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ABSTRACT 

Controlling the surface charge of nano-assembled structures enables modulation of their 

physicochemical properties and expands their applications. Metal–phenolic networks (MPNs) 

typically yield materials with negatively charged surfaces. Herein, MPNs with tunable surface 

charge were prepared using biscatechol-functionalized poly(2-vinylpyridine) (P2VP) and various 

metal ions. The first assembly route yielded P2VP–FeIII MPN capsules that displayed pH-

dependent surface charge reversal (~ −10 mV at pH 12 to 20 mV at pH 2) and facilitated the 
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fabrication of hollow superstructures. Besides the catechol–metal interaction, the pyridinyl 

nitrogen–metal coordination facilitated the continuous growth of P2VP–CoII MPN capsules (e.g., 

12–26 nm over 24 h). The second assembly route involving concurrent quaternization of P2VP 

and MPN assembly produced positively charged capsules (i.e., QP2VP/P2VP–FeIII MPN capsules) 

and provided control of the shell thickness (12–52 nm) and surface charge (6–53 mV) over time 

(1–8 h) at 70 °C. The positively charged surfaces enabled the fabrication of bioactive and 

fluorescent capsules and regulation of the cell association properties depending on the degree of 

positive charge. This work expands the selection of negatively or positively charged MPN building 

blocks for designing tunable MPN systems.  

INTRODUCTION 

Extensive progress in the fabrication of functional materials has been made through using 

functional supramolecular building blocks ranging from small molecules (e.g., peptides and 

polyphenols) to macromolecules (e.g., polymers and oligonucleotides).1–4 Supramolecular 

assemblies are built upon the interplay of various noncovalent interactions between building 

blocks such as metal coordination, hydrogen bonding, and π–π, ionic, and hydrophobic 

interactions.5–7 These assemblies have been employed in materials science and biomedical 

applications, including particle engineering,8,9 therapeutic delivery,10,11 catalysis,12,13 biological 

imaging,5,14 and energy storage.15 

Metal–phenolic networks (MPNs) are emerging metal–organic supramolecular assemblies 

constructed from metal ions and phenolic molecules.16 These supramolecular networks have 

advanced coating technologies, enabling tailor-made optimization of the properties of particle 

systems, and have been extensively exploited owing to their simple, robust, and modular synthesis 

procedures. The selection of phenolic building blocks, such as natural phenolics (e.g., tannic acid, 
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epigallocatechin gallate, gallic acid, and pyrocatechol) and phenolic-functionalized polymers (e.g., 

2-, 4-, 8-arm poly(ethylene glycol)), influences the physicochemical properties of the resulting 

MPN assemblies; these properties include permeability, shell thickness, and cell association.17,18 

In addition, stimuli-responsive building blocks, such as quercetin, poly(N-isopropylacrylamide), 

and DNA block copolymers, have been used to fabricate functional MPN systems with guest-

responsiveness,19 thermoresponsiveness,9 and programmability.20 However, the surface charge of 

most MPN assemblies is generally negative owing to the intrinsic properties of phenolic molecules 

and metal–phenolic complexation.21 Endowing MPNs with tunable surface charge is expected to 

expand the range of MPN materials and expand their application scope.  

To address tuning of the surface charge of MPN, herein we examine phenolic ligand-conjugated 

polymers as alternative MPN building blocks. Poly(vinylpyridine)s (PVPs), including the isomers 

poly(2-vinylpyridine) (P2VP) and poly(4-vinylpyridine), are polymer chains that have a similar 

chemical structure to polystyrene but with a nitrogen atom in the aromatic ring (i.e., pyridine).22,23 

The pyridinyl nitrogen in PVP confers versatile physicochemical properties. (1) The hydrophilicity 

and charge of PVP chains are dependent on pH owing to the basicity of the pyridine ring (pKa of 

pyridinium ion = 5.23),24 thus these polymer chains become water-soluble and positively charged 

under acidic conditions.22 (2) PVPs can bind with metal ions and inorganic nanoparticles (NPs) 

upon coordination to the pyridinyl nitrogen.25,26 (3) PVP chains may be transformed to permanent 

polycations through quaternization with alkyl halides (e.g., methyl iodide), and the degree of 

quaternization can be controlled by varying the stoichiometry and reaction temperature and/or 

time.23,27 Owing to its attributes, PVP has been applied in the fabrication of magnetic, electronic, 

catalytic, conductive, and cargo-releasing materials, as well as soft materials for optical 

applications.22,23 
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Herein, we report particle systems that incorporate pyridine-based polymer chains (i.e., P2VP) 

as MPN building blocks. To build coordination networks with metal ions, P2VP chains were 

functionalized to have a catechol group at each end of the chain to form biscatechol-P2VP (Figure 

1a). Negatively charged MPN capsules were then obtained through coordination networks between 

biscatechol-P2VP and metal ions on a sacrificial template (Figure 1b, Assembly route 1 (A1)). In 

addition to catechol–metal coordination networks, these materials incorporate noncovalent 

interactions such as pyridinyl nitrogen–metal coordination, hydrogen bonding, and hydrophobic 

interactions between the building blocks. A pH-dependent surface charge reversal of the MPN 

capsules from negative to positive was realized upon deprotonation/protonation of the pyridine 

rings in the polymer blocks. Furthermore, secondary hollow superstructure formation and 

continuous growth of MPN films were achieved from the binding properties of pyridinyl nitrogen 

with inorganic NPs and metal ions. Using a different assembly route, positively charged MPN 

capsules were obtained by concurrent quaternization of pyridine groups by methyl iodide and MPN 

assembly (Figure 1b, A2). Electrostatic interactions between quaternized pyridine groups and 

catechol groups were involved in A2 in addition to the interactions occurring in A1 (Figure 1b). 

Furthermore, assembly route A2 enabled control of the shell thickness and surface charge of the 

MPN capsules by varying the assembly temperature and time and metal ion species. Harnessing 

the positively charged surface of the capsules, bioactive and fluorescent MPN capsules were 

prepared through the functionalization of the MPN capsules with negatively charged bioactive and 

fluorescent molecules (e.g., horseradish peroxidase (HRP) and fluorescein isothiocyanate-tagged 

dextran (FITC-dextran)). Moreover, the most positively charged MPN capsules showed a high 

loading amount (i.e., 340 mg g–1) comparable to those achieved in mesoporous particles.28 

Likewise, the cell association properties of the MPN capsules with different surface charges could 
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be controlled. The present study demonstrates the important role of building blocks in expanding 

the library of MPNs in further broadening their potential application in materials science and 

biotechnology.  

  

Figure 1. (a) Synthesis of biscatechol-functionalized P2VP (biscatechol-P2VP). (b) Schematic 

illustration of MPN assembly of P2VP–metal MPN capsules (negative charge) (assembly route 1, 

A1) and QP2VP/P2VP–metal MPN capsules (positive charge) (A2). The noncovalent interactions 

involved in A1 and A2 are depicted. AIBN, 2,2′-azobis(2-methylpropionitrile); HATU, 

hexafluorophosphate azabenzotriazole tetramethyl uronium. 
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EXPERIMENTAL SECTION 

Synthesis of P2VP–Metal MPN Capsules. A carboxylic acid-functionalized polystyrene (PS-

COOH) template particle dispersion (1.86 ± 0.03 µm, 100 mg mL−1) (50 µL) was transferred to a 

1.7 mL microcentrifuge tube containing ethanol (450 µL). The PS-COOH particles were washed 

twice with ethanol by vortexing and sonication for 1–2 min and then pelleted by centrifugation 

(2000g, 2 min). The supernatant was then discarded and the process was repeated. A biscatechol-

polymer stock solution and FeCl3·6H2O solution were prepared in ethanol. These solutions were 

added to the PS-COOH particle suspension after which ethanol (380 μL) was added to obtain final 

concentrations of 10 mg mL−1 PS-COOH particles, 1.0 mM for P2VP, and 2 mM for metal ions 

(i.e., FeIII, AlIII, VIII, CrIII, or CoII), with vortexing for 2 min. The catechol/metal ion ratio was 

maintained at 1:1. To achieve continuous MPN film growth onto the PS-COOH particles, the 

mixtures were kept for the desired time under shaking at 1200 rpm. Excess and unreacted materials 

were then removed by pelleting the particles (2000g, 2 min) and the supernatant was discarded. 

The P2VP–metal MPN-coated particles were washed three times with ethanol (500 μL) by 

repeated centrifugation (2000g, 2 min) and redispersion. The particles were then resuspended in 

ethanol (50 µL) and kept in tetrahydrofuran (THF) (1 mL) overnight to remove the template 

particles. The resulting P2VP–metal MPN capsules were pelleted through centrifugation (2000g, 

2 min) and washed with THF (500 µL) five times. At the final THF washing step, the capsules 

were pelleted through centrifugation (2000g, 3 min) and the supernatant was discarded. The 

P2VP–metal MPN capsules were washed with ethanol once and resuspended in ethanol or water 

(500 µL).  

Quaternization of P2VP Chains. Biscatechol-functionalized P2VP76 solution was mixed with 

methyl iodide (3.1 µL) to reach final concentrations of 1 mM polymer and 100 mM methyl iodide 
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in 500 µL ethanol. The mixtures were kept at 70 °C and stirred at 1200 rpm for different times 

(e.g., 1, 2, 3, 4, 5, 6, and 8 h). Thereafter, the quaternized samples (i.e., QP2VP/P2VP) were dried 

under vacuum and stored at −20 °C for further use.  

Synthesis of QP2VP/P2VP–Metal MPN Capsules through Quaternization–MPN Assembly. 

To synthesize QP2VP/P2VP–metal MPN capsules, PS-COOH template particles were incubated 

with P2VP and metal ions following the same protocol as that used for the synthesis of P2VP–

metal MPN capsules. The final concentrations of PS-COOH particles, P2VP, and metal ions (i.e., 

FeIII, CrIII, and CoII) were 10 mg mL−1, 1 mM, and 2 mM in ethanol (500 μL), respectively. To that 

solution containing PS-COOH particles, P2VP, and metal ions, methyl iodide (3.1 μL) was added 

to achieve simultaneous quaternization/MPN assembly, and the mixture was kept at the desired 

temperature (i.e., 50, 60, or 70 °C) under shaking at 1200 rpm for 1–8 h. Then, the particle 

suspension was transferred to a 1.7 mL microcentrifuge tube. Excess and unreacted materials were 

removed by pelleting the particles (2000g, 2 min) and the supernatant was discarded. The 

QP2VP/P2VP–metal MPN-coated particles were washed three times with ethanol (500 μL) by 

repeated centrifugation (2000g, 2 min) and redispersion. The particles were then resuspended in 

ethanol (50 µL) and kept in THF (1 mL) overnight to remove the template particles. Then, the 

QP2VP/P2VP–metal MPN capsules were pelleted through centrifugation (2000g, 2 min) and 

washed with THF (500 µL) five times. At the final THF washing step, the capsules were pelleted 

through centrifugation (2000g, 3 min) and the supernatant was discarded. The P2VP–metal MPN 

capsules were washed with water twice and resuspended in water (500 µL).  

Synthesis of Bioactive/Fluorescent MPN Capsules. Flow cytometry was used to count the 

number of QP2VP/P2VP–FeIII MPN capsules, and the concentration of the capsules was set to 2 

× 108 mL−1. To synthesize bioactive MPN capsules, QP2VP/P2VP–FeIII MPN capsules (0.25 mL, 
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2 × 108 mL−1) were incubated with HRP solution (125 μL, 20 mg mL−1) in 10 mM 3-(N-

morpholino)propanesulfonic acid (MOPS) (pH 7) for 8 h under shaking at 1200 rpm. The HRP-

loaded capsules were then washed with 10 mM MOPS (pH 7) (2000g, 2 min) twice to remove 

unbound HRP and then resuspended in 10 mM MOPS (pH 7) (500 μL). The loading amount was 

calculated by comparing the absorbances at 400 nm of the protein solution before loading and the 

supernatant after loading. 

To fabricate fluorescent MPN capsules, QP2VP/P2VP–FeIII MPN capsules (0.25 mL, 2 × 108 

mL−1) were incubated in 2000 kDa FITC-dextran at varying concentrations in water for 16 h under 

the shaking at 1200 rpm. The final concentrations of FITC-dextran were 1, 2, 3, 4, and 5 mg mL−1. 

The FITC-dextran-loaded capsules were then washed with water (2000g, 2 min) twice to remove 

unbound FITC-dextran and then resuspended in water (500 μL). 

RESULTS AND DISCUSSION 

Synthesis of Versatile MPN Capsules. A biscarboxyl acid-terminated trithiocarbonate chain 

transfer agent, bis(α,α′-dimethyl-α″-acetic acid)-trithiocarbonate (BDAT), was synthesized and 

characterized by nuclear magnetic resonance (1H NMR) spectroscopy (Figure S1).29 Biscarboxylic 

acid-functionalized P2VP (biscarboxylic acid-P2VP) was synthesized by reversible addition–

fragmentation chain transfer polymerization using BDAT as the chain transfer agent. Three 

polymers with different degrees of polymerization (n) were synthesized and characterized by NMR 

spectroscopy and gel permeation chromatography: biscarboxylic acid-P2VP32 (number-average 

molecular weight (Mn) = 3600 g mol−1, n = 32); biscarboxylic acid-P2VP76 (Mn = 8300 g mol−1, n 

= 76); and biscarboxylic acid-P2VP128 (Mn = 13700 g mol−1, n = 128) (Figures S2 and S3 and 

Table S1). Thereafter, biscatechol-P2VPs were synthesized through amide bond formation 

between the terminal carboxylic acid groups of the polymer chains and the amine group of 
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dopamine at a high dopamine/P2VP ratio (i.e., 10:1) (Figures 1a and S3).8 Fourier transform 

infrared spectroscopy analysis showed the phenol O–H stretching band at 3400 cm−1 from the 

catechol groups in the P2VP76 chain, indicating the successful synthesis of biscatechol-P2VP76 

(Figure S4).30 The characteristic ligand-to-metal charge transfer band around 600 nm was detected 

for the biscatechol-P2VP76–FeIII system in ethanol, indicating bis- and tris-complex coordination 

between FeIII ions and the catechol groups in the polymer chains (Figure S5).16 In contrast, the 

ligand-to-metal charge transfer band was absent from the spectrum of the biscarboxylic acid-

P2VP76–FeIII system in ethanol. 

P2VP–FeIII MPN films were assembled on the surface of sacrificial templates (i.e., 1.86 μm PS-

COOH particles) through multiple noncovalent interactions between the building blocks such as 

metal coordination, hydrogen bonding, and hydrophobic interactions.8,20 P2VP76–FeIII MPN 

capsules were obtained after template removal (Figure 1b, A1) and characterized by atomic force 

microscopy (AFM) (Figure 2a). Well-defined capsules with folds and creases were observed, as 

consistent with the characteristic properties of air-dried capsules. The shell thickness of the 

capsules was determined to be 12.1 nm from the minimum thickness value in AFM measurements. 

The shell thickness of the capsules was independent of the degree of polymerization of the 

polymer—all three P2VPX–FeIII MPN capsules featured a film thickness of ~12 nm (Figure S6). 

P2VP76 chains were thus employed for further characterization and experiments. P2VP76–FeIII 

MPNs were stable in various solutions, likely owing to the multiple assembly interactions between 

the building blocks such as metal coordination (catechol–FeIII ions), hydrogen bonding (mainly, 

pyridinyl nitrogen–hydrogen from –NH or catechol groups), and hydrophobic interactions (P2VP 

chains) (Figures 1b, 2b, and S7a). Furthermore, the catechol and pyridine groups become 

negatively and positively charged through deprotonation/protonation process; catechol is 
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deprotonated in alkaline condition (i.e. > pH 7)31 and pyridine is protonated in acidic condition 

(i.e., < pH 5.3).24 The size of the capsules decreased in hydrochloric acid (HCl) (by 21%) and 

increased in sodium hydroxide (NaOH) (by 18%), indicating that the deprotonation/protonation of 

the catechol groups are likely major factors influencing size change (Figure S7b).8 The size 

increase observed in ethylenediaminetetraacetic acid (EDTA) (by 19%) was likely due to 

loosening of the metal coordination networks.32 The oxidation of the catechol to quinone groups 

in the building blocks was likely hindered by the entanglement of polymer chains, resulting in the 

stability of P2VP76–FeIII MPNs in the alkaline solution (i.e., 0.5 M NaOH (pH 13.7)).8,33 The 

surface charge of conventional MPNs, which are composed of naturally occurred phenolics, can 

be made negative (from neutral) upon coordination between catechols and metal ions (i.e., –OH 

and –O− from catechol or galloyl groups).34 In the current work, the capsules showed pH-

responsive charge reversal behavior (e.g., –9 mV at pH 12 and 19 mV at pH 2) owing to the 

protonation/deprotonation of pyridine and catechol groups, which induced a change in surface 

charge from negative to positive (i.e., –OH and –O− from catechol groups; N and NH+ from 

pyridine groups) (Figure 2c).  

P2VP chains are known to bind with inorganic NPs upon interaction between the pyridinyl 

nitrogen atoms and NP surfaces.35 This property was exploited to evaluate the use of P2VP76–FeIII 

MPN capsules as building cores to form secondary superstructures. Gold NPs (AuNPs, 12.8 nm) 

were synthesized by the established citrate reduction method and characterized by UV–vis 

spectrophotometry and transmission electron microscopy (Figure S8).36 We hypothesized that the 

exposed pyridinyl nitrogen on the surface of P2VP76–FeIII MPN capsules would enable binding 

with AuNPs to form a microscale superstructure. As observed in Figure 2d, hollow superstructures 

were obtained by incubating the capsules (core) with the AuNPs (satellite). The presence of a 



 11 

higher number of AuNPs resulted in hollow superstructures coated with a denser layer of AuNPs 

on the capsule surface.  

Conventional MPN assembly generally results in a film thickness of about 10 nm, regardless of 

the metal ion or phenolic ligand used, owing to the discrete film growth of MPNs (i.e., kinetic 

trapping and symmetry breaking at the interface in a short time (<1 min)).16,37,38 In contrast, the 

present work exploits the co-existence of two different coordination chemistries in the assembled 

structure (i.e., catechol–metal and pyridine–metal interactions). The coordination network between 

pyridinyl nitrogen atoms and metal ions facilitates continuous film growth, as indicated by the 

time-dependent thickness growth of the film. The shell thickness of P2VP76–CoII MPN capsules 

increased from 12.3 to 16.5, 19.5, and 26.3 nm as the assembly time increased from 0 to 4, 8, and 

24 h (Figure 2e). We note that the assembly time point at 0 h effectively corresponds to the 

assembly time at 2 min, which indicates rapid assembly occurring within a short time. The shell 

thickness of P2VP76–AlIII, P2VP76–VIII, P2VP76–CrIII, and P2VP76–FeIII MPN capsules increased 

by ~50, ~48, ~61, and ~30%, respectively, as assembly progressed from 0 to 24 h (Figure S9).  
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Figure 2. (a) Characterization of P2VP76–FeIII MPN capsules via AFM. The height–distance 

profile of an MPN capsule plotted along the blue line in the image is also shown. (b) Differential 

interference contrast images of P2VP76–FeIII MPN capsules in different solutions: water, HCl, 

NaOH, EDTA, sodium chloride (NaCl), Tween 20, urea, MOPS, dimethylformamide (DMF), and 

dimethyl sulfoxide (DMSO). (c) pH-Responsive surface charge reversal of P2VP76–FeIII MPN 
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capsules through the deprotonation/protonation of P2VP chains at different pHs. ζ-Potential values 

of P2VP76–FeIII MPN capsules in 10 mM NaOH (pH 12), 10 mM MOPS (pH 9, 7, 5, and 3), and 

10 mM HCl (pH 2). (d) Preparation of a hollow superstructure composed of P2VP76–FeIII MPN 

capsule (core) and AuNPs (satellite) via the interaction between pyridine moieties in P2VP chains 

and AuNP surface. The ratios between MPN capsules and AuNPs (10, 50, and 100 nM) are 2.7 × 

104, 13.3 × 104, 26.7 × 104, respectively. (e) Influence of assembly time on the properties (i.e., 

shell thickness and permeability) of P2VP76–CoII MPN capsules. The shell thickness of P2VP76–

CoII MPN capsules prepared using different assembly times was determined by height–distance 

AFM analysis and is shown as the mean ± standard deviation of 10 independent AFM 

measurements. Statistical significance was determined by one-way analysis of variance 

(ANOVA): **** p < 0.0001. Permeability of P2VP76–CoII MPN capsules prepared using different 

assembly times (0 and 24 h) to FITC-dextran with Mw ranging from 4 to 2000 kDa. The 

permeability data are shown as the mean ± standard deviation of three independent experiments; 

50–100 capsules were examined. 

The permeability of capsules is influenced by the capsule shell thickness, with a thicker shell 

resulting in a reduced permeability.8,17 The permeability of P2VP–metal MPN capsules prepared 

using different assembly times was determined by incubating the capsules with FITC-dextran 

molecules of Mw ranging from 4 to 2000 kDa (Figures 2e and S10). Capsules obtained after a 

longer assembly time were less permeable than those obtained after a shorter assembly time 

(Figures 2e and S10), indicating a higher degree of network entanglement in the thicker capsule 

shell. Specifically, as observed in Figure 2e, 59% and 8% of P2VP76–CoII capsules obtained after 

assembly times of 0 and 24 h, respectively, were permeable to 2000 kDa FITC-dextran. These 

findings demonstrate the use of P2VP as a versatile MPN building block in fabricating 
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multifunctional MPN capsules that feature pH-responsive charge reversal properties, hollow 

superstructure fabrication capability, and continuous film assembly capability. 

Simultaneous Quaternization/MPN Assembly. Quaternization of PVP using alkyl halides 

imparts different physicochemical properties by providing permanent ionization (i.e., positive 

charge) to the polymer chain.22,27,39,40 This chemistry has been widely used for diverse applications 

such as anchoring fluorescent dyes,39 performing stepwise assembly,27 and manufacturing 

electrolytes.40 In the present work, we incorporated the quaternization properties of P2VP into the 

MPN assembly to expand and investigate the versatility of the assembly. The degree of 

quaternization of P2VP using methyl iodide at 70 °C at different time points was determined by 

NMR spectroscopy analysis (Figure 3a). The ratios between the aromatic peaks of P2VP (i.e., 8.3 

ppm) and QP2VP (i.e., 8.7 ppm) were used to estimate the degree of quaternization. The degree 

of quaternized P2VP (QP2VP) in the polymer chain gradually increased with reaction time; 

specifically, the degrees of quaternization of P2VP were determined to be 3 and 24% for reaction 

times of 1 and 8 h, respectively. We hypothesized that quaternization could provide additional 

functionality to the MPN assembly. The quaternization of P2VP occurred concurrently with MPN 

assembly in the presence of metal ions (e.g., FeIII, CrIII, or CoII). This simultaneous 

quaternization/MPN assembly produced positively charged capsules (denoted here as 

QP2VP/P2VP–metal MPN capsules). Control over the surface charge and shell thickness of the 

MPN capsules were realized by varying the assembly conditions (i.e., temperature and time) 

(Figure 3a). As the assembly time was prolonged, capsules with thicker shells and a higher degree 

of positive charges were obtained. P2VP–FeIII MPN capsules, prepared by the conventional MPN 

assembly process (i.e., t = 0 h), were slightly negatively charged (i.e., −6 ± 2 mV) owing to the 

deprotonation of the catechol groups in the polymer building blocks (Figure 3b).21 In contrast, 
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QP2VP/P2VP–metal MPN capsules with ζ-potential values ranging from 6 ± 1 to 53 ± 4 mV were 

obtained at increasing assembly times, at 70 °C. As presented in Figure 3c, the shell thickness of 

QP2VP/P2VP–FeIII MPN capsules increased from ~10 to ~50 nm as the assembly time increased 

from 1 to 8 h. Control over the shell thickness is attributed to the continuous MPN assembly, which 

is enabled by coupling MPN assembly with the quaternization of P2VP. 

Continuous MPN assembly for engineering the shell thickness of capsules has been previously 

achieved through an oxidation-mediated process using FeII precursors38 and a solid-state reactant-

derived assembly using rusted iron objects.41 Although these processes are well-defined methods 

to control the shell thickness, the selection of metal ions is restricted to those suitable for these 

assembly methods. Alternatively, herein, we demonstrate two distinct continuous MPN assembly 

strategies—P2VP–metal MPN assembly and QP2VP/P2VP–metal MPN assembly—that can be 

applied to diverse metal ion species (Figure 3d). The assembly mechanisms proposed herein 

include the participation of molecular interactions (i.e., metal–pyridine or ionic) in addition to 

discrete metal–coordination networks, which facilitate the continuous assembly process. At the 

start of both assembly strategies, the biscatechol-P2VP chains approach the template surface, then 

metal coordination between the catechol groups and metal ions occurs owing to rapid film growth 

(<1 min).8,16,38,42,43 The exposed pyridinyl nitrogen atoms on the surface of the layered P2VP–

metal MPN films on the templates enable interactions with the polymer building blocks metal ions 

in the assembly solution. As the reaction progresses, in the P2VP–metal MPN assembly, 

continuous film growth likely proceeds from coordination interactions between the metal ions and 

pyridinyl nitrogen atoms in the polymer blocks. In contrast, in the QP2VP/P2VP–metal MPN 

assembly, quaternization reaction enables continuous assembly by forming ionic interactions 

between QP2VP rings (positive charges) and deprotonated catechol groups (negative charges). 
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The quaternized polymers on the surface of capsules and in the assembly solution interact with 

each other and coordinate with metal ions, which facilitate continuous film formation. Continuous 

film growth occurring in the QP2VP/P2VP–metal MPN assembly is faster than that occurring in 

the P2VP–metal MPN assembly. For instance, relative to the shell thickness of QP2VP/P2VP–

FeIII MPN capsules obtained at an assembly time of 0 h, that obtained at an assembly time of 8 h 

assembly increased by 324%, whereas that of P2VP–FeIII MPN capsules only increased by 18% 

(Figures 3c and S9b). The reaction temperature of the quaternization/MPN assembly also 

influenced the surface charge and shell thickness of QP2VP/P2VP–FeIII MPN capsules for a given 

assembly time (Figures 3e, S11–S13). Specifically, the ζ-potential values of the capsules prepared 

at moderate temperature (i.e., 50 °C) slowly increased compared with capsules prepared at 60 °C 

and 70 °C. This slower surface charge increase is attributed to the lower rate of quaternization with 

decreasing quaternization temperature.44 Likewise, the QP2VP/P2VP–FeIII MPN capsules 

obtained at 50 and 60 °C were less thick, owing to the relatively slower quaternization process 

compared with that occurring at 70 °C. The quaternization/MPN assembly was also applicable to 

different metal ion species, such as CrIII and CoII, indicating the versatility of this assembly method 

for controlling surface charge and shell thickness. These results indicate that combining MPN 

assembly with quaternization represents a versatile strategy for engineering the physicochemical 

properties of MPN capsules. 
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Figure 3. (a) NMR spectra of QP2VPm/P2VP76-m for determining the degree of quaternization of 

P2VP76 by methyl iodide as a function of reaction time. Schematic illustration of QP2VP/P2VP–

metal MPN capsules (prepared by concurrent quaternization/MPN assembly) featuring 

controllable physicochemical properties according to the reaction time (i.e., degree of 

quaternization). (b) ζ-Potential and (c) shell thickness of QP2VPm/P2VP76-m–FeIII MPN capsules 

prepared using different quaternization/MPN assembly times at 70 °C. Inset in (c) shows the 

corresponding AFM images of capsules obtained after 0, 1, 4, and 8 h. (d) Proposed mechanisms 

of the P2VP–metal MPN assembly (i.e., metal–coordination network and metal–pyridine 

interaction) (i) and QP2VP/P2VP–metal MPN assembly (i.e., metal–coordination network and 

ionic interaction) (ii). ζ-Potential and shell thickness of QP2VP/P2VP–metal MPN capsules 

prepared using (e) different quaternization/MPN assembly temperatures and (f) different metal 

ions as a function of assembly time at 70 °C. ζ-Potential data are shown as the mean ± standard 

deviation of three independent measurements and the shell thickness data (height–distance AFM 

analysis) are shown as the mean ± standard deviation of 10 independent AFM measurements. 

Statistical significance was determined by one-way ANOVA: **** p < 0.0001 and * p < 0.05. 

Modularity of Positively Charged MPN Capsules. The positively charged MPN capsules 

could incorporate negatively charged functional molecules (e.g., dyes and catalytic proteins) 

through ionic interactions, which would be potentially useful in materials science and biomedical 

applications such as catalysis, bioimaging, and therapeutic delivery. Six types of QP2VP/P2VP–

FeIII MPN capsules were prepared using different temperatures and quaternization/assembly times 

(i.e., 60 °C, 70 °C, and 4, 6, 8 h) to assess their loading efficiency and post-assembly functionality. 

To prepare bioactive and fluorescent capsules, QP2VP/P2VP–FeIII MPN capsules were 

incubated with HRP and 2000 kDa FITC-dextran in water, respectively (Figure 4a). The HRP 
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loading was estimated by UV–vis spectrophotometry by comparing the absorbances of the protein 

solution before loading and the supernatant after loading (Figure S14).28 The activity of the loaded 

HRP in the capsules was then examined through the enzymatic oxidation of amplex red to resorufin, 

which has a strong absorbance at 560 nm, in the presence of H2O2.
45 The catalytic rate of the 

QP2VP/P2VP–FeIII MPN capsules was influenced by the shell properties. Capsules with a higher 

degree of positive surface charges and thicker films, obtained using higher assembly temperatures 

and longer assembly times, showed lower catalytic activities, likely due to the strong ionic 

interaction and steric hindrance from the capsule shell (Figure S15). Therefore, among the capsules 

examined, the HRP-loaded QP2VP/P2VP–FeIII MPN capsules prepared at 60 °C and assembly 

time of 4 h showed the highest catalytic activity among prepared HRP-loaded capsules. These 

capsules showed a 75% conversion compared to that of free HRP at 30 min (Figure 4b). The 

loading of FITC-dextran into the six types of QP2VP/P2VP–FeIII MPN capsules was investigated 

through ζ-potential measurements and confocal laser scanning microscopy (CLSM) (Figure 4c). 

The surface charges of the QP2VP/P2VP–FeIII MPN capsules decreased after loading negatively 

charged FITC-dextran molecules into the capsules prepared using different temperatures and 

assembly times from 36 to 3 mV (60 °C–4 h), 49 to 7 mV (60 °C–6 h), 49 to 22 mV (60 °C–8 h), 

50 to 13 mV (70 °C–4 h), 53 to 23 mV (70 °C–6 h), and 53 to 25 mV (70 °C–8 h). QP2VP/P2VP–

FeIII MPN capsules with a higher degree of positive surface charges and thicker shells (e.g., 70 

°C–8 h) displayed brighter fluorescence after incubation with FITC-dextran. These enhanced 

fluorescence intensities were attributed to the presence of more cationic polymer chains in the 

capsule shells. In addition, a higher concentration of fluorescent molecules in the incubation 

solution resulted in a higher FITC loading of the capsules (Figure S16). Z-stack images of FITC-

dextran-loaded QP2VP/P2VP–FeIII MPN capsules prepared at 70 °C and an assembly time of 8 h 



 20 

revealed the three-dimensional structure of the fluorescent capsules that featured a uniform 

distribution of dye molecules on the capsule surface (Figure 4c).  
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Figure 4. (a) Schematic illustration of the loading of HRP (negatively charged) or FITC-dextran 

(negatively charged) into QP2VP/P2VP–FeIII MPN capsules (positively charged) through ionic 

interactions. (b) Time-course plots of the absorbance of amplex red oxidized by free HRP, 

capsules, and HRP-loaded capsules. (c) Preparation of FITC-dextran-loaded QP2VP/P2VP–FeIII 

MPN capsules using various QP2VP/P2VP–FeIII MPN capsules prepared using different assembly 

temperatures and quaternization/MPN assembly reaction times (i.e., 60 °C–4, 6, 8 h and 70 °C–4, 

6, 8 h). Comparison of the ζ-potential QP2VP/P2VP–FeIII MPN capsules (red) and FITC-dextran-

loaded QP2VP/P2VP–FeIII MPN capsules (green) (c1). CLSM images of FITC-dextran loading in 

different QP2VP/P2VP–FeIII MPN capsules and relative fluorescence quantification (c2). Three-

dimensional image of fluorescent FITC-dextran-loaded QP2VP/P2VP–FeIII MPN capsules (70 

°C–8 h) created by merging z-section CLSM images (c3). (d) Association of HeLa cells with 

different QP2VP/P2VP–FeIII MPN capsules, following incubation for 24 h at 37 °C at a cell-to-

particle ratio of 1:10. RFI to untreated cells is shown. Error bars represent the standard deviation 

of three independent experiments. Statistical significance was determined by one-way ANOVA: 

**** p < 0.0001, *** p < 0.001, and * p < 0.05. CLSM images of HeLa cells incubated with 

fluorescent capsules for 24 h at 37 °C. Cell membranes and nuclei were stained with wheat germ 

agglutinin 594 (red) and Hoechst 33342 (blue), respectively. Green fluorescence represents the 

capsules. 

Surface charge is known to be a key parameter that controls the bio–nano interactions of particles, 

including cell association, pharmacokinetics, and drug loading/release profiles.1,46 We thus 

evaluated how the different surface charges of the green-fluorescent QP2VP/P2VP–FeIII MPN 

capsules would influence cell association. Flow cytometry and CLSM were used to investigate the 

cell association properties of fluorescent QP2VP/P2VP–FeIII MPN capsules (Figure 4d and S17). 
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The degree of cell association of fluorescent QP2VP/P2VP–FeIII MPN capsules prepared at 70 °C 

and quaternization/assembly times of 4, 6, and 8 h was compared using relative fluorescence 

intensity (RFI) values compared to untreated cells. As shown in Figure 4d, capsules with a higher 

degree of positive charges showed more significant cell association. Specifically, the RFI values 

of fluorescent QP2VP/P2VP–FeIII MPN capsules prepared at 70 °C and quaternization/assembly 

times of 4, 6, and 8 h, following 24 h incubation and using a cell-to-particle ratio 1:10, were 

determined to be 15.8, 44.8, and 52.6, respectively. To circumvent overlap with green fluorescence 

from the capsules, Hoechst 33342 (blue) and wheat germ agglutinin 594 (red) were used to stain 

the cell nucleus and membrane. Consistent with the flow cytometry measurements, CLSM analysis 

showed that QP2VP/P2VP–FeIII MPN capsules prepared at 70 °C and using a 

quaternization/assembly time of 8 h (which are the most positively charged) showed the highest 

cell association (Figure 4d) among the capsules prepared with different assembly times. The same 

increasing trend in cell association as assembly time increased was observed for capsules prepared 

at 60 °C (Figure S17). Cell association of all fluorescent QP2VP/P2VP–FeIII MPN capsules could 

also be increased by prolonging the incubation time (i.e., from 2 to 4, 8, and 24 h), as investigated 

by flow cytometry (Figure S17a, b). 

The QP2VP/P2VP–FeIII MPN capsules prepared at different assembly temperatures (i.e., 50, 60, 

and 70 °C) generally showed negligible cytotoxicity (Figure S18) except for the QP2VP/P2VP–

FeIII MPN capsules prepared at 70 °C and assembly times of 6 and 8 h. These capsules showed 

some cytotoxicity to cells when the particle-to-cell ratio increased to 100:1, likely due to the 

toxicity induced by the higher degree of positive charges.47 These results indicate that 

simultaneous quaternization/MPN assembly using P2VP building blocks is a versatile method for 



 23 

fabricating biofunctional and fluorescent materials that are potentially useful for biomedical 

applications. 

CONCLUSIONS 

Conventional MPN systems mostly result in negatively charged assemblies, which is based on 

the exclusive negative charge of phenolic building blocks and metal–phenolic complexation. In 

this work, we demonstrated the application biscatechol-terminated P2VP in fabricating P2VP–FeIII 

MPN capsules that displayed a range of surface charge from negative to positive depending on the 

pH of the dispersant/solution. In addition, we exploited the capsules as building blocks for the 

preparation of secondary hollow superstructures. Our strategy enabled continuous MPN film 

growth, likely due to the coordination networks between pyridinyl nitrogen atoms in the building 

blocks and the metal ions, and was applicable to a range of metal ions (i.e., AlIII, VIII, CrIII, FeIII, 

and CoII). In addition, quaternizing the P2VP chains in tandem with MPN assembly provided a 

pathway to fabricate positively charged MPN capsules (i.e., QP2VP/P2VP–metal MPN capsules) 

with controllable surface charge and shell thickness. The capsule properties were influenced by 

the preparation conditions (e.g., assembly temperature, reaction time, and metal ion species). 

Bioactive and fluorescent capsules were obtained through ionic interactions between the cationic 

capsules and anionic functional molecules (i.e., HRP and FITC-dextran), and the cell association 

properties of the capsules were controlled via the surface charge of the capsules. Capsules with a 

higher degree of positive charges resulted in greater cell association. This study provides insights 

into the application of versatile building blocks in MPN assembly and expands the toolbox of MPN 

building blocks. In addition, this study can provide a strategy for optimizing metal–organic particle 

systems for therapeutic nucleic acid delivery (i.e., mRNA and siRNA)48 by regulating the loading 

efficiency through tuning the charge of building blocks. 
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