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Abstract:  30 

Background: As plant secondary metabolites, polyphenols have gained more attention with 31 

increasing market demand due to their potential benefit for health. However, the low uptake rate 32 

and target delivery efficiency of polyphenols towards target sites such as organs, tissues and cells 33 

limit their applications. Polyphenols possess binding affinities with proteins via non-covalent and 34 

(or) covalent interactions, which provide a strategy for engineering as polyphenol-protein 35 

complexes to protect them from oxidation and enzymatic hydrolysis during gastrointestinal 36 

digestion. Polyphenol engineering via polyphenol-protein interaction changes the physical and 37 

chemical characteristics of polyphenols, thereby protecting polyphenols from oxidation and 38 

enzymatic hydrolysis during gastrointestinal digestion and improving their uptake rate, target 39 

specific delivery and biological activity. 40 

Scope and approach: This review aims to describe the mechanisms underlying engineering 41 

polyphenols via polyphenol-protein interaction, as well as their effect on the antioxidative, anti-42 

inflammatory and anti-cancer activities of polyphenols. Especially, it focuses on polyphenols 43 

functional enhancement for improved intestinal health by engineering with proteins.  44 

Key finding and conclusions: Polyphenol stability in gastrointestinal tract, uptake, target specific 45 

delivery, bioavailability and biological activity can be enhanced by engineering with proteins via 46 

polyphenol-protein interactions. The potential applications of the engineering polyphenol-protein 47 

complex for health benefit are specifically addressed, but their safety needs to be assessed carefully 48 

before developing as functional food ingredients.  49 

 50 

Keywords: Polyphenols; Polyphenol-protein complex; Anti-degradation; Uptake rate; Target 51 

delivery; Health benefit  52 
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1. Introduction 53 

Polyphenols are widely present in plant-derived foods and beverages, and most of them 54 

possess anti-inflammatory and antioxidant functions (Del Rio et al., 2013). Therefore, they are 55 

frequently used as additives in functional dietary products. Driven by growth in functional foods 56 

and rising awareness of herbal products for healthcare, market demand for polyphenols is 57 

increased rapidly. According to the market research report from Grand View Research, Inc., the 58 

global market size for polyphenols was 1.28 billion USD in 2018, and the annual growth rate for 59 

the polyphenol market is expected to reach 7.2% from 2019 to 2025 (Grand View Research, Inc., 60 

2019).  61 

Long term consumption of diets rich in plant polyphenols can help improve a variety of 62 

diseases, such as cancers, diabetes, osteoporosis, neurodegenerative and cardiovascular diseases 63 

(Guo, Kong, & Meydani, 2009). Polyphenols have been also found to be beneficial for intestinal 64 

health through regulating intestinal flora, relieving inflammations and preventing the progression 65 

of chronic diseases such as cancers (Duda-Chodak, Tarko, Satora, & Sroka, 2015). Gastrointestinal 66 

stability and target delivery are key factors for polyphenols to exert their biological activities. 67 

However, the nearly neutral pH condition in the small intestine accelerates the degradation of 68 

polyphenols, since they are more stable under acidic conditions (Betz et al., 2012). The oxidative 69 

degradation of polyphenols are frequently observed during gastrointestinal digestion (Sirota, 70 

Gorelik, Harris, Kohen, & Kanner, 2013). Polyphenols may also be depleted by formation of 71 

complexes with digestive enzymes (Helal, Tagliazucchi, Verzelloni, & Conte, 2014). In addition, 72 

most polyphenols have no specific targets in vivo (Manach, Scalbert, Morand, Rémésy, & Jiménez, 73 

2004). These factors significantly reduce the biological activities of polyphenols. 74 
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Engineering polyphenols with functional and interactive components to improve their 75 

stability, cell uptake rate and target-specific delivery can effectively address these problems. 76 

Rational changes in the physical and chemical properties of polyphenols through engineering 77 

would provide the required characteristics. The catechol and galloyl moieties in polyphenols 78 

facilitate their interaction with other food components through hydrogen bonding, π interactions, 79 

hydrophobic interactions, metal coordination, covalent bonding, and electrostatic interactions 80 

(Zhou et al., 2020a). Some food components such as proteins and peptides can be used as basic 81 

elements for assembling and modifying polyphenols (Jakobek & Lidija, 2015). Proteins and 82 

peptides have amino, carboxyl and hydroxyl groups, which can serve as binding units for 83 

engineering polyphenols. Many studies have proven that polyphenols possess strong binding 84 

affinities towards proteins via non-covalent and (or) covalent bonds, which consequently alter their 85 

structures and properties, and therefore significantly affect the bioaccessibility and bioavailability 86 

of polyphenols (Jiang et al., 2019). Proteins are also excellent protectants and carriers for 87 

polyphenols to protect them from enzymatic and oxidative degradation during gastrointestinal 88 

digestion and deliver them to the small intestine and colon (Ribnicky et al., 2014). 89 

Microencapsulation of polyphenols by protein-derived materials has been applied to reduce their 90 

degradation during gastrointestinal digestion, and consequently increase their levels and hereby 91 

their assimilation in the intestine (Betz et al., 2012).  92 

This paper critically reviews the current state-of-the-art of engineering polyphenols via 93 

polyphenol-protein interactions, and the potential applications of the engineered polyphenols in 94 

their delivery and improvement of health. We wish to provide fundamental insights for future 95 

industrial applications of polyphenol-protein complexes as functional food ingredients.   96 

 97 
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2. Intake and assimilation of polyphenols 98 

2.1. Dietary polyphenols 99 

Phenolic compounds, whether simple phenols or polymers (tannins), have chemical structures 100 

consisting of at least one hydroxyl group in a benzene ring (Crozier, Jaganath, & Clifford, 2009). 101 

In nature, polyphenols mainly exist in their glycoside forms rather than as free aglycones, and can 102 

be classified as flavonoids and non-flavonoids according to their structures (Table 1 and 2) (Del 103 

Rio et al., 2013; Santhakumar, Battino, & Alvarez-Suarez, 2018). Flavonoids are the most 104 

abundant and widespread dietary polyphenols, which contain two aromatic groups (A- and B-105 

rings) linked by an oxygenated heterocyclic group (C-ring) to form the typical C6-C3-C6 skeleton 106 

(Del Rio et al., 2013; Santhakumar et al., 2018). Flavonoids are subdivided into flavonols, flavan-107 

3-ols, flavones, isoflavones, flavanones and anthocyanidins based on differences in their C-ring 108 

structures (Bravo, 1998; Santhakumar et al., 2018). Glycosylation and acylation of flavonoids 109 

increase their structure diversity and complexity. Phenolic acids are significant dietary non-110 

flavonoids, and can be classified as hydroxybenzoic acids and hydroxycinnamic acids (Bravo, 111 

1998; Del Rio et al., 2013). Some phenolic acid derivatives are also abundant in foods, such as 112 

chlorogenic acid as the esterification product of caffeic acid and quinic acid (Li et al., 2010), 113 

rosmarinic acid as the caffeic acid dimer derivative (Ali, Keppler, Coenye, & Schwarz, 2018), and 114 

coumarins as the lactone of 2-hydroxycinnamic acids (Ali et al., 2016). Apart from phenolic acids, 115 

stilbenes are also important dietary non-flavonoids containing C6-C2-C6 skeletal structure with 116 

resveratrol as an example (Peng, Lin, Ting, & Hu, 2018).  117 

 118 

2.2. Intake and assimilation of dietary polyphenols 119 
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After ingestion, polyphenols pass through the digestive tract, and their assimiliation and 120 

metabolism are dependent on structures, which are schematically illustrated in Fig. 1.  121 

Glycosides of flavonoids, especially glucose conjugates, can be hydrolyzed by human saliva 122 

to release aglycones. Quercetin-4'-glucoside and genistein-7-glucoside are common flavonoids in 123 

the diet. They have been found to be hydrolyzed by β-glucosidase originating from oral bacteria 124 

and epithelial cells in saliva, and then partly assimilated by oral epithelial cells (Walle, Browning, 125 

Steed, Reed, & Walle, 2005). The catechin esterase in saliva can catalyze the conversion of 126 

epigallocatechin gallate (EGCG) to epigallocatechin (EGC), and both of these compounds can be 127 

assimilated via oral mucosa (Yang, Lee, & Chen, 1999). Interactions of polyphenols with saliva 128 

proteins are even more common in the oral cavity. For instance, the interaction of polyphenols 129 

(catechin, gallic acid, rutin, quercetin, caffeic acid, etc.) with salivary albumin and mucin has been 130 

proven to improve the solubility of these polyphenols in saliva (Ginsburg, Koren, Shalish, Kanner, 131 

& Kohen, 2012).  132 

Gastrointestinal digestion helps to release polyphenols from the food matrix. About 65% of 133 

the flavonoids in apple have been shown to be released during the gastric stage (Bouayed, 134 

Hoffmann, & Bohn, 2011). Phenolic acids can be assimilated in the stomach with possible 135 

involvement of the monocarboxylic acid transporter (MCT) (Konishi, Zhao, & Shimizu, 2006). 136 

Feruloylquinic acids can be assimilated in their intact form via passive diffusion through gastric 137 

epithelium (Farrell, Dew, Poquet, Hanson, & Williamson, 2011). However, most polyphenol 138 

glycosides are not influenced by gastrointestinal digestion (Elzbieta, Maria, Anna, & Iwona, 2015). 139 

Polyphenol glycosides need to be hydrolyzed to release aglycones for the subsequent assimilation 140 

in the small intestine. Specifically, lactase-phlorizin hydrolase (LPH) is a β-glucosidase, which 141 

exists in the small intestinal epithelial brush border membrane, can hydrolyze a series of flavonol 142 
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glucosides, flavone glucosides, flavanone glucosides or isoflavone glucosides (Németh et al., 143 

2003). The released aglycones then pass through the small intestine epithelium mainly by passive 144 

diffusion based on their lipophilicity. Moreover, some transporters are also involved during the 145 

transepithelial transport of aglycones. MCT has been found to be responsible for transepithelial 146 

transport of caffeic acid and p-coumaric acid (Dang & Zhu, 2015). Sodium/glucose cotransporter 147 

1 (SGLT1), multi-drug resistance protein 2 (MRP2) and P-glycoprotein are associated with the 148 

transportation of emodin and chrysophanol (Teng et al., 2012). Furthermore, polyphenol 149 

glucosides may also pass the enterocyte membrane directly by SGLT1 and then be hydrolyzed by 150 

cytosolic β-glucosidase (CBG) to release aglycones in the enterocyte (Németh et al., 2003). Once 151 

phenolic aglycones are assimilated by enterocytes, they may undergo further metabolism, such as 152 

glucuronidation, methylation and sulphation, which mainly occurs in the small intestine and liver 153 

(Mullen, Edwards, & Crozier, 2006). The resulted metabolites are distributed into different organs 154 

by systemic circulation and excreted in urine (Mullen et al., 2006).  155 

Oxidation, degradation or transformation of polyphenols frequently occurs during their 156 

gastrointestinal digestion, resulting in potential reduction in the bioactivity of polyphenols. 157 

Polyphenols may be depleted by their action as antioxidants in the stomach. Polyphenols from 158 

coffee have been proved to sacrifice themselves to inhibit lipid peroxidation in a model gastric 159 

solution (Sirota et al., 2013). The movement of polyphenols from the stomach to the small intestine 160 

accelerates their transformation and decomposition, since polyphenols are more stable under acidic 161 

conditions (Betz et al., 2012). After in vitro pancreatic digestion, a mixture of cyanidin-3-glucoside 162 

and cyanidin-3-rutinoside was found to be decomposed into 18 phenolic compounds including 163 

ferulic acid, caffeic acid, resveratrol and (epi)gallocatechin with only ~5% of anthocyanins 164 

remained, and their bioaccessibility was significantly decreased (Liang et al., 2012). However, the 165 
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digestion products of cyanidin-3-glucoside and cyanidin-3-rutinoside still possessed excellent 166 

antioxidant ability, since they were also phenolic compounds. In addition, the binding of 167 

polyphenols with digestive enzymes also contributes to their loss (Helal et al., 2014).  168 

The majority of polyphenols cannot be absorbed in the upper digestive tract. Un-absorbed 169 

polyphenols pass into the colon, and are then metabolized by a series of enzymes secreted by 170 

intestinal microbiota. α-Rhamnosidase, β-glucosidase and β-glucuronidase from human gut 171 

microflora may hydrolyze flavonoid glycosides to release aglycones (Aura et al., 2002). Microbial 172 

esterases may hydrolyze the ester bond in dicaffeoylquinic acid to release monocaffeoylquinic acid 173 

and caffeic acid, which may be further metabolized by microbial reductases (Xie et al., 2016). The 174 

intestinal microflora can vary between individuals and the metabolic kinetics and products of 175 

polyphenols formed by gut microbiota may therefore be very different for different individuals 176 

(Gross et al., 2010).  177 

 178 

3. Mechanisms underlying the engineering of polyphenols via polyphenol-protein 179 

interactions 180 

Polyphenols may interact with proteins by either non-covalent interaction or covalent bonding 181 

(Fig. 2 and Fig. 3). In addition, polyphenols may also interact with self-assembling proteins or 182 

even induce the self-assembly of proteins. These are all possible approaches for engineering 183 

polyphenols in order to improve their gastrointestinal stability, cell uptake, target-specific delivery 184 

and biological activities.  185 

 186 

3.1. Non-covalent interactions 187 
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Non-covalent interactions are usually reversible and may be caused by hydrophobic 188 

interactions, hydrogen binding, electrostatic interactions and van der Waals interactions. 189 

Thermodynamic parameters, such as enthalpy change (△H) and entropy change (△S), have been 190 

frequently determined to examine the major non-covalent forces involved in specific phenol-191 

protein interactions. According to a previous review (Ross & Subramanian, 1981), positive △H 192 

and △S values demonstrated that the major non-covalent force involved was hydrophobic 193 

interactions, negative △H and △S values suggested that the major non-covalent force involved 194 

was hydrogen bond and van der Waals interactions, while negative △H and positive △S value 195 

suggested the major non-covalent force involved was electrostatic interaction. 196 

Hydrophobic interactions and hydrogen binding are dominant driving forces in the binding 197 

of polyphenols with proteins. The interactions between galangin (or genistein) and whey protein 198 

isolate (Ma & Zhao, 2019) and neohesperidin dihydrochalcone and α-lactalbumin (Jiang et al., 199 

2020) are mainly caused by hydrophobic interactions. Hydrophobic interactions mainly occur 200 

between aromatic rings of polyphenols and hydrophobic areas of proteins (Zembyla, Murray, 201 

Radford, & Sarkar, 2019). For instance, β-lactoglobulin interacts with theaflavin at Met-107, Asn-202 

90, Asn-88, Leu-87, Ala-86, Lys-69, Lys-60, Val-41 and Leu-39 residues through hydrophobic 203 

interactions (Xu, Hao, Sun, & Tang, 2019b). Val-315, Val-313 and Val-294 of rice glutelin were 204 

found to be the potential sites for the hydrophobic binding of EGCG (Xu et al., 2019c). The 205 

hydroxyl group in polyphenols contributes to their potential hydrogen binding with proteins 206 

residues. The hydroxyl group on the B-ring of (-)-epicatechin (EC) may bind to carbonyl or amide 207 

groups in salivary proline-rich protein by hydrogen binding (Soares et al., 2019). (+)-Catechin may 208 

bind to Trp328, Asp334, Gln365 and Asn369 of soybean 7S protein via hydrogen binding (Chen, 209 
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Wang, Feng, Jiang, & Miao, 2019). In addition, rhein, chrysophanol and emodin may interact with 210 

β-lactoglobulin at Trp 19 through hydrogen binding (Xu et al., 2019a).  211 

Most polyphenols are not charged at pH values of most foods, and electrostatic interactions 212 

with proteins are therefore less typical except for some phenolic acids. The lower pKa value of the 213 

carboxylic acid group in cinnamic acid derivatives (e.g. caffeic acid, ferulic acid and chlorogenic 214 

acid) in comparison with that in benzoic acid derivatives (e.g. 3,4-dihydroxybenzoic acid, gallic 215 

acid and syringic acid) makes cinnamic acid derivatives more prone to deprotonation under neutral 216 

conditions. Thus, the binding of cinnamic acid derivatives to β-casein has been found to be mainly 217 

driven by electrostatic interactions, while the interaction between benzoic acid derivatives and β-218 

casein was mainly caused by hydrophobic forces (Li et al., 2020). In addition, the presence of a 219 

flavylium cation on malvidin-3-glucoside facilitates electrostatic interactions with the negatively 220 

charged residues of proteins (Soares et al., 2019).  221 

Van der Waals forces usually occur together with other non-covalent bonds. For instance, 222 

Van der Waals forces and hydrogen bonds mediated the binding of quercetin to wheat gliadin at 223 

pH 5.0-9.0 (Wang et al., 2020). Apart from the above mentioned non-covalent bonds, electrovalent 224 

bonds may also be involved in interactions between polyphenols and proteins. With the addition 225 

of calcium ions, the divalent ions may act as a bridge between the carboxylic or phosphate group 226 

on αS1-casein and deprotonated EGCG via electrovalent bonds (Carnovale, Huppertz, Britten, & 227 

Bazinet, 2020).  228 

 229 

3.2. Covalent interactions 230 

Covalent bonding of polyphenols with proteins is mainly initiated by the formation of 231 

quinones (Fig. 3a and Fig. 3b). Polyphenols with a catechol ring such as hydroxytyrosol, 4-232 
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methylcatechol, rosmarinic acid, and EC can be oxidized to corresponding o-quinones by different 233 

protocols, such as transition metal ions (Yin, Hedegaard, Skibsted, & Andersen, 2014), periodate 234 

resin (Jongberg, Gislason, Lund, Skibsted, & Waterhouse, 2011), alkaline conditions (Ali et al., 235 

2018), enzyme catalysis (Ali et al., 2018), and electrochemical catalysis (Li, Jongberg, Andersen, 236 

Davies, & Lund, 2016). Quinones are strong electrophiles, which may react further with 237 

nucleophilic residues (thiol, amino, guanidine, or imidazole) on proteins or peptides by Michael 238 

addition (Ali et al., 2018; Pham, Wang, Zisu, & Adhikari, 2019). Moreover, the amino group of 239 

L-lysine has been found to directly react with the carbonyl group of quinones to form imino-240 

quinone adducts (Yin et al., 2014). Free thiol groups on proteins have been shown to be kinetically 241 

preferred targets for quinones, since the reaction rate of quinones with thiol groups was found to 242 

be at least 105 fold greater than that with amino and guanidine groups (Li et al., 2016).   243 

The covalent bonding between polyphenols and proteins may induce protein crosslinking. 244 

During Michael addition reactions, the phenolic moiety is regenerated, but may undergo a second 245 

oxidation, which leads to re-formation of the quinone and potential reaction with a nucleophilic 246 

group on another protein, resulting in protein crosslinking (see Fig. 3a) (Cao & Xiong, 2015). (+)-247 

Catechin quinone, which was generated by the oxidation of (+)-catechin, reacted with protein 248 

thiols at the 2’, 5’ or 6’ position to form thiol-catechin adducts, and these adducts could be re-249 

oxidized to the corresponding quinones and then react with another protein to form dithiol-catechin 250 

adducts leading to the polymerization of protein (Fujimoto & Masuda, 2012; Jongberg, Tørngren, 251 

Gunvig, Skibsted, & Lund, 2013). Besides quinones, semiquinone radical intermediates derived 252 

from monophenols (ferulic acid) may also covalently bind to protein nucleophilic residues (Pham 253 

et al., 2019). Polyphenol-protein covalent complexes may also be formed by free radical mediated 254 

processes (Fig. 3c). Protein radicals, which may be formed by free radical attack (e.g. from 255 
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hydroxyl radicals), could covalently attach to polyphenols at the ortho- or para-positions of their 256 

hydroxyl groups (Liu, Sun, Yang, Yuan, & Gao, 2015).  257 

Different types of non-covalent interactions may co-exist with covalent bonds in polyphenol-258 

protein complexes and induce the polymerization of proteins, thus further affecting the 259 

bioavailability and biological activities of the polyphenols. Different factors such as type of 260 

polyphenol and protein, pH, and temperature may influence the interaction of polyphenols with 261 

proteins (Tran, Benjakul, Sae-leaw, Balange, & Maqsood, 2019; Xiao & Kai, 2012). Polyphenols 262 

with different molecular weights and structures may significantly affect their interaction with 263 

proteins as polyphenols with large molecular weights (like proanthocyanidins from grape seed) 264 

showed stronger protein binding ability than those with small molecular weights (like tea 265 

catechins) (Frazier et al., 2010). Hydroxyl groups on polyphenols serve as hydrogen-bond donors, 266 

thus their numbers and position have significant effect on the hydrogen bond interaction between 267 

polyphenols and proteins (Li et al., 2010). In addition, hydroxylation, methoxylation, 268 

glycosylation, and methylation of polyphenols would also change their interaction ability with 269 

proteins (Li et al., 2020; Tang et al., 2017). Different hydrophobicity, isoelectric points and amino 270 

acid compositions in different proteins contribute to their varying interaction affinity with 271 

polyphenols (Li et al., 2016; Ma & Zhao, 2019; Ren, Xiong, Li, & Li, 2019). Moreover, polyphenol 272 

to protein ratio may also affect their interaction (Siebert & Lynn, 2000). Different pH values may 273 

alter the conformation of protein and the charge of both proteins and polyphenols, and hereby 274 

affect the extent and type of interaction between proteins and polyphenols (Stojadinovic et al., 275 

2013; Wang et al., 2020). The binding of polyphenols to proteins may also be influenced by 276 

temperature variation, since in some cases the interaction between polyphenols and proteins has 277 
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been found to be an exothermal (Sun, Warren, Gidley, Guo, & Miao, 2019) or endothermic process 278 

(Jiang et al., 2020).  279 

 280 

3.3. Self-assembly of protein-polyphenol nanoparticles 281 

Usually, self-assembly of polyphenols is difficult. However, polyphenols are able to self-282 

assemble into nanoparticles through the interaction with some protein or peptides which can 283 

assemble into well-ordered nanostructures with 1-100 nm diameters under specific conditions 284 

(Bonferoni, Rossi, Sandri, & Ferrari, 2017). Characteristics of protein-polyphenol nanoparticles 285 

mainly depend on the type and nature of the peptide/protein. For example, ferritin is often used for 286 

encapsulation and delivery of polyphenol compounds because of its nano-scale shell structure and 287 

reversible self-assembly properties (Zhang & Orner, 2011). What is more, other proteins such as 288 

zein, gliadin, albumin and those from soybean and milk were applied for the preparation of protein 289 

nanoparticles due to their protein properties such as self-assembly and film forming characteristics 290 

(Deepali, Neha, Shreya, Siddhartha, & Upendra, 2018). Until now, self-assembly technology has  291 

been extensively used for delivery of polyphenols such as curcumin and resveratrol, which are 292 

easily oxidized or poorly soluble, in order to improve the bioavailability of polyphenols (Locarno 293 

et al., 2020; Nunes, Baio, Monteiro, Neves, & Sarmento, 2020). Protein-polyphenol nanoparticles 294 

can also prolong the retention time in vivo, improve cell uptake and control targeted release of 295 

polyphenols (Aiello et al., 2019). The limited bioavailability of most polyphenols can be improved 296 

by a self-assembly technology which has advanced to precisely control the thickness, morphology 297 

and functionalities of protein-polyphenol nanoparticles (Li, Jiang, Xu, & Gu, 2015). 298 

 299 

4. Enhanced biological functions of polyphenols via engineering  300 
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Before attributing health benefits to polyphenols, bioavailability and cell uptake in the body 301 

are important points that should be considered. As shown in Fig 4., we focus on the factors related 302 

to bioavailability, cell uptake rate, target-specific delivery, and the effect of protein and polyphenol 303 

interaction on the biological functions of engineered polyphenols regarding intestinal health. First, 304 

for improved bioavailability, cell uptake rate, target-specific delivery and biological functions of 305 

polyphenols, polyphenols may be engineered by non-covalent interaction and/or covalent bonding 306 

with a series of proteins with different functional properties. In the gastrointestinal tract, protein 307 

binding may improve the stability of polyphenols by protecting polyphenols from being degraded 308 

and then release them at specific sites. A target-specific protein will guide the delivery of 309 

polyphenols into the body and hereby enrich specific tissues or organs. Then, cell uptake proteins 310 

may guide polyphenols to enter and be enriched in specific cells. Finally, peptides with similar 311 

functions to polyphenols will interact with polyphenols to improve various functional activities of 312 

polyphenols. 313 

 314 

4.1. Effect of polyphenol-protein interaction on the chemical stability of polyphenols 315 

The chemical stability of polyphenols has been investigated according to the polyphenols 316 

concentrations after incubating with proteins at 37oC for different times (Cao, Jia, Shi, Xiao, & 317 

Chen, 2016; Tang et al., 2017). The stability of resveratrol analogues in fetal bovine serum has 318 

been found to have an almost linear correlation with polyphenol-protein interaction affinity (Tang 319 

et al., 2017). The formation of protein-polyphenol complexes may decrease the content of free 320 

polyphenol in a specific system. In protein-polyphenol complexes, proteins may act as a physical 321 

separation barrier and protect polyphenols from oxidative degradation. The formation of 322 

nanocomplexes by the interaction of EGCG with heated β-lactoglobulin via hydrophobic 323 
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interactions and hydrogen binding was found to protect EGCG against oxidation during storage at 324 

room temperature (Shpigelman, Israeli, & Livney, 2010). The interaction of anthocyanin with heat 325 

denatured whey protein isolate has been found to protect anthocyanin from condensation or 326 

oxidation during storage (Chung, Rojanasasithara, Mutilangi, & McClements, 2015).  327 

 328 

4.2. Gastrointestinal stability enhancement of polyphenols 329 

The preparation of engineered polyphenols by binding with proteins is a promising strategy 330 

to protect polyphenols from enzymatic and oxidative degradation during the intake and 331 

assimilation process. As shown in Fig 5, polyphenol-protein complexes protect polyphenols from 332 

degradation in the stomach, control the release of polyphenols in the intestine, and increase the 333 

levels of intact polyphenols in the intestine and colon. In some cases, it would be beneficial to 334 

protect polyphenols from degradation in the upper gastrointestinal tract by the interaction with 335 

proteins in order to secure their delivery in the colon for further metabolism (Ribnicky et al., 2014). 336 

The interaction of tea polyphenols with proteins from cheese has been shown to reduce polyphenol 337 

degradation and increase the concentration of intact polyphenols in the intestine (Lamothe, 338 

Langlois, Bazinet, Couillard, & Britten, 2016). The microencapsulation of a bilberry extract in 339 

whey protein-based hydrogels has been shown to control the release of bilberry anthocyanins and 340 

reduce their degradation or transformation in the intestinal phase (Betz et al., 2012). The hybrid 341 

nanofilament formed by the interaction of EGCG with lysozyme amyloid fibrils could deliver 342 

EGCG into the gut and extend its retention time in the colon, which was found to alleviate colitis 343 

by adjusting the dysbacteriosis and enhancing the intestinal mucosal barrier function (Hu et al., 344 

2020). 345 
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Hydrolysis and conformational change of proteins are the key point determining the release 346 

of polyphenols from polyphenol-protein complexes. Non-covalent interactions of polyphenols 347 

with proteins may promote the unfolding of protein structures and hereby expose enzyme action 348 

sites (Zhou, Lin, Xu, Meng, & Dong, 2020b). However, if polyphenols occupy the hydrophobic 349 

regions of proteins, enzymes may be hindered from approaching the active sites present in those 350 

hydrophobic regions (Ren et al., 2018). The release of EGCG from EGCG-β-lactoglobulin 351 

complexes was positively correlated to the proteolysis degree (Shpigelman, Cohen, & Livney, 352 

2012). Protein conformation is influenced by pH conditions, which subsequently influence the 353 

release of polyphenols. The release of polyphenols from glycinin nanoparticles was observed to 354 

be ~1.7 fold higher at pH 7.4 than that at pH 1.2 in the first 90 min of the in vitro drug release 355 

analysis. The formation of hydrogen bonds between carboxyl residues and polar groups on 356 

glycinin at pH 1.2 enhanced its structure compactness, thus slowing down the polyphenol release 357 

rate. The expansion of glycinin that was caused by the electrostatic repulsion between anionic 358 

carboxyl residues on glycinin at pH 7.4 increased the release rate of polyphenols (Liu, Wei, Liao, 359 

Liu, & Huang, 2015).   360 

 361 

4.3. Cell uptake enhancement 362 

The application of many polyphenols is limited due to their week ability to effectively pass 363 

through cell membranes and low cellular uptake (Hussain, Sulaiman, Alhaddad, & Alhadidi, 364 

2016). Cell penetrating peptides (CPPs) are a class of promising carriers for polyphenol 365 

engineering that have attracted wide attention. Such peptides are typically made up of 5-30 amino 366 

acids, and are able to facilitate cellular intake/uptake of cargoes (from small chemical molecules 367 

to large fragments of DNA) in vitro and in vivo (Madani, Lindberg, Langel, Futaki, & Gräslund, 368 
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2011). Until now, more than 1700 CPPs such as HIV-1 TAT protein and antennapedia penetratin 369 

have been characterized and listed in the CPP site 2.0 database along with their secondary and 370 

tertiary structures (Habault & Poyet, 2019). Because of the existence of arginine and lysine 371 

residues, CPPs usually possess electropositivity under physiological conditions, and can form 372 

stable bidentate hydrogen bonds with cell membrane components (Skotland, Iversen, Torgersen, 373 

& Sandvig, 2015). CPPs exert their transport activity through endocytosis and direct translocation 374 

(Madani et al., 2011). Polyphenols may be engineered to improve their transmembrane efficiency 375 

by electrostatic or covalent interaction with CPPs (Habault & Poyet, 2019). For example, grafting 376 

of a CPP (arginine-glycine-aspartic acid) on a nanocarrier surface, which contained topotecan and 377 

quercetin facilitated the uptake of polyphenols in cancer cells via endocytosis mediated by integrin 378 

receptor, and enhanced drug intracellular release (Murugan et al., 2016). A curcumin-loaded lipid 379 

nanoemulsion assembled with a nine arginine peptide increased the cell uptake and cellular 380 

internalization of curcumin in human endothelial cells (Simion et al., 2016). 381 

 382 

4.4. Target-specific delivery enhancement 383 

Nonspecific bio-distribution and targeting is another key factor that prevents polyphenols 384 

from giving full play to their biological activities in vivo (Ohara & Ohyama, 2014). The target-385 

specific delivery of polyphenols can be improved by interaction with some peptides that can be 386 

enriched in specific sites such as organs, tissues and cells. For example, peptides with core motif 387 

(LTVXPWY) were identified to exhibit a specific binding to breast cancer cells (Shadidi & Sioud, 388 

2003). A synthetic peptide RKOpep (CPKSNNGVC) has been proved to specifically bind to 389 

human colorectal cancer cells (e.g. Caco-2 and HCT-15), rather than to normal gut cells. In 390 

addition, bioinformatics analysis suggested that RKOpep may be helpful in colorectal cancer 391 
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targeted therapy, since it can specifically bind to monocarboxylate transporter 1, which is 392 

associated with the progression and prognosis of colorectal cancer (Ferreira et al., 2019). Tumor 393 

homing peptides (THPS) with a group of peptides containing RGD or NGR motifs can recognize 394 

and bind to specific receptors or markers on the surface of tumor tissues or blood vessels such as 395 

angiogenic or metastatic tumors (King et al., 2016). THPS can deliver antitumor drugs such as 396 

polyphenols with anti-cancer function directly to tumor tissues and cells (Kebebe et al., 2018). For 397 

example, a tumor-homing cell-penetrating peptide linked to colloidal mesoporous silica 398 

encapsulated EGCG could significantly improve the anti-breast tumor efficiency of EGCG via 399 

targeted release and accumulation (Ding et al., 2015). Curcumin-loaded nanoliposomes containing 400 

an integrin-homing peptide displayed higher delivery and internalization of curcumin, and 401 

therefore suppressed the viability of cancer cells MCF-7 and MDA-MB-468 (Kangarlou, 402 

Ramezanpour, Balalaie, Roudbar Mohammadi, & Haririan, 2017).  403 

 404 

4.5. Function enhancement for improved intestinal health 405 

4.5.1. Antioxidant activity 406 

High levels of oxidative stress are usually generated by excessive levels of free radicals and 407 

have a negative impact on human health (Lobo, Patil, Phatak, & Chandra, 2010). To reduce 408 

oxidative stress, one effective way is to remove the free radicals by free radical scavengers. 409 

Polyphenols, as efficient antioxidants, possess excellent free radical scavenging ability (Nimse & 410 

Pal, 2015). In general, interactions of polyphenols with proteins have been believed to mask the 411 

antioxidant capacity of polyphenols by decreasing their available hydroxyl numbers and electron 412 

donating ability (Stojadinovic et al., 2013). However, through rational design and engineering, 413 

protein-polyphenol interactions can improve or stabilize the antioxidant activities of polyphenols. 414 
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The formation of polyphenol-protein complexes may partly protect polyphenols from oxidation 415 

and chemical degradation (Bandyopadhyay, Ghosh, & Ghosh, 2012). The release of polyphenols 416 

in polyphenol-protein complexes may be controlled during gastrointestinal digestion. For example, 417 

interaction between tea polyphenols and soybean proteins was found to slow down the oxidation 418 

process of tea polyphenol (Chen et al., 2019). The binding of procyanidins to soy protein isolate 419 

was found to protect procyanidins against oxidation and prolong their antioxidant activity by slow-420 

release during free radical scavenging analysis (Zou et al., 2019). Besides, the binding of protein 421 

or peptides to polyphenols may play a synergistic role in improving the total antioxidant capacity. 422 

Interaction of chlorogenic acid (at medium and high concentrations) with whey protein isolate and 423 

casein significantly enhanced proteins radical scavenging activity according to the ABTS+• 424 

scavenging capacity analysis (Jiang, Zhang, Zhao, & Liu, 2018).  425 

 426 

4.5.2. Anti-inflammatory activity 427 

Dietary polyphenols have been widely reported in inhibiting inflammatory response, and are 428 

becoming potential therapeutic agents for inflammatory diseases (Guo et al., 2009). In addition, 429 

some proteins and peptides also have anti-inflammatory effects. Lectins, a family of carbohydrate-430 

binding proteins, may exhibit pro- or anti-inflammatory effects depending on the administration 431 

route (Closa, Motoo, & Iovanna, 2007). For example, resveratrol can bind to lectins through 432 

hydrogen bonds and hydrophobic interactions, showing the best synergistic effect on scavenging 433 

free radicals and anti-inflammatory activity with a ratio of resveratrol and lectins of 2:3 (Rocha et 434 

al., 2015). A blueberry polyphenol-protein aggregate exhibited a very positive performance on in 435 

vitro biological activities such as ROS reduction and inhibition of inflammation markers, and 436 

increased the stability of blueberry polyphenols by forming a thin layer (Hoskin, Xiong, Esposito, 437 
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& Lila, 2019). A resveratrol nanoparticle formulation produced by zein was found to increase 438 

bioavailability of resveratrol, and decrease the levels of serum tumor necrosis factor-alpha (TNF-439 

α) (Penalva et al., 2015). Taken together, it is possible to increase anti-inflammatory activity 440 

through the interaction of specific proteins with polyphenols, especially through covalent bonding.  441 

4.5.3. Anti-cancer activity 442 

The cytotoxic, anti-proliferative, pro-apoptotic, pro-autophagic, and anti-migratory activities 443 

of polyphenols toward many types of tumor cell lines have been reported (Lewandowska, Fichna, 444 

& Gorlach, 2016). The anti-cancer activity of polyphenols can be enhanced if engineered by 445 

binding to proteins. The interaction between proteins and polyphenols has two main effects on the 446 

anti-cancer properties of polyphenols. One is to protect the activity of polyphenols as a carrier, and 447 

the other is to combine with polyphenols to form new compounds to improve the anti-cancer 448 

activity of polyphenols. The anti-proliferative activity of green tea polyphenols was retained after 449 

forming complexes with either β-lactoglobulin or caseinomacropeptide, and the complexes even 450 

showed better performance on particular tumor cell lines (Von Staszewski et al., 2012). Compared 451 

with free tea catechins, nanoencapsulation of tea catechins in casein micelles were able to improve 452 

the bioaccessibility and keep the anti-proliferative activity of tea catechins (Haratifar, Meckling, 453 

& Corredig, 2014). The complex of (+)-catechin with lysine residues in a ratio of 1:2 increased the 454 

water solubility of catechin by increasing its positive charge, and thereby improved catechin 455 

bioavailability (Payen et al., 2017). In addition, polyphenol protein complexes play an 456 

antiproliferative and cytotoxic role in colorectal, pancreas and breast cell lines, and their toxicity 457 

to non-cancer cell lines was lower (Silva et al., 2019). For example, the polyphenol protein 458 

complexes induced about 20% decrease in the proliferation rates of breast cancers (MCF-7 and 459 

MDA-MB-231), but showed no obvious effect on non-cancer cell lines (MCF12A). Nanoparticles 460 
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assembled from gallic acid grafted chitosan and caseinophosphopeptides have been applied to 461 

deliver EGCG. The resulting EGCG-loaded nanoparticles protected EGCG from degradation and 462 

controlled its release under simulated gastrointestinal environments, which enhanced the 463 

anticancer activity of EGCG against Caco-2 cells (Hu et al., 2015).  464 

 465 

5. Safety consideration in the applications of engineered polyphenols 466 

The covalent bonding formed between quinones and proteins or peptides through Michael 467 

addition (e.g. lens proteins, glutathione, etc) has been found to be associated with a series of 468 

pathological disorders in vivo (Bittner, 2006). New complexes are generated by non-covalent 469 

interactions and (or) covalent bonding of polyphenols with proteins, and the safety and the 470 

potential hazard of such polyphenol-protein complexes must be considered, especially for those 471 

formed by irreversible covalent bonding. Non-covalent polyphenol-protein complexes are most 472 

likely hydrolyzed in the gastrointestinal tract, hereby releasing the polyphenols. However, whether 473 

the irreversible covalent bond between polyphenols and amino acid residues on proteins can be 474 

broken in the gastrointestinal tract has not been examined so far and needs further investigation.  475 

 476 

6. Conclusions and future trends 477 

The interaction of polyphenols with proteins may affect the biological functions of 478 

polyphenols. The release of polyphenols from polyphenol-protein complexes during digestion is 479 

likely to be influenced by the hydrolysis degree and protein conformational change in the complex. 480 

Protein-polyphenol interactions influence the bioactivity of polyphenols related to intestinal health 481 

such as antioxidant, anti-inflammatory, and anti-cancer activities. Therefore, engineering 482 

biological functions of polyphenols via polyphenol-protein interactions is of great potential for 483 
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improvement of bioavailability, specific-target delivery and biological activity of polyphenols. In 484 

addition, specific engineering of polyphenols could also be designed by interaction with proteins 485 

according to different requirements. However, more in-depth research is needed on physiological 486 

effects and mechanisms of polyphenol-protein interactions for promoting the accuracy of the 487 

engineering design of polyphenols. Nevertheless, the interaction of proteins with polyphenols 488 

should be further studied in the future to develop novel food ingredients for intestinal health.   489 
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 884 

Fig. 1. The assimilation and metabolism of dietary polyphenols in the human body. 885 
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 888 

Fig. 2. Major non-covalent interaction forces between polyphenols and proteins. 889 
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 892 

Fig. 3. Covalent bonding of polyphenols to proteins. (a) Michael addition and imino-quinone 893 

adducts formed by catechol and protein; (b) Michael addition adducts formed by pyrogallol and 894 

protein; (c) Polyphenol-protein covalent complexes formed by a free radical mediated process. 895 
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 898 

Fig. 4. Schematic representation of bioavailability, cell uptake rate, target-specific delivery and 899 

biological functions of engineering polyphenols via polyphenol-protein interactions. 900 
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 903 

Fig. 5. Schematic representation of the protection and release of polyphenols from polyphenol-904 

protein complex. 905 
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Table 1 Major flavonoid structures 906 

Flavonoids Common aglycones Common conjugates 

Flavonols 

 
 

 

 
Kaempferol 

 
Quercetin 

 
Myricetin 

                          
Kaempferol-3-glucoside       Rutin (quercetin-3-O-rutinoside) 

 
Myricitrin (myricetin-3-O-rhamnoside) 

Flavan-3-ols 

 
 

(+)-Catechin 

 
(-)-Epicatechin 

 
(-)-Epigallocatechin 

                            
(+)-Catechin-5-O-glucoside    (-)-Epicatechin-3-O-gallate 

  
(-)-epigallocatechin-3-O-gallate 

Flavones 

 
 

Apigenin 

                          
 

Vitexin                                       Isovitexin 
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Luteolin 

                   
Orientin                                         Isoorientin 

Isoflavones 

 
 

Daidzein  
Daidzein-7-O-glucoside 

Flavanones

 
 

Naringenin 

 
Hesperetin 

 
Naringin (Naringenin-7-O-neohesperidoside) 

 
Hesperidin (hesperetin-7-O-rutinoside) 

Anthocyanidins

 

 

 R1 R2 

Cyanidin OH H 

Delphinidin OH OH 

Malvidin OMe OMe 

Peonidin OMe H 

Petunidin OMe OH 

Pelargonidin H H 

 
Cyanidin-3-glucoside 
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Table 2 Major non-flavonoid structures  908 

Non-flavonoid Common aglycones  

Phenolic acids 

         
Hydroxybenzoic acids

Hydroxycinnamic acids 

                                 
Gallic acid   Protocatechuic acid   Vanillic acid 

                           
Caffeic acid     Ferulic acid       Sinapic aicd 

Coumarins 

                       
7-Hydroxycoumarin    6,7-Dihydroxycoumarin 

Stilbenes 

                           
cis-Resveratrol                 trans-Resveratrol 

Ellagic acid 

 
Ellagic acid 

Curcuminoid 

 
Curcumin 
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