloroplasts (red in Figure 4A) as control. Specifically, the DNA complexes of PDMAEMA showed a GFP expression on first day, and the transfection effect was gradually obvious up to the third day (Figure 4A). The time-course study showed that the PDMAEMA-based gene delivery system was effective to perform transfection in a short time, and the PEI-based gene delivery system had a similar phenomenon (Supplementary Figure S6A). For control experiments, transfection into Nicotiana benthamiana leaves was performed using DNA in 10 mM MgCl2/MES, and there was no GFP fluorescence detected in the control group (Figure 4A). Western blot was also performed to confirm the GFP expression in the case of time-course treatment (Figure 4B, also see Supplementary Figure S6B), and it was basically consistent with confocal image results.
[image: Figure 4]FIGURE 4 | GFP expression in Nicotiana benthamiana leaves. (A) Nicotiana benthamiana leaves infiltrated with DNA only (in 10 mM MgCl2/MES as a control) and PDMAEMA + DNA (N/P ratio of 15:1) are imaged using a confocal microscope to detect GFP expression in the leaf lamina in 1 day, 2 days, and 3 days. Experiments were performed with intact leaves from healthy plants. Scale bar, 100 μm. (B) Western blot of GFP expression of Nicotiana benthamiana leaves infiltrated with DNA only (in 10 mM MgCl2/MES as control) and PDMAEMA + DNA in 1 day, 2 days, and 3 days.
Based on the transfection results related to Nicotiana benthamiana leaves, the transfection behavior with PDMAEMA was achieved in both Arabidopsis thaliana and Nicotiana benthamiana leaves. The internalization mechanism of complexes is via endocytosis pathways in animal cells (Midoux et al., 2008). But, the specific internalization mechanism of exogenous complexes remains unknown in plant cells (Xia et al., 2021). The endocytotic pathway in plant cells is different from that in the animal; during the process, the pH of the endosomes does not decrease to a dangerous level. Rather, the vacuole of plant cells possesses the lowest pH and is the final destiny for endocytosis (Xia et al., 2020). Plant cell walls consist of some modifications such as pit, perforation plate, spiral thickening, and wart. Also, the diameter of some pits is more than 1 μm, so a minority of complexes may enter the cell via pits of the cell walls (Lakshmanan et al., 2013). Besides, there is ample evidence for stomatal uptake of nanoparticles, for example, hydrophilic chitosan nanocarriers (86.8 nm in size) entered through stomata in the plant leaves (Nadendla et al., 2018). PEI is a cationic polymer with a proton sponge effect. PEI as a carrier is widely used in the delivery of nucleic acids in animal cells (Godbey et al., 2001), and PDMAEMA may have a similar delivery function.
To verify the delivery function of PDMAEMA, we used the complex of FAM-siRNANPR1 and PDMAEMA to infiltrate Nicotiana benthamiana leaves and observed its localization by confocal microscopy. Because PDMAEMA binds stably to FAM-siRNANPR1, the fluorescence of FAM represents the entry of PDMAEMA into cells. Point-like distribution and clustering were observed, but only infiltrating FAM-siRNANPR1 did not have this phenomenon; these results illustrated that PDMAEMA was able to deliver nucleic acid into plant cells (Figure 5). According to the article (Midoux et al., 2008) and our results, we proposed a scheme: plasmid DNA interacts with cationic polymers by electrostatic interaction forming positively charged complexes. Then, the positively charged complexes make it easy to traverse the plant cell wall and interact with the membrane to internalize into the plant cell. After entering the plant cell, PDMAEMA and PEI can also protect DNA from degradation. Most of the complexes release plasmid DNA through the proton sponge effect, and it is possible that some DNA enters the nucleus and participates in the transcription and translation. A small part of the complexes enters the nucleus and releases plasmid DNA complexes with an unknown mechanism, participating in the transcription process and translation (Scheme 1). The specific mechanism deserves further study.
[image: Figure 5]FIGURE 5 | Schematic illustration for the polymer-based gene delivery system in the plant cell.
[image: Scheme 1]SCHEME 1 | PDMAEMA + FAM-siRNANPR1-infiltrating Nicotiana benthamiana leaves. FAM-siRNANPR1 (20 μM) was mixed with PDMAEMA (1 mg/mL) at the fixed N/P ratio of 15 and incubated at room temperature for 30 min. The formed complexes were diluted 10 times in 10 mM MgCl2/MES (pH 5.7) before infiltration, taking only infiltrating PDMAEMA or FAM-siRNANPR1 as a control.
Toxicity Tests in Plant Leaves
To evaluate biocompatibility of these two polymers, we performed toxicity assays in Nicotiana benthamiana leaves. We use the expression of respiratory burst oxidase homolog B (Nbrboh B), a known gene indicating stress conditions in Nicotiana benthamiana, to quantify the toxicity of the polymers as they are directly proportional (Demirer et al., 2019). We used qPCR analysis to determine the toxicity of these two polymers at different time points of the treatment.
As shown in Figure 6A, at 1 h, samples treated with PDMAEMA + DNA and PEI + DNA upregulated Nbrboh B related to the sample treated with 10 mM MgCl2/MES (as a negative control). However, they did not upregulate Nbrboh B too much compared to the sample treated with 1% SDS (as a positive control). These results illustrated that 1% SDS caused the most toxicity; at 3 h, 1% SDS, PDMAEMA + DNA, and PEI + DNA caused the upregulation of Nbrboh B to decrease, and the expression of PEI + DNA treatment was the most and showed that the toxicity of PEI may be the largest; Nbrboh B was at the highest level at 6 h and 12 h with PEI + DNA treatment, while PDMAEMA + DNA treatment with Nbrboh B was a continuous downward process; hence, the toxicity of PDMAEMA might be lower than that of PEI. It was in accordance with the previous study that PDMAEMA had less toxicity than PEI does (Verbaan et al., 2003). There are reports that RbohB is a fast responsive gene that can be upregulated within minutes; therefore, the long sampling time points are not quite reasonable for the purpose of the experiment (Xia et al., 2020), so the high expression level for PEI at 6 h could result from a second wounding wave for stressed plants, and 12 h is too long to sample for RbohB genes.
[image: Figure 6]FIGURE 6 | Toxicity assay. (A) qPCR analysis of Nbrboh B in Nicotiana benthamiana leaves with different infiltrations (MgCl2/MES (10 mM) as control, PDMAEMA + DNA (N/P ratio of 15:1), PEI + DNA (N/P ratio of 15:1), and 1% SDS at a time course. (B) Photosystem II Fv/Fm of different locations treated with PDMAEMA + DNA (N/P ratio of 15:1), PEI + DNA (N/P ratio of 15:1), 1% SDS, and MgCl2/MES (10 mM) as control on the same Nicotiana benthamiana leaf. (C) Statistical data of the (B) Fv/Fm ratio represent the variable/maximum fluorescence measurement of the photosystem II quantum efficiency. (D) Phenotype of the single Nicotiana benthamiana leaf infiltrated with MgCl2/MES (10 mM), PDMAEMA + DNA (N/P ratio of 15:1), PEI + DNA (N/P ratio of 15:1), and 1% SDS on different positions. (E) Phenotype of a single Nicotiana benthamiana leaf infiltrated with MgCl2/MES (10 mM), 1% SDS, PDMAEMA (10 mg/mL), and PEI (10 mg/mL) on different positions.
Additionally, photosystem II measurements were also performed to determine the toxicity in Nicotiana benthamiana leaves (Figure 6B). The results showed that PDMAEMA + DNA-infiltrated positions (with an Fv/Fm ratio of 0.615) and PEI + DNA-infiltrated positions (with an Fv/Fm ratio of 0.641) in Nicotiana benthamiana leaves had similar photosynthesis quantum yields. But, position treated with 1% SDS as a positive control showed a significant decrease in the photosystem II quantum yield with an Fv/Fm ratio of 0.141 in Nicotiana benthamiana leaves, indicating a strong stress or tissue damage. Also, there was no significant difference between the position treated with 1% SDS and the negative control (Figure 6C). The phenotype of positions with different infiltration of leaves showed that PDMAEMA + DNA and PEI + DNA had no obvious toxicity compared with 10 mM MgCl2/MES treatment as a negative control and 1% SDS treatment as a positive control (Figure 6D).
Furthermore, in order to compare the toxicity between PDMAEMA and PEI, we used the diluted PDMAEMA (10 mg/mL) and PEI (10 mg/mL) in 10 mM MgCl2/MES and infiltrated the Nicotiana benthamiana leaves. PEI showed a higher toxicity than PDMAEMA according to the phenotype of Nicotiana benthamiana leaves (Figure 6E). The result was consistent with the qPCR analysis (Figure 6A) and previous examinations toward animal cells (Verbaan et al., 2003; Xu et al., 2009; Agarwal et al., 2012).
CONCLUSION
The gene delivery system on the basis of cationic polymer PDMAEMA is an original method for transient transformation in plant cells. In this proof-of-concept study, complexes of DNA and cationic polymers (PDMAEMA and PEI) with a small hydrodynamic diameter were formed at the specific N/P ratio. Meanwhile, we confirmed that PDMAEMA and PEI protect DNA from degradation after the formation of complexes (PDMAEMA + DNA and PEI + DNA). The expression of pGFP was detected by confocal microscopy imaging and confirmed by Western blotting analysis. Polymer-mediated delivery is appropriate to transient transfection because of its operability efficiency and low toxicity. In conclusion, PDMAEMA-mediated transient transformation is achieved in plant cells without obvious toxicity or tissue damage. PDMAEMA and PDMAEMA-based gene delivery materials are more promising for gene delivery to plants due to their relatively low cytotoxicity and facile fabrication compared to PEI. Polymer-based plant transfection platforms probably provide promising extra opportunities in plant genetic engineering.
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