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The strong interfacial properties of selected plant polyphenols 

were recently exploited in forming functionally versatile 

nanocoatings via dip-coating. Here, we screened a library of 

~20 natural and synthetic phenols and polyphenols, 

identifying eight catechol-, gallol- and resorcinol-rich 10 

precursors capable of forming coatings. Several newly 

identified compounds expand the molecular diversity of 

tannin-inspired coatings. 

The use of bio-inspired approaches for forming multifunctional 

coatings has become commonplace in the last several years.1 15 

Mussel adhesive proteins (MAPs) are polyphenolic biopolymers 

that have provided much inspiration for this work.2 MAPs with 

the highest known concentrations of 3,4-dihydroxyphenylalanine 

(DOPA) are found near the interface of the mussel byssus and 

substrate,3,4 suggesting an important interfacial role for DOPA. 20 

Due to the chemical versatility of its catechol (1,2-

dihydroxyphenyl) side chain, DOPA is possibly unrivaled among 

amino acids in its ability to contribute adhesive properties to 

proteins.5 Because of this, DOPA has recently been employed as 

a molecular building block for anchoring biomimetic coatings 25 

onto substrates.6-8  

Dopamine, a structural relative of DOPA, has also emerged as 

a convenient tool for depositing nanocoatings on an incredibly 

diverse array of substrates.9 Substrates immersed in aqueous 

solutions of dopamine spontaneously form conformal coatings, 30 

often referred to as polydopamine (pDA). pDA coating formation 

generally proceeds best at alkaline pH10 and is therefore thought 

to involve autoxidation to form a reactive o-quinone, in analogy 

to melanogenesis.11,12 Despite rapidly growing interest in the 

practical applications of pDA-like coatings,1 most reported 35 

studies rely on dopamine and a small number of other structurally 

related catecholamine coating precursors.13-18 

Among other classes of phenolic biomolecules, plant phenols 

and polyphenols (hereafter, collectively referred to as 

‘(poly)phenols’) stand out as possessing a remarkable abundance 40 

and density of catechol and gallol (1,2,3-trihydroxyphenyl) 

functional groups. Due to structural resemblance to DOPA and 

dopamine, plant (poly)phenols are expected to exhibit strong 

solid-liquid interfacial properties. Indeed, the common name for 

the class of plant (poly)phenols capable of binding, cross-linking, 45 

or precipitating proteins is tannins, and their strong interfacial 

activity is the basis of the astringency effect and their historical 

use in leather tanning.19 The use of plant-derived (poly)phenols as 

precursors for spontaneous, multifunctional, and substrate-

independent nanocoatings was recently reported.20-23 These 50 

studies have revealed the potential of green tea catechins 

[epicatechin gallate (ECG) and epigallocatechin gallate (EGCG)], 

tannic acid (TA), and pyrogallol (PG) to form thin adherent films. 

Whereas some approaches to plant (poly)phenol-derived coatings 

involve the use of polymers, enzymes, trivalent metal ions, or 55 

multistep deposition processes,21-23 we favour an approach to 

coating formation that is analogous to pDA coatings, i.e., 

requiring only aqueous buffer and (poly)phenol precursor.20 

In contrast to pDA coatings, where the molecular diversity of 

coating precursors is quite limited (primarily dopamine, 60 

norepinephrine, and DOPA), a vast number of (poly)phenols 

from plant tissues exist and can be considered potential 

precursors. Integration of more structurally and chemically 

diverse plant poly(phenols) into tannin-inspired nanocoatings 

should translate into novel and potentially useful coating 65 

properties, beyond those that have already been reported. In this 

study we investigated a number of plant-derived or plant-inspired 

(poly)phenol compounds, identifying several new molecules 

capable of forming coatings. Furthermore, the pH dependence of 

coating deposition was demonstrated, with the optimal coating 70 

pH generally being below the first phenolic pKa for each 

compound. In addition to significantly expanding the library of 

plant-inspired (poly)phenols useful as coating precursors, our 

results suggest that subtle changes in deposition conditions can 

significantly affect coating formation, even for structurally 75 

similar coating precursors. 

We investigated the coating potential of 19 natural and 

synthetic precursors containing gallol, catechol, or phenol 

structural units (Figure 1).  The compounds studied were inspired 

by several different types of tannins: phlorotannins based on 80 

phloroglucinol, hydrolyzable tannins containing gallates, and 

condensed tannins composed of flavan-3-ols. The use of plant-

based molecules was especially attractive due to the potential for 

fabricating multifunctional coatings from non-petroleum natural 

resources (Table 1), or even from current industrial waste and 85 

byproducts.24-27 In fact, we recently demonstrated that expended 

green tea leaves can be used to form coatings.20 As a basis for 

screening their coating-forming ability, each compound was 

dissolved in buffered 0.6 M NaCl, and TiO2 substrates were 

immersed with gentle agitation for 24-48 h. Anticipating that 90 

coating formation via autoxidation may be connected to phenolic 

deprotonation28 and recognizing that the molecular diversity of  
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Fig. 1 Chemical structures of tannin-inspired compounds studied as 

coating precursors. The names and plant sources of all compounds can be 

found in Table 1. 

the compounds investigated would be reflected in a range of 5 

phenolic pKa values, pH values between 3-10 were investigated 

(not all compounds were soluble over the entire pH range). 

Coating thickness was monitored indirectly via XPS, using the 

reduction of signal from the underlying TiO2 substrate as an 

indicator of coating formation. For screening purposes only, we 10 

interpreted a reduction in Ti2p signal of at least 50 % as 

confirmation of a successful coating, though we recognize that 

thinner coatings may perform well for some intended 

applications.29 

Eight molecules were discovered to form coatings 15 

(Supplementary Table S1), including three identified earlier20 

(TA, PG and EGCG) and five that were previously unknown 

[catechol (Ctl), catechin (Ctn), hydroxyhydroquinone (HHQ), 

epigallocatechin (EGC), and morin]. The carbon-to-oxygen (C/O) 

ratios of the coatings were determined by XPS, yielding C/O 20 

values very similar to those of the molecules from which the 

coatings were derived (Supplementary Table S2). An exception 

was morin, where the experimental C/O ratio of the coating 

formed at pH 8 (1.11) was substantially dissimilar to the C/O 

value of morin (2.14). This may reflect a relatively thin coating, 25 

as the adlayer thickness on TiO2 and polycarbonate (PC) were 

determined by ellipsometry to be less than 5 nm (Supplementary 

Table S3). For certain precursors, even small changes in pH 

strongly influenced the ability to form coatings, an observation 

exemplified by TA, PG and EGC. In our previous study, coatings 30 

based on TA and PG formed at pH 7.8.20 However, in this work, 

a minor increase to pH 8 largely abolished the coating ability of  

Table 1 Summary of coating precursors studied, their plant sources, and 

their ability to form spontaneous coatings 

Precursor Numbera Common Plant Sourceb Coating Former? 

Gallic acid 1 Oak NO 

Ellagic acid 2 Oak NO 

TA 3 Oak YES 

Ctn 4 Cocoa, Green tea YES 

EGC 5 Green tea YES 

EGCG 6 Green tea YES 

Quercetin 7 Caper NO 

Morin 8 Guava YES 

Naringenin 9 Citrus fruit NO 

Rutin 10 Citrus fruit NO 

Naringin 11 Citrus fruit NO 

Phloroglucinol 12 Brown algae NO 

PG 13 Eurasian watermilfoil YES 

Ctl 14 Argan YES 

Hydroquinone 15 Broccoli NO 

Resorcinol 16 Argan NO 

HHQ 17 None YES 

Phenol 18 None NO 

Resveratrol 19 Grapes NO 

a See figure 1 for structures. b Not intended to be exhaustive list of all 35 

known natural sources. 

PG and TA (Supplemental Table S1 and S2). EGC showed little 

coating ability at pH 7.8,20 but was much better at pH 9.  

On the basis of initial screening results, TA, PG, Ctl, Ctn, 

HHQ, and EGCG were further examined for their ability to form 40 

coatings on a wide variety of metal, ceramic, and polymer 

substrates. Representative findings for Ctn are shown in Figure 2 

and in Supplementary Figures S1-S5 for TA, PG, Ctl, HHQ, and 

EGCG. With the exception of SiO2, which is known to be 

solubilized by catechols near neutral pH,30 coatings formed on all 45 

substrates investigated, as indicated by silver staining.20 After 

exposure to silver nitrate (AgNO3), modified samples darkened 

because of the formation of silver nanoparticles via a redox 

couple between Ag+ and the polyphenolic coating. Chemical 

analysis of the modified surfaces by XPS revealed good 50 

agreement between the C/O ratios of coatings and the C/O ratios 

of the corresponding phenolic precursors. As reported 

previously,20 (poly)phenol coatings produce less substrate 

discoloration than pDa for coatings of comparable thickness 

(Supplementary Figure S6). TA-, PG-, Ctl-, Ctn-, HHQ-, and 55 

EGCG-derived coatings could also be deposited onto porous 

poly(ε-caprolactone) (PCL) foams (Figure 3) and PEEK mesh 

(Supplementary Figures S7 – S13) in a straightforward manner.  

The stability of tannin-inspired nanocoatings toward 

sonication was substrate dependent (Supplementary Table S3). 60 

Coatings deposited on TiO2 were partly removed upon sonication 

in water, while coatings applied on PC remained essentially 

unchanged after sonication. EGCG, which decreased from 65 nm 

to 4 nm after sonication, was the exception. Immersion of coated 

PC substrates in aqueous buffer and assessment of coating 65 

thickness by ellipsometry at various times led to the finding that 

coating stability depended on pH and the presence of esters in the 

precursor (Supplementary Figures S14-S17). Coatings derived 

from ester-free precursors (PG, Ctl, Ctn, HHQ) were stable or 

increased slightly in thickness at acidic pH over 7 days. However,  70 
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Fig. 2 Spontaneous deposition of catechin-derived coatings on a variety 

of substrates. (A) Digital images of uncoated, coated, and AgNO3-treated 

substrates demonstrating versatility of catechin as a coating former on 

metal, ceramic, and polymer substrates. Darkening of substrates upon 5 

treatment with AgNO3 results from silver nanoparticle formation, 

confirming the presence and redox-active nature of the polyphenolic 

coating. (B) Surface chemical analysis of coated substrates by XPS. 

Inherent substrate signal are represented by red bars (100 % = no coating; 

* indicates the inability to differentiate coating from substrate by XPS), 10 

and carbon/oxygen (C/O) ratio are represented by blue symbols. 

Attenuation of substrate signal in conjunction with a C/O ratio similar to 

that of catechin (C/O = 2.5, blue dashed line) is indicative of successful 

coating formation. 

TA- and EGCG-derived coatings decreased in thickness at acidic 15 

pH, presumably due to hydrolysis. Hydrolysis of coatings based 

on TA and EGCG could be employed for release of gallic acid 

(GA), which has antibacterial, anti-inflammatory, and antioxidant 

properties.31-33 A recent report suggested that PG and TA coatings 

were unstable toward sonication.34 However, those coatings were 20 

formed under different pH conditions than those shown to be 

optimal in this report. Our data show that pH during coating 

formation has a significant influence on coating thickness and 

properties (Tables S1-S3). 

Noting our previous success with PG, TA and EGCG,20 we 25 

anticipated the aromatic vicinal diol (catechol) to emerge as a 

common structural feature of coating-forming precursors. Indeed, 

seven of the eight coating precursors identified in this study 

contain at least one aromatic vicinal diol ring. However, having 

this structural component is clearly not sufficient, as GA, ellagic 30 

acid, quercetin, and rutin did not produce coatings under our 

conditions. Quercetin was recently reported to reduce the contact 

angle of a hydrophobic substrate, but the thickness of the coating 

was not reported.34 Additionally, the reported method required 

the use of an organic co-solvent which was not necessary in our 35 

method. 

 The failure of GA to form coatings is especially interesting, 

as it is very similar to PG and essentially the monomeric unit of 

TA, which both coat very efficiently. When comparing GA to 

PG, the obvious difference is the presence of a carboxylic acid in  40 

 
Fig. 3 Spontaneous deposition of coatings on porous PCL substrates. PCL 

foams were immersed in solutions containing TA, PG, Ctl, Ctn, HHQ, 

and EGCG under buffered conditions. As-deposited coatings (- Ag+) were 

further visualized by immersing in AgNO3 (+ Ag+). 45 

GA, which contributes charge, alters the electronic structure of 

the aromatic ring, affects the pKa, and eliminates one potential 

reaction site on the phenyl ring.  

 The presence of vicinal diols was expected to be a requisite 

for forming coatings due to the need to form reactive o-quinones. 50 

Aryl-aryl couplings, which proceed through o-quinones, are 

considered vital to oxidative reactions among plant phenols.19 

The ability of morin to form coatings is notable among the 

catecholamines and plant polyphenols as the first coating 

precursor that does not contain a vicinal diol. Among the six 55 

precursors containing a 1,3-dihydroxybenzene motif but lacking 

an aromatic vicinal diol (morin, naringenin, phloroglucinol, 

resorcinol, and resveratrol), only morin formed coatings. 

Associating the presence of the α,β-unsaturated ketone in morin 

with successful coating formation is tempting, though such a 60 

generalization is not supported by the inability of quercetin to 

form coatings.  

For the (poly)phenol coating precursors identified in this 

study, we reasonably expected a relationship between coating pH, 

phenol deprotonation, and autoxidation.28,35-38 Oxygen-free 65 

titrations of Ctn, TA, EGCG, Ctl, PG, and HHQ were performed 

to identify pKa values of the precursors (Supplementary Table 

S4). No clear trend emerged when these values were compared to 

the optimal coating pH (pHcoating), though all successful coatings 

were noted to occur at pH values less than the first phenolic pKa 70 

of the precursor. In most cases, the optimal coating pH was 

within approximately 2 pH units of the pKa value of the 

precursor, suggesting a role for deprotonation and autoxidation in 

coating deposition.  

Acknowledging that the titration and coating experiments 75 

were performed at different salt concentrations, which may 

influence the protonation of phenols, additional studies are 

needed to fully understand the relationship between optimal 

coating pH, phenol deprotonation, and autoxidation. 

Nevertheless, our observations already provide some guidance to 80 

those seeking to identify ideal conditions to produce coatings 

from a (poly)phenol precursor.  

Lastly, a brief comment on precursor solubility is warranted. 

The coating method requires at least some solubility of the 

molecular precursor in the coating medium, and all of the coating 85 

precursors identified here – TA, PG, EGCG, Ctl, Ctn, HHQ, 

EGC, and morin – met this requirement within at least part of the 

pH range studied. However, limited solubility over a wide pH 

range essentially precluded the use of certain compounds. This is 

well illustrated by ellagic acid and quercetin, which were 90 

insoluble below pH 10 and 9, respectively. In the future, it may 

be possible to overcome such solubility limitations with mixed 

aqueous/organic solvent systems,34 though we did not investigate 
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this.  

The identification of new polyphenol coating precursors is 

important because the immense structural diversity of this family 

of natural compounds may lead to coatings with novel chemical 

and biological properties. With this in mind, we investigated a 5 

library of (poly)phenols as precursors. One important outcome of 

this study is the expansion of known molecular precursors to 

include tannic acid, epigallocatechin gallate, pyrogallol, catechin, 

epigallocatechin, morin, catechol, and hydroxyhydroquinone. 

Although the establishment of strict rules associating coating 10 

ability with precursor molecular features was elusive, most 

precursors were found to contain at least one aromatic vicinal 

diol. Morin was a notable exception, emerging as the first known 

example of a (poly)phenol coating precursor that does not contain 

a catechol or gallol group. Finally, compound-specific ideal 15 

conditions for substrate modification were established, revealing 

a loose relationship between coating pH and phenolic pKa and 

providing general guidance for preparing tannin-inspired 

nanocoatings from these and other (poly)phenol precursors. In 

contrast to pDA coatings, where precursor choice is quite limited, 20 

the vast molecular diversity in plant-inspired (poly)phenols offers 

many opportunities for tailoring chemical, physical, and 

biological properties of (poly)phenol coatings in the future. 
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