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Expanding the Toolbox of Metal–Phenolic Networks via Enzyme-

Mediated Assembly  

Qi-Zhi Zhong, Joseph J. Richardson, Shiyao Li, Wenjie Zhang, Yi Ju, Jianhua Li, Shuaijun Pan, Jingqu 

Chen, and Frank Caruso*

Abstract: Functional coatings are of considerable interest because 

of their fundamental implications for interfacial assembly and 

promise for numerous applications. Universally adherent materials 

have recently emerged as versatile tools to engineer functional 

coatings; however, such coatings are generally limited to catechol, 

(ortho-diphenol)-containing molecules, as building blocks. Here, we 

report a facile, biofriendly enzyme-mediated strategy for assembling 

a wide range of molecules (e.g., 14 representative molecules in this 

study) that do not natively have catechol moieties, including small 

molecules, peptides, and proteins, on various surfaces, while 

preserving the molecule’s inherent function, such as catalysis (~80% 

retention of enzymatic activity for trypsin). Assembly is achieved by 

in situ conversion of monophenols into catechols via tyrosinase, 

where films form on surfaces via covalent and coordination cross-

linking. The resulting coatings are robust, functional (e.g., in 

protective coatings, biological imaging, and enzymatic catalysis), 

and versatile for diverse secondary surface-confined reactions (e.g., 

biomineralization, metal ion chelation, and N-hydoxysuccinimide 

conjugation). 

Advances in designing functional materials are highly dependent 

on the development of surface modification strategies,[1] which 

can significantly change the interfacial properties of a material 

(e.g., morphology, wettability, and degradability)[2] and thus 

govern its performance in specific applications, including drug 

delivery,[3] catalysis,[4] biological imaging,[5] and energy storage.[6] 

Recently, phenolic compounds have garnered significant interest 

as building blocks for the assembly of functional coatings and 

films owing to their desirable properties including versatile 

adhesion,[7] selective permeability,[8] high antioxidation,[9] and 

excellent stability.[10] For example, Lee et al. reported organic 

polydopamine (PDA) coatings,[11] and our group reported hybrid 

metal–phenolic networks (MPNs),[12] both of which are useful for 

coating various surfaces with different size, shape, structure, 

and composition.[7b,13] Such versatile adhesion between the 

phenolic molecules (e.g., dopamine and tannic acid) and 

substrates is believed to derive from the diverse interfacial 

interactions generated by catechol moieties in the precursors.[14] 

Therefore, the phenolic building blocks reported to date almost 

all have at least one catechol group.[15] However, overcoming 

the constraints of the catechol-specific thin film toolbox is 

expected to provide greater versatility and functionality for 

surface modification. Considering the functionality of phenolic 

compounds and their ubiquitous presence in nature,[16] a facile 

method capable of converting arbitrary phenolic molecules into 

thin film building blocks could be a promising strategy to expand 

the “phenolic coating” toolbox. 

We herein present a facile enzyme-mediated strategy for 

assembling diverse monophenol-based molecules on various 

surfaces to engineer a range of coatings, films, and particles. 

Specifically, assembly is achieved by two steps (Scheme 1a), 

where the monophenol group of the studied molecule (precursor 

molecule) is first converted into a catechol moiety by tyrosinase 

(Scheme 1b), which is an efficient enzyme widely used in nature 

to synthesize catechol-containing molecules such as melanin 

and mussel adhesive proteins.[17] This conversion is then 

followed by molecular assembly on a given substrate surface 

directed by the energetic adhesion between the catechol 

moieties and the substrate and cross-linking via covalent and 

coordination bonding (Scheme 1c,d). This strategy enables the 

assembly of 14 representative monophenol-based molecules, 

ranging from small molecules to proteins, on surfaces. 

Importantly, the enzymatic hydroxylation and subsequent 

reactions are mild and efficient, thereby preserving the 

functionality of the precursor molecules, including enzymatic 

catalysis (e.g., ~80% retention of enzymatic activity for trypsin 

after deposition), radical scavenging, fluorescence, and cell 

compatibility. Our study greatly expands the toolbox of materials 

useful for synthesizing versatile coatings/films and has 

fundamental implications for the interfacial chemistry of phenolic 

assembly. From a fundamental perspective, monophenols are 

the most basic phenolic group, and strategies for assembling 

monophenol-based molecules have significant implications for 

materials design such as for metal–phenolic networks, universal 

coatings, and underwater adhesives.  

We first describe the formation of films from tyrosine, an 

amino acid with a monophenol side group (Figure 1a), on planar 

and particle substrates. After the addition of tyrosinase, the 

tyrosine solution gradually turned orange. UV–Visible (UV–vis) 

spectroscopy analysis (Figure 1d) showed peaks at 310 nm 

(quinone peak) and 480 nm (cyclic amine peak) after reacting for 

2 h, indicating the hydroxylation of tyrosine to 3,4-

dihydroxyphenylalanine (DOPA) by tyrosinase, which can be 

further oxidized to DOPA-quinone, DOPA-chrome, and DOPA-

polymer (Figure 1c).[18] We then added FeCl2 to the tyrosine 

derivative (e.g., DOPA, DOPA-quinone, DOPA-chrome, and 

DOPA-polymer, denoted as tyrosine′) solution, which rapidly 

turned black–green (Figure 1b). The UV–vis absorbance peak 

observed at 650 nm (Figure 1e) can be attributed to the 

characteristic ligand-to-metal charge transfer (LMCT) band of 

catechol moieties interacting with iron ions, suggesting the 

occurrence of coordination bonds in solution.[15c] After incubation 

with FeCl2 for 1 h, the coated substrates (i.e., glass slides, 

polystyrene (PS) particles, and stainless steel mesh) turned 

brown–black (Figure S1, Supporting Information), and scanning 

electron microscopy (SEM; Figure 1g,h and Figure S2) 

confirmed the formation of a coating. After removing the PS 
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particles, free- 

Scheme 1. (a) Schematic illustration of enzyme-mediated monophenol-based molecular assembly on a surface. (b) Enzyme-mediated conversion of a 

monophenol moiety into a catechol moiety. (c) Assembly of the modified molecules on a surface by diverse interfacial interactions between catechol moieties and 

substrates. (d) Molecular structures showing the possible routes of covalent and coordination cross-linking in the coatings. 

Figure 1. Formation of tyrosine′–iron films on particle substrates by enzyme-mediated assembly. (a) Molecular structure of L-tyrosine. (b) Photographs of the 

enzyme-mediated assembly process. (c) Schematic of the conversion of a monophenol moiety into catechol and quinone moieties by tyrosinase. (d) Conversion 

kinetics as monitored by UV–vis absorption spectroscopy. (e) UV–vis absorption spectrum showing the LMCT band of an iron–catechol complex, schematically 

shown in the inset. (f) XPS spectrum showing the presence of Fe
III

 in the tyrosine′–iron films. (g,h) SEM images of PS particles before and after tyrosine′–iron 

coating, and (i–k) the corresponding EDS images showing C, N, and Fe elements in the films. Scale bars, 1 μm.

standing hollow capsules of tyrosine′–iron can be obtained 

(Figure S3), demonstrating the formation of thin films. X-ray 

photoelectron spectroscopy (XPS; Figure 1f) and energy-

dispersive X-ray spectroscopy (EDS; Figure 1i–k) suggest that 

iron in the coatings was primarily present as FeIII owing to the 

presence of the Fe 2p peaks at binding energies of ~726 and 

712 eV [19] and the distribution of element iron in the coatings. 

The oxidation of FeII to FeIII was likely caused by the oxidation of 

the catechol groups in the presence of dissolved air, which is 

observed in other metal–phenolic complexes.[8a,19,20] Fourier 

transform infrared spectroscopy measurements (Figure S4) 

showed the stretching vibration of C–N bonds at 1630 cm−1, 
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indicating the successful coating of tyrosine-based molecules 

(e.g., DOPA) on the substrates, and the bands at 1557 and 1489 

cm−1 confirmed the formation of iron–catechol complexes in the 

coatings.[21] To further verify that the coatings primarily 

comprised tyrosine′, rather than being composed of tyrosinase, 

the latter molecule was covalently immobilized on silica particles 

that were then used to trigger the hydroxylation of tyrosine. This 

immobilization prevented the tyrosinase from existing as a free 

molecule in solution, and thereby from being incorporated. The 

immobilized tyrosinase catalyzed the conversion of tyrosine, 

leading to formation of the coating (Figure S5), suggesting that 

the converted tyrosine itself was incorporated. In addition, the 

absence of a Cu 2p signal (from tyrosinase) in the XPS spectra 

confirmed that the amount of tyrosinase in the tyrosine′–iron 

coatings was negligible (Figure S6).[22] Control experiments 

showed that pristine tyrosine or tyrosine and FeCl3, despite the 

oxidative properties of FeIII, did not form coatings on substrates 

in the absence of tyrosinase (Figure S7), confirming the 

importance of the enzymatic conversion of the monophenol 

residue into catechol. Collectively, these results demonstrate 

that tyrosinase can trigger the conversion of monophenol groups 

into catechol moieties in tyrosine, which can then interact with 

iron ions and form coatings on various substrates. Notably, not 

only FeII (3d block), but other metals, including ZnII, CuII (3d 

block), AlIII (3p block), and ZrIV (4d block), can form tyrosine′–

metal films on surfaces (Figure S8). 

To further understand the formation process and the 

structure of the tyrosine′–metal films prepared via enzyme-

mediated assembly, the growth kinetics and the stability of the 

films were investigated. A two-stage process was involved, 

where first a covalently cross-linked film was being deposited, 

followed by coordination-driven film growth. After incubating 

tyrosine with tyrosinase for 2 h (stage I) in the presence of a 

glass substrate, tyrosine′ films with a thickness of ~5.6 nm 

formed (Figure 2a,b). These films were stable in aqueous 

solutions at pH 1 but unstable at pH 13 (Figure S9). At stage I, 

the monophenol group of tyrosine is converted into a catechol 

moiety, eventually oxidizes to DOPA and concurrently deposits 

onto the substrate and polymerizes into PDA.[23] Owing to the 

properties of PDA, films formed at this stage are stable in acidic 

solutions but unstable in alkaline solutions.[24] After the addition 

of FeCl2 to the solution (stage II), the coordination reactions 

occurred rapidly, and the tyrosine′–iron complexes formed 

(Figure S10) and subsequently deposited onto the substrate 

surface, resulting in an increase in the film thickness to ~16.8 

nm after only 1 h (Figure 2a and c). An LMCT band was 

observed for the resulting films (Figure S11), suggesting the 

formation of iron–catechol complexes during stage II. The 

addition of FeCl2 can both enhance the catalytic performance of 

tyrosinase by promoting hydroxylation of tyrosine[25] and provide 

iron ions to chelate catechol-containing molecules in solution.[26] 

This is confirmed by the control experiments, which 

demonstrated that the film formed after incubation for 3 h solely 

with tyrosinase in the absence of FeCl2 has a thickness of ~12.1 

nm. These iron–catechol complexes can subsequently bind to 

the PDA-like film, forming tyrosine′–iron networks (i.e., MPNs) 

on top of the PDA-like layer (Figure 2d). This binding force was 

sufficiently strong to even enable the formation of 

superstructured particles (i.e., core–satellite superparticles, 

Figure S12). In addition, the film thickness could be controlled by 

changing the concentration of the film precursors (Figure S13). 

The films formed in stage II were stable within pH 5–9 (Figure 

2e). However, when the pH was reduced to 1, the thickness 

decreased to ~4 nm (a similar value obtained in stage I) and the 

LMCT band disappeared (Figure S11), indicating disassembly of 

the iron–catechol complexes in acidic solutions and a return to 

the covalently stabilized films formed in stage I. This is due to 

the protonation of the catechol moieties, which caused 

disassembly of the MPNs in acidic environments. Moreover, the 

instability of the PDA-like layer in alkaline solutions leads to the 

complete disassembly of the tyrosine′–iron film at pH 13 (Figure 

2e and Figure S11), as it is the intermediate layer between the 

substrate and the MPN layer. From these observations, it is 

proposed that the resulting tyrosine′–iron films comprise a 

double-layer structure (Figure 2d). The first layer (attached to 

the substrate) is a PDA-like film cross-linked by covalent 

bonding and is stable across a wide pH range up to ~13. The 

second layer is an MPN film formed by the coordination of iron 

ions with catechol groups. 

Figure 2. Growth and stability of tyrosine′–iron films on planar substrates. (a) Film growth over time at the two stages. Insets are photographs of the tyrosine′-

based films on glass at different times. The scale bar in all insets is 0.5 cm. (b,c) AFM images of tyrosine′ (b) and tyrosine′–iron (c) films prepared at different 

incubation times. Scratches were made to measure the film thickness. Scale bars, 1 μm. (d) Schematic of tyrosine′–iron films formed by enzyme-mediated 
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assembly, showing the double-layer film structure. (e) Thickness of the tyrosine′–iron films after incubation for 4 h in aqueous solutions at different pH.

Figure 3. Assembly of various monophenol-based molecules on PS particles by enzyme-mediated assembly. (a) Molecular and schematic structures of the 

investigated molecules, ranging from small molecules to proteins. (b) Zeta potential values of PS particles in water before (grey) and after (purple) coating with the 

different molecules. The numbers on the x-axis correspond to the numbers used for denoting the molecules in (a). Insets are photographs of the corresponding 

particle suspensions. 

To examine the applicability of our strategy to different 

monophenol-based molecules, a wide range of compounds were 

used to coat various substrates (Figure 3a), including small 

monophenols (phenol, hydroquinone, 4-chlorophenol, 4-

bromophenol, tyramine, L-tyrosine, acetaminophen, and 

resveratrol (Res)), synthetic polymers (poly(4-vinylphenol)), 

peptides (poly(L-tyrosine)), and proteins (trypsin, green 

fluorescent protein (GFP), catalase (Cat), and pepsin). The color 

of the solutions of all monophenol-containing molecules studied 

changed after incubation with tyrosinase for 2 h (Figure S14), 

and the UV–vis spectra of the solutions featured new 

absorbance peaks after incubation with FeCl2, suggesting 

interactions between catechol moieties and iron ions (Figure 

S15). The zeta potential of the PS particles changed after 

coating with the various molecules (Figure 3b), and SEM images 

(Figures 4 and S16) further confirmed the formation of coatings. 

Although control experiments without tyrosinase demonstrated 

that the nonspecific adsorption of proteins (i.e., trypsin, GFP, 

Cat, and pepsin) on the PS surface was negligible (Figure S17), 

the diverse interactions (e.g., hydrogen boding and coordination) 

that proteins can undergo may also slightly contribute to the 

formation of protein–protein or protein–metal assemblies in 

solution and in the coatings. It is worth noting that the 

monophenol groups in amine-free phenolic compounds (e.g., 
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Res) can be converted into catechols by tyrosinase; however, in 

the absence of coordination-driven assembly, the films were 

very thin (Figure S18), highlighting the importance of metal 

chelation for promoting film formation in catechol-based amine-

free systems.[27] 

Figure 4. Trypsin′–iron coatings serve as a chemically reactive platform for secondary, surface-confined reactions. (a) Schematic illustration of different possible 

reactions with trypsin′–iron coatings, including biomineralization, metal chelation, and covalent conjugation using NHS-containing molecules. (b) FeOOH nanorods 

on trypsin′–iron-coated particles. Scale bar, 500 nm. (c) UV–vis spectra of methyl blue solution before and after the treatment with FeOOH-conjugated particles. 

(d,e) EDS images of trypsin′–iron-coated particles after chelating Cu and Al ions. Scale bars, 1 μm. (f,g) CLSM images of trypsin′–iron-coated particles conjugated 

with Alexa Fluor
TM

 488 (f) or 633 (g) NHS ester. Scale bars, 5 μm.

To explore the applicability of this method to deposit 

macromolecules on different substrates, trypsin was used to 

coat different nano- and microparticles. SEM (Figure S19) and 

zeta potential (Figure S20) analyses demonstrated that enzyme-

mediated assembly could be used to form trypsin coatings on 

substrates with different sizes (i.e., diameter = 4.96 μm, 2.79 μm, 

and 580 nm), surface properties (anionic, neutral, and cationic), 

and compositions (inorganic and organic). After removing the 

core, trypsin′–iron capsules (hollow particles) with a film 

thickness of ~17.2 nm were obtained (Figure S21), suggesting 

the films were robust to form free-standing networks. The above 

results indicate that our strategy is applicable to various 

monophenol-containing molecules and can be used to coat 

diverse substrates with well-connected networks. That is, 

enzyme-mediated assembly endows monophenol-containing 

building blocks with the multiple benefits (e.g., universal 

adhesion) of catechol-based films. 

Next, the functionality of the building blocks after conversion 

by tyrosinase and incorporation into films was explored. The 

trypsin′–iron particles were enzymatically active, as evidenced 

by their ability to convert Nα-benzoyl-DL-arginine p-nitroanilide (a 

substrate of trypsin) into a chromophoric species (Figure 

S22).[28] Approximately 80% of the trypsin enzymatic activity was 

maintained after incorporation into the films (Figure S23). 

Moreover, the thermal stability of the enzymatic activity was 

enhanced by surface conjugation compared with that of free 

trypsin. The trypsin′–iron coating maintained >50% of its initial 

activity after incubation for 30 min at 70 °C, whereas free trypsin 

retained only ~20% of its initial activity after incubation (Figure 

S24). Finally, we demonstrate that the iron-based conjugated 

proteins (i.e., trypsin′) have negligible cytotoxicity to MDA-MB-

231 cells (Figure S25). We note, however, that some metal ions 

in coatings may limit their biological application because of 

potential toxicity to cells.[12] 

Importantly, the diverse building blocks applicable to 

enzyme-mediated assembly have various functional groups (e.g., 

catechol, amino, and thiol), which are useful for secondary, 

surface-confined reactions to further tailor the surface properties 

(Figure 4a).[29] For example, owing to the metal-chelating ability 

of the catechol moieties, trypsin′–iron coatings could mediate the 

formation of metal oxides, such as nanostructured FeOOH, on 

the coatings through a biomineralization process. The resulting 

FeOOH nanorods (Figure 4b) can be used as a highly effective 

photocatalyst for dye degradation under visible light irradiation in 

the presence of H2O2.
[30] As shown in Figure 4c, the blue color of 

the methyl blue solution gradually faded upon treatment with the 

photocatalytic trypsin′–iron coatings, and after 6 h, more than 

75% of the dye was degraded under visible light irradiation . 

Besides metal oxides, diverse metal ions can be incorporated 

into the coatings, e.g., Cu and Al ions (Figure 4d,e) to form 

multimetal–protein coatings. Such coatings have diverse 

applications in biological imaging such as positron emission 

tomography.[31] Additionally, N-hydoxysuccinimide (NHS)-

containing molecules can be conjugated to the coatings through 
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the amine groups of trypsin′ (Figure 4f,g). Specifically, Alexa 

FluorTM 488 or 633 NHS ester could react with the trypsin′–iron 

coatings, yielding particles with green and red fluorescence 

under confocal laser scanning

Figure 5. Potential applications of the enzyme-mediated coatings. (a) SEM image of Res′–iron@PS particles. Scale bar, 1 μm. (b) UV–vis spectra of DPPH 

solutions before and after treatment with Res′–iron@SiO2 particles. Inset images show the color of the DPPH solution before and after treatment. (c) Consumption 

of DPPH in solutions containing different particles coated with Res′. Bare SiO2 particles were used as a control. (d) SEM image of GFP′–iron@SiO2 particles. 

Scale bar, 1 μm. (e) Photographs of SiO2 particle suspensions before and after GFP coating under UV light irradiation. (f) CLSM image of GFP′–iron@SiO2 

particles. Scale bar, 5 μm. (g) SEM image of Cat′–iron@SiO2 particles. Scale bar, 1 μm. (h) Schematic illustration of the decomposition of H2O2 to H2O and O2 by 

Cat′–iron@SiO2 particles. (i) Photographs of H2O2 solutions before and after treatment with Cat′–iron@SiO2 particles; the bubbles (O2) generated in the tube 

indicate the catalytic function of the Cat′–iron@SiO2 particles.

microscopy (CLSM), respectively. These results highlight the 

potential of enzyme-mediated coatings as a versatile platform for 

secondary, surface-confined reactions. 

The well-preserved activity, universal adhesion, and 

biocompatibility afforded by our strategy suggest that the 

resulting coatings could be applicable in a wide range of 

applications. To demonstrate this, Res, GFP, and Cat were used 

to generate coatings for free radical protection, biological 

imaging, and catalysis, respectively (Figure 5). To demonstrate 

the resistance of the Res′–iron-coated particles (Res′–

iron@particles) against attack from radicals, the 2,2′-diphenyl-

picrylhydrazyl (DPPH) assay was used. After incubation with 

Res′–iron@PS particles for 30 min, DPPH solutions changed 

from purple to yellow, and the UV–vis absorbance at 515 nm 

decreased (Figure 5b), indicating the reduction of DPPH 

radicals.[32] Further investigation showed that 84–94% of DPPH 

was consumed by Res′–iron@SiO2 particles, Res′–iron@PS 

particles, and Res′–iron@poly(methyl methacrylate) (PMMA) 

particles (Figure 5c, Figure S26), demonstrating the radical 

scavenging ability of the coatings on different substrates. 

Similarly, the GFP′–iron@SiO2 particles showed green 

fluorescence (Figure 5e,f), and considering the biocompatibility 

of the GFP′–iron coatings (Figure S27), these particles could 

potentially be used for biomedical imaging. In addition, the Cat′–

iron@SiO2 particles could decompose reactive oxygen species 

by catalyzing H2O2 to H2O and O2, as evidenced by the 

generation of O2 (Figure 5h,i). Finally, we demonstrated that a 

number of therapeutic biomolecules that contain monophenol 

groups could potentially be conjugated into MPNs by the present 

enzyme-mediated strategy for cancer therapies or other related 

biomedical applications (e.g., metastatic melanoma).[33] 

Moreover, diverse microbes (e.g., yeast) can naturally secrete 

monophenols. Thus, this strategy could also be used to 

assemble smart biohybrid systems.[34] 

In conclusion, we have demonstrated a versatile method for 

engineering coatings, films, and particles from monophenol-

containing molecules using enzyme-mediated assembly. 

Various monophenols, including small molecules (i.e., 

natural/synthetic monophenols) and biopolymers (i.e., synthetic 

polymers, peptides, and proteins), can form metal–phenolic 

networks on planar and particle surfaces of different size, shape, 

and composition. The resulting coatings can subsequently serve 

as a reactive platform for diverse surface-confined secondary 

reactions, leading to metal oxide films, multimetal–protein 
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coatings, and covalently conjugated films. Moreover, this coating 

strategy endows surfaces with various functions inherent to the 

original monophenol-containing building blocks, including 

enzymatic catalysis, radical scavenging, fluorescence, and 

biocompatibility. Considering the diversity of monophenol-

containing molecules, the applicability of our strategy, and the 

capacity to tailor the surface properties, we anticipate that this 

enzyme-mediated assembly strategy will open up avenues for 

generating engineered films for a range of applications. 
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