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Abstract 

Selective self-assembly in multicomponent mixtures offers a method for isolating desired 

components from complex systems for the rapid production of functional materials. Developing 

approaches capable of selective assembly of “target” components into intended three-

dimensional structures is challenging because of the intrinsically high complexity of 

multicomponent systems. Herein, we report the selective coordination-driven self-assembly of 

metal–phenolic networks (MPNs) from a series of complex multicomponent systems (including 

crude plant extracts) into thin films via metal chelation with phenolic ligands. The metal (FeIII) 

selectively assembles low abundant phenolic components (e.g., myricetrin and quercetrin) from 

plant extracts into thin films. This selective metal–phenolic assembly is independent of the 

substrate properties (e.g., size, surface charge and shape). Moreover, the high selectivity of our 

method is consistent across different target phenolic ligands in model mixtures, even though each 

individual component can form thin films from single component systems. A computational 

simulation of film formation suggests that the driving force for the selective behavior stems from 

differences in the number of chelating sites in the phenolic structures. The MPN films are shown 

to demonstrate improved antioxidant properties compared with the corresponding phenolic 

compounds in their free form, therefore exhibiting potential as free-standing antioxidant films. 
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Introduction 

Self-assembly in nature affords the formation of complex biological systems from 

multicomponent mixtures, in which individual components specifically assemble into ordered 

hierarchical structures.1–4 For example, a wide variety of natural protein nanocages (e.g., ferritin, 

heat shock proteins, virus-like particles) are formed from the selective self-assembly of more 

than 20 subunits of precursors in complex multicomponent systems in living organisms.5,6 These 

examples in nature have inspired the development of biomimetic approaches using self-assembly 

as a tool to construct functional synthetic materials for applications including drug delivery, 

sensing, and catalysis.7-13 However, unlike nature, most of these approaches are limited to single-

component systems,9,11 as control over the self-assembly process in a multicomponent 

environment has remained challenging owing to the competing interactions of multiple building 

blocks.14  

Selective self-assembly from complex multicomponent systems has the potential to provide 

new ways to engineer materials with unique properties, and has thus drawn widespread interest 

in recent years.15,16 However, the development of selective approaches that can assemble “target” 

components into defined structures by negating competing interactions with other components 

within multicomponent systems is challenging.17 Several selective assembly techniques have 

been developed (e.g., orthogonal self-assembly, dynamic imine chemistry).18,19 Nitschke and 

Lehn combined imine chemistry and metal ion coordination to selectively generate metallo-

supramolecular grid architectures in a mixture of different aminophenol and carbonyl 

components.20 In another study, Yang and co-workers reported the selective assembly of complex 

tris[2]pseudorotaxanes based on orthogonal metal–ligand coordination and host–guest 

interactions.21 However, these methods generally focused on assembling complexes into 
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nanoscale structures. To our best knowledge, approaches for fabricating materials with higher 

order structures are rare.  

Metal–phenolic assembly has been reported as a universal approach for the formation of 

hybrid films on diverse substrates.22 A prominent feature of this assembly approach is its 

versatility in terms of phenolic ligands that can be used as building blocks, including tannic 

acid,22 flavonoids,23 small phenolic ligands,24 synthetic polyphenols,25–27 and tea infusions.28 

Herein, the metal–phenolic assembly technique was used to selectively assemble target phenolic 

compounds into higher order structures (e.g., thin films) from complex multicomponent systems 

of phenolic species. The results showed that iron ions (FeIII) could produce thin films on particle 

templates via selective assembly of the target phenolic ligands of low abundance (<2%) from 

complex multicomponent systems (Scheme 1b), although both target and competitor phenolic 

ligands separately can be assembled into films via FeIII coordination. The selectivity was 

demonstrated using natural eucalyptus (Euc) leaf extracts and a model mixture of phenolic 

ligands, and was independent of the properties of the substrate examined (size, shape, and 

surface charge). A computational model suggests that the driving force of this selective behavior 

stems from the difference in the number of chelating sites between the target and competitor 

phenolic ligands. Finally, the antioxidant properties of the metal–phenolic films is demonstrated. 

The selective MPN assembly thus provides a promising technique for isolating desired phenolic 

components from complex systems to rapidly prepare antioxidant films. 
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Scheme 1. (a) Molecular structures of target compounds (Myr and Quer) and competitor 

compounds (Cat and Gal); possible chelating sites for FeIII are highlighted in pink. (b) Schematic 

illustration of selective metal–phenolic assembly on a particle template in a complex 

multicomponent system.  

 

Experimental Section 

Materials 

Myricetrin (Myr), quercetrin (Quer), and gallocatechin (Gal) were purchased from Carbosynth 

Pty Ltd (United Kingdom). Catechin (Cat), epigallocatechin gallate (EGCG), iron(III) chloride 

hexahydrate, poly(diallyldimethylammonium chloride) (PDAC), 2,2′-diphenyl-picrylhydrazyl 

(DPPH), and N-methyl-2-pyrrolidone (NMP) were obtained from Sigma-Aldrich (USA). 

Poly(methyl methacrylate) (PMMA) particles (D = 105 ± 4 nm and 3.69 ± 0.08 μm) and 

aminated silica microparticles (2.79 ± 0.12 μm) were purchased from microParticles GmbH 

(Germany). Quartz plates were purchased from ProSciTech (Australia). Sodium hydroxide 

(NaOH) and acetone were obtained from Chem-Supply (Australia). Mature Euc leaves were 

collected from an Eucalyptus tree on The University of Melbourne, Parkville campus, Australia. 

Preparation of Euc Leaf Extracts 

Mature Euc leaves (35 pieces, weight: 25–30 g) were washed with tap water and then with 
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Milli-Q water at least three times to remove dust. The washed leaves were cut into small pieces 

(approximately 1 cm × 2 cm), placed in 400 mL Milli-Q water, and incubated in an oven at 85 °C 

for 12 h. After cooling to room temperature (20–25 °C), the suspension or extract (Euc extract) 

was filtered through a membrane filter (pore size: 0.8 μm) and stored at 4 °C until further use. 

Metal–Phenolic Assembly onto Various Substrates Using Euc Extracts 

The preparation of capsules from Euc extracts and iron solution was performed using ~3.7 μm 

PMMA colloidal templates following a previously reported method.28 Briefly, 500 μL Euc 

extract was pipetted into a 1.5 mL tube, followed by the addition of 50 μL of 10% w/v PMMA 

particle templates. After vortex mixing for 15 s, 50 μL FeCl3·6H2O solution (24 mM) was added 

to the tube, and the mixture was vortexed for another 15 s. Subsequently, the pH of the mixture 

was adjusted to 5 by the addition of NaOH solution (0.5 M), followed by vortex mixing for 30 s. 

Finally, the PMMA templates were removed by washing with 500 μL NMP/acetone (1:1 v/v) 

four times. The Euc/FeIII capsules were resuspended in 100 μL Milli-Q water for further use. 

Coating of the ~100 nm PMMA particles was carried out using the same protocol as that 

described above but without template removal.  

Coating on ~800 nm mesoporous silica particles (synthesized by the reported method29) and 

~2.8 μm aminated silica were also performed as described above but without template removal 

and using 2 mg (in 50 μL water) of silica particles as templates. 

Quartz substrates were also examined as planar substrates. Firstly, a quartz plate (1 cm × 3 cm) 

was cleaned by Piranha solution (3:1 H2SO4/H2O2) for 20 min. Caution! Piranha solution is 

highly corrosive. Extreme care should be taken when handling Piranha solution and only small 

quantities should be prepared. After drying in a stream of nitrogen, the quartz plate was 

incubated with PDAC/NaCl solution (2 mg mL–1) for 10–20 min at room temperature (20–25 °C) 
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to obtain a positively charged substrate, and then rinsed with Milli-Q water. The precoated quartz 

plate was placed in a 50 mL tube, into which 10 mL Euc extract was introduced. After vortexing 

for 30 s, 1 mL FeCl3·6H2O solution (24 mM) was added and the tube was vortexed for 30 s. The 

pH of the mixture was then adjusted to 5 by adding NaOH solution (0.5 M), and the tube was 

vortexed for 30 s. The coating process was repeated three times. Finally, the coated plate was 

rinsed and stored in Milli-Q water for characterization. 

Preparation of Capsules Using Single-Component Systems 

The preparation of capsules using the phenolic ligands Cat or Gal (Cat/FeIII or Gal/FeIII) was 

performed as previously reported.24 Cat or Gal solution (500 μL, 15 mM) was added to a 1.5 mL 

tube containing 50 μL of PMMA particles (~3.7 μm, 10% w/v) in water. Then, 200 μL 

FeCl3·6H2O (30 mM) was added to the mixture, followed by gentle vortex mixing for 15 s. 

Subsequently, the pH of the mixture was adjusted to 5 by the addition of NaOH solution (0.5 M), 

followed by vortex mixing for 30 s. Finally, the PMMA templates were removed by washing 

with 500 μL NMP/acetone (1:1 v/v) four times. The capsules were resuspended in 100 μL Milli-

Q water for further use.  

The preparation of Myr/FeIII capsules was performed using the above method with minor 

modifications. Briefly, 500 μL Myr solution (0.2 mM) was added to a 1.5 mL tube containing 50 

μL of PMMA particles (~3.7 μm, 10% w/v) in water. Then, 50 μL FeCl3·6H2O (2 mM) was 

added to the mixture, followed by gentle vortex mixing for 15 s. Subsequently, the pH of mixture 

pH was adjusted to 5 by the addition of NaOH solution (0.1 M). The coating cycle was repeated 

four times before template removal.  

Characterization  

Differential interference contrast (DIC) microscopy images of Euc/FeIII capsules were taken on 
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an inverted Olympus IX71 microscope. Ultraviolet−visible (UV−vis) absorption spectra were 

recorded on a SPECORD 250 PLUS UV−vis spectrophotometer. Atomic force microscopy 

(AFM) measurements were performed on a JPK NanoWizard II BioAFM. Scans were recorded 

in tapping mode using MikroMasch silicon cantilevers (NSC/CSC). Morphology and element 

distribution determination were performed by transmission electron microscopy (TEM) and 

energy-dispersive X-ray spectroscopy (EDX) on a FEI Tecnai TF20 instrument at an operation 

voltage of 200 kV. For the sample preparation for the AFM and TEM/EDX experiments, 5 μL 

capsule suspensions were allowed to air dry on glass slides (pretreated with Piranha solution) and 

Formvar carbon-coated copper grids, respectively. X-ray photoelectron spectroscopy (XPS) 

analysis was conducted on a VG ESCALAB220i-XL spectrometer equipped with a 

hemispherical analyzer. The energy calibration of XPS was referenced to the C 1s peak at 285.0 

eV. 

Liquid Chromatography−Mass Spectrometry (LC–MS) Studies 

The organic components of the MPN films were analyzed by LC–MS after disassembling the 

films. The disassembly process was as follows:28 100 µL of concentrated Euc/FeIII-coated 

particle suspensions (3 × 107 particles mL−1, determined by flow cytometry) was mixed with 500 

μL HCl (6 M), vortexed for 1 min, and kept on a rotating mixer for 10 min. After centrifugation 

of the HCl-treated suspensions, the supernatants were collected and diluted with 1 mL of Milli-Q 

water and lyophilized to remove excess HCl. The lyophilized samples were resuspended in 800 

μL acidified methanol (1 mM) and filtered using a membrane filter (0.8 μm) before LC–MS 

analyses. 

LC–MS analyses were performed on a liquid chromatography system (Agilent 1200 series) 

with an Agilent 6520 quadrupole time-of-flight mass spectrometer. For each analysis, 5 μL of 
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sample (i.e., diluted Euc extracts, Myr (2 μg mL−1 in H2O), Quer (2 μg mL−1 in H2O), or 

disassembled capsules) was injected into the system, in which each compound was separated on 

a reverse phase column (150 mm (length) × 4.6 nm (internal diameter); 5 μm silica particles; 

Agilent ZORBAX Eclipse XDB C18), with 100% Milli-Q water as mobile phase A and 70% 

acetonitrile in 0.1% formic acid (v/v) as mobile phase B. Detailed parameters can be obtained 

from our previously reported work.28 Electrospray mass spectra were recorded in negative 

ionization mode over a mass range m/z 100–1000. 

A base peak chromatogram of m/z 200–1000 was employed to identify compounds in the Euc 

leaf extracts and disassembled capsules, as the m/z ratios of many phenolic compounds are in 

that range. Combined extracted ion chromatograms (EICs) were used to compare the phenolic 

compounds detected in disassembled capsules with those in the Euc leaf extracts and model 

phenolic mixtures. 

Modeling 

We developed a simulation to mimic the MPN film formation process, according to our 

published lattice-based random walk model.30 Rather than considering a single type of phenolic 

compound, in the simulation mimicking the experiments in this work, we include both a target 

phenolic compound (purple) and a competitor compound with a single chelating site (pink). In 

the model, it is assumed that the target phenolic compound has a similar binding constant to that 

of the competitor compound. Both the target phenolic compound and the competitor compound 

move randomly and may occupy a particular site in the lattice. Compounds in the simulation 

undergo random motion on a hexagonal lattice and can undergo binding events with other 

compounds upon contact, provided there are free chelating sites on both compounds and FeIII is 

present in between the two compounds. Once a compound in the simulation binds to another one 
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(pink) or two (purple) compounds, it is unable to undergo further binding events. We consider an 

FeIII/purple/pink ratio of 1:1:1 to observe film growth in the mixture containing equal amounts of 

target and competitor compounds. During the assembly process, any compound that has reached 

the left boundary of the lattice sites is bound to the substrate and can no longer move. FeIII ions 

will move and bind to available chelating sites randomly and participate in further binding 

events. The thickness of the film as a function of time was monitored during the simulation.  

DPPH Assays 

A DPPH assay was performed to evaluate the radical scavenging ability (antioxidant property) 

of the Euc/FeIII films. DPPH was freshly prepared before the experiments. Different amounts of 

Euc/FeIII-coated PMMA particles (~3.7 μm) as well as a phenolic mixture containing equivalent 

amounts of Myr and Quer were added to 1 mL DPPH ethanolic solution (125 μM). After 

incubation for 20 min and centrifugation (2000 g, 1 min), 200 µL supernatant was withdrawn and 

introduced into a 96-well plate for analysis. The absorbance at 515 nm was measured. The 

percentage of remaining DPPH was determined and plotted against the concentration of capsules 

or Myr/Quer mixture to determine EC50 (concentration of the antioxidant agent required to 

deplete 50% of the initial amount of DPPH). 

To study the antioxidant properties of the capsules at repeated use or cycles, the final 

concentration of DPPH was fixed at 60 µM by mixing 90 µL DPPH ethanolic solution (700 µM), 

780 µL ethanol, and 30 µL Euc/FeIII-coated PMMA particles (~3.7 µm). The number of 

Euc/FeIII-coated particles was fixed at 6 × 106 in all DPPH assays. Samples were protected from 

light and kept on a rotating mixer for 20 min at 25 °C. Then, 200 µL of the particle suspension 

was placed in a fresh tube and centrifuged (2000 g, 1 min). The supernatant (150 µL) was 

withdrawn and introduced into a 96-well plate and the absorbance at 515 nm was measured. 
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Results and Discussion 

Metal–phenolic assembly within a complex multicomponent system was first investigated 

using natural Euc leaf extracts. Euc extracts were chosen as the multicomponent system in the 

present study, as they are a rich source of different phenolic compounds including Myr, Quer, 

Gal, Cat, and chlorogenic acid (CA).31,32 The extract was prepared from Euc leaves by a 

conventional infusion method,22 i.e., by incubating cut and washed leaves in Milli-Q water in an 

oven (85 °C) for 12 h, as shown in Figure S1. Over time, the original colorless suspension turned 

slightly yellow, indicating successful extraction of the phenolic compounds from the Euc leaves. 

LC–MS experiments were performed on the Euc extracts to identify the phenolic compounds 

present in the system. As shown in Figure 1a, the extract consisted of seven major phenolic 

compounds CA, Cat, apigenin-7-glucoside (AG), Gal, Myr, Quer, and isorhamnetin-3-O-

glucoside (Isg). The chemical structures of these compounds are shown in Figure S2, and Table 

S1 summarizes their retention times, m/z, and literature references for their identification.31,33–35 

Among the compounds identified, Gal was the most abundant (~50% area), whereas Myr and 

Quer were present in relatively smaller amounts in the Euc extract, as shown in Table S1. 
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Figure 1. Preparation and characterization of Euc extracts and Euc/FeIII capsules obtained by 

selective MPN assembly. (a) Combined extracted ion chromatograms (EICs) of the Euc extract 

showing retention times of the major compounds: (1) chlorogenic acid (CA); (2) catechin (Cat); 

(3) apigenin-7-glucoside (AG); (4) gallocatechin (Gal); (5) myricetrin (Myr); (6) quercetrin 

(Quer); and (7) isorhamnetin 3-O-glucoside (Isg). (b) Schematic illustration of capsule 

preparation from Euc extracts by selective assembly. (c) Combined EICs of CA (m/z 353.09), Cat 

(m/z 289.07), AG (m/z 431.19), Gal (m/z 305.07), Myr (m/z 463.09), Quer (m/z 447.09), Isg (m/z 

477.23) in the disassembled capsules. Mass spectra of the detected compounds: (d) Myr and (e) 

Quer. 

 

Using the Euc extract as a mixed phenolic source, MPN film formation was then investigated 

by a discrete assembly method (i.e., mixing phenolic ligands with an iron salt solution in the 

presence of template particles).22 As shown in Figure 1b, FeIII solution was added to the Euc 

extract solution containing PMMA particles (D = ~3.7 µm), and the pH of the mixture was 

adjusted to 5 (see Experimental Section for details). After mixing and subsequent washing in 
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water, MPN film formation was observed by the color darkening with template coating (Figure 

S3). The templates were removed by using a mixed solution of NMP/acetone (1:1 v/v), resulting 

in stable and monodisperse Euc/FeIII capsules, as observed in the DIC microscopy image in 

Figure 2a. The morphology of the monodisperse capsules was further examined by TEM analysis 

(Figure 2b). AFM analysis revealed monodisperse capsules with folds and creases that are typical 

features of collapsed capsules (Figure 2c).28 Figure 2d compares the UV–vis spectra of the 

capsule suspension and the pure extract; a ligand-to-metal charge-transfer (LMCT) band was 

observed at 565 nm for the capsules, which corresponds to catechol/FeIII coordination. EDX 

analysis (Figure 2e) confirmed the presence of Fe in the films. The oxidation state of iron in the 

capsules was further investigated by XPS. As shown in Figure 2f, the core-level spectra of Fe 

showed Fe 2p3/2 and Fe 2p1/2 signals at ~712 and ~725 eV respectively, suggesting that FeIII was 

the dominant species in the capsules. 

 

Figure 2. Physicochemical characterization of Euc/FeIII capsules prepared by selective metal–
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phenolic assembly from Euc extracts. (a) DIC microscopy, (b) TEM, and (c) AFM images of the 

Euc/FeIII capsules. (d) UV−Vis absorption spectra of the Euc extracts and Euc/FeIII capsule 

suspension. (e) EDX and (f) XPS spectra of the Euc/FeIII capsules. 

 

To investigate the molecular composition of the Euc/FeIII film, the capsules were disassembled 

and the components were subjected to LC–MS analyses. Figure 1c shows a combined EICs of 

the disassembled capsules, where the retention times for the two major peaks were found to be 

24.9 and 26.7 min. These peaks were assigned to Myr and Quer respectively by comparing their 

retention times and MS signals (Figure 1d, e) with their commercial standards (Figure S4). Thus, 

despite their relatively low abundance, Myr and Quer were found to be the major components of 

the capsules, suggesting the selective behavior of the metal–phenolic assembly in the Euc leaf 

extract into thin films. The concentrations of Myr and Quer in the extracts were 67.4 and 20.3 µg 

mL–1, respectively, using the LC–MS standard curves in Figure S5, whereas their concentrations 

in the capsules were determined to be 0.33 and 0.04 pg per capsule. The Myr-to-Quer mass ratio 

in the capsules was higher than that in the starting extract (8.2 vs 3.3).  

The versatility of the present selective assembly method to form MPN films on various 

substrates with different sizes, structures, surface charge, and shapes (Figure 3a) was also 

examined. Metal–phenolic film formation was observed on PMMA particles (~100 nm), 

mesoporous silica particles (~800 nm, negatively charged), aminated silica particles (~2.8 µm, 

positively charged), and planar quartz substrates (1 cm × 3 cm), as indicated by the color 

darkening with substrate coating (Figure 3b). When the Euc/FeIII films on these substrates were 

disassembled and analyzed by LC–MS, two major peaks corresponding to Myr and Quer (Figure 

S6) were observed in the spectra, indicating that the selective metal–phenolic assembly for film 

formulation was independent of substrate properties. The Myr-to-Quer ratio in the films 
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depended on the substrates (Table S2), possibly because the substrate surface properties impact 

the adsorption of different MPN complexes. 

 

Figure 3. (a) Types of substrates investigated for selective MPN assembly: ~100 nm PMMA 

particles, ~800 nm mesoporous silica particles, ~2.8 µm aminated silica particles, and 1 cm × 3 

cm quartz plate. (b) Photographs of the substrates (–) and MPN-coated substrates (+) obtained by 

selective MPN assembly. 

 

To gain further insight into the present selective metal–phenolic assembly, the assembly 

experiments were performed using a model phenolic mixture containing Myr, Gal, and Cat 

(molar ratio of 1:1:1) that mimicked the Euc extract. Myr was the major phenolic component in 

the assembled films, whereas Gal and Cat were the major components of the starting Euc extract. 

Note that these three ligands could form MPN films from single-component systems (i.e., where 

only one type of phenolic ligand is present in the system) as shown in Figure S7, which was in 

agreement with our previous finding that phenolic compounds possessing at least one catechol 

group are capable of forming metal–phenolic films.24 FeIII solution was added to the model 

multicomponent mixture containing the above three ligands to prepare the MPN films on PMMA 

particles (D = ~3.7 µm). The obtained films on PMMA particles were then disassembled and 

analyzed by LC–MS. Figure 4a shows a combined EICs of the disassembled capsules prepared 
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from the model phenolic mixture. The major peak observed at a retention time of 24.9 min 

corresponds to Myr (Figure 4b), and no trace signals of Cal and Cat were observed. Thus, FeIII 

can selectively assemble Myr in the model mixture into thin films similar to that observed in the 

natural Euc extract. To confirm the selectivity further, the concentration of the competing 

phenolic ligands in the mixture was increased (Myr/Ca/Gal = 1:25:25) such that the Myr molar 

composition was <2%. Likewise, the resulting films featured Myr as the dominant phenolic 

component (Figures S8 and S9), demonstrating selectivity of the assembly even with a low 

abundant target ligand. 

  

Figure 4. Selective metal–phenolic assembly in model phenolic mixtures. (a) Combined EICs of 

Cat (m/z 289.07), Gal (m/z 305.07), Myr (m/z 463.09) in disassembled capsules formed by 

selective assembly from a mixture containing Myr, Cat, and Gal (Mixture 1). (b) Mass spectra of 

the detected compound (Myr) in capsules obtained from Mixture 1. (c) Combined EICs of Cat 

(m/z 289.07), Gal (m/z 305.07), EGCG (m/z 457.08) in disassembled capsules formed by 

selective assembly from a mixture containing, Cat, Gal, and EGCG (Mixture 2). (d) Mass spectra 

of the detected compound (EGCG) in capsules obtained from Mixture 2. 
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Previous studies have shown that the number of chelating sites on ligands can impact on the 

ability of the ligand to form coordination-driven materials.36,37 For example, conventional 

coordination polymer particles are generally synthesized using bifunctional ligand precursors.36 

In the present case, the most significant difference between the structure of the target and 

competitor phenolic compounds was the number of possible FeIII chelating sites (shaded in pink 

in Scheme 1a and Figure S2). From this information, we hypothesize that the number of 

chelating sites on the phenolic compound is a possible reason for the selective assembly 

observed in complex multicomponent systems. Both the target and competitor ligands can form 

metal–phenolic complexes at the early stages of the reaction (Figure 5a). As the reaction 

proceeds, the target ligands with two chelating sites can grow and form large extendable 

networks. Owing to the higher number of sites in such networks, surface adsorption and 

simultaneous cross-linking is more favored than in smaller-sized competitor complexes obtained 

from compounds with fewer chelating sites. 
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Figure 5. Proposed mechanism and computer modeling of selective MPN assembly. (a) 

Schematic illustration of the formation of large extendable target compound/FeIII complexes in 

the presence of small competitor/FeIII complexes. (b) Computer modeling of selective MPN 

assembly, in which target compounds with two chelating sites (purple) and competitor 

compounds with one chelating site (pink) randomly chelate FeIII and deposit onto the substrate. 

At the start of the assembly (T = 0), the system contains an equal number of unbound (free) 

target compound and competitor. At different time points (T = t1/4, t1/2, and tend), free compounds 

that are not bound to the left boundary (template) are removed, resulting in the film, which 

preferably grows with the extendable target compounds that bear a higher number of chelating 

sites.  

 

To further examine this hypothesis, a computational model simulating the interaction between 

target phenolic (purple) compounds or competitor compounds with a single chelating site (pink) 

and FeIII ions was constructed. All three species in the model undergo random motion following 

our recent approach.30 The left boundary of the lattice sites represents the template. The target 
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phenolic and competitor compounds share a similar binding affinity to FeIII. The target phenolic 

compounds can chelate two FeIII ions and further bind to other target phenolic compounds or 

competitors from two sites, provided that a free chelating site remains for both compounds. In 

comparison, competitors can only chelate one FeIII ion, which then binds to target phenolic 

compounds or other competitors. The model simulation revealed that the film grew with time and 

that the target phenolic compounds (purple) were the dominant component of the growing film. 

This selective assembly was time-independent, as observed at points t1/4, t1/2, and tend (Figure 5b). 

This result agrees with our experimental data and the above hypothesis, indicating that despite 

target and competitor phenolic compounds having similar binding affinities to FeIII, the 

difference in the number of FeIII chelating sites likely contributes to selective metal–phenolic 

assembly into thin films. We infer this as the ligands with a higher number of chelation sites are 

more likely to form the extendable complexes to promote ligand-surface interactions and 

simultaneous coordination cross-linking for MPN film formation. 

To confirm whether this selective assembly is generic or case-specific, the target phenolic 

ligand was changed from Myr to EGCG (structure shown in Figure S10), as it also possesses two 

chelation sites but a different structure. Thus, the phenolic mixture contained EGCG, Cat, and 

Gal at a molar ratio of EGCG/Cat/Gal 1:1:1. When the resulting films were disassembled and 

analyzed by LC–MS, the major phenolic component in the films was found to be EGCG, as 

shown in Figure 4c and d. This result also supports the hypothesis that the difference in the 

number of chelating sites likely determines the selective assembly of the phenolic ligands into 

thin films from a complex multicomponent system. The selective assembly reported herein can 

provide several benefits: it offers a route for forming thin films, comprising one or two 

components with unique properties, from a complex multicomponent system, irrespective of 
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substrate properties, and it allows the utilization of low-cost (or freely available) crude natural 

mixtures to fabricate functional materials with defined composition.  

Finally, the antioxidant properties of the selectively assembled films (from Euc extract) were 

examined on the basis of their radical scavenging ability. DPPH assays were used, which 

measure the reduction in the absorbance of the radical DPPH at 515 nm or a color change from 

purple to yellow in the presence of an antioxidant compound.23,38 When the Euc/FeIII-coated 

PMMA particles were added to ethanolic DPPH solution, a color change from purple to yellow 

was observed (Figure S11), indicating the reduction of the DPPH radicals (Figure S12). Figure 

6a shows that the characteristic absorption peak of DPPH at 515 nm significantly decreased upon 

addition of the film to the ethanolic DPPH solution, indicating that the film can scavenge the free 

radicals. EC50 (i.e., antioxidant concentration at which 50% radical DPPH scavenging occurs) 

was measured for the films as well as for an equivalent mixture of free Myr and Quer (Myr/Quer 

at mass ratio of 8.3:1) by plotting radical scavenging activity against concentration (Figure 

S13).39 As observed in Figure 6b, the equivalent mixture of free Myr and Quer displayed an 

EC50 of 17.5 µM, whereas the capsules featured a lower EC50 of 16.4 µM, indicating the 

slightly improved antioxidant behavior obtained in the presence of capsules when compared with 

the corresponding free phenolic compounds. The improvement could possibly be due to the iron 

center that can stabilize the semiquinone radical intermediate (Figure S14).23,40 In addition, the 

Euc/FeIII-coated PMMA particles could be used in consecutive cycles as investigated by 

subjecting the particles to three DPPH scavenging cycles. The first cycle resulted in almost 

complete DPPH depletion. After washing the particles in ethanol, the Euc/FeIII–coated PMMA 

particles could still scavenge ~70% DPPH, and after the third cycle, 50% DPPH radical 

depletion was observed (Figure 6c). In summary, the selectively assembled MPN films displayed 
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enhanced and antioxidant capacity in consecutive cycles, and thus may be applied as particle- or 

film-based radical scavenging agents. 

  

Figure 6. Radical scavenging ability of Euc/FeIII films. (a) UV–Vis spectra of DPPH (30 µM in 

ethanol) and the supernatant collected from DPPH treated with films. (b) EC50 of Euc/FeIII-

coated PMMA particles and equivalent mixture of Myr and Quer. (c) Repeated radical 

scavenging activity of the Euc/FeIII-coated PMMA particles over three cycles of incubation (20 

min) with intermediate washing steps; bare PMMA particles were also tested as a control. 

 

Conclusion 

We have shown the selective self-assembly between FeIII and specific ligands on various 

substrates from complex plant polyphenol mixtures. The present selective metal–phenolic 

assembly can recognize small variations in the number of possible chelating sites between 

different phenolic compounds. The assembly is robust and versatile—the same phenomenon was 

observed in model mixtures of commercial phenolic compounds and crude natural extracts such 

as Euc leaf extracts and the assembly could be performed on various substrates with different 

size, shape, and surface properties. The high selectivity of this approach and its applicability to 

various phenolic mixtures make it a potentially powerful tool for pharmaceutical separation, 

whereby specific compounds need to be isolated from complex mixtures. Finally, the films 

obtained from selective metal–phenolic assembly exhibit improved radical scavenging properties 
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in consecutive cycles (when compared with free phenolic compounds), rendering them a 

potential candidate for antioxidant application.  
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