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Polyphenol, characterized by various phenolic rings in the chemical structure and an abundance in nature, can be extracted from vegetables, grains, chocolates, fruits, tea, legumes, and seeds, among other sources. Tannic acid (TA), a classical polyphenol with a specific chemical structure, has been widely used in biomedicine because of its outstanding biocompatibility and antibacterial and antioxidant properties. TA has tunable interactions with various materials that are widely distributed in the body, such as proteins, polysaccharides, and glycoproteins, through multimodes including hydrogen bonding, hydrophobic interactions, and charge interactions, assisting TA as important building blocks in the supramolecular self-assembled materials. This review summarizes the recent immense progress in supramolecular self-assembled materials using TA as building blocks to generate different materials such as hydrogels, nanoparticles/microparticles, hollow capsules, and coating films, with enormous potential medical applications including drug delivery, tumor diagnosis and treatment, bone tissue engineering, biofunctional membrane material, and the treatment of certain diseases. Furthermore, we discuss the challenges and developmental prospects of supramolecular self-assembly nanomaterials based on TA.
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INTRODUCTION

Supramolecular assembly, which originated from Lehn's groundbreaking work on host–guest self-assembly in 1987 (Lehn, 1988), is a process of spontaneous formation of unique nanostructures by dynamic covalent interactions (Wang et al., 2018a) and non-covalent intermolecular interactions (Caulder and Raymond, 1999), including hydrogen bonds, hydrophobic interactions, electrostatic interactions, van der Waals forces, and π-π stacking. It originates from biological systems and is widely applied in the biomedical field (Cui and Xu, 2017). Such assemblies are common in nature, such as the supramolecular structure of phospholipids in cellular membranes and actin in eukaryotic cytoplasm (Kim et al., 2019). In biological systems, supramolecular assembly involves a variety of functions, such as environmental demarcation, molecular transport and release, and cell–extracellular interactions and communication (Ariga et al., 2019). Inspired by the natural supramolecular assembly, scientists have developed a variety of supramolecular self-assembled biomaterials, including hydrogels, nanoparticles/microparticles, hollow capsules, and coating films, for the diagnosis and treatment of diseases. Supramolecular materials include monodisperse molecules (proteins, polysaccharides, and other biomass materials) and complex molecular aggregates (particles, micelles) (Song et al., 2015). Supramolecular assembly can not only produce thermodynamically or dynamically stable nanostructures but also accurately control diagnostic/therapeutic components and stimulus response characteristics to physiological indicators (Wang et al., 2018b), which is very attractive in biology and medicine.

Polyphenols, including tannic acid (TA), (–)-epigallocatechin-3-gallate (EGCG), catechin, lignans, catechol, and pyrogallol, are a large class of plant-derived biocompatible and biodegradable compounds consisting of two or more phenolic units in structure (Wang X. et al., 2018). Because of their unique sources, the most important characteristics of polyphenols are their biological activities, such as anti-inflammatory, anticancer, antibacterial, and antioxidative actions, which have attracted the attention of researchers in the field of biomedicine (Galante et al., 2019; Song et al., 2019). In terms of chemical structure, polyphenol compounds also show rich chemical activity due to their multiple hydrophobic aromatic rings and hydrophilic phenolic hydroxyls groups, which provide abundant reaction sites that can interact with various groups or substances through various non-covalent interactions (Kozlovskaya et al., 2015; Patil et al., 2018) (including hydrogen bonds, hydrophobic interactions, and van der Waals interactions), dynamic covalent binding (Su et al., 2011; Ye et al., 2011; Faure et al., 2013), and metal–organic coordination interactions (Lee et al., 2011; Rahim et al., 2016; Wang Z. et al., 2017). Such prospects serve as the basis for the application of those compounds. In addition, the hydrophilicity of natural polyphenols facilitates the introduction of amphiphilic characteristics into supramolecular systems (Wang et al., 2018b). Through their significant effects on protein signal transduction and expression and cell cycle regulation implicated in the growth, transformation, and metastasis of cells, polyphenols have become a kind of promising multifunctional drug with chemopreventive and anticancer factures capable of inducing apoptosis and inhibiting the growth of cancer cells (Yang et al., 2002). Considering both the excellent structural and functional characteristics offered by natural polyphenols, materials based on polyphenols as structural units have become a hotspot of research. The addition of polyphenols to these materials endows them with some new properties, such as antioxidative, antitumor, antivirus, and bacteriostatic activities, lending to their extensive application potential in food preservation and pharmaceutical production. At present, the strategies employed for supramolecular engineering based on natural polyphenols are not only focused on building various two-dimensional functional metal–phenolic network (MPN) materials, such as capsules or membranes, but also widely used in three-dimensional supramolecular nanomedicines, including disease diagnosis and imaging, as well as drug delivery (Wang et al., 2018b). TA as a kind of polyphenolic organic compound has certain structural properties and biological activity, and it can be used as a building unit for supramolecular assembly to obtain nanomaterials with biological functions. Therefore, TA has attracted the attention of researchers in the field of biomedicine.

Supramolecular self-assembled nanomaterials, especially nanomaterials based on TA, have great potential applications in biomedical fields with respect to, for example, diagnosis, treatment, and medical devices (Zou et al., 2017). In terms of function, TA endows self-assembled nanomaterials with good biocompatibility, antibacterial, antioxidative, and antitumor characteristics; in terms of structure, supramolecular assembly can be driven by a variety of non-covalent or dynamic covalent interactions to regulate the materials on a nanometer scale and provide greater functionality to the assembled materials. The supramolecular assembly of TA combines the biological activity of polyphenols with the structural control advantages of supramolecular assembly to prepare functionalized nanobiomaterials suitable for different applications. Supramolecular materials based on TA with excellent properties, such as stimulus response, self-healing, and memory shaping capabilities, are ideal in biomedical applications (Fan et al., 2017b). Supramolecular assembly of TA can also provide a general and inexpensive platform for the design of multifunctional films (Wu et al., 2015a; Dong et al., 2017).

In this review, combined with the structural characteristics and biological activity, we introduce the principle and development process of TA supramolecular assembly. The latest progress in TA supramolecular assembly and its biomedical applications are reviewed in two different dimensions including the supramolecular assembly driving force and the assembly system. In addition, we discuss the challenges associated with TA supramolecular assembly and its developmental prospects. The comprehensive summary of the review is graphically shown in Figure 1.
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FIGURE 1. The comprehensive summary of the review.




OVERVIEW OF SUPRAMOLECULAR ASSEMBLY

With the in-depth understanding of molecular chemistry based on chemical bonds, it has been found that traditional molecules cannot perform certain specific, advanced, or complex functions but need an organized multimolecular system to work cooperatively. Therefore, it is necessary to research the interaction between molecules at the molecular level, so the concept of supramolecular chemistry has been proposed. Supramolecular chemistry works with the interaction between molecules, including ion–ion interactions, ion–dipole interactions, dipole–dipole interactions, van der Waals forces, tight packing in solids, hydrophobic effects, hydrogen bonding, π-π stacking of aromatic rings, cation–π interactions, and anion–π interactions. The study of supramolecular chemistry originated from Pedersen's report about the synthesis of crown ethers and their complexation properties of alkali metal ions in 1967 (Pedersen, 1967, 1988). Additionally, in 1978, Lehn clearly put forward the concept of supramolecular chemistry, pointing out that supramolecular chemistry concerns molecular assemblies and intermolecular bonds (Lehn, 1978). In fact, the cleavage and formation of both covalent bonds in molecular chemistry and non-covalent bonds in supramolecular chemistry are the flow and redistribution of electron clouds, so they are essentially the same. Molecular recognition, an important means of supramolecular chemistry, is a process by which a specific host molecule selectively binds to a guest to produce specific functions (Lehn, 1973), so its binding is purposeful. Self-assembly is an important method for the synthesis of supramolecular interactions. Based on specific molecular recognition modes, self-assembly is a process by which molecules or other assembly elements spontaneously form ordered structures via weak interactions (Philp and Stoddart, 1996; Lehn, 2002; Whitesides and Grzybowski, 2002). The emergence and application of self-assembly have greatly improved the efficiency of constructing complex host molecules. Relatively simple monomers can be synthesized by self-assembly, and the binding sites can be encoded in the monomer structure. Monomers rely on the recognition of bonding sites to achieve “procedural” self-assembly (Lehn, 2000), spontaneously forming complex, highly selective, reversible host molecules. In addition, the host molecule for self-assembly can change its structure according to the external stimulation or guest to achieve the maximum degree of bonding. In the field of supramolecular chemistry, we call it supramolecular self-assembly. Supramolecular self-assembly is a process of spontaneous molecule formation of unique nanostructures via non-covalent intermolecular interactions (Wang et al., 2018b) and dynamic covalent interactions (Caulder and Raymond, 1999).

With the deepening of research, supramolecular assembly has intersected with other disciplines, and some new research fields continue to emerge. According to basic research, a near-perfect system of supramolecular assembly has emerged. Additionally, supramolecular assembly has made some progress in the fields of supramolecular assembly capsules, self-assembly molecular cages, self-assembly organic nanotubes, rotaxanes and catenanes, supramolecular polymers, helical foldamers, multihydrogen bond self-assembly, and molecular machines, among others. The origin and development of supramolecular assembly are shown in Figure 2.
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FIGURE 2. The origin and development of supramolecular assembly.


Early studies of molecular containers have focused on carcerands and hemicarcerands, but the synthesis of these molecules is complex, and releasing guest molecules is not easy. Therefore, scientists have gradually turned their attention to reversible supramolecular capsules, which are self-assembled by relatively simple monomer molecules via weak non-covalent interactions between molecules. The supramolecular assembly capsule originated from the first hydrogen-bonded supramolecular capsules with a tennis ball shape based on the glycoluril structure, as reported by Wyler et al. (1993). This field is still in the stage of vigorous development. However, the design and construction of supramolecular capsules require the consideration of various factors, and the selection of guests requires comprehensive consideration of various factors such as shape, size, and surface chemical properties. Thus, the kinds of capsules available are few thus far, and basic research persists; therefore, a long time is needed for its industrialization and commercial application.

The molecular cage is the assembly of molecules with a three-dimensional cage cavity structure, which usually has a complex structure. In the 1990s, Fujita reported a new nanoscale metal-bonded molecular cage based on PdL2-based building blocks (Fujita et al., 1995). With the development of supramolecular assembly, molecular cages have attracted interest and attention because of their unique structural characteristics and wide range of potential applications. An increasing number of metal-bonded self-assembled molecular cages, covalently bonded molecular cages, and other self-assembled molecular cages have been synthesized, which are widely used in the fields of molecular recognition, catalysis, and gas adsorption, among others.

As a kind of one-dimensional nanomaterial, carbon nanotubes have unique physical and chemical properties. Since carbon nanotubes were discovered by Iijima (1991), after nearly 30 years of development, they have been chemically modified to different degrees and endowed with different properties, although some limitations persist in the modification of carbon nanotubes with only one element, such as difficulty in controlling the size, derivation after synthesis, and responses to external stimuli. Supramolecular self-assembled organic nanotubes can overcome these shortcomings and thus facilitate the functionalization, derivatization, and reversible response to external environmental changes, leading to the wide use of supramolecular self-assembled nanotubes in the fields of molecular inclusion and separation, chemotherapy, transmembrane transport, ion channels, and drug delivery, among others. The Granja team successfully constructed the first case of self-assembled organic nanotubes using cyclic peptides, synthesizing cyclic octapeptides with an alternating arrangement of α-(D,L)-amino acid residues and thus opening a new world for the development of self-assembled organic nanotubes (Ghadiri et al., 1993).

Both rotaxanes and catenanes are very interesting compounds that link the subunits of the molecular structure by the mechanical force of non-covalent bonds. A supramolecular assembly usually appears in the construction process of rotaxanes and catenanes, the structure of which is similar to rotaxanes, but the linear molecules have no capped groups, or the capped groups are too small to block macrocyclic molecules, which are called quasi-rotaxanes. The special structures of quasi-rotaxanes, rotaxanes, and hydrocarbons endow them with great application potential in the construction of molecular devices and nanofunctional materials. The interlocking structures of rotaxanes and catenanes were initially synthesized via a statistical method. There is no mutual attraction between the subunits of the interlocking molecules, and the interlocking structure is formed because of the probability that the two randomly pierced parts cannot be separated after the reaction. In 1960, Wasserman first obtained the interlocking ring, called the catenane, with a yield of < 1% by statistical methods (Wasserman, 1960). In 1967, I. T. Harrison and S. Harrison first described the rotaxanes, which they called hooplanes (Harrison and Harrison, 1967), and the yield was only 6%. Obviously, the probability of random piecing together of subunits is small, so the yield of interlocking molecules is low. In 1983, (Dietrich-Buchecker et al., 1983) formed a stable quasi-rotaxane complex by ion coordination and then synthesized hydrocarbons with a yield of 27% by the cyclization reaction. Sauvage pioneered the method of synthesizing catenanes using univalent copper ions as templates and efficiently synthesized interlocking molecules by the template method. In this method, copper ions coordinate with organic ligands to gather two molecules together, and then the ring-closing reaction is used to connect the terminal to form the ring–ring catenane structure (Dietrich-Buchecker et al., 1983). Thus, the yield can be greatly improved by using the non-covalent weak interaction between molecules as a template to prepare interlocking structures.

The supramolecular polymer is the molecular aggregate assembled by non-covalent bond interactions between monomer structural elements (De Greef et al., 2009). They are mostly monomers with bifunctional groups formed spontaneously by molecular self-assembly in suitable solvents without any initiator. In 1990, Lehn, a famous supramolecular chemist, reported the first case of the supramolecular polymer (1.2)n based on hydrogen bonding, which is the first case of supramolecular polymer (Claudine Fouquey and Anne-Marie, 1990). However, the non-covalent interaction in the supramolecular polymer structure lacks directionality, which can easily lead to a microphase separation structure or gelation in the process of polymer network formation. Therefore, how to incorporate sufficiently strong but still reversible interactions has become a difficult problem for researchers. Sijbesma et al. (1997) synthesized reversible self-assembling polymer systems, using units of 2-ureido-4-pyrimidone that dimerize strongly in a self-complementary array of four cooperative hydrogen bonds as an associating end group to solve the problem of polymer reversibility and high strength. They also pointed out that thermal and environmental controls on life and bonding strength can adjust the properties of polymers so that polymer networks with thermodynamically controlled structures can be formed, which has great significance in the development of reversible supramolecular polymers (Sijbesma et al., 1997). Because of the reversibility of non-covalent bonds, the polymerization and depolymerization of supramolecular polymers can easily occur; thus, as an excellent intelligent material, it has wide application prospects in sustained drug release. For example, Davis' team reported the first clinical trial using supramolecular cyclodextrin as a gene carrier, which uses cyclodextrin polymer and siRNA to form gene nanoparticles to treat patients with pigment cancer by targeting, and the effect of clinical gene therapy was achieved (Davis et al., 2010). Although supramolecular polymers have been studied for decades, they are still in the early stage of development, including the principle of monomer self-assembly, the mechanism of supramolecular polymerization, and the relationship between structure and function.

Protein is the most abundant and functional polymer in cell components, which plays the role of an executor of various life functions in life activities. To perform their biological function, proteins must be correctly folded into a specific configuration. These orderly and stable folding structures are mainly realized via the cooperation of non-covalent bond interactions. In recent years, because of the great interest in simulating the helical structure of biopolymers, the study of folded molecules has become a research hotspot in the field of supramolecular self-assembly. On the one hand, folded molecules play a vital role in simulating the structure of biopolymers, which is expected to provide theoretical and scientific bases for the synthesis of proteins; on the other hand, folded molecules can form a spiral structure with nanocavities or a new type of organic nanotubes by self-assembly. They have potential applications in molecular recognition, ion channels, molecular catalysis, and nanoreactors, among others. In recent years, various types of oligomers have been synthesized. These oligomers adopt helical secondary structures via intramolecular non-covalent interactions, and they are called foldamers together with other solid polymers with secondary structures. In 1996, (Appella et al., 1996). first proposed the term “foldamer” (Appella et al., 1996), but research on foldamers has existed for a long time. In 1998, Gellman reported the original definition of the foldamer: any polymer with a specific compact structure (Gellman, 1998). Because of the inaccurate use of the word “polymer” in this concept, what are widely studied are not polymers but oligomers with a specific molecular formula and relative molecular mass, and the term “specific compact structure” in the concept is too vague. Therefore, in 2001, (Hill et al., 2001) made necessary modifications to the definition of foldamer and defined it as an oligomer that presents an ordered and compact conformation in solution; the tight conformation is stabilized by direct non-covalent interactions of non-adjacent units (Hill et al., 2001). This definition is more accurate than the previous one, showing that the oligomer changes from disorder to order in solution; that is to say, the driving force of the “folding reaction” comes from the potential non-covalent bond interaction of the oligomer. Therefore, the oligomer that cannot undergo a “folding reaction” cannot be called a foldamer. In recent years, biomimetic folding based on small molecules has attracted the attention of researchers. For example, Xiao et al. (2019a) dimerized small organic molecules through quadruple hydrogen bonds and then formed folding dimers with the help of interaction, and they can further form one-dimensional supramolecular stacking through additional weak interactions in the solid state, which is similar to the biomimetic folding of DNA. Hydrogen bonding is a very important non-covalent interaction in supramolecular chemistry, and it is called the “omnipotent interaction in supramolecular chemistry” in the variety of non-covalent interactions. Because of the characteristics of high strength and remarkable orientation, hydrogen bonding has been widely used in the field of supramolecular assembly in recent years. In 1920, Latimer and Rodebush (1920) first described the phenomenon of the hydrogen bond clearly when they explained the association between water molecules. Bernal and Megaw (1935) and Huggins (1936) formally proposed the concept of the hydrogen bond in 1935 and 1936, respectively. Hydrogen bonding means that when H forms a covalent bond with F, O, N, and other atoms, these atoms are partially negatively charged because of their high electronegativity and attraction to electrons, while the hydrogen atom is partially positively charged, forming a state similar to that of hydrogen ions and thus attracting lone pairs of electrons of F, O, N, and other atoms adjacent to it. This concept is widely accepted because of Pauling's (1985) famous monograph on chemical bonds. Although the energy of a single hydrogen bond is weaker than that of a covalent bond, the synergistic effect of multiple hydrogen bonds can reach a comparable level. Designing and synthesizing a simple, highly stable, and easy-to-derive multihydrogen bond system will be the focuses of research in the future.

The molecular machine, an independent molecule or molecular assembly, extends the concept of a macroscopic machine to the molecular level and can perform a machine-like motion under appropriate external stimulation (Balzani et al., 2000). One of the important goals of supramolecular assembly is to create orderly, functional devices at the molecular level that can interfere with, store, process, and transmit information. There are many such exquisite machines in nature; for example, both the photocapture antennae of bacteria formed by photosynthesis and ATP synthetase are formed by a number of molecules via self-assembly and self-organization. Supramolecular self-assembly is an effective tool to construct molecular machines. A molecular machine based on a single molecule involves changes in the molecular conformation or configuration around the covalent bond when its components move. For example, (Pollard et al., 2007) designed molecular motors via Zmure isomerization with a double-bond configuration (Pollard et al., 2007). There are essential differences between molecular machines based on supramolecular assembly and a single molecule. The motion in molecular machines based on supramolecules often involves the change in the conformation of supramolecular systems. Through the method of self-assembly, selecting the appropriate construction unit, and controlling the manner of non-covalent interactions, the ideal molecular assembly can be obtained under the drive of thermodynamics. However, regardless of structure or function, the complexity and ingenuity of biomolecule machines are far beyond synthetic molecular machines. The study of synthetic molecules is still in its infancy, and some problems must be further explored. For example, most studies on the behavior of molecular machines are carried out in solution, and it is necessary to arrange them in a certain, orderly way to function at the macrolevel similar to dynamic proteins, including tissue at the interface, deposited on the surface, and fixed on the membrane or porous materials.

The bottom-up construction of nanoscale functional materials by supramolecular self-assembly is a hotspot and challenge in current research, and it is an important means to create new materials and produce new functions. Compared with the traditional chemical reaction, the supramolecular assembly system has some typical characteristics. The first is order, wherein the structure of self-assembly is more orderly than individual components. Second, in terms of interaction forces, non-covalent bonds and dynamic covalent bonds are used as driving forces in supramolecular assembly, and these weak interactions are far smaller than traditional chemical bonds, but they determine the physical properties of liquids, the solubility of solids, and the molecular assembly of biofilms, so they play an important role in material synthesis. Finally, in terms of the construction unit, the construction unit of supramolecular assembly includes not only atoms and molecules but also nanoscale and micron structures with different chemical compositions, shapes, and functions. Supramolecular assembly usually involves a layered assembly process, which is called layer-by-layer (LbL) assembly. LbL is one of the classic supramolecular assembly techniques, with its main advantages including simplicity, low cost, ruggedness, and flexibility (Decher et al., 1992). Additionally, multifunctional supramolecular nanomaterials are obtained by accurately regulating the assembly process at the nanometer scale (Yang et al., 2019b). In the past half-century, LbL assembly has received increasing attention with the promotion of existing materials and assembly technology and characterization of technological innovation.



STRUCTURAL FEATURES OF TA CONTRIBUTING TO SELF-ASSEMBLY

TA, as shown in Figure 3, which is mostly distributed in various plants containing vegetables, fruits, oak, grapes, tea leaves, olives, and others, is a biodegradable, naturally existing polyphenolic compound (Wu et al., 2015b; Shin et al., 2018), and it has been affirmed as a safe potential direct food-product additive by the US Food and Drug Administration (Le et al., 2018). TA, as a well-known high-molecular-weight polyphenolic compound and hydrolyzable tannin (Shutava et al., 2005), has antidiarrheal, convergence, and hemostatic functions (You et al., 2014). As a classical polyphenol, TA often exists in solution as loosely bounded complexes due to its ability to form intramolecular and intermolecular hydrogen bonds (Shutava et al., 2005). Moreover, TA has also been revealed to exhibit high biological activities such as antioxidant, antibacterial, antimutagenic, antiviral, and anticarcinogenic properties (Costa et al., 2011; Le et al., 2018). These characteristics of high bioactivity, extensive sources, low expense, and good biocompatibility make TA widely used in the leather manufacturing, food processing, and medical and biological applications industries (Wu et al., 2015b; Abouelmagd et al., 2019). In particular, its application in biology and medicine has aroused the interest of scientists.
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FIGURE 3. The molecular structure of TA.


The peculiar properties of TA mainly depend on its unique structural characteristics. According to structural analysis, TA possesses a central glucose molecule, which is linked to 10 gallic acid units via five diacetyl ester groups (Abouelmagd et al., 2019). Abundant adjacent phenolic hydroxyls and ester groups provide TA with high chemical reactivity, providing sufficient response sites to different substances (Gao and Zharov, 2014; Xu et al., 2019), which facilitate the ideal properties of TA as a sustainable scaffold on substrate surfaces. In addition, the unique structural properties of TA, including abundant hydrophobic aromatic rings and hydrophilic phenolic hydroxyl groups, allow it to react with various substances through covalent and non-covalent interactions, such as hydrogen bonding and electrostatic, π-π stacking, and hydrophobic interactions (Song et al., 2019; Zhao et al., 2019b). For example, the interaction between TA and ammonium cations can be attributed to electrostatic interactions, hydrogen bonding, and π-π stacking (Gao and Zharov, 2014). TA also has excellent antioxidant properties due to a large number of phenol groups because it can scavenge reactive oxygen species (ROS) by converting the phenol to the quinone group in an oxidative stress environment (Chung et al., 1998b). Moreover, the weak acidity and extensive hydrogen bonds of TA are reasonable because it contains 25 hydroxyl groups (Richardson et al., 2016; Onat et al., 2018). However, the pKa of TA varies for different sources, with an average close to 8.5, and is easily affected by oxidation in basic solutions (Ringwald and Ball, 2016). In addition, TA has not only an effective adsorption performance but also immunomodulatory effects in animals (Takemoto et al., 2015).

In recent years, surface modifications and structural functional materials based on TA have become a research focus. For example, TA has been used to obtain coating by reaction with Fe3+ ions on various substrates within only 30 s, where a modified TA/Fe3+ coating sealed the microholes of a filter membrane with a geometry similar to dentinal tubules (Oh et al., 2015). TA is also conducive to enhance the antibacterial and antioxidant activities of sponges (Shukla et al., 2012). By adding weak polyelectrolytes in the film assembly, the obtained PEM film is able to preprogram adjustable retention/release properties (Zhuk et al., 2014), which can be used to regulate drug release. Previous work has demonstrated that hydrophobic interactions of TA and proteins contribute to enhancing their mechanical and thermal properties. Related reports have revealed that TA can precipitate not only various proteins, including collagen, gelatin, and albumin, but also some polysaccharides and alkaloids (Aoki et al., 1981; Shutava et al., 2005). It also interacts with certain specific and targeted amino acids (Fraga et al., 2010). The LbL films fabricated from TA and PVPON via reversible hydrogen bonding are used to controllably regulate physiological processes by gradually disassembling and releasing TA into the media (Zhou et al., 2013). The films compounded by TA and lignin are expected to enhance Col-H strength against compression force, the antibacterial effect, and mechanical stability (Velmurugan et al., 2014; Gogoi et al., 2017). TA is increasingly used in biomaterials and medicine because of its excellent biocompatibility and high reactivity.



DEVELOPMENT OF TA SELF-ASSEMBLY


Self-Assembly Principle of TA

Supramolecular assembly of TA depends on the physical and chemical properties of phenol functional groups in TA, which endows TA with a variety of reaction activities, as shown in Figure 4. Phenol functional groups in TA molecules can be used as hydrogen donors or hydrogen receptors to participate in various chemical reactions (Quideau et al., 2011). Because phenol is a kind of molecule with stable enol tautomerism, the weak nucleophilic property of phenol changes to a strong nucleophile when the hydroxyl on phenol is deprotonated to phenol anion (PhO−). As a result, TA can be used as an oxygen or a carbon-based nucleophile to participate in multiple ion reactions (Quideau et al., 2011). Phenol cations (PhO+) can be formed by two-electron transfer dehydrogenation coupling oxidation under neutral or weakly acidic conditions, and this delocalized and stable cationic intermediate is a strong carbon-based electrophilic, so it is easy to react with nucleophiles. Moreover, the amphiphilic nature of this complex structure of the TA—hydrophobic aromatic ring and hydrophilic phenolic hydroxyl group—endows TA with supramolecular assembly ability through hydrophobic interaction. The planar aromatic nuclei of phenol give TA the ability to assemble supramolecularly through π-π stacking (van der Waals force). Because polyphenol hydroxyl groups are negatively charged under physiological pH, TA is expected to achieve supramolecular assembly by electrostatic interaction with cationic compounds (Abouelmagd et al., 2019). Moreover, the oxygen atom with strong electronegativity can be used as a hydrogen acceptor, while the hydrogen atom with weak electronegativity serves as a hydrogen donor in the polar O–H bond of the polyphenol hydroxyl group. Thus, TA has the ability to undergo supramolecular assembly through hydrogen-bond interactions. In addition, the two adjacent phenolic hydroxyl groups of TA are able to coordinate with metal ions to form complex precipitates via the formation of oxygen anions. TA is able to supramolecularly assemble through metal coordination interactions due to the abundant catechol and pyrogallol in its structure (Andjelkovic et al., 2006).


[image: Figure 4]
FIGURE 4. Basic reactivity of the phenol [E = electrophile, Nu = nucleophile (Quideau et al., 2011)].




The Origin and Development of LbL Assembly of TA

The LbL assembly method plays an important role in the supramolecular assembly of TA, which is the alternating deposition of interacting materials on different substrates. The strategy of alternating deposition can be traced back to the pioneering work carried out by Iler and Kirkland in 1964–1966 (Kirkland, 1965; Iler, 1966), who prepared inorganic films by the assembly of negatively charged silica particles and positively charged alumina fibers. However, it was not until 1991 that Decher and Hong, as pioneer researchers, carried out a comprehensive characterization of LbL multilayer films (Decher and Hong, 1991), which successfully opened the door for LbL assembly. In the traditional sense, LbL assembly involves alternating deposition through electrostatic interactions driven by enthalpy and entropy (Fu and Schlenoff, 2016). However, after Cassier et al. (1998) finished their preliminary study of biotin–streptavidin interactions, the driving forces of LbL assembly were expanded to other interactions rather than simplex electrostatic interactions. For example, Stockton and Rubner (1997) first conducted a groundbreaking study on the preparation of LbL modules using hydrogen-bond interactions; coordination bonds (Xiong et al., 1998) and charge transfer interactions (Shimazaki et al., 1997) were introduced in 1997 and 1998, respectively. Kotov (1999) and Cochin and Laschewsky (1999) identified hydrophobic interactions as the main driving forces for the buildup of LbL in 1999. In addition, host–guest interactions are also widely used in LbL assembly of multilayer films in biomimetic systems (Muller et al., 1993). In brief, supramolecular nanomaterials with different properties and functions can be obtained by different assembly interactions. In addition, the supramolecular assembly based on TA can be traced back to the electrostatic interactions involved in the zeta potential and surface charge density of nylon 6 fibers treated with acid dye solution by Ogasawara et al. (1981). It was not until 2005 that Shutava et al. (2005), formally explored the electrostatic assembly of TA and cationic polymers, which opened a new world for LbL assembly of supramolecular materials based on TA.



Classification of TA Self-Assembly

According to the assembly driven interaction, TA self-assembly can be divided into four major types: (1) electrostatic assembly, (2) hydrogen-bonded assembly, (3) coordination assembly, (4) dynamic covalent assembly, and (5) mixed interaction assembly.



Electrostatic Assembly of TA

The electrostatic assembly of TA is the supramolecular assembly process by electrostatic interaction between TA as a negatively charged assembly unit and positively charged polymer. The electrostatic assembly of TA is based on the ionization of abundant polyphenol hydroxyl groups in the TA molecule, filling its surface with a negative charge. Positively charged polymers are generally cationic polymers, which have a strong interaction with negatively charged cell membranes under physiological pH. They can adhere to the cell surface and enhance penetration, so they are attractive in the field of biomedicine. Shutava et al. (2005) performed a groundbreaking study on the electrostatic assembly of TA and cationic polymers. They alternately assembled TA with two different cationic polymers including strong poly(dimethyldiallylamide) (PDDA) and weak poly(allylamine) (PAH), as shown in Figure 5A, to obtain nanomembranes and capsules with a pH response. The capsules showed low permeability at pH 5–7 and high permeability at low or high pH. Combined with the antioxidant, antibacterial, and antiviral properties of TA, the pH-responsive capsules had the potential to be used as drug carriers. However, Shutava et al. (2005) did not carry out cytotoxicity experiments on the obtained materials, and the high density of positive charge on most cationic polymer functional groups may cause cytotoxicity, so it remains doubtful whether the materials can be used in drug delivery. Although non-cytotoxic cationic polymers are limited, poly(4-hydroxy-L-proline ester) (PHPE) is a non-cytotoxic cationic polymer, which is cationic under physiological pH. Its natural degradation product is hydroxyproline (Hyp), which can be safely considered for biomedical applications. Onat et al. (2018) prepared water-soluble complexes of PHPE and TA (PHPE-TA) at pH 4 and deposited the film on the surface by LbL assembly, followed by crosslinking the multilayer film with NaIO4 to enhance stability under physiological conditions. Because the prepared LbL film shows good bone conduction properties, it is expected to be used for the coating of orthopedic implants, various biomaterials (such as bone screws and knobs), or special scaffolds for bone tissue engineering, as shown in Figure 5B. In addition, based on TA maintenance of antibiotic molecules through electrostatic interactions, the film has biological response characteristics, which can broaden the spectrum of antibacterial activity. Zhuk et al. (2014) used LbL assembly to directly assemble TA with several cationic antibiotics (tobramycin, gentamicin, and polymyxin B) to form a highly efficient, bioresponsive, controlled-release antibacterial coating, which can be used to prevent bacterial colonization in biomedical devices. In fact, because of the complexity of the antibiotic structure, there is hydrogen-bond interaction between TA and antibiotics in addition to electrostatic interactions. Recently, Abouelmagd et al. (2019) used the complex of TA and cationic antibiotics as a new pH-responsive drug carrier with high drug loading and optimal stability, indicating that TA/antibiotic self-assembly complex is a good carrier for pH-sensitive water-soluble drugs, as shown in Figure 5C. Although the TA self-assembly materials based on electrostatic interaction show certain advantages in the biomedical field, there are still some problems that limit the further development of TA supramolecular assembly. First, electrostatic-based assembly is sensitive to the ionization state of salts and polymers, and they are relatively unstable without covalent crosslinking (Hoogeveen et al., 1996). Second, selectable and preparable materials for electrostatic interaction are limited, which are suitable only for the preparation of charged and water-soluble multilayer materials that are sensitive to external stimuli (Xiao et al., 2016). Finally, the introduction of cationic polymers in electrostatic interaction may cause cytotoxicity.
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FIGURE 5. Electrostatic assembly and application of TA. (A) Possible bond formation models of the interaction between TA and polyamine in LbL films for PAH and PDDA (Shutava et al., 2005). (B) Osteoconductive behavior of PHPE-TA multilayers (Onat et al., 2018). (C) The pH-dependent assembly and dissociation of TA/drug complexes driven by electrostatic interactions and hydrogen bonding (Abouelmagd et al., 2019).




Hydrogen-Bonded Assembly of TA

Compared with electrostatic assembly, hydrogen-bonded assembly is more attractive for biomedical applications because toxic cationic polymers are not introduced in the assembly process (Takemoto et al., 2015). However, the stability of hydrogen-bonded assembly under physiological conditions limits its practical application. The natural polyphenol TA with a multibranched chain can provide relatively stable hydrogen bonding under physiological conditions (Sundaramurthy et al., 2014), so the hydrogen-bond assembly of TA has been widely studied. Le et al. (2018) used paclitaxel (PTX) as a model drug and prepared PTX-loaded TA/poly (N-vinylpyrrolidone) nanoparticles (PTX-NP) by flash nanoprecipitation via the intermolecular hydrogen-bond interactions, and they explained the assembly mechanism of hydrogen-bonded PTX-NP by molecular dynamics simulation. Moreover, it has been confirmed that PTX-NP may be a promising oral drug formulation for chemotherapy in vitro and in vivo, as shown in Figure 6A (Le et al., 2018). Adatoz et al. (2018) prepared hydrogen-bonded and pH-responsive poly(2-ethyl-2-oxazoline) (PEOX) and TA multilayers by LbL deposition, which can be reassembled into H-bonded pH-responsive PEOX/TA fibers in phosphate buffer solution, pH 3, validating that pH-responsive fiber aggregates have certain application prospects in a variety of biomedical applications from controlled release to sensors. Luo et al. (2020), using silk fibroin (SF) and TA as raw materials, effectively constructed multifunctional hydrogel adhesives with high extensibility (up to 32,000%), real-time self-healing ability, underwater adhesion, sealing, biocompatibility, and antibacterial properties, through the hydrogen bonding of TA and SF chains in water, which has potential applications in medical fields such as tissue adhesives and integrated bioelectronics, as shown in Figure 6B. Although the polyhydroxyl structure of TA can provide relatively stable hydrogen bonds under physiological conditions due to the inherent limitations of the hydrogen-bond structure, it is greatly affected by pH, ionic strength, and other factors. As a result, the hydrogen-bond assembly of TA is unstable compared with the electrostatic interactions.
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FIGURE 6. Hydrogen-bonded assembly and application of TA. (A) PTX-NP assembled by intermolecular hydrogen-bonded interactions have features including P-gp inhibitory functions and pH-sensitive behavior (Le et al., 2018). (B) The formation schematic of the FT hydrogel adhesive (dominated by hydrogen-bond interactions) (Luo et al., 2020).




Coordination Assembly of TA

The coordination assembly of TA occurs through the MPN structure to form metal–organic supramolecular assembly materials (Richardson et al., 2016). At present, more research is focused on the assembly of TA with iron or ferrous ions, which has many applications in the field of biomedicine such as antibacterial coating (Ko and Huang, 2020), clinical diagnosis, nanoprobe treatment (Zou et al., 2018; Yan et al., 2019), tooth desensitizers (Zhou et al., 2013), separation and protection of living cells (Kim et al., 2017), self-healing and functional films (Lee et al., 2018), and antioxidant coatings (Maerten et al., 2017). Ejima et al. (2013) first proposed the synthesis of coordination complexes using natural polyphenol TA as an organic ligand and Fe(III) as an inorganic crosslinking agent, which can be used to prepare various films and particles on a series of substrates by one-step assembly. Because TA can be used as a molecular tool for chelating and developing iron activation, TA as a natural iron complexing agent may be a promising method for the prevention and treatment of iron-related cancer or other iron overload diseases. For example, Phiwchai et al. (2018) found that the self-assembled Fe3+/TA complex formed by TA binding with extracellular iron has the characteristics of autophagy induction. Yan et al. (2019) designed and assembled an intelligent integrated nanoprobe (THA@Eu-NMOF@Fe/TA) based on the Eu(III) nanometal–organic skeleton (Eu-NMOF), in which photothermal therapy (PTT) and antimicrobial agents are carried out simultaneously by using coordinated complex Fe/TA as a photothermal and antibacterial agent. This opens the way for a new type of cancer treatment probe to achieve real-time temperature sensing feedback in the process of PTT and antibacterial effects, as shown in Figure 7A (Yan et al., 2019). In addition, TA can be complexed with other metals such as gold, silver (Fang et al., 2018b), zirconium (Bag et al., 2015), and stainless steel (Xu et al., 2019) to obtain supramolecular nanomaterials with different properties and biomedical functions. Zhang et al. (2020) cross-linked TA with metal ions such as [Fe(III), Co(II), Cu(II), Ni(II) or Zn(II)] to form an MPN coating, followed by coating with gold nanoparticles, and physically adsorbed antibodies on the surface, demonstrating that it could enhance the targeting of antibodies and their respective antigens, as shown in Figure 7B. Although the coordination complex of TA can prepare many biological functional materials, it still has some limitations. For example, the materials coordinated with TA need specific metal elements. Therefore, coordination assembly is limited by material selection (Zou et al., 2018). In addition, the assembly process is slow because of the influence of metal ligands and solvent types, and the supramolecular nanomaterials constructed may have some impurities.
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FIGURE 7. Coordination assembly and application of TA. (A) The application of THA@Eu-NMOF@Fe/TA nanoprobe assembled by coordination (Yan et al., 2019). (B) The MPN coatings assembled by crosslinking of metal ions (FeIII, CoII, NiII, CuII, or ZnII) with TA can be used to enhance targeting (Zhang et al., 2020). *means the highest median Au intensity.




Dynamic Covalent Assembly

The dynamic covalent bond integrates the characteristics of the covalent bond and non-covalent bond, endowing it with special features (Cougnon and Sanders, 2012; Lehn, 2012; Li et al., 2013). They can be formed and broken reversibly, similar to non-covalent bonds, whereas they can be as strong and durable as covalent bonds under different conditions. In recent years, because dynamic covalent interactions combine the robustness of “classical” covalent bonds with the typical flexibility of non-covalent interactions accelerating the development of complex nanostructures, increasing attention has been focused on supramolecular chemistry (Wilson et al., 2014). Five widely used dynamic covalent bonds are disulfide, hydrazone, borate esters, imines, and thioesters. The boric acid ester bond is a dynamic covalent bond formed by the coupling of boric acid with alcohols or phenols. Borate esters are unstable and are easily hydrolyzed and exchanged in the presence of o-diol and catechol (Wilson et al., 2014). Phenylboric acid (PBA) is a Lewis acid, which can form reversible borate esters with cis-diols such as carbohydrates and ribonucleotides (Chen et al., 2012; Kim et al., 2016b). Tumor-targeting nanoparticles mediated by PBA represent an attractive strategy for enhancing siRNA transport and treatment of metastatic cancer. However, the non-specific binding to various biofilms containing a cis-glycol structure limits the potential application of a drug delivery system. Fan et al. (2017a) constructed an siRNA nanodelivery system with dual functions of pH-responsiveness and tumor-targeting stemming from the reversible dynamic covalent borate bond formed by PBA and Cat based on catechol-modified polyethylene glycol (PEG-Cat) and PBA terminal polyethyleneimine (PEI-PBA), which can be used in the effective treatment of primary and metastatic tumors. Zhou et al. (2018) proposed a new reversible-covalent crosslinking strategy and prepared adenosine triphosphate (ATP)-grafted hydroxyapatite (HA) (HA-ATP) and PBA-modified PEI (PEI-PBA) to couple HA-PEI to borate bonds. By comparing the two siRNA delivery systems of physical adsorption and reversible-covalent crosslinking, the reversible-covalent crosslinking strategy is expected to turn on/off the connection between the extracellular stable state and intracellular unstable state, which can stimulate the disassembly of polymers in tumor cells and significantly improve the transport of siRNA (Zhou et al., 2018). Compared with PBA, boric acid polymers are more often used to construct reversible-covalent borate ester bonds. Bortezomib (BTZ) is an effective and specific proteasome inhibitor for cancer treatment (Wang et al., 2015). Su et al. (2011) coupled BTZ with a polymer carrier containing catechol through a reversible dynamic covalent borate ester bond and then synthesized a new type of cell-targeted and pH-sensitive polymer carrier by modifying biotin-targeted ligands that are selectively ingested by cancer cells through the mechanism mediated by cell surface receptors, thus delivering the anticancer drug BTZ to cancer cells. However, the activity of BTZ against solid tumors is lower; systemic use will lead to a higher risk of adverse reactions, and BTZ resistance has been observed. Wang et al. (2015) reported a pH-responsive polymer based on a polyamide dendrimer, which is functionalized by the catechol group inside the dendrimer and achieves the “off-on” release of BTZ in the slightly acidic tumor microenvironment through catechol–borate dynamic covalent bonding interactions with BTZ, allowing the therapeutic effect of BTZ in cancer treatment to be maintained while reducing its adverse reactions. Recently, in view of the factors that limit the clinical application of BTZ, such as low water solubility, instability, a non-specific distribution, and poor permeability to tumors, Zhao et al. (2019a) designed a new strategy without any organic synthesis and modification. Based on the dynamic and reasonable supramolecular self-assembly of BTZ, TA, and poloxamer (F68), a new high-load, high-stability, and controlled-release nanosheet was designed. Among them, the borate ester bond has unique room temperature dynamic reversibility and a multistimulus response, which can be used as a connection. It can not only improve the efficiency of drug loading but also reduce premature leakage. This study paves a possible way to solve the dilemma between functionality and medicine, as shown in Figure 8 (Zhao et al., 2019a). At present, some functional systems use a single type of dynamic covalent bond, but most have multiple interactions including dynamic covalent and non-covalent interactions. The application of the dynamic covalent bond in life science will focus on the coupling activation and inactivation of chemical disruptors, which may be identified by in situ selection (Wilson et al., 2014).
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FIGURE 8. Dynamic covalent assembly and application of TA. Construction and properties of a dynamic self-delivery system based on tannic acid (TA), bortezomib (BTZ), and poloxamer (F68) (Zhao et al., 2019a).




Mixed Interaction Assembly of TA

Despite some limitations in the stability and material selection of the supramolecular assembly process based on a single interaction, the cooperative assembly of multiple interactions can solve the above problems. The supramolecular assembly of TA with multiple interactions is carried out through dynamic covalent and non-covalent interactions such as static electricity, hydrogen bonding, hydrophobicity, and coordination, which are very common in TA and protein. Shin et al. (2018) found that TA can form multiple hydrogen bonds and hydrophobic interactions with many proteins, which is called TANNylation, and confirmed that systematic injection of TANNylated therapeutic proteins, peptides, or viruses may enhance the treatment of heart disease, as shown in Figure 9A. Bai et al. (2019) introduced TA into SF by electrostatic interactions and hydrogen bonding, and they developed a silk-based sealant with good moisture and instant hemostatic properties, which can be used as a promising surgical sealant for seamless sealing of ruptured tissues in wet and dynamic biological environments. Wang X. et al. (2018) prepared polyphenol–poloxamer self-assembled supramolecular nanoparticles (PPNPs), which have good biocompatibility due to multivalent hydrogen bonding between TA and PluronicF-127 combined with hydrophobic interactions on the poly(propylene oxide) chain, so PPNPs provide a good bimodal contrast agent for tumor imaging in vivo. Sun et al. (2020) demonstrated the possibility of developing a rapidly degradable chitosan-based multilayer film for controlled drug release and found that TA and DOX showed sustained drug release through electrostatic, hydrogen bond and hydrophobic interactions, as shown in Figure 9B. TA interacts strongly with proline-rich proteins, including salivary proteins, collagen, and gelatin. The PEI–gelatin–TA deposition method proposed by Ringwald and Ball (2016) can be used to prepare bioactive TA as antibacterial or antioxidant composite film materials conveniently and repeatedly. As a positively charged globular protein, lysozyme (Lys) can strongly bind to TA through hydrophobic interaction, hydrogen bonding interaction, and electrostatic interaction. Yang et al. (2019a) carried out a further study on the assembly of TA and gelatin. By taking advantage of the antioxidant properties of TA and the biocompatibility of gelatin, the TA/gelatin multilayers prepared by the LbL method showed good antioxidant properties, which are expected to improve the effect and success rate of implants. In addition, Yang et al. (2019b) used LbL to assemble and construct a multifunctional membrane (TA/Lys) with the characteristics of good oxidation resistance, rapid initial cell adhesion, enhanced osteogenesis, and broad-spectrum antibacterial, which is expected to be used in implant coating. It is worth noting that acidic lysozyme can also be assembled with graphene oxide (GO) by electrostatic, hydrophobic, π-π stacking, and van der Waals interaction. Li et al. (2019b) prepared a 10-nm ultrathin (GO/Lys)8 layer by LbL technology, which has a significant bacteriostatic effect on Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli and can enhance the efficiency of osteogenic differentiation, so it has potential application in bone implant coating. The supramolecular assembly of TA based on multiple interactions has better properties than supramolecular materials assembled by a single interaction and attracts more research interest.
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FIGURE 9. Mixed interaction assembly and application of tannic acid. (A) Schematic of the preparation of nanocomplexes of TANNylated GFP resulting in heart-targeting function (Shin et al., 2018). (B) CHI/TA film driven by electrostatic interactions and hydrogen bonds used as a sustained drug release carrier (Sun et al., 2020).





MEDICAL APPLICATIONS OF TA SELF-ASSEMBLY


Medical Application of Polyphenols

Polyphenols, including TA, EGCG, and catechin, are hydroxyl-rich molecules extracted from plants (Wang X. et al., 2018). The unique structure of polyphenol hydroxyl groups not only provides non-covalent bonds but also introduces dynamic covalent bonds. They have a wide range of biological characteristics, such as anti-inflammatory, anticancer, antibacterial, and antioxidation effects, resulting in their wide use in the field of biomedicine (Galante et al., 2019; Song et al., 2019). TA, as a kind of polyphenolic organic compound, has some structural properties and biological activity, and it can be used as a building unit for supramolecular assembly to obtain nanomaterials with biological functions.

EGCG, the most abundant and active polyphenol of green tea (Sundaramurthy et al., 2014), has strong binding affinity with some polymers via non-covalent bond interactions (Guillerm et al., 2012). Ren et al. (2020) used the coordination of metal–polyphenols to prepare a high-loading-capacity organic therapeutic nanodrug (PTCG-NPs) by using EGCG, Pt-OH, and PEG-b-PPOH as building blocks. The powerful metal polyphenol synergistic effect endowed PTCG-NPs with excellent stability in a physiological environment to achieve effective drug release, while activated cisplatin helped improve the level of hydrogen peroxide in cells. Through a cascade reaction, PTCG-NPs specifically opened the gates of cancer cells, releasing oxygen species and anticancer drugs to achieve the combination of chemo/chemodynamic treatment. By using Gd-doped PTCG-NPs, the imaging function was successfully introduced to monitor drug release and release behavior, providing nanodrug diagnostic ability. The translational potential of PTCG-NPs was discovered in in vivo studies, because they had excellent biocompatibility and synergistic antitumor effects (Ren et al., 2020). Compared with most traditional drug delivery systems, the hybrid technology of metal and polyphenol ligand improves the anticancer effect of nanodrugs, avoids the systemic toxicity of platinum drugs, and enriches the therapeutic function of nanodrugs. Their pioneering work not only provided a new strategy for the development of nanotherapeutic drugs but also expanded the application in the field of cancer treatment (Mathivanan et al., 2019). For the challenging problem of targeted therapy of metastatic melanoma, the assembly of EGCG and metal shows good results. Using green tea polyphenols, EGCG, and lanthanide metal ions (Sm3+) as building blocks, Li et al. (2019a) designed self-assembled Sm-III-EGCG nanocomplexes with synergistic antitumor properties. The systemic toxic effects of these nanocomposites on healthy cells are negligible, but the activity of melanoma cells is significantly reduced by effectively regulating their metabolic pathway. Green tea–based self-assembled nanocomposites have all the key features of promising clinical candidates and can address the challenges associated with the treatment of advanced metastatic melanoma (Li et al., 2019a).

BTZ is a first-class inhibitor of boric acid proteasome for cancer treatment. However, because of its complexation with dietary polyphenols, its therapeutic effect is severely inhibited. Inspired by this dynamic covalent chemistry, Wang et al. (2018b) proposed a polyphenol-mediated BTZ assembly strategy for a new type of supramolecular nanodrug for cancer treatment, which transformed natural polyphenols from enemies to friends. First, BTZ can simply combine with natural polyphenols containing catechol through borate bonds, and then it can conveniently form dynamic amphiphilic drugs, which possess pH-dependent assembly/disassembly behavior under special physiological conditions. Ferric ion was also incorporated into the supramolecular system via metal–phenolic coordination interactions to both introduce bioimaging functions and facilitate stability of the supramolecular nanomedicines. Second, Fe(III) ions were introduced into the supramolecular system through metal–phenol coordination, which not only endowed the biological imaging function but also promoted the stability of supramolecular nanodrugs. In addition, they chose to use four natural polyphenols with good biocompatibility and bioavailability, including catechin, EGCG, procyanidin, and TA, to confirm the versatility and modularity of the material design strategy. This unique theoretical system of supramolecular design has many advantages, such as high and precise control of drug loading, excellent biodegradation and biocompatibility, ease of operation and setup, and no requirement for presynthesis. The acquired supramolecular nanodrugs have a variety of biological functions, adjustable shapes and sizes, and limited side effects and can be used for a variety of diseases. Their work not only achieved a small drug assembly strategy based on natural polyphenols, which enables supramolecular nanodrugs to effectively release and control BTZ at targeted tumor sites, but also was very effective in treating cancer through significantly inducing tumor cell apoptosis and inhibiting tumor growth. In addition, their work promoted the further development of more kinds of natural polyphenol nanodrugs (Wang et al., 2018b).



Advantages of TA Self-Assembly in Medical Applications

Because TA has a variety of biological activities, self-assembled supramolecular nanomaterials based on TA have unique advantages in the field of biomedicine. First, TA interacts with biomolecules and metal ions in bacteria to increase the cell membrane permeability, destroy the cell membrane stability, and change the protein-to-lipid ratio (Chung et al., 1998a), so that the assembled materials have good antibacterial properties. The phenol group in TA has good antioxidant activity, in which ROS can be eliminated by converting the phenol to a quinone group to consume ROS under oxidative stress, providing the assembled material with good antioxidant activity (Liu et al., 2018). TA combines with calcium ions, one of the six most important metal ions in the process of osteogenesis, so that the assembly material has a strong osteogenic effect (Xu et al., 2018). TA, which is easily metabolized by hydrolysis of the ester bond, can be biodegraded to gallic acid and glucose without cytotoxicity to the surface (Onat et al., 2018). Therefore, it provides the assembly material with good biocompatibility and safety. TA can form precipitable complexes with proteins in a non-specific manner (Franz et al., 2011), endowing the assembly materials with hemostatic properties. TA can inhibit membrane lipid peroxidation (Mathivanan et al., 2019), resulting in assembly materials with antiviral and antitumor activity. In addition, TA endows assembly materials with medical properties such as immunomodulatory effects (Chung et al., 1998b) and targeting of heart tissue (Shin et al., 2018), so self-assembled nanomaterials based on TA have attracted attention in medical applications.

In particular, the antioxidant activity of TA itself makes it a green natural reducing agent, which can reduce many kinds of metal ions such as Au+, Ag+, Fe3+, and Pd2+, and the use of natural plant polyphenol TA as a reducing agent is in line with the principles of sustainable and eco-friendly development. Fang et al. (2018a) synthesized AuNPs@TA core-shell nanocomposites using TA as the reducing agent, and it can be utilized as a sensor for Fe3+ and H2O2. Wang et al. developed a strategy for the preparation of antibacterial nanoparticle magnetic nanocomposites by alternately depositing Lys and TA. The reducibility of TA can reduce Ag+ to Ag nanoparticles in situ, which has a synergistic antibacterial effect with TA. Because TA can be oxidized to quinone by itself to achieve the purpose of reducing Ag+, the deposition of Ag nanoparticles does not require the addition of an additional reducing agent. Antibacterial experiments have shown that this nanocomposite has a good inhibitory effect on Gram-negative E. coli and Gram-positive S. aureus. In addition, because of the excellent magnetic response properties of IONPs (Fe3O4 nanoparticles), they are conducive to the recycling of nanocomposites, so this nanocomposite is an ideal material with green environmental protection and good antibacterial properties (Wang X. et al., 2017). In addition to metal ions, TA can reduce GO and supply material functionality. Lei et al. (2011) prepared TA-RGO (reduced GO) materials through the reduction of GO by TA and surface functional modification of GO. TA-RGO materials have good dispersibility in water and organic solvents. Therefore, we can consider the preparation of materials and functional polymers into composites. Kim et al. (2016a) prepared a polyamide reverse osmosis nanocomposite membrane with a TA-RGO active layer by polymerizing triformyl chloride, m-phenylenediamine, and TA-RGO on a polysulfone carrier. The experimental result showed that the polyamide film embedded in TA-RGO had better antibacterial properties than the polyamide film embedded in TA or GO alone.

Of course, as a biomaterial, TA has some limitations. For example, the ability of TA to inactivate protein (Ninan et al., 2016; Wang et al., 2016) and change the structure and stability of the cell membrane may harm human cells. Second, because of the chelating effect of TA on metal ions, overuse may cause diseases such as iron deficiency anemia and calcium deficiency. In addition, the use of TA on large wounds may lead to absorptive poisoning (Song et al., 2019). Supramolecular assembly can functionalize TA or assemble TA into nanostructured composites through assembly regulation, and the concentration of assembly materials can be greatly reduced by LbL assembly, thus reducing the limitations of TA materials.



Self-Assembly System and Application of TA

Supramolecular self-assembly using TA as building blocks can generate different materials, such as hydrogels, nanoparticles/microparticles, hollow capsules, and coating films, resulting in enormous potential medical applications including drug delivery, tumor diagnosis and treatment, bone tissue engineering, biofunctional membrane materials, and the treatment of certain diseases.



Hydrogels

Natural hydrogels, such as extracellular matrix or mucus, have the ability to regulate a series of biological properties of macromolecules and cells (Crouzier et al., 2012). Therefore, biomimetic supramolecular hydrogels with biological functions have been studied. Supramolecular hydrogel is a three-dimensional polymer network with high water content formed by connecting small molecules in a non-covalent way, which has many properties, such as biocompatibility (Calo and Khutoryanskiy, 2015), excellent cell adhesion (Jen et al., 1996), biodegradability (Kamath and Park, 1993), and ease of molecular transport (Hoffman, 2012), leading to a variety of biomedical applications. TA, as a kind of economical and effective natural polyphenol compound, has a polyphenol-arm structure, which can grasp the polymer chain through a hydrogen bond, ion bond, and coordination bond. Synthetic hydrogels were first discovered by Wichterle and Lim (1960). Self-assembled hydrogels based on TA first appeared in 2015. DNA-TA film hydrogels based on hydrogen bonds were synthesized by Shin et al. (2015) via LbL assembly technology, who found that DNA/TA hybrid hydrogels have biodegradability, ductility, tissue adhesion, and hemostatic abilities. Fan et al. (2017b) developed a new strategy for crosslinking available polymers with -N- or -O- units into supramolecular hydrogels via acid interactions based on TA, a classical multifunctional material with rapid self-healing, mechanical durability, pH-responsive, and free radical–scavenging activities. The construction of supramolecular hydrogels consisted of two programs. (1) TA assembled the dynamic part via a hydrogen bond or ionic bond with a polymer chain. (2) These polymer chains were cross-connected to networks by coordination bonds with Fe(III). By adjusting the weight ratio of polymer/TA and TA/Fe3+, these two interactions could be well-balanced, which is the key to constructing supramolecular hydrogels. In addition, the mechanical properties of the obtained hydrogels are regulated by the interaction balance. When the optimal proportion of TA/Fe(III) is maintained at 3:5, the component density—that is, the ratio of TA/polymer—increases, the moduli are enhanced, and the mechanical strength can be adjusted from 10 Pa to 10 kPa. Their work confirmed that TA provides a simple and feasible approach for the construction of multifunctional hydrogels, as a multifunctional and versatile catechol group modifier, which has advantages including simple processing, low cost, and a large preparation scale (Fan et al., 2017b). Considering the hydrogels prepared in vivo with features including minimal invasiveness, ease of use, and high translational potential, Bjornmalm et al. (2019) successfully prepared a metal–phenol supramolecular hydrogel by TA and Ti(IV) in vivo. Subsequently, they provided an essential characterization of the prepared hydrogel by optical and electron microscopy, Raman spectroscopy, and rheology and evaluated the permeability and porosity of the hydrogels by glucose permeability and particle tracking analysis, respectively. The results showed that the TA-Ti(IV) hydrogel not only was stable and well-tolerated but also triggered a faint and persistent foreign body reaction. In addition, the biological distribution of titanium was studied by mass spectrometry. Although 14 weeks had passed, titanium in the samples basically remained at the basic level, indicating that the accumulation of titanium in the distal tissue was very low and even negligible. Compared with the poloxamer hydrogel, the prepared TA-Ti(IV) hydrogel showed a more sustained release (from <1 days to >10 days) when the corticosteroid dexamethasone was used clinically. Apparently, their research provided a solid foundation for further development of the titanium-containing hydrogel in biomedical fields, such as drug delivery and regenerative medicine, as shown in Figure 10A (Bjornmalm et al., 2019). Although hydrogel-based bone adhesives are expected to revolutionize the clinical treatment of bone repair, they still have serious deficiencies, such as inappropriate mechanical strength, cytotoxicity, and poor fixation performance. Based on the unique role of gum molecules in bone strength and flexural strength, Bai et al. (2020) introduced natural polyphenol as a powerful synthetic tool for the preparation of high-performance biocompatible bone adhesives, which can avoid the defects of traditional hydrogels, enhance water-resistant fixation, and guide bone regeneration. They used TA, SF, and HA to prepare SF@TA@HA hydrogel by self-assembly, which has good biocompatibility, controllable biodegradation, strong wet adhesion ability, and broad-spectrum antibacterial activity. The synergistic effect between the strong affinity of SF and TA and the coordination bond of TA and HA resulted in excellent immobilization properties of the hydrogel. Their work proposed a biomimetic bone adhesive that can provide stable fracture fixation and accelerate bone regeneration during bone reconstruction, as shown in Figure 10B. In clinical applications, it is very important but challenging to prevent scarring and accelerate wound healing, especially infection. Ma et al. (2020) prepared a new thermosensitive and pH-responsive composite hydrogel (HPCH/TA/Fe) based on the simple assembly of HPCH, TA and Fe3+. As a structural unit, TA can not only dynamically associate with HPCH and Fe3+ via non-covalent bonding but also be used as a pH-dependent and sustained-release antibacterial agent. It was found that the prepared hydrogel had good biocompatibility and long-lasting antibacterial activity. It could also effectively inhibit bacterial infection and accelerate wound healing without scarring. The hydrogel synthesized by their group is expected to have good application prospects in the treatment of infected wounds, as shown in Figure 10C. Inspired by natural biological protein materials, Lin et al. (2020) used TA as a molecular coupling bridge between cellulose nanocrystal (CNC) and the polyvinyl alcohol (PVA) chain to prepare a biobased advanced physical hydrogel through strong hydrogen bonds. These biomimetic hydrogels have remarkable toughness, ultrahigh strength, high elongation, good self-recovery, extensive adhesion, and good antibacterial properties, resulting in broad application prospects in the field of tissue engineering and biomedicine, as shown in Figure 10D. In recent years, dynamic hydrogels based on macrocyclic host–guest interaction have attracted the attention of researchers. Different supramolecular hosts are introduced into hydrogels, and dynamic hydrogels with different properties can be obtained by physical or chemical crosslinking. These hydrogels have great application potential in the fields of biomedical materials, self-repairing materials, and intelligent materials. However, the formation mechanism of dynamic hydrogel still must be further studied, and as a biomedical application, hydrogel needs more extensive research in biocompatibility and cytotoxicity testing (Xiao et al., 2019b). In addition, the poor mechanical stability (Hoffman, 2012) and rapid drug release of hydrogels (Brandl et al., 2010) limit their development.
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FIGURE 10. Hydrogel based on TA and its application. (A) Supramolecular gelation based on TA and metal. (a) The formation process of the TA-Ti hydrogel. (b) Schematic illustration of the gel stabilized by the coordination between the metal ion and polyphenol (Bjornmalm et al., 2019). (B) The proposed mechanism schematic for the high toughness of SF@TA@HA (Bai et al., 2020). (C) The synthesis and possible schematic of the HPC H/TA/Fe hydrogel (Ma et al., 2020). (D) The fabrication and possible mechanism of TA–PVA/CNC hydrogels (Lin et al., 2020).




Nanoparticles/Microparticles

Polymer nanoparticles/microparticles based on non-covalent interaction are a kind of soft material that can be used as effective delivery systems with properties of a stimulus response, self-healing, and controlled release, and they are very attractive in biomedical and related applications (Wang et al., 2018a). Nanoparticles/microparticles based on hydrogen bonding have been widely studied as a delivery system in recent years. By using the intermolecular hydrogen bond and electrostatic interaction between neutral poly(2-methyl-2-oxazoline) (PMeOx), TA, and adriamycin hydrochloride (Dox), Liu et al. (2020) developed a direct coassembly strategy for the preparation of PMeOx-TA-Dox nanoparticles. The prepared spherical nanoparticles possessed advantages of good water dispersion, stability, and biocompatibility. In addition, PMeOx-TA-Dox nanoparticles had pH-dependent drug loading and release behavior and cell uptake characteristics, as Dox and PMeOx-TA can be separated rapidly in fetal serum, which can promote Dox release and entry into the nucleus. Their work was expected to reveal a new therapeutic drug carrier, as shown in Figure 11A (Liu et al., 2020). In addition, researchers have studied nanoparticles/microparticles based on coordination. He et al. (2020) developed Lira/TA/Al3+ternary nanoparticles based on the formation of a hydrogen bond between Lilaru peptide and TA and the stability of the complexation of TA with Al3+, which can be used to treat T2D by frequent administration of lira peptide, to overcome the shortcomings of low bioavailability and lira with a short half-life. The high stability and controllable size of nanoparticles are mainly determined by the hydrogen bond between lira and TA as the main driving force and the coordination of Al3+ and TA as an additional crosslinking effect. This nanoparticle system shows better therapeutic potential because of its long-term blood glucose control, improved cardiovascular function, and reduced tissue toxicity of multiple organs, as shown in Figure 11B (He et al., 2020). Xiong et al. (2019) used doxorubicin as a chemotherapeutic drug, ferric trichloride (FeCl3) as an iron prolapse inducer, and TA as an intracellular superoxide dismutase–like reaction activator to construct a drug-organic-inorganic self-assembly nanosystem (DFTA) for the combined treatment of ER+ breast cancer. The assembled nanosystem is based on coordination and π-π interactions. The authors found that the oxidative stress disorders were antagonized by intracellular oxidation–reduction cascade reactions, ferroptosis, and PT, thus endowing the DFTA+ laser system with the effect of accurately attacking ER+ breast cancer, which has obvious antitumor effects and low toxicity. Their highly effective nanosystem based on chemotherapy, iron decline, and platinum is expected to be a new approach for the effective treatment of ER+ breast cancer, as shown in Figure 11C. Qin et al. (2020) used gadolinium nitrate and ferrous sulfate as metal sources and plant polyphenols (TA) as organic ligands to synthesize bimetallic–phenolic coordination polymer nanoparticles by the metal–catechol coordination assembly process, which can not only effectively enhance tumor signals as contrast agents but also effectively inhibit tumor growth by photothermotherapy. This work provides a new idea for the synthesis of multifunctional coordination polymer nanoparticles and expands their potential applications in the field of acoustics, as shown in Figure 11D. Although the preparation of nanoparticles has been widely studied in recent years, the low efficiency of preparation technology, tedious steps, and other factors limit their wider application, so how to obtain stable nanoparticles more simply and efficiently may be a future research direction.
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FIGURE 11. Nano/microparticles based on TA and its application. (A) Chemical structures of TA, PMeOx, and Dox and a schematic of nanoparticles based on them (Liu et al., 2020). (B) Schematic illustration of the ternary nanoparticle assembly based on TA and Al3+ (He et al., 2020). (C) The assembly of DFTA driven by π-π interactions and coordination reactions, as well as triple combination therapy mechanisms of DFTA after targeted uptake by tumor cells (Xiong et al., 2019). (D) The synthesis and applications of polymer nanoparticles based on bimetal–TA (Qin et al., 2020).




Hollow Capsules

Hollow capsules fabricated via LbL assembly of polymers comprise an ultrathin permeable shell (<50 nm) that participates in various types of interactions (Mathivanan et al., 2019; Wang et al., 2020) and microsized or nanosized cavities that deposit drugs or active molecules. The shells are able to trigger the release of loaded molecules to protect the load from external stress and thus extend the time of release. The initial related research has mainly focused on the assembly of metal coordination capsules, and the engineering of metal-specific functions for capsule design is rarely explored. Guo et al. (2014) reported that a multifunctional capsule assembled by an MPN is prepared by a phenolic ligand (TA) and a series of metals. The film thickness, disassembly characteristics, and fluorescence behavior of MPN capsules can be controlled by coordination metals. In addition, the functional properties of MPN capsules are customized for drug delivery, positron emission tomography, magnetic resonance imaging (MRI), and catalysis (Guo et al., 2014). An excellent feature of LbL capsules is that they are capable of accurately controlling the transport and release of drug or biologically active molecules by inherent responsiveness against environmental and external triggers (Mathivanan et al., 2019). The risk of instability in the chemical and physical properties of capsules can be minimized by changing the layer number and polymer species in the shell (Alford et al., 2018). The unique properties of hollow capsules have resulted in their wide attention in various fields, such as nanoreactors, sensors for nanomedicine, and drug delivery for disease diagnosis and treatment (Wang P. et al., 2018). Mathivanan et al. (2019) prepared a capsule and coating (TA/PnPropOx) based on the LbL assembly technology of TA and PnPropOx, where natural polyphenol TA was used for the hydrogen-bond donor. They found that the temperature and pH of the assembly process had an apparent influence on the physical properties of the capsule, including growth, morphology, and stability. The capsule also showed good stability at pH 2–9, which might be attributed to the dehydration of TA/PnPropOx during LbL assembly. Because the side chain controls the hydrophilic and hydrophobic balance in the capsule, it is necessary to study the influence of the two-position side chain in poly(2-oxazoline) on the encapsulation performance and permeability of the capsule in the future. In conclusion, the capsules they prepared showed considerable potential for drug release (Mathivanan et al., 2019). Cai et al. (2019) first prepared novel nanocapsules (TCS@CTAB/TA/CH) using an electrostatic LbL assembly method with the alternative imine bond as an assembly driving force, which can be used for drug introduction and controlled release. When the pH changed from 8 to 4, the release efficiency of TCS increased by 61.8%, which was mainly because the TA/CH could be used as a pH bacterial-triggered valve to control TCS release, indicating that the prepared nanocapsules had good pH-responsive activity. Subsequently, the nanocapsules and dextran aldehyde (DA) could be assembled into pH-responsive (DA-TCS@CTAB/TA/CH)n multifilms with good antibacterial and adhesion resistance through the imine bond. The controllable release function of the films positions them as a new antibacterial material for surface modification of antibacterial materials, as shown in Figure 12A (Cai et al., 2019). Alford et al. (2018) introduced a novel 3-μm-diameter biocompatible microcapsule composed of TA and poly(N-vinylpyrrolidone) and 4-nm iron oxide nanoparticles via LbL deposition in 2018, which can be used as a contrast agent to achieve targeted drug delivery and real-time tracking by combining MRI and ultrasound-triggered drug release technology. The characteristics of these materials include a long cycle; active contrast; a customizable shape, size, and composition; and precise high payload delivery, which provide a safe and powerful platform as efficient contrast-enhanced imaging agents to facilitate real-time tracking and targeted delivery of encapsulated drugs, showing great value in biomedical imaging, as shown in Figure 12B (Alford et al., 2018). Future research on the supramolecular assembly of nanocapsules should focus on the following points: (1) to find assembly materials with reasonable rates and biosafety of biodegradation, (2) to improve the loading and release efficiency of hollow capsules, (3) to accurately achieve the release of hollow capsules at the determined site through environmental response or an external trigger, and (4) to achieve the multifunctional integration of hollow capsules for biomedical applications.
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FIGURE 12. Hollow capsules based on TA and their application. (A) The preparation of nanocapsules via electrostatic assembly (Cai et al., 2019). (B) The assembly of hollow (TA/PVPON)n capsules (n denotes the number of bilayers) on doxorubicin-loaded porous 3-μm SiO2 microparticles. The final shell composition [(TA/PVPON)6(Fe2O3/PVPON)2] was obtained by depositing Fe2O3 nanoparticles (NPs) modified by TA in alternating layers with PVPON (Alford et al., 2018).




Coating Films

Self-assembled coatings for surface modification and medical potential have become a hot research topic. The assembled coating has a good adjustable structure and reproducibility, so it is widely used in many medical fields, including dental implants and bone coatings. Ejima et al. (2013) first proposed synthesis of coordination complexes using natural polyphenol TA as an organic ligand and Fe(III) as an inorganic crosslinking agent, which can be used to prepare various films and particles on a series of substrates by one-step assembly. This coordination complex assembly based on metal–polyphenols is a milestone for the development of a simple and general strategy for thin film and particle engineering (Ejima et al., 2013). The one-step assembly of coordination complexes for versatile film and particle engineering not only gives assembly the advantages of a simple process, mild manufacturing conditions, varied materials, and low equipment cost but also allows the coating of a variety of substrates with different complex shapes and the precise control of coating thickness up to the nanometer scale. To achieve a persistent, flat, and stable insulin supply, a new drug carrier was designed. Wang et al. (2020) assembled PEG–insulin and TA into a film, which can release PEG–insulin into the medium through a reversible, dynamic hydrogen bond. In addition, the unique release mechanism of the films explained the unique release kinetics of PEG–insulin, which had zero-order kinetics. The composite films can help reduce fasting blood glucose level that are close to normal for an extended period. Of note, the thickness of the film is closely related to the reaction time. Their work was promising in the treatment of diabetes, as shown in Figure 13A (Wang et al., 2020). Zhu et al. (2019) constructed a novel multifunctional thin-film nanofibrous composite membrane based on TA and polyvinyl alcohol (PSBMA) on TFNC membrane surfaces by LbL assembly, expecting to achieve the filtration of dye and protein. The composite membranes had not only excellent blood compatibility, such as a great reduction of platelet adhesion, reduction of the hemolysis rate, and significant prolongation of the clotting time, but also good antibiological pollution performance, including lower bovine serum albumin (BSA) adsorption, better hydrophilicity, less E. coli and S. aureus bacterial attachment and higher water flux recovery. Their zwitterionic multilayers demonstrated broad application prospects in the fields of water treatment and blood contact biomedicine and provided a useful idea for the preparation of biocompatible coatings on various substrates (Zhu et al., 2019). By chelating TA and Fe3+ ions, Song et al. (2019) assembled the TA coating on medical gauze as a hemostatic dressing to solve the problem of potential absorption poisoning with large-area wound TA. The study found that the TA coating possessed excellent adsorption on proteins including BSA, immunoglobulin G, and fibrinogen. In addition, it had a good hemostatic performance in the process of animal wound coagulation due to erythrolysis and protein adsorption, especially the fibrinogen associated with blood clotting. Their coating with features, including economical, environmentally friendly and flexibility characteristics, demonstrated the potential to become a new type of hemostatic material in the medical field, as shown in Figure 13B (Song et al., 2019). Kumorek et al. (2020) prepared LbL films based on TA as cationic modifiers and pristine chitosan, which was modified with N-(2-hydroxypropyl)-3-trimethylammonium chloride. The films showed excellent antibacterial properties and an obvious pH dependence. They found that electrostatic interactions mainly drove the formation of the complex, while hydrogen bonding accompanied the process. The pH triggered the decomposable LbL membrane for use as a degradable coating, allowing the release of therapeutic drugs in biomedical applications and preventing bacterial adhesion (Kumorek et al., 2020). Because the preparation process of TA supramolecular assembled nanofilm coating is simple, the structure is controllable, and it can be coated on almost all substrates, endowing it with great prospects in bone tissue engineering and the functionalization of biomaterials. The antibacterial application of medical devices has great prospects, and the assembled film coating can be assembled by hydrogels, microparticles/nanoparticles and capsules, thus enriching the structure and function of the assembly materials.
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FIGURE 13. Coating films based on TA and their application. (A) The interaction of PEG–insulin and TA was driven by hydrogen bonding, and gradual disintegration of the PEG–insulin/TA LbL film led to the release of PEG–insulin (Wang et al., 2020). (B) (a) The preparation and application of the TA-coated gauze in bleeding control [SEM images of the gauze deposited with 0 (b), 1 (c), 3 (d), and 5 (e) TA deposition cycles] (Song et al., 2019).


Although various functional nanomaterials based on TA self-assembly have attracted increasing attention, some problems related to TA or the histidine complex should not be overlooked. For example, the practical use of antioxidants and chelating agents based on TA in the gastrointestinal tract is limited by the ability of tannins to bind to proteins in foods in non-specific ways, forming insoluble sediments and aggregates. TA has also been reported to inhibit the activity of digestive enzymes (Zhao et al., 2013). Similar to the self-assembled membrane of TA, on the one hand, the pH value has great prospects for the performance of membrane (Shutava et al., 2005; Zhou et al., 2013), because the dissociation of the phenolic hydroxyl group and direct breaking of the hydrogen bond cause the rapid destruction of the film in high pH solution. On the other hand, the stability of the membrane under physiological conditions has a negative impact on the reactivity of the capsule shell (Richert et al., 2004). In addition, when the polymer and TA are mixed in aqueous solution, hydrogels are often not obtained because of the dependence on hydrogen bonds or ionic interactions rather than covalent grafting but show homogeneous solutions or agglomerations. However, with the addition of Fe3+ and the pH adjustable coordination interaction between TA and Fe3+, an ideal hydrogel is obtained (Fan et al., 2017b).




CONCLUSION AND FUTURE PERSPECTIVES

In the past decades, supramolecular assembly technology has been greatly enriched and developed, from traditional dip-coating assembly, spin-coating assembly, spray assembly, jet assembly, and electromagnetic assembly to the current lithography technology, three-dimensional printing and DPN (DPN is the technology of transferring alkyl mercaptan to a gold surface using an atomic force microscope cantilever tip), as well as dynamic film, coordination drive assembly and stereo complex assembly technology (Richardson et al., 2016). The regulation of supramolecular assembly is more accurate, which gives more functions to materials. Thus, supramolecular assembly based on TA has achieved great development in a short time. Although the existing supramolecular assembly technology is not applied in its entirety to the assembly of TA, the development of cutting-edge technologies such as lithography and DPN may push the supramolecular assembly of TA to a new level.

TA has special structural properties and biological activity. The polyhydroxyl structure of TA endows it with the ability to assemble supramolecular nanomaterials through a variety of non-covalent and covalent interactions. Additionally, the biocompatibility and antibacterial and antioxidant activities of TA allow supramolecular assembly materials to possess a variety of biomedical applications. The precise regulation of the structure by supramolecular assembly, combined with the structure and biological activity of TA, gives the supramolecular assembly nanomaterials of TA unique advantages in the fields of drug delivery, bone tissue engineering, and functional membrane coating, among others.

Although supramolecular assembly based on TA has many advantages, some challenges remain. From the dimension of the driving force of TA supramolecular assembly, the cationic polymer as a construction unit in assembly materials by electrostatic interactions may cause problems of cytotoxicity. Thus, the search for a low charge density, safe profile after biodegradation, and non-cytotoxic cationic polymers as construction units can solve the problem of cytotoxicity of electrostatic assembly. Although the assembly materials based on hydrogen bonding do not introduce cationic polymers, the assembled materials are unstable relative to electrostatic assembly due to the influence of pH, ionic strength, and other factors. However, the assembly process based on coordination is slow and can easily introduce impurities. In addition, other interactions, such as hydrophobic, charge transfer interaction, and host–guest interactions, as well as π-π stacking, are generally not used as the driving force of assembly alone but function together with other interactions to drive the assembly of TA supramolecular materials. Generally, supramolecular assembly with a single non-covalent interaction is relatively unstable, and the selection of assembly materials is few, so the development of mixed interaction assembly of TA may assemble more stable nanomaterials, and it may also be a good strategy to expand the variety of assembly materials. From the dimension of the TA assembly system, hydrogel supramolecules have limitations of poor mechanical stability (Hoffman, 2012) and rapid drug release (Brandl et al., 2010). The low efficiency and tedious steps of the preparation of microparticles/nanoparticles limit their wide application. For the hollow capsule system, how to improve the loading efficiency of the hollow capsule, accurately control the release, and achieve the multifunctional integration of hollow capsule biomedical devices remains as a challenge. In addition, the membrane coating system can be assembled by hydrogels, microparticles/nanoparticles and capsules to enrich the structure and function of the assembly materials, which may be an ideal strategy to change the TA assembly defects.

Supramolecular assembly materials of TA have been applied in the fields of drug delivery, tumor diagnosis and treatment, bone tissue engineering, biological functional membrane materials, and the treatment of certain diseases. It is believed that with the gradual deepening of the study of plant polyphenols and the development of supramolecular assembly technology, the application value of supramolecular nanomaterials based on TA will be better developed, and it will be more widely used in the field of medicine.



AUTHOR CONTRIBUTIONS

RL collected the literature involved in the review, wrote the draft of the review, and revised its format. XZh supplemented the content of the review. XC and LZ put forward suggestions for revision of the content of the review. XZa and YZ put forward constructive suggestions for review writing and revision. All authors contributed to the article and approved the submitted version.



FUNDING

This work was financially supported by the National Natural Science Foundation of China (21464015 and 21472235), Xinjiang Tianshan Talents Program (2018xgytsyc 2-3), UESTC Talent Startup Funds (A1098 5310 2360 1208), and One Thousand Talents Program.



REFERENCES

 Abouelmagd, S. A., Abd Ellah, N. H., Amen, O., Abdelmoez, A., and Mohamed, N. G. (2019). Self-assembled tannic acid complexes for pH-responsive delivery of antibiotics: role of drug-carrier interactions. Int. J. Pharm. 562, 76–85. doi: 10.1016/j.ijpharm.2019.03.009

 Adatoz, E. B., Hendessi, S., Ow-Yang, C. W., and Demirel, A. L. (2018). Restructuring of poly(2-ethyl-2-oxazoline)/tannic acid multilayers into fibers. Soft Matter 14, 3849–3857. doi: 10.1039/C8SM00381E

 Alford, A., Rich, M., Kozlovskaya, V., Chen, J., Sherwood, J., Bolding, M., et al. (2018). Ultrasound-triggered delivery of anticancer therapeutics from MRI-visible multilayer microcapsules. Adv. Therap. 1:1800051. doi: 10.1002/adtp.201800051

 Andjelkovic, M., Van Camp, J., De Meulenaer, B., Depaemelaere, G., Socaciu, C., Verloo, M., et al. (2006). Iron-chelation properties of phenolic acids bearing catechol and galloyl groups. Food Chem. 98, 23–31. doi: 10.1016/j.foodchem.2005.05.044

 Aoki, K., Shinke, R., and Nishira, H. (1981). Formation of tannic acid–protein complex on polyacrylamide gels and its application to electrophoretic technique. Agric. Biol. Chem. 45, 121–127. doi: 10.1271/bbb1961.45.121

 Appella, D. H., Christianson, L. A., Karle, I. L., Powell, D. R., and Gellman, S. H. (1996). beta-peptide foldamers: Robust Helix formation in a new family of beta-amino acid oligomers. J. Am. Chem. Soc. 118, 13071–13072. doi: 10.1021/ja963290l

 Ariga, K., Ahn, E., Park, M., and Kim, B. S. (2019). Layer-by-layer assembly: recent progress from layered assemblies to layered nanoarchitectonics. Chem. Asian J. 14, 2553–2566. doi: 10.1002/asia.201900627

 Bag, E., Begik, O., Yusan, P., and Erel-Goktepe, I. (2015). Hydrogen-bonded multilayers with controllable pH-induced disintegration kinetics for controlled release applications from surfaces. J. Macromol. Sci. A Pure Appl. Chem. 52, 286–298. doi: 10.1080/10601325.2015.1007274

 Bai, S., Zhang, X., Cai, P., Huang, X., Huang, Y., Liu, R., et al. (2019). A silk-based sealant with tough adhesion for instant hemostasis of bleeding tissues. Nanoscale Horizon. 4, 1333–1341. doi: 10.1039/C9NH00317G

 Bai, S., Zhang, X., Lv, X., Zhang, M., Huang, X., Shi, Y., et al. (2020). Bioinspired mineral-organic bone adhesives for stable fracture fixation and accelerated bone regeneration. Adv. Funct. Mater. 30:1908381. doi: 10.1002/adfm.201908381

 Balzani, V., Credi, A., Raymo, F. M., and Stoddart, J. F. (2000). Artificial molecular machines. Angew. Chem. Int. Ed. Engl. 39, 3348–3391. doi: 10.1002/1521-3773(20001002)39:19<3348::AID-ANIE3348>3.0.CO;2-X

 Bernal, J. D., and Megaw, H. D. (1935). The function of hydrogen in intermolecular forces. Proc. R. Soc. Lond. A Math. Phys. Sci. 151, 0384–0420. doi: 10.1098/rspa.1935.0157

 Bjornmalm, M., Wong, L. M., Wojciechowski, J. P., Penders, J., Horgan, C. C., Booth, M. A., et al. (2019). In vivo biocompatibility and immunogenicity of metal-phenolic gelation. Chem. Sci. 10, 10179–10194. doi: 10.1039/C9SC03325D

 Brandl, F., Kastner, F., Gschwind, R. M., Blunk, T., Tessmar, J., and Goepferich, A. (2010). Hydrogel-based drug delivery systems: comparison of drug diffusivity and release kinetics. J. Control. Release 142, 221–228. doi: 10.1016/j.jconrel.2009.10.030

 Cai, H., Wang, P., and Zhang, D. (2019). pH-responsive linkages-enabled layer-by-layer assembled antibacterial and antiadhesive multilayer films with polyelectrolyte nanocapsules as biocide delivery vehicles. J. Drug Deliv. Sci. Technol. 54:101251. doi: 10.1016/j.jddst.2019.101251

 Calo, E., and Khutoryanskiy, V. V. (2015). Biomedical applications of hydrogels: A review of patents and commercial products. Eur. Polym. J. 65, 252–267. doi: 10.1016/j.eurpolymj.2014.11.024

 Cassier, T., Lowack, K., and Decher, G. (1998). Layer-by-layer assembled protein/polymer hybrid films: nanoconstruction via specific recognition. Supramol. Sci. 5, 309–315. doi: 10.1016/S0968-5677(98)00024-8

 Caulder, D. L., and Raymond, K. N. (1999). Supermolecules by design. Acc. Chem. Res. 32, 975–982. doi: 10.1021/ar970224v

 Chen, W. X., Cheng, Y. F., and Wang, B. H. (2012). Dual-responsive boronate crosslinked micelles for targeted drug delivery. Angew. Chem. Int. Ed. Engl. 51, 5293–5295. doi: 10.1002/anie.201201179

 Chung, K. T., Lu, Z., and Chou, M. W. (1998a). Mechanism of inhibition of tannic acid and related compounds on the growth of intestinal bacteria. Food Chem. Toxicol. 36, 1053–1060. doi: 10.1016/S0278-6915(98)00086-6

 Chung, K. T., Wong, T. Y., Wei, C. I., Huang, Y. W., and Lin, Y. (1998b). Tannins and human health: a review. Crit. Rev. Food Sci. Nutr. 38, 421–464. doi: 10.1080/10408699891274273

 Claudine Fouquey, J. M. L., and Anne-Marie, L. (1990). Molecular recognition directed self-assembly of supramolecular liquid crystalline polymers from complementary chiral components. Adv. Mater. 5, 254–257. doi: 10.1002/adma.19900020506

 Cochin, D., and Laschewsky, A. (1999). Layer-by-layer self-assembly of hydrophobically modified polyelectrolytes. Macromol. Chem. Phys. 200, 609–615. doi: 10.1002/(SICI)1521-3935(19990301)200:3<609::AID-MACP609>3.0.CO;2-X

 Costa, E., Coelho, M., Ilharco, L. M., Aguiar-Ricardo, A., and Hammond, P. T. (2011). Tannic acid mediated suppression of PNIPAAM microgels thermoresponsive behavior. Macromolecules 44, 612–621. doi: 10.1021/ma1025016

 Cougnon, F. B. L., and Sanders, J. K. M. (2012). Evolution of dynamic combinatorial chemistry. Acc. Chem. Res. 45, 2211–2221. doi: 10.1021/ar200240m

 Crouzier, T., Beckwitt, C. H., and Ribbeck, K. (2012). Mucin multilayers assembled through sugar-lectin interactions. Biomacromolecules 13, 3401–3408. doi: 10.1021/bm301222f

 Cui, H. G., and Xu, B. (2017). Supramolecular medicine. Chem. Soc. Rev. 46, 6430–6432. doi: 10.1039/C7CS90102J

 Davis, M. E., Zuckerman, J. E., Choi, C. H. J., Seligson, D., Tolcher, A., Alabi, C. A., et al. (2010). Evidence of RNAi in humans from systemically administered siRNA via targeted nanoparticles. Nature 464, 1067–U1140. doi: 10.1038/nature08956

 De Greef, T. F. A., Smulders, M. M. J., Wolffs, M., Schenning, A., Sijbesma, R. P., and Meijer, E. W. (2009). Supramolecular polymerization. Chem. Rev. 109, 5687–5754. doi: 10.1021/cr900181u

 Decher, G., and Hong, J. D. (1991). Buildup of ultrathin multilayer films by a self-assembly process.1. consecutive adsorption of anionic and cationic bipolar amphiphiles on charged surfaces. Makromol. Chem. Macromol. Symp. 46, 321–327. doi: 10.1002/masy.19910460145

 Decher, G., Hong, J. D., and Schmitt, J. (1992). Buildup of ultrathin multilayer films by a self-assembly process.3. consecutively alternating adsorption of anionic and cationic polyelectrolytes on charged surfaces. Thin Solid Films 210, 831–835. doi: 10.1016/0040-6090(92)90417-A

 Dietrich-Buchecker, C. O., Sauvage, J. P., and Kintzingi, J. P. (1983). Une nouvelle famille de molecules : les metallo-catenanes. Tetrahedron Lett. 24, 5095–5098. doi: 10.1016/S0040-4039(00)94050-4

 Dong, C., Wang, Z., Wu, J., Wang, Y., Wang, J., and Wang, S. (2017). A green strategy to immobilize silver nanoparticles onto reverse osmosis membrane for enhanced anti-biofouling property. Desalination 401, 32–41. doi: 10.1016/j.desal.2016.06.034

 Ejima, H., Richardson, J. J., Liang, K., Best, J. P., van Koeverden, M. P., Such, G. K., et al. (2013). One-step assembly of coordination complexes for versatile film and particle engineering. Science 341, 154–157. doi: 10.1126/science.1237265

 Fan, B., Kang, L., Chen, L., Sun, P., Jin, M., Wang, Q., et al. (2017a). Systemic siRNA delivery with a dual pH-responsive and tumor-targeted nanovector for inhibiting tumor growth and spontaneous metastasis in orthotopic murine model of breast carcinoma. Theranostics 7, 357–376. doi: 10.7150/thno.16855

 Fan, H., Wang, L., Feng, X., Bu, Y., Wu, D., and Jin, Z. (2017b). Supramolecular hydrogel formation based on tannic acid. Macromolecules 50, 666–676. doi: 10.1021/acs.macromol.6b02106

 Fang, Y., Tan, J., Lan, T., Foo, S. G. F., Pyun, D. G., Lim, S., et al. (2018b). Universal one-pot, one-step synthesis of core-shell nanocomposites with self-assembled tannic acid shell and their antibacterial and catalytic activities. J. Appl. Polym. Sci. 135:45829. doi: 10.1002/app.45829

 Fang, Y., Tan, J. J., Choi, H., Lim, S., and Kim, D. H. (2018a). Highly sensitive naked eye detection of Iron (III) and H2O2 using poly-(tannic acid) (PTA) coated Au nanocomposite. Sens. Actuator B Chem. 259, 155–161. doi: 10.1016/j.snb.2017.12.031

 Faure, E., Falentin-Daudre, C., Jerome, C., Lyskawa, J., Fournier, D., Woisel, P., et al. (2013). Catechols as versatile platforms in polymer chemistry. Prog. Polym. Sci. 38, 236–270. doi: 10.1016/j.progpolymsci.2012.06.004

 Fraga, C. G., Galleano, M., Verstraeten, S. V., and Oteiza, P. I. (2010). Basic biochemical mechanisms behind the health benefits of polyphenols. Mol. Aspects Med. 31, 435–445. doi: 10.1016/j.mam.2010.09.006

 Franz, S., Rammelt, S., Scharnweber, D., and Simon, J. C. (2011). Immune responses to implants - A review of the implications for the design of immunomodulatory biomaterials. Biomaterials 32, 6692–6709. doi: 10.1016/j.biomaterials.2011.05.078

 Fu, J., and Schlenoff, J. B. (2016). Driving forces for oppositely charged polyion association in aqueous solutions: enthalpic, entropic, but not electrostatic. J. Am. Chem. Soc. 138, 980–990. doi: 10.1021/jacs.5b11878

 Fujita, M., Oguro, D., Miyazawa, M., Oka, H., Yamaguchi, K., and Ogura, K. (1995). Self-assembly of 10 molecules into nanometer-sized organic host frameworks. Nature 378, 469–471. doi: 10.1038/378469a0

 Galante, D., Banfi, L., Baruzzo, G., Basso, A., D'Arrigo, C., Lunaccio, D., et al. (2019). Multicomponent synthesis of polyphenols and their in vitro evaluation as potential β-Amyloid aggregation inhibitors. Molecules 24:2636. doi: 10.3390/molecules24142636

 Gao, Z., and Zharov, I. (2014). Large pore mesoporous silica nanoparticles by templating with a nonsurfactant molecule, tannic acid. Chem. Mater. 26, 2030–2037. doi: 10.1021/cm4039945

 Gellman, S. H. (1998). Foldamers: a manifesto. Acc. Chem. Res. 31, 173–180. doi: 10.1021/ar960298r

 Ghadiri, M. R., Granja, J. R., Milligan, R. A., Mcree, D. E., and Khazanovich, N. (1993). Self-assembling organic nanotubes based on a cyclic peptide architecture. Nature 366, 324–327. doi: 10.1038/366324a0

 Gogoi, S., Maji, S., Mishra, D., Devi, K. S. P., Maiti, T. K., and Karak, N. (2017). Nano-bio engineered carbon dot-peptide functionalized water dispersible hyperbranched polyurethane for bone tissue regeneration. Macromol. Biosci. 17:15. doi: 10.1002/mabi.201600271

 Guillerm, B., Monge, S., Lapinte, V., and Robin, J. J. (2012). How to modulate the chemical structure of polyoxazolines by appropriate functionalization. Macromol. Rapid Commun. 33, 1600–1612. doi: 10.1002/marc.201200266

 Guo, J., Ping, Y., Ejima, H., Alt, K., Meissner, M., Richardson, J. J., et al. (2014). Engineering multifunctional capsules through the assembly of metal-phenolic networks. Angew. Chem. Int. Ed. Engl. 53, 5546–5551. doi: 10.1002/anie.201311136

 Harrison, I. T., and Harrison, S. (1967). Synthesis of a stable complex of a macrocycle and a threaded chain. J. Am. Chem. Soc. 89, 5723–5724. doi: 10.1021/ja00998a052

 He, Z., Nie, T., Hu, Y., Zhou, Y., Zhu, J., Liu, Z., et al. (2020). A polyphenol-metal nanoparticle platform for tunable release of liraglutide to improve blood glycemic control and reduce cardiovascular complications in a mouse model of type II diabetes. J. Control. Release 318, 86–97. doi: 10.1016/j.jconrel.2019.12.014

 Hill, D. J., Mio, M. J., Prince, R. B., Hughes, T. S., and Moore, J. S. (2001). A field guide to foldamers. Chem. Rev. 101, 3893–4011. doi: 10.1021/cr990120t

 Hoffman, A. S. (2012). Hydrogels for biomedical applications. Adv. Drug Deliv. Rev. 64, 18–23. doi: 10.1016/j.addr.2012.09.010

 Hoogeveen, N. G., Stuart, M. A. C., Fleer, G. J., and Bohmer, M. R. (1996). Formation and stability of multilayers of polyelectrolytes. Langmuir 12, 3675–3681. doi: 10.1021/la951574y

 Huggins, M. L. (1936). Hydrogen bridges in organic compounds. J. Org. Chem. 1, 407–456. doi: 10.1021/jo01234a001

 Iijima, S. (1991). Helical microtubules of graphitic carbon. Nature 354, 56–58. doi: 10.1038/354056a0

 Iler, R. K. (1966). Multilayers of colloidal particles. J. Colloid Interf. Sci. 21, 569–594. doi: 10.1016/0095-8522(66)90018-3

 Jen, A. C., Wake, M. C., and Mikos, A. G. (1996). Review: hydrogels for cell immobilization. Biotechnol. Bioeng. 50, 357–364. doi: 10.1002/(SICI)1097-0290(19960520)50:4<357::AID-BIT2>3.0.CO;2-K

 Kamath, K. R., and Park, K. (1993). Biodegradable hydrogels in drug-delivery. Adv. Drug Deliv. Rev. 11, 59–84. doi: 10.1016/0169-409X(93)90027-2

 Kim, B. J., Han, S., Lee, K. B., and Choi, I. S. (2017). Biphasic supramolecular self-assembly of ferric ions and tannic acid across interfaces for nanofilm formation. Adv. Mater. 29:7. doi: 10.1002/adma.201700784

 Kim, H. J., Choi, Y. S., Lim, M. Y., Jung, K. H., Kim, D. G., Kim, J. J., et al. (2016a). Reverse osmosis nanocomposite membranes containing graphene oxides coated by tannic acid with chlorine-tolerant and antimicrobial properties. J. Memb. Sci. 514, 25–34. doi: 10.1016/j.memsci.2016.04.026

 Kim, J., Lee, Y. M., Kim, H., Park, D., Kim, J., and Kim, W. J. (2016b). Phenylboronic acid-sugar grafted polymer architecture as a dual stimuli-responsive gene carrier for targeted anti-angiogenic tumor therapy. Biomaterials 75, 102–111. doi: 10.1016/j.biomaterials.2015.10.022

 Kim, J., Narayana, A., Patel, S., and Sahay, G. (2019). Advances in intracellular delivery through supramolecular self-assembly of oligonucleotides and peptides. Theranostics 9, 3191–3212. doi: 10.7150/thno.33921

 Kirkland, J. J. (1965). Porous thin-layer modified glass bead supports for gas liquid chromatography. Analy. Chem. 37, 1458–1461. doi: 10.1021/ac60231a004

 Ko, M. P., and Huang, C. J. (2020). A versatile approach to antimicrobial coatings via metal-phenolic networks. Colloids Surf. B Biointerfaces 187:110771. doi: 10.1016/j.colsurfb.2020.110771

 Kotov, N. A. (1999). Layer-by-layer self-assembly: The contribution of hydrophobic interactions. Nanostruct. Mater. 12, 789–796. doi: 10.1016/S0965-9773(99)00237-8

 Kozlovskaya, V., Xue, B., Lei, W. Q., Padgett, L. E., Tse, H. M., and Kharlampieva, E. (2015). Hydrogen-bonded multilayers of tannic acid as mediators of T-cell immunity. Adv. Healthc. Mater. 4, 686–694. doi: 10.1002/adhm.201400657

 Kumorek, M., Minisy, I. M., Krunclova, T., Vorsilakova, M., Venclikova, K., Chanova, E. M., et al. (2020). pH-responsive and antibacterial properties of self-assembled multilayer films based on chitosan and tannic acid. Mater. Sci. Eng. C Mater. Biol. Appl. 109:110493. doi: 10.1016/j.msec.2019.110493

 Latimer, W. M., and Rodebush, W. H. (1920). Polarity and ionization from the standpoint of the Lewis theory of valence. J. Am. Chem. Soc. 42, 1419–1433. doi: 10.1021/ja01452a015

 Le, Z., Chen, Y., Han, H., Tian, H., Zhao, P., Yang, C., et al. (2018). Hydrogen-bonded tannic acid-based anticancer nanoparticle for enhancement of oral chemotherapy. ACS Appl. Mater. Interfaces 10, 42186–42197. doi: 10.1021/acsami.8b18979

 Lee, B. P., Messersmith, P. B., Israelachvili, J. N., and Waite, J. H. (2011). Mussel-inspired adhesives and coatings. Annu. Rev. Mater. Res. 41, 99–132. doi: 10.1146/annurev-matsci-062910-100429

 Lee, H., Kim, W. I., Youn, W., Park, T., Lee, S., Kim, T. S., et al. (2018). Iron gall ink revisited: in situ oxidation of Fe(II)-tannin complex for fluidic-interface engineering. Adv. Mater. 30:8. doi: 10.1002/adma.201805091

 Lehn, J.M. (1973). Design of organic complexing agents. strategies towards properties. Springer-Verlag 16, 1–69. doi: 10.1007/BFb0004364

 Lehn, J. M. (1978). Cryptates - inclusion complexes of macropolycyclic receptor molecules. Pure Appl. Chem. 50, 871–892. doi: 10.1351/pac197850090871

 Lehn, J. M. (1988). Supramolecular chemistry - scope and perspectives molecules, supermolecules, and molecular devices. Angew. Chem. Int. Edn. 27, 89–112. doi: 10.1002/anie.198800891

 Lehn, J. M. (2000). Programmed chemical systems: Multiple subprograms and multiple processing/expression of molecular information. Chem. Eur. J. 6, 2097–2102. doi: 10.1002/1521-3765(20000616)6:12<2097::AID-CHEM20973.0.CO;2-T

 Lehn, J. M. (2002). Toward self-organization and complex matter. Science 295, 2400–2403. doi: 10.1126/science.1071063

 Lehn, J. M. (2012). “Constitutional dynamic chemistry: bridge from supramolecular chemistry to adaptive chemistry,” in Constitutional Dynamic Chemistry, ed M. Barboiu (Berlin: Springer-Verlag Berlin), 1–32.

 Lei, Y. D., Tang, Z. H., Liao, R. J., and Guo, B. C. (2011). Hydrolysable tannin as environmentally friendly reducer and stabilizer for graphene oxide. Green Chem. 13, 1655–1658. doi: 10.1039/c1gc15081b

 Li, J. W., Nowak, P., and Otto, S. (2013). Dynamic combinatorial libraries: from exploring molecular recognition to systems chemistry. J. Am. Chem. Soc. 135, 9222–9239. doi: 10.1021/ja402586c

 Li, K., Xiao, G., Richardson, J. J., Tardy, B. L., Ejima, H., Huang, W., et al. (2019a). Targeted therapy against metastatic melanoma based on self-assembled metal-phenolic nanocomplexes comprised of green tea catechin. Adv. Sci. 6:1801688. doi: 10.1002/advs.201801688

 Li, M., Li, H., Pan, Q., Gao, C., Wang, Y., Yang, S., et al. (2019b). Graphene oxide and lysozyme ultrathin films with strong antibacterial and enhanced osteogenesis. Langmuir 35, 6752–6761. doi: 10.1021/acs.langmuir.9b00035

 Lin, F., Wang, Z., Chen, J., Lu, B., Tang, L., Chen, X., et al. (2020). A bioinspired hydrogen bond crosslink strategy toward toughening ultrastrong and multifunctional nanocomposite hydrogels. J. Mater. Chem. B 8, 4002–4015. doi: 10.1039/D0TB00424C

 Liu, H., Qu, X., Kim, E., Lei, M., Dai, K., Tan, X. L., et al. (2018). Bio-inspired redox-cycling antimicrobial film for sustained generation of reactive oxygen species. Biomaterials 162, 109–122. doi: 10.1016/j.biomaterials.2017.12.027

 Liu, L., Yin, L., Bian, H., and Zhang, N. (2020). Polymeric nanoparticles of poly(2-oxazoline), tannic acid and doxorubicin for controlled release and cancer treatment. Chin. Chem. Lett. 31, 501–504. doi: 10.1016/j.cclet.2019.04.041

 Luo, J., Yang, J., Zheng, X., Ke, X., Chen, Y., Tan, H., et al. (2020). A highly stretchable, real-time self-healable hydrogel adhesive matrix for tissue patches and flexible electronics. Adv. Healthc. Mater. 9:e1901423. doi: 10.1002/adhm.201901423

 Ma, M., Zhong, Y., and Jiang, X. (2020). Thermosensitive and pH-responsive tannin-containing hydroxypropyl chitin hydrogel with long-lasting antibacterial activity for wound healing. Carbohydr. Polym. 236:116096. doi: 10.1016/j.carbpol.2020.116096

 Maerten, C., Lopez, L., Lupattelli, P., Rydzek, G., Pronkin, S., Schaaf, P., et al. (2017). Electrotriggered confined self-assembly of metal-polyphenol nanocoatings using a morphogenic approach. Chem. Mater. 29, 9668–9679. doi: 10.1021/acs.chemmater.7b03349

 Mathivanan, N., Paramasivam, G., Vergaelen, M., Rajendran, J., Hoogenboom, R., and Sundaramurthy, A. (2019). Hydrogen-bonded multilayer thin films and capsules based on poly(2-n-propyl-2-oxazoline) and tannic acid: investigation on intermolecular forces, stability, and permeability. Langmuir 35, 14712–14724. doi: 10.1021/acs.langmuir.9b02938

 Muller, W., Ringsdorf, H., Rump, E., Wildburg, G., Zhang, X., Angermaier, L., et al. (1993). Attempts to mimic docking processes of the immune-system - recognition-induced formation of protein multilayers. Science 262, 1706–1708. doi: 10.1126/science.8259513

 Ninan, N., Forget, A., Shastri, V. P., Voelcker, N. H., and Blencowe, A. (2016). Antibacterial and anti-inflammatory ph-responsive tannic acid-carboxylated agarose composite hydrogels for wound healing. ACS Appl. Mater. Interfaces 8, 28511–28521. doi: 10.1021/acsami.6b10491

 Ogasawara, S. (1981). Zeta-potential and surface charge density of tannic acid-treated nylon 6 fibers in acid dye solutions. Sen'i Gakkaishi 37, T241–T246. doi: 10.2115/fiber.37.6_T241

 Oh, D. X., Prajatelistia, E., Ju, S. W., Kim, H. J., Baek, S. J., Cha, H. J., et al. (2015). A rapid, efficient, and facile solution for dental hypersensitivity: the tannin-iron complex. Sci. Rep. 5:10884. doi: 10.1038/srep10884

 Onat, B., Ozcubukcu, S., Banerjee, S., and Erel-Goktepe, I. (2018). Osteoconductive layer-by-layer films of Poly(4-hydroxy-L-proline ester) (PHPE) and Tannic acid. Eur. Polym. J. 103, 101–115. doi: 10.1016/j.eurpolymj.2018.03.034

 Patil, N., Jerome, C., and Detrembleur, C. (2018). Recent advances in the synthesis of catechol-derived (bio)polymers for applications in energy storage and environment. Prog. Polym. Sci. 82, 34–91. doi: 10.1016/j.progpolymsci.2018.04.002

 Pauling, L. (1985). Citation classic - the nature of the chemical-bond and the structure of molecules and crystals - an introduction to modern structural chemistry. Curr. Cont. Eng. Technol. Appl. Sci. 16.

 Pedersen, C. J. (1967). Cyclic polyethers and their complexes with metal salts. J. Am. Chem. Soc. 89, 2495–2496. doi: 10.1021/ja00986a052

 Pedersen, C. J. (1988). The discovery of crown ethers. Chem. Scr 28, 229–235.

 Philp, D., and Stoddart, J. F. (1996). Self-assembly in natural and unnatural systems. Angew. Chem. Int. Edn. 35, 1154–1196. doi: 10.1002/anie.199611541

 Phiwchai, I., Yuensook, W., Sawaengsiriphon, N., Krungchanuchat, S., and Pilapong, C. (2018). Tannic acid (TA): A molecular tool for chelating and imaging labile iron. Eur. J. Pharm. Sci. 114, 64–73. doi: 10.1016/j.ejps.2017.12.004

 Pollard, M. M., Klok, M., Pijper, D., and Feringa, B. L. (2007). Rate acceleration of light-driven rotary molecular motors. Adv. Funct. Mater. 17, 718–729. doi: 10.1002/adfm.200601025

 Qin, J., Liang, G., Feng, Y., Feng, B., Wang, G., Wu, N., et al. (2020). Synthesis of gadolinium/iron-bimetal-phenolic coordination polymer nanoparticles for theranostic applications. Nanoscale 12, 6096–6103. doi: 10.1039/C9NR10020B

 Quideau, S., Deffieux, D., Douat-Casassus, C., and Pouysegu, L. (2011). Plant polyphenols: chemical properties, biological activities, and synthesis. Angew. Chem. Int. Ed. Engl. 50, 586–621. doi: 10.1002/anie.201000044

 Rahim, M. A., Bjornmalm, M., Suma, T., Faria, M., Ju, Y., Kempe, K., et al. (2016). Metal-phenolic supramolecular gelation. Angew. Chem. Int. Edn. 55, 13803–13807. doi: 10.1002/anie.201608413

 Ren, Z., Sun, S., Sun, R., Cui, G., Hong, L., Rao, B., et al. (2020). A metal-polyphenol-coordinated nanomedicine for synergistic cascade cancer chemotherapy and chemodynamic therapy. Adv. Mater. Weinheim 32:e1906024. doi: 10.1002/adma.201906024

 Richardson, J. J., Cui, J., Bjornmalm, M., Braunger, J. A., Ejima, H., and Caruso, F. (2016). Innovation in layer-by-layer assembly. Chem. Rev. 116, 14828–14867. doi: 10.1021/acs.chemrev.6b00627

 Richert, L., Boulmedais, F., Lavalle, P., Mutterer, J., Ferreux, E., Decher, G., et al. (2004). Improvement of stability and cell adhesion properties of polyelectrolyte multilayer films by chemical cross-linking. Biomacromolecules 5, 284–294. doi: 10.1021/bm0342281

 Ringwald, C., and Ball, V. (2016). Step-by-step deposition of type B gelatin and tannic acid displays a peculiar ionic strength dependence at pH 5. RSC Adv. 6, 4730–4738. doi: 10.1039/C5RA24337H

 Shimazaki, Y., Mitsuishi, M., Ito, S., and Yamamoto, M. (1997). Preparation of the layer-by-layer deposited ultrathin film based on the charge-transfer interaction. Langmuir 13, 1385–1387. doi: 10.1021/la9609579

 Shin, M., Lee, H. A., Lee, M., Shin, Y., Song, J. J., Kang, S. W., et al. (2018). Targeting protein and peptide therapeutics to the heart via tannic acid modification. Nat. Biomed. Eng. 2, 304–317. doi: 10.1038/s41551-018-0227-9

 Shin, M., Ryu, J. H., Park, J. P., Kim, K., Yang, J. W., and Lee, H. (2015). DNA/tannic acid hybrid gel exhibiting biodegradability, extensibility, tissue adhesiveness, and hemostatic ability. Adv. Funct. Mater. 25, 1270–1278. doi: 10.1002/adfm.201403992

 Shukla, A., Fang, J. C., Puranam, S., Jensen, F. R., and Hammond, P. T. (2012). Hemostatic multilayer coatings. Adv. Mater. 24, 492–496. doi: 10.1002/adma.201103794

 Shutava, T., Prouty, M., Kommireddy, D., and Lvov, Y. (2005). pH responsive decomposable layer-by-layer nanofilms and capsules on the basis of tannic acid. Macromolecules 38, 2850–2858. doi: 10.1021/ma047629x

 Sijbesma, R. P., Beijer, F. H., Brunsveld, L., Folmer, B. J. B., Hirschberg, J., Lange, R. F. M., et al. (1997). Reversible polymers formed from self-complementary monomers using quadruple hydrogen bonding. Science 278, 1601–1604. doi: 10.1126/science.278.5343.1601

 Song, B., Yang, L., Han, L., and Jia, L. (2019). Metal ion-chelated tannic acid coating for hemostatic dressing. Materials 12:1803. doi: 10.3390/ma12111803

 Song, G. B., Xu, J., Zheng, H., Feng, Y., Zhang, W. W., Li, K., et al. (2015). Novel soluble dietary fiber-tannin self-assembled film: a promising protein protective material. J. Agric. Food Chem. 63, 5813–5820. doi: 10.1021/acs.jafc.5b00192

 Stockton, W. B., and Rubner, M. F. (1997). Molecular-level processing of conjugated polymers. 4. layer-by-layer manipulation of polyaniline via hydrogen-bonding interactions. Macromolecules 30, 2717–2725. doi: 10.1021/ma9700486

 Su, J., Chen, F., Cryns, V. L., and Messersmith, P. B. (2011). Catechol polymers for pH-responsive, targeted drug delivery to cancer cells. J. Am. Chem. Soc. 133, 11850–11853. doi: 10.1021/ja203077x

 Sun, H., Choi, D., Heo, J., Jung, S. Y., and Hong, J. (2020). Studies on the drug loading and release profiles of degradable chitosan-based multilayer films for anticancer treatment. Cancers 12:593. doi: 10.3390/cancers12030593

 Sundaramurthy, A., Vergaelen, M., Maji, S., Auzely-Velty, R., Zhang, Z., De Geest, B. G., et al. (2014). Hydrogen bonded multilayer films based on poly(2-oxazoline)s and tannic acid. Adv. Healthc. Mater. 3, 2040–2047. doi: 10.1002/adhm.201400377

 Takemoto, Y., Ajiro, H., and Akashi, M. (2015). Hydrogen-bonded multilayer films based on poly(N-vinylamide) derivatives and tannic acid. Langmuir 31, 6863–6869. doi: 10.1021/acs.langmuir.5b00767

 Velmurugan, P., Singam, E. R. A., Rao, J. R., and Subramanian, V. (2014). Investigation on interaction of tannic acid with type i collagen and its effect on thermal, enzymatic, and conformational stability for tissue engineering applications. Biopolymers 101, 471–483. doi: 10.1002/bip.22405

 Wang, C., Li, Y., Ma, Y., Gao, Y., Dong, D., Fang, J., et al. (2018a). Thermoresponsive polymeric nanoparticles based on poly(2-oxazoline)s and tannic acid. J. Polym. Sci. A Polym. Chem. 56, 1520–1527. doi: 10.1002/pola.29033

 Wang, C., Sang, H., Wang, Y., Zhu, F., Hu, X., Wang, X., et al. (2018b). Foe to friend: supramolecular nanomedicines consisting of natural polyphenols and bortezomib. Nano Lett. 18, 7045–7051. doi: 10.1021/acs.nanolett.8b03015

 Wang, M., Wang, Y., Hu, K., Shao, N., and Cheng, Y. (2015). Tumor extracellular acidity activated “off-on” release of bortezomib from a biocompatible dendrimer. Biomater. Sci. 3, 480–489. doi: 10.1039/C4BM00365A

 Wang, P., Kankala, R. K., Fan, J., Long, R., Liu, Y., and Wang, S. (2018). Poly-L-ornithine/fucoidan-coated calcium carbonate microparticles by layer-by-layer self-assembly technique for cancer theranostics. J. Mater. Sci. Mater. Med. 29:68. doi: 10.1007/s10856-018-6075-z

 Wang, X., Cao, W., Xiang, Q., Jin, F., Peng, X., Li, Q., et al. (2017). Silver nanoparticle and lysozyme/tannic acid layer-by-layer assembly antimicrobial multilayer on magnetic nanoparticle by an eco-friendly route. Mater. Sci. Eng. C Mater. Biol. Appl. 76, 886–896. doi: 10.1016/j.msec.2017.03.192

 Wang, X., Yan, J., Pan, D., Yang, R., Wang, L., Xu, Y., et al. (2018). Polyphenol-poloxamer self-assembled supramolecular nanoparticles for tumor NIRF/PET imaging. Adv. Healthc. Mater. 7:e1701505. doi: 10.1002/adhm.201701505

 Wang, Y., Fu, M., Wang, Z., Zhu, X. X., Guan, Y., and Zhang, Y. (2020). A sustained zero-order release carrier for long-acting, peakless basal insulin therapy. J. Mater. Chem. B 8, 1952–1959. doi: 10.1039/C9TB02728A

 Wang, Y. T., Li, J., and Li, B. (2016). Nature-inspired one-step green procedure for enhancing the antibacterial and antioxidant behavior of a chitin film: controlled interfacial assembly of tannic acid onto a chitin film. J. Agric. Food Chem. 64, 5736–5741. doi: 10.1021/acs.jafc.6b01859

 Wang, Z., Xie, Y. J., Li, Y. W., Huang, Y. R., Parent, L. R., Ditri, T., et al. (2017). Tunable, metal-loaded polydopamine nanoparticles analyzed by magnetometry. Chem. Mater. 29, 8195–8201. doi: 10.1021/acs.chemmater.7b02262

 Wasserman, E. (1960). The preparation of interlocking rings - a catenane. J. Am. Chem. Soc. 82, 4433–4434. doi: 10.1021/ja01501a082

 Whitesides, G. M., and Grzybowski, B. (2002). Self-assembly at all scales. Science 295, 2418–2421. doi: 10.1126/science.1070821

 Wichterle, O., and Lim, D. (1960). Hydrophilic gels for biological use. Nature 185, 117–118. doi: 10.1038/185117a0

 Wilson, A., Gasparini, G., and Matile, S. (2014). Functional systems with orthogonal dynamic covalent bonds. Chem. Soc. Rev. 43, 1948–1962. doi: 10.1039/C3CS60342C

 Wu, J., Wang, Z., Yan, W., Wang, Y., Wang, J., and Wang, S. (2015a). Improving the hydrophilicity and fouling resistance of RO membranes by surface immobilization of PVP based on a metal-polyphenol precursor layer. J. Memb. Sci. 496, 58–69. doi: 10.1016/j.memsci.2015.08.044

 Wu, S. J., Ho, Y. C., Jiang, S. Z., and Mi, F. L. (2015b). Effect of tannic acid-fish scale gelatin hydrolysate hybrid nanoparticles on intestinal barrier function and alpha-amylase activity. Food Funct. 6, 2283–2292. doi: 10.1039/C4FO01015A

 Wyler, R., Demendoza, J., and Rebek, J. (1993). A synthetic cavity assembles through self-complementary hydrogen-bonds. Angew. Chem. Int. Edn. Engl. 32, 1699–1701. doi: 10.1002/anie.199316991

 Xiao, F. X., Pagliaro, M., Xu, Y. J., and Liu, B. (2016). Layer-by-layer assembly of versatile nanoarchitectures with diverse dimensionality: a new perspective for rational construction of multilayer assemblies. Chem. Soc. Rev. 45, 3088–3121. doi: 10.1039/C5CS00781J

 Xiao, T. X., Xu, L. X., Wang, J., Li, Z. Y., Sun, X. Q., and Wang, L. Y. (2019a). Biomimetic folding of small organic molecules driven by multiple non- covalent interactions. Org. Chem. Front. 6, 936–941. doi: 10.1039/C9QO00089E

 Xiao, T. X., Xu, L. X., Zhou, L., Sun, X. Q., Lin, C., and Wang, L. Y. (2019b). Dynamic hydrogels mediated by macrocyclic host-guest interactions. J. Mater. Chem. B 7, 1526–1540. doi: 10.1039/C8TB02339E

 Xiong, H., Wang, C., Wang, Z., Jiang, Z., Zhou, J., and Yao, J. (2019). Intracellular cascade activated nanosystem for improving ER plus breast cancer therapy through attacking GSH-mediated metabolic vulnerability. J. Control. Release 309, 145–157. doi: 10.1016/j.jconrel.2019.07.029

 Xiong, H. M., Cheng, M. H., Zhou, Z., Zhang, X., and Shen, J. C. (1998). A nem approach to the fabrication of a self-organizing film of heterostructured polymer/Cu2S nanoparticles. Adv. Mater. 10, 529–532. doi: 10.1002/(SICI)1521-4095(199805)10:7<529::AID-ADMA529>3.0.CO;2-E

 Xu, G., Liu, P., Pranantyo, D., Neoh, K. G., Kang, E. T., and Teo, S. L. M. (2019). One-step anchoring of tannic acid-scaffolded bifunctional coatings of antifouling and antimicrobial polymer brushes. ACS Sus. Chem. Eng. 7, 1786–1795. doi: 10.1021/acssuschemeng.8b05789

 Xu, L. Q., Neoh, K. G., and Kang, E. T. (2018). Natural polyphenols as versatile platforms for material engineering and surface functionalization. Prog. Polym. Sci. 87, 165–196. doi: 10.1016/j.progpolymsci.2018.08.005

 Yan, H., Ni, H., Jia, J., Shan, C., Zhang, T., Gong, Y., et al. (2019). Smart all-in-one thermometer-heater nanoprobe based on postsynthetical functionalization of a Eu(III)-metal organic framework. Anal. Chem. 91, 5225–5234. doi: 10.1021/acs.analchem.8b05960

 Yang, C. S., Maliakal, P., and Meng, X. F. (2002). Inhibition of carcinogenesis by tea. Annu. Rev. Pharmacol. Toxicol. 42, 25–54. doi: 10.1146/annurev.pharmtox.42.082101.154309

 Yang, S., Wang, Y., Luo, S., Shan, C., Geng, Y., Zhang, T., et al. (2019a). Building polyphenol and gelatin films as implant coating, evaluating from in vitro and in vivo performances. Colloids Surf. B Biointerfaces 181, 549–560. doi: 10.1016/j.colsurfb.2019.05.058

 Yang, S., Wang, Y., Wu, X., Sheng, S., Wang, T., and Zan, X. (2019b). Multifunctional Tannic Acid (TA) and Lysozyme (Lys) films built layer by layer for potential application on implant coating. ACS Biomater. Sci. Eng. 5, 3582–3594. doi: 10.1021/acsbiomaterials.9b00717

 Ye, Q., Zhou, F., and Liu, W. M. (2011). Bioinspired catecholic chemistry for surface modification. Chem. Soc. Rev. 40, 4244–4258. doi: 10.1039/c1cs15026j

 You, J., Luo, Y., and Wu, J. (2014). Conjugation of ovotransferrin with catechin shows improved antioxidant activity. J. Agric. Food Chem. 62, 2581–2587. doi: 10.1021/jf405635q

 Zhang, W., Besford, Q. A., Christofferson, A. J., Charchar, P., Richardson, J. J., Elbourne, A., et al. (2020). Cobalt-directed assembly of antibodies onto metal-phenolic networks for enhanced particle targeting. Nano Lett. 20, 2660–2666. doi: 10.1021/acs.nanolett.0c00295

 Zhao, F., Liu, X., Dong, A., Deng, L., Wang, W., and Zhang, J. (2019a). Self-assembly and self-delivery nanodrug of bortezomib: a simple approach to achieve the trade-off between functionality and druggability. J. Mater. Chem. B 7, 7490–7493. doi: 10.1039/C9TB02174D

 Zhao, L., Liu, Y., Chang, R., Xing, R., and Yan, X. (2019b). Supramolecular photothermal nanomaterials as an emerging paradigm toward precision cancer therapy. Adv. Funct. Mater 29:12. doi: 10.1002/adfm.201806877

 Zhao, W., Iyer, V., Flores, F. P., Donhowe, E., and Kong, F. B. (2013). Microencapsulation of tannic acid for oral administration to inhibit carbohydrate digestion in the gastrointestinal tract. Food Funct. 4, 899–905. doi: 10.1039/c3fo30374h

 Zhou, L., Chen, M., Tian, L., Guan, Y., and Zhang, Y. (2013). Release of polyphenolic drugs from dynamically bonded layer-by-layer films. ACS Appl. Mater. Interfaces 5, 3541–3548. doi: 10.1021/am4008787

 Zhou, Z., Zhang, M., Liu, Y., Li, C., Zhang, Q., Oupicky, D., et al. (2018). Reversible covalent cross-linked polycations with enhanced stability and atp-responsive behavior for improved siRNA delivery. Biomacromolecules 19, 3776–3787. doi: 10.1021/acs.biomac.8b00922

 Zhu, Y., Yu, X., Zhang, T., and Wang, X. (2019). Constructing zwitterionic coatings on thin-film nanofibrous composite membrane substrate for multifunctionality. Appl. Surf. Sci. 483, 979–990. doi: 10.1016/j.apsusc.2019.04.063

 Zhuk, I., Jariwala, F., Attygalle, A. B., Wu, Y., Libera, M. R., and Sukhishvili, S. A. (2014). Self-Defensive Layer-by-Layer Films with Bacteria-Triggered Antibiotic Release. ACS Nano 8, 7733–7745. doi: 10.1021/nn500674g

 Zou, Q., Abbas, M., Zhao, L., Li, S., Shen, G., and Yan, X. (2017). Biological photothermal nanodots based on self-assembly of peptide-porphyrin conjugates for antitumor therapy. J. Am. Chem. Soc. 139, 1921–1927. doi: 10.1021/jacs.6b11382

 Zou, Y., Wang, Z., Zhang, H., and Liu, Y. (2018). A novel electrogenerated chemiluminescence biosensor for histone acetyltransferases activity analysis and inhibition based on mimetic superoxide dismutase of tannic acid assembled nanoprobes. Biosens. Bioelectron. 122, 205–210. doi: 10.1016/j.bios.2018.09.048

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 © 2020 Lu, Zhang, Cheng, Zhang, Zan and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fchem-08-583484-g013.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Medical Applications Based on Supramolecular Self-Assembled Materials From Tannic Acid



		Introduction



		Overview of Supramolecular Assembly



		Structural Features of TA Contributing to Self-Assembly



		Development of TA Self-Assembly



		Self-Assembly Principle of TA



		The Origin and Development of LbL Assembly of TA



		Classification of TA Self-Assembly



		Electrostatic Assembly of TA



		Hydrogen-Bonded Assembly of TA



		Coordination Assembly of TA



		Dynamic Covalent Assembly



		Mixed Interaction Assembly of TA







		Medical Applications of TA Self-Assembly



		Medical Application of Polyphenols



		Advantages of TA Self-Assembly in Medical Applications



		Self-Assembly System and Application of TA



		Hydrogels



		Nanoparticles/Microparticles



		Hollow Capsules



		Coating Films







		Conclusion and Future Perspectives



		Author Contributions



		Funding



		References

















OPS/images/fchem-08-583484-g012.gif





OPS/images/fchem-08-583484-g011.gif





OPS/images/fchem-08-583484-g010.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





OPS/images/fchem-08-583484-g005.gif
iy






OPS/images/fchem-08-583484-g006.gif





OPS/images/fchem-08-583484-g003.gif





OPS/images/fchem-08-583484-g004.gif
PRO* ==>  ionic reactions with nucleophies at
“ortholpara-carbon centers.





OPS/images/fchem-08-583484-g009.gif





OPS/images/fchem-08-583484-g007.gif





OPS/images/fchem-08-583484-g008.gif





OPS/images/cover.jpg
’ frontiers
in Chemistry

Medical Applications Based on
Supramolecular Self-Assembled
Materials From Tannic Acid





OPS/images/fchem-08-583484-g001.gif





OPS/images/fchem-08-583484-g002.gif





