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ABSTRACT 

Dynamic nanostructured materials that can react to physical and chemical stimuli have attracted 

interest in the biomedical and materials science fields. Metal–phenolic networks (MPNs) represent a 

modular class of such materials: these networks form via coordination of phenolic molecules with 

metal ions and can be used for surface and particle engineering. To broaden the range of accessible 

MPN properties, we report the fabrication of thermoresponsive MPN capsules using FeIII ions and the 

thermoresponsive phenolic building block biscatechol-functionalized poly(N-isopropylacrylamide) 

(biscatechol-PNIPAM). The MPN capsules exhibited reversible changes in capsule size and shell 
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thickness in response to temperature changes. The temperature-induced capsule size changes were 

influenced by the chain length of biscatechol-PNIPAM and catechol-to-FeIII ion molar ratio. The metal 

ion type also influenced the capsule size changes, allowing tuning of the MPN capsule mechanical 

properties. AlIII-based capsules, having a lower stiffness value (10.7 mN m−1), showed a larger 

temperature-induced size contraction (~63%) than TbIII-based capsules, which exhibit a higher 

stiffness value (52.6 mN m−1) and minimal size reduction (<1%). The permeability of the MPN 

capsules was controlled by changing the temperature (25–50 °C)—a reduced permeability was 

obtained as the temperature was increased above the lower critical solution temperature of biscatechol-

PNIPAM. This temperature-dependent permeability behavior was exploited to encapsulate and release 

model cargo 500 kDa fluorescein isothiocyanate-tagged dextran from the capsules; approximately 70% 

was released over 90 min at 25 °C. This approach provides a synthetic strategy for developing dynamic 

and thermoresponsive-tunable MPN systems for potential applications in biological science and 

biotechnology.  

INTRODUCTION 

Stimuli-responsive materials that can respond to specific triggers are of interest in a range of 

applications such as drug delivery,1,2 diagnostics,3 biomedical devices,4 self-healing materials,5 

catalysis,6 membranes,7 and the development of micro/nanoreactors.8,9 Such materials can be designed 

to respond to various stimuli such as pH,10,11 redox potential difference,12 enzymes,13,14 nucleic acids,15 

temperature,16,17 light,18 ultrasound,19 or magnetic fields.20,21 The application of, or exposure to, such 

stimuli can result in expansion or contraction, assembly or disassembly, degradation or aggregation, 

morphology changes or cargo encapsulation or release.22 Thermoresponsive polymers are often 

exploited in stimuli-responsive systems due to their sharp temperature-dependent phase transition 

behaviors. Various synthetic polymers featuring thermoresponsive properties display discrete lower 

critical solution or upper critical solution temperatures (LCSTs or UCSTs), which can be tuned from 

0 to 100 °C by varying the structure of the polymer.23  
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PNIPAM is one of the most widely studied and applied thermoresponsive polymers and undergoes 

a reversible and sharp phase transition at approximately 32 °C. PNIPAM exists as a hydrophilic and 

fully hydrated chain below the LCST due to hydrogen bonding with surrounding water molecules.23,24 

Upon heating, intra- and intermolecular hydrogen bonding between the amide repeat units of the 

polymer becomes more favored than hydrogen bonding with the water molecules, resulting in the 

phase transition to a hydrophobic and dehydrated globule.23,24 The LCST of PNIPAM can be readily 

tuned by incorporating hydrophilic or hydrophobic moieties, which makes PNIPAM a suitable 

component for developing smart responsive materials.25,26 Such PNIPAM-based materials have been 

engineered to control nanoparticle aggregation behavior,25,27 regulate binding properties to 

oligonucleotides, enzymes, and cells,17,28 and undergo thermally induced reversible material shape 

changes.12,16,29  

Metal–phenolic networks (MPNs) are an emerging class of metal–organic supramolecular 

assemblies and their formation is largely governed by the coordination between phenolic molecules 

and metal ions.30,31 MPN films can be deposited on a broad range of substrates, from nanometer to 

centimeter-sized inorganic, organic, and biological materials.30,31 MPNs have potential in a broad 

range of applications due to their versatile assembly process, strong adhesion to substrates, and 

negligible cytotoxicity.30,32,33 Moreover, MPN-based multifunctional self-assembled nanoplatforms 

were recently developed for the inhibition of tumor proliferation and metastasis.34,35 MPN systems 

prepared from commercially available phenolic molecules, such as tannic acid (TA), epigallocatechin 

gallate, gallic acid, and pyrocatechol, show responses to various stimuli including pH, light, and redox 

potential.30,36–39 Expanding the suite of stimulus-responsive MPNs by integrating thermoresponsive 

polymers, such as PNIPAM, coupled with the modular nature of MPNs, is an attractive strategy for 

generating functional MPN films/capsules that are responsive to thermal stimuli. 

Herein, we designed and synthesized thermoresponsive α,ω-biscatechol-functionalized PNIPAM 

[i.e., Mn = 6700 g mol−1 (repeat unit (n) = 55), 17 600 g mol−1 (n = 151), 27 300 g mol−1 (n = 237), 41 
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700 g mol−1 (n = 364)]. The synthesized PNIPAM chains were used as MPN building blocks for 

coordination with 18 different metal ions to obtain thermoresponsive MPN capsules. The prepared 

MPN capsules underwent reversible size changes with changes in the temperature below and above 

the LCST (i.e., 25 and 50 °C). The thermally induced size reduction of the capsules was tuned by 

varying either the molecular weight of PNIPAM or the ratio between the catechol groups and metal 

ions used for the MPN process. Moreover, by employing a binary mixture of metal ions at different 

ratios or through the selection of different metal ions, the thermoresponsive properties of the MPN 

capsules enabled their size to be broadly tuned (i.e., a reduction in size from ~1–68% upon heating 

from 25 to 50 °C). In addition, we demonstrate that the thermoresponsive MPN capsules show variable 

permeability, which was subsequently exploited to achieve thermally induced cargo (500 kDa 

fluorescein isothiocyanate-tagged dextran (FITC)-dextran) encapsulation and release in response to 

temperature changes. This study demonstrates the rational design and fabrication of thermoresponsive 

MPN capsules, which may be of broad interest in various applications that require species to be 

encapsulated and released at specific temperatures (e.g., confined chemical and biochemical reactions), 

and, when applied to specific polymers with LCST or UCST suitable for drug delivery, may provide 

a platform for engineering MPN capsules for therapeutic delivery applications.  

Scheme 1. (a) Synthesis of Biscatechol-Functionalized Bis(carboxymethyl)trithiocarbonate 

(biscatechol-BCMT). (b) RAFT Polymerization of N-isopropylacrylamide (NIPAM) for 

Synthesis of Biscatechol-PNIPAM.  
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RESULTS AND DISCUSSION 

Design and Synthesis of α,ω-Biscatechol-Functionalized PNIPAM. α,ω-Biscatechol-

functionalized PNIPAM (biscatechol-PNIPAM) was synthesized by reversible addition–

fragmentation chain transfer (RAFT) polymerization using a symmetrical trithiocarbonate chain 

transfer agent (CTA) with two catechol groups (Scheme 1). To synthesize the RAFT agent 

(biscatechol-functionalized bis(carboxymethyl)trithiocarbonate (biscatechol-BCMT)), BCMT was 

conjugated to dopamine via amide coupling with N,N′-dicyclohexylcarbodiimide (DCC) and N-

hydroxysuccinimide (NHS) (Scheme 1a). The synthesized biscatechol-BCMT was purified by 

preparative high-performance liquid chromatography (HPLC) and characterized by analytical HPLC 

and nuclear magnetic resonance (NMR) spectroscopy (Figures S1 and S2). PNIPAM with catechol 

groups at both chain termini was then prepared by RAFT polymerization using the synthesized 

biscatechol-BCMT (CTA) and 4,4′-azobis(4-cyanopentanoic acid) (V-501, initiator) (Scheme 1b). 

Four polymers were synthesized: biscatechol-PNIPAM55 (Mn = 6700 g mol−1, repeat unit (n) = 55); 

biscatechol-PNIPAM151 (Mn = 17 600 g mol−1, n = 151); biscatechol-PNIPAM237 (Mn = 27 300 g mol−1, 

n = 237), and biscatechol-PNIPAM364 (Mn = 41 700 g mol−1, n = 364). The synthesized polymers were 

characterized by NMR and gel permeation chromatography (GPC) (Figures S3 and S4); the 

characterization data are provided in Table S1. As the GPC system was calibrated using polymethyl 

methacrylate standards, the determined molecular weights of biscatechol-PNIPAMs are relative values 

and do not reflect the true molecular weights of the synthesized polymers. Therefore, approximate 

number-average molecular weights for biscatechol-PNIPAM were calculated from the 1H NMR data 

by comparing the integral of the peak at 2.63 ppm (from the conjugated dopamine moiety) with that at 

4.00 ppm (from the polymer backbone) (Figure S3).  
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Scheme 2. (a) Schematic Illustration of the Preparation of Thermoresponsive MPN Capsules 

using Biscatechol-PNIPAM and Metal Ions. (b) Temperature-Triggered Control of 

Thermoresponsive MPN Capsules: Size, Shell Thickness, and Permeability. 

 

Fabrication of Thermoresponsive MPN Capsules. Metal ions and biscatechol-PNIPAM chains 

were used to form MPN films on sacrificial template particles (i.e., carboxylic acid-functionalized 

polystyrene (PS-COOH, 1.86 ± 0.03 µm) particles) (Scheme 2a). The template particles, dispersed in 

water, were mixed with biscatechol-PNIPAM solutions and FeCl3·6H2O. 3-(N-

Morpholino)propanesulfonic acid (MOPS) buffer (25 mM, pH 7.4) was then added to the suspension 

to raise the pH, resulting in bis- and tris-dominant coordination states between biscatechol-PNIPAM 

and FeIII ions.30 The adsorption of biscatechol-PNIPAM chains onto the template particles, and the 

subsequent network formation between the phenolic building blocks and metal ions occurs during this 

assembly procedure.31,40,41 Thermoresponsive MPN capsules were then obtained by selectively 

dissolving the PS-COOH particles using tetrahydrofuran (THF). Such a dissolution process for PS is 

one we have commonly used, as exemplified elsewhere.30 The resulting PNIPAM–FeIII MPN capsules 

are expected to display reversible thermoresponsive behavior due to the incorporation of PNIPAM 



 7 

chains into the capsule shell (Scheme 2b). Specifically, when the temperature is increased above the 

LCST, the conformation of PNIPAM changes from a water-swollen to a dehydrated state, resulting in 

reduction in size of the MPN capsules with a concomitant increase in shell thickness and a decrease in 

permeability.  

PNIPAM364–FeIII MPN capsules prepared from biscatechol-PNIPAM364, FeIII ions, and PS-COOH 

particles were characterized by differential interference contrast (DIC) microscopy, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM), and 

high-angle annular dark-field (HAADF) microscopy (Figure 1). The images revealed well-dispersed 

capsules in solution, and folds and creases characteristic of collapsed capsule structures in the air-dried 

state. The shell thickness of the PNIPAM364–FeIII MPN capsules was 13.9 nm, as measured by AFM. 

Energy-dispersive X-ray spectroscopy (EDX) elemental mapping revealed that C, N, O, and Fe were 

all uniformly distributed throughout the PNIPAM364–FeIII MPN capsules, indicating that the capsules 

are composed of PNIPAM chains and FeIII ions. The UV–vis spectrum of the PNIPAM364–FeIII MPN 

capsules featured a characteristic ligand-to-metal charge transfer (LMCT) band around 565 nm (Figure 

S5), which is indicative of the coordination between biscatechol-PNIPAM and FeIII ions in the MPN 

capsules,42,43 and specifically the presence of bis- and tris-type coordination between biscatechol-

PNIPAM and FeIII ions in the capsules, where the bis-state is dominant. The coordination between 

biscatechol-PNIPAM and FeIII ions was influenced by pH change, corresponding to the transition 

between mono-, bis-, and tris-complex states (Figure S6).30 
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Figure 1. Characterization of PNIPAM364–FeIII MPN capsules using DIC, SEM, TEM, AFM, 

HAADF, and EDX elemental mapping. The height versus distance profile of an MPN capsule plotted 

along the green line in the AFM image is also shown.  

Thermally Induced MPN Capsule Size Changes. The temperature-dependent size reduction of 

PNIPAM364–FeIII MPN capsules was monitored by dynamic light scattering (DLS) over the 

temperature range of 25–50 °C (Figure 2a). Although the LCST of biscatechol-PNIPAM364 was 

determined to be 33.6 °C (which is within the typical LCST range of PNIPAM (30–35 °C))24 (Figure 

S7), the size of the MPN capsules decreased continually when heated from 35 to 50 °C. The gradual 

reduction in size observed for the PNIPAM364–FeIII MPN capsules with increasing temperature has 

also been reported for other PNIPAM-based material systems.44,45 Moreover, thermally induced 

contraction and expansion of the capsules was observed over several cycles (Figure 2b); the sizes of 

the PNIPAM364–FeIII MPN capsules were 2.3 ± 0.1 and 1.9 ± 0.1 µm at 25 and 50 °C, respectively, as 

calculated from DIC images (Figure 2c). These results demonstrate that the MPN capsules assembled 

via coordination chemistry between biscatechol-PNIPAM and FeIII ions retain the thermoresponsive 

properties of the parent polymer, albeit with some difference in the apparent transition temperature.  
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Figure 2. Temperature-induced size reduction of MPN capsules. DLS size measurements of (a) 

PNIPAM364–FeIII MPN capsules at different temperatures and (b) PNIPAM364–FeIII MPN capsules 

when subjected to heating–cooling cycles at 25 and 50 °C. The hydrodynamic diameters, determined 

by DLS (intensity), are shown as the mean ± standard deviation of three measurements. (c) DIC images 

and radar maps (from size measurements of 100 capsules) of PNIPAM364–FeIII MPN capsules at 25 

°C (2.3 ± 0.1 µm) and 50 °C (1.9 ± 0.1 µm). Scale bars are 5 µm.  

To further explore the thermoresponsive properties of the MPNs, four different types of PNIPAMn–

FeIII MPN capsules were fabricated using PNIPAMn with different degrees of polymerization (n = 55, 

151, 237, and 364), and the resulting capsules were characterized by DIC, SEM, TEM, and AFM 

(Figure S8). All PNIPAM–FeIII MPN capsules were well dispersed in solution, as observed from the 

DIC images. In the air-dried state, all capsules featured typical surface morphologies (i.e., folds and 

creases), as observed from the SEM, TEM, and AFM images. When the temperature was increased 

from 25 to 50 °C, the size of the PNIPAM–FeIII MPN capsules reduced to differing extents, depending 
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on the degree of polymerization of PNIPAM (Figures 3a and S9). Specifically, increasing the chain 

length from biscatechol-PNIPAM55 to biscatechol-PNIPAM364 led to an increasing degree of thermally 

induced capsule size contraction—a reduction in size of 2.7%, 16.3%, 32.4%, and 40.3% was observed 

for PNIPAM55, PNIPAM151, PNIPAM237, and PNIPAM364, respectively, when the temperature was 

increased from 25 to 50 °C. The shell thickness of the PNIPAM–FeIII MPN capsules varied according 

to the PNIPAM chain length, with the thickness ranging from 10.9 to 13.9 nm (Figure 3b). This 

thickness range is comparable to the shell thickness of TA–FeIII MPN capsules (10 nm).30 When the 

temperature was increased from 25 to 50 °C, the shell thickness of PNIPAM237–FeIII and PNIPAM364–

FeIII MPN capsules increased from 12.7 to 14.3 nm and from 13.9 to 16.1 nm, respectively. In contrast, 

the shell thickness of the PNIPAM55–FeIII and PNIPAM151–FeIII capsules, which include shorter 

PNIPAM chains, remained unchanged upon heating. This is likely due to their higher density of cross-

links and therefore more rigid shell structures (Figure 3b).  

To further elucidate the tunability of the system, the effect of PNIPAM concentration in the assembly 

solution on the temperature-dependent contraction of the capsules was examined while the catechol-

to-FeIII ion molar ratio was maintained at 1:1. As observed from Figure S10a, the 

thermoresponsiveness of the MPN capsules prepared with 0.25, 0.5, and 1 mM PNIPAM364 could be 

tuned, as determined from the reduction in capsule size in response to a temperature increase. 

Specifically, when the temperature was increased from 25 to 50 °C, MPN capsules assembled from 

0.25, 0.5, and 1 mM PNIPAM364 decreased in size by 1.6%, 40.3%, and 51.3%, respectively. This 

effect is likely due to the higher amount of PNIPAM building blocks in the capsules. Therefore, 

increasing the concentration of PNIPAM in the assembly solution can be used to enhance the 

temperature-dependent size change of the resulting capsules.  
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Figure 3. (a) Effect of PNIPAM length on the thermoresponsive properties of PNIPAMn–FeIII MPN 

capsules (n = 55, 151, 237, and 364). The hydrodynamic diameters, determined by DLS (intensity) at 

25 and 50 °C, are shown as the mean ± standard deviation of three independent measurements. (b) 

Shell thickness of PNIPAMn–FeIII MPN capsules (n = 55, 151, 237, and 364) at different temperatures. 

The shell thickness was determined by height–distance AFM analysis and is shown as the mean ± 

standard deviation of five independent AFM measurements. Statistical significance was determined 

by one-way ANOVA analysis: **** p < 0.0001, *** p < 0.001, ** p < 0.01, and * p < 0.05. 

The effect of varying the molar ratio of catechol-to-FeIII ions during film assembly was investigated 

while maintaining the concentration of PNIPAM in the assembly solution at 0.5 mM. As observed 

from Figure S10b, increasing the catechol-to-FeIII ion molar ratio from 1:0.5 to 1:2 led to MPN 

capsules with a lower degree of thermoresponsiveness. Specifically, at a catechol-to-FeIII ion molar 

ratio of 1:0.5, when the temperature was increased to 50 °C, the capsules contracted to 82.9% of their 
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original diameter at 25 °C. The polydispersity index (PDI) values at 35, 40, and 50 °C increased 

considerably to 0.49, 0.64, and 0.86, respectively, indicating that the stability of the capsules was 

reduced. All other prepared PNIPAMn–FeIII capsules were well dispersed at 25–50 °C (PDI < 0.20). 

In contrast at a catechol-to-FeIII ion molar ratio of 1:2, the capsule size contraction was minimal 

(12.1%) when the temperature increased from 25 to 50 °C. These results demonstrate that 

thermoresponsive MPN capsules can be fabricated via MPN chemistry between biscatechol-PNIPAM 

and FeIII ions, and that the length and concentration of the PNIPAM in the assembly solution and the 

catechol-to-metal ion molar ratio can be used to effectively tune the thermally induced contraction of 

MPN capsules. 

Effect of Metal Ions on MPN Capsule Thermoresponsive Properties. The physicochemical and 

functional properties of MPN films can be manipulated by the choice of the metal ions used in the 

assembly.36,38,46 For example, the metal ions can be used to impart imaging functionality (e.g., 

fluorescence imaging, magnetic resonance imaging, and positron emission tomography imaging),36 

facilitate disassembly over a physiologically relevant pH range,36 control film permeability,38 or 

enhance association toward antigens.46 We hypothesized that the selection of metal ion would 

influence the thermoresponsive properties of the PNIPAM–metal ion MPN capsules. To verify this 

hypothesis, biscatechol-PNIPAM364 was employed to prepare MPN capsules via coordination with 17 

different metal ions: AlIII, VIII, CrIII, MnII, CoII, NiII, CuII, ZnII, ZrIV, MoII, RhIII, AgI, CdII, CeIII, EuIII, 

GdIII, and TbIII. The resulting capsules were characterized by SEM, TEM, HAADF, EDX elemental 

mapping, and AFM. Typical collapsed capsule structures (in the air-dried state) were observed for each 

metal ion examined (Figures 4a, S11–S14). Moreover, EDX elemental mapping revealed that the 

respective metal ions were distributed throughout the MPN capsules, which is consistent with the 

HAADF results (Figures 4a and S13). The data revealed that the MPN capsule size and shell thickness 

both varied according to the type of the metal ion used. The size of the MPN capsules, in the air-dried 

state, ranged from 1.3 to 2.0 µm despite using the same template particles (PS-COOH, 1.86 µm) 
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(Figure S11b). The PNIPAM364–VIII, PNIPAM364–MnII, PNIPAM364–CoII, PNIPAM364–NiII, and 

PNIPAM364–MoII MPN capsules ranged from 1.3 to 1.4 µm and were smaller than the MPN capsules 

prepared using other metal ions (capsule size ranged from 1.7 to 2.0 µm). These capsule size 

differences are likely due to the differing stability constants between the catechol and the specific metal 

ion (Table S2). Specifically, MnII and CoII have lower binding affinities to catechol compared with 

AlIII and FeIII, and thus PNIPAM364–MnII and PNIPAM364–CoII capsules shrank to 1.3 ± 0.1 and 1.4 ± 

0.1 μm, respectively, after template particle removal due to the lower cross-linking density of the 

network.38 Generally, the PNIPAM364–metal ion MPN capsules exhibited a shell thickness ranging 

from 6.0 to 16.7 nm, which is comparable to the shell thickness of TA–FeIII capsules (10 nm) (Figure 

S14b). However, PNIPAM364–VIII, PNIPAM364–MnII, PNIPAM364–CoII, and PNIPAM364–NiII MPN 

capsules exhibited thicker shells, with thicknesses of 32.8, 21.7, 22.8, and 23.1 nm, respectively. These 

data show that the selection of the metal ions can be used to tune the size and shell thicknesses of MPN 

capsules formed using biscatechol-PNIPAM. 
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Figure 4. Thermoresponsive MPN capsules assembled with various metal ions. (a) SEM, TEM, 

HAADF, and EDX elemental mapping of PNIPAM364–CrIII, PNIPAM364–CoII, and PNIPAM364–EuIII 

MPN capsules. Scale bars are 1 µm. (b) Size reduction of PNIPAM364–metal ion MPN capsules from 

25 to 50 °C, as determined from DLS. (c) Representative force–deformation (F–δ) curves and 

corresponding stiffness profiles of the PNIPAM364–AlIII, PNIPAM364–FeIII, and PNIPAM364–TbIII 

MPN capsules. The F–δ curve of a glass substrate is also shown for comparison. The data are shown 

as mean stiffness ± standard deviation (n = 5). (d) EDX elemental mapping of dual metal MPN capsules 

with varying Al and Tb ratios (1:3, 1:1, and 3:1) (scale bars are 1 µm) and corresponding size reduction 

profiles from 25 to 50 °C of the PNIPAM364–TbIII, PNIPAM364–AlIII, and PNIPAM364–AlIII/TbIII MPN 

capsules. The hydrodynamic diameters, determined by DLS (intensity) at 25 and 50 °C, are shown as 

the mean ± standard deviation of three independent measurements. 

The temperature-triggered contraction of the thermoresponsive MPN capsules prepared from various 

metal ions was examined by DLS at temperatures below and above the LCST (i.e., 25 and 50 °C) 

(Figure 4b). Although all capsules were prepared using the same procedures and conditions (i.e., MPN 

film deposition onto the surface of the PS-COOH template particles, followed by template removal 

using THF, and the same biscatechol-PNIPAM and identical concentrations of the building blocks), 

the temperature-triggered size reduction of the capsules differed depending on the metal ion used in 

the assembly. For example, when the temperature was increased above the LCST, the sizes of the 

PNIPAM364–AlIII, PNIPAM364–CrIII, and PNIPAM364–MnII capsules were 37.1, 38.4, and 31.6%, 

respectively, of the corresponding original capsule sizes at 25 °C (which represent size reductions of 

62.9%, 61.6%, and 68.4% respectively) (Figure 4b). In contrast, the size of the PNIPAM364–ZrIV, 

PNIPAM364–MoII, and PNIPAM364–TbIII MPN capsules decreased by only 1.4%, 5.3%, and 0.9%, 

respectively (Figure 4b). 

The force–deformation (F–δ) curves of the PNIPAM364–AlIII, PNIPAM364–FeIII, and PNIPAM364–

TbIII capsules, which showed high, moderate, and low temperature-induced contraction, were 
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examined by AFM force measurement analysis (Figure 4c). The stiffness values, determined from the 

slope of the curves,32,47 were 10.7 ± 2.2, 25.6 ± 4.9, and 52.6 ± 7.3 mN m−1 for the PNIPAM364–AlIII, 

PNIPAM364–FeIII, and PNIPAM364–TbIII MPN capsules, respectively. The stiffness of the capsules 

increased with decreasing thermoresponsiveness of the capsules, indicating that a rigid capsule shell 

results in a low degree of temperature-triggered contraction of the thermoresponsive MPN capsules. 

The stiffness values of the other PNIPAM364–metal ion MPN capsules, i.e., PNIPAM364–CuII, 

PNIPAM364–ZnII, PNIPAM364–MoII, and PNIPAM364–CeIII, were determined to be 32.3 ± 4.3, 12.9 ± 

1.0, 53.8 ± 5.6, and 43.9 ± 5.5 mN m−1, and followed the same mechanical property–thermoresponsive 

behavior trend (Figure S15—increasing stiffness resulted in less thermoresponsive capsules that 

displayed a smaller size contraction as the temperature increased from 25 to 50 °C).  

We hypothesized that the temperature-dependent size reduction of the PNIPAM–metal ion MPN 

capsules could be further tuned by incorporating two different metal ions during MPN assembly 

(Figure 4d). To illustrate this, Al and Tb were selected as the metal ions as PNIPAM364–AlIII and 

PNIPAM364–TbIII capsules showed contrasting levels of contraction upon heating (i.e., 63.9 % vs 0.9 

%). The effect of varying the molar ratio of Al and Tb (1:3, 1:1, and 3:1) while maintaining a constant 

total metal ion concentration was examined. As anticipated, increasing the proportion of Al in the 

PNIPAM364–AlIII/TbIII MPN capsules resulted in a greater thermally induced reduction in size of the 

capsules. These results indicate that the thermoresponsive properties of the PNIPAM–metal ion MPN 

capsules are controllable through both the specific choice of metal ion and employing binary mixtures 

of suitably chosen metal ions.  

MPN Capsule Temperature-Dependent Permeability Control and Cargo 

Encapsulation/Release. The permeability of the PNIPAMn–FeIII MPN capsules (n = 55, 151, 237, and 

364) was examined by incubating the capsules with FITC-dextran with molecular weights ranging 

from 4 to 2000 kDa. The Stokes radius of the FITC-dextran molecules varies according to their 

molecular weight, where higher molecular weight FITC-dextran molecules have a larger size.48,49 
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Generally, the permeability of the PNIPAMn–FeIII MPN capsules was higher than that of TA–FeIII 

MPN capsules. Specifically, more than 90% of PNIPAMn–FeIII MPN capsules (Figure S16) and 38.0% 

of TA–FeIII MPN capsules30 were permeable to 68 kDa FITC-dextran. This higher permeability of the 

PNIPAMn–FeIII MPN capsules is likely due to their less dense network structure and the fewer number 

of anchor points in biscatechol-PNIPAM (vs TA) when compared with that of the TA–FeIII MPN 

capsules. As the permeability of MPN capsules can be regulated through the choice of phenolic 

building blocks,38 we hypothesized that the PNIPAMn–FeIII MPN capsules prepared with PNIPAM of 

variable chain length would show different permeabilities. As validated in Figure S16, increasing the 

chain length of the PNIPAM building blocks increased the permeability of the capsules. Specifically, 

23.7% of PNIPAM55–FeIII MPN capsules, 64.6% of PNIPAM151–FeIII MPN capsules, 75.0% of 

PNIPAM237–FeIII MPN capsules, and 88.6% of PNIPAM364–FeIII MPN capsules were permeable to 

500 kDa FITC-dextran. 
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Figure 5. Temperature-dependent permeability of PNIPAM364–FeIII MPN capsules to FITC-dextran 

with molecular weight (MW) from 4 to 2000 kDa and corresponding representative confocal 

microscopy images (scale bars are 5 µm). The permeability data are shown as the mean ± standard 

deviation of three independent experiments; 100–150 capsules were examined. 

The PNIPAM364–FeIII MPN capsules were investigated further to assess whether their permeability 

could be additionally tuned with changes in the temperature. Such a behavior might be applicable in 

diverse fields such as nano/microreactors, separations, sensing, and therapeutic delivery.2,7–9,50 As 

observed from Figures 5 and S17, the permeability of the thermoresponsive capsules decreased when 

the temperature was increased from 25 to 50 °C. Specifically, 88.6% and 86.0% of the capsules were 

permeable to 500 and 2000 kDa FITC-dextran, respectively, at 25 °C. However, when the temperature 

was increased to 50 °C, the permeability decreased to 32.6% and 6.5%, respectively. These results 

indicate a reduction in pore size upon increasing the temperature in addition to the previously discussed 

reduction in capsule diameter. The capsule permeability as a function of temperature was also 

investigated using PNIPAM364-based MPN capsules prepared with metal ions other than FeIII ions. As 

observed from Figures S18 and S19, PNIPAM364–AlIII MPN capsules, which showed a large 

thermoresponsive size contraction (~63%, Figure 4b), exhibited thermally induced permeability 

changes to a similar extent to the changes observed for PNIPAM364–FeIII MPN capsules. In contrast, 

PNIPAM364–TbIII MPN capsules, which showed minimal thermally induced size contraction (~1%, 

Figure 4b), did not show a significant change in permeability with changes in the temperature (Figures 

S18 and S20). 

The tunable temperature-dependent permeability displayed by the thermoresponsive MPN capsules 

can be used to facilitate dynamic cargo encapsulation and release. To demonstrate this, PNIPAM364–

FeIII MPN capsules were incubated with 500 kDa FITC-dextran at 25 °C; under these conditions, the 

cargo can freely diffuse into the capsules (Figure 6a, permeable state). The 500 kDa FITC-dextran was 

then encapsulated within the capsules by increasing the temperature above the LCST, which converted 
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the shell into an impermeable state, and subsequent washing with MOPS buffer at 50 °C. The capsules 

exhibited bright green fluorescence, as observed by confocal laser scanning microscopy (CLSM) 

(Figure 6a, encapsulation). The observed annular fluorescence of the capsules likely originates from 

hydrogen bonding interactions between dextran and the PNIPAM film, leading to localization of the 

dextran in/on the capsule wall, which is consistent with previous observations.51 In contrast, when the 

capsules were loaded with 500 kDa FITC-dextran and subsequently washed with MOPS buffer at a 

temperature below the LCST, a considerably lower loading efficiency was observed (i.e., a loading 

efficiency of 17% was obtained, which was lower than the loading efficiency obtained when 

encapsulation was performed at 50 °C). The faint fluorescence is likely derived from hydrogen bonding 

between the cargo molecules and the MPN film (Figure S21). When the temperature of the capsules 

loaded with 500 kDa FITC-dextran was decreased to below the LCST, the encapsulated 500 kDa FITC-

dextran was released, indicating that under these conditions the MPN film reverts to a permeable state 

(Figure 6a, release). The kinetics of cargo release from PNIPAM364–FeIII MPN capsules was 

investigated over time at 25 °C (Figure 6b). Specifically, the release of 500 kDa FITC-dextran (%) 

was evaluated as the ratio of the mean fluorescence intensity detected outside the capsules to that at 

the rim of capsules. The 500 kDa FITC-dextran cargo was continually released, reaching 

approximately 70% after 90 min. These results demonstrate the potential to apply thermoresponsive 

MPN capsules with temperature-dependent permeability for encapsulation and release applications. 

Importantly, while the present system exhibits higher permeability at lower temperatures (i.e., below 

the LCST), it is envisaged that substituting PNIPAM with a polymer having a UCST may result in the 

opposite behavior: higher permeability at elevated temperature and lower permeability at lower 

temperatures. Nevertheless, the present study represents proof-of-principle that thermoresponsive 

polymers can be employed in the fabrication of MPN capsules and highlights the importance of 

ongoing research and development in this area to prepare bespoke materials suitable for specific 

applications. Furthermore, PNIPAM364–metal ion MPN capsules showed negligible cytotoxicity, 
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suggesting their potential for biomedical and environmental applications (Figure S22). We note, 

however, that PNIPAM364–MnII and PNIPAM364–CdII MPN capsules showed some cytotoxicity to 

cells, likely due to the toxicity of the metal ion employed in the specific structure.52,53 Moreover, such 

micrometer-sized capsules have potential use in vaccine and pulmonary delivery.32,54–57  

 

Figure 6. (a) Schematic and corresponding CLSM images of thermally induced encapsulation and 

release of FITC-dextran (500 kDa) from thermoresponsive PNIPAM364–FeIII MPN capsules. (b) 

Release of FITC-dextran (500 kDa) from capsules over 90 min at 25 °C and associated CLSM images. 

Scale bars in (a) and (b) are 5 µm. 

CONCLUSION 

We have described the synthesis of biscatechol-functionalized PNIPAM via RAFT polymerization, 

and the subsequent fabrication of various PNIPAMn–metal ion MPN capsules. Four different lengths 
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of biscatechol-PNIPAM chains (n = 55, 151, 237, 364) were synthesized, and the formation of MPN 

networks with biscatechol-PNIPAM was demonstrated with 18 different metal ions. The resulting 

MPN capsules exhibited tunable thermally induced size changes, depending on the selection of the 

building blocks, i.e., biscatechol-PNIPAM and metal ions. PNIPAM364–FeIII MPN capsules showed 

the largest size reduction when the temperature was increased above the LCST among the PNIPAMn–

FeIII MPN capsules assembled from different PNIPAM chain lengths. These results indicate that the 

chain length of PNIPAM influences the thermoresponsive properties of the capsules formed. The 

temperature-induced size change behavior displayed by the capsules was reversible and was associated 

with an increase in the shell thickness of the capsules. Variation of the metal ion used in the assembly 

led to differing extents of temperature-induced size contraction (1–68% upon heating from 25 to 50 

°C), providing an alternative approach by which the thermoresponsive properties of the capsules can 

be tuned. These different thermoresponsive properties were associated with the mechanical properties 

of the capsules: more rigid capsules showed reduced temperature-triggered capsule size contraction 

when compared with less rigid capsules. The thermoresponsive properties of the capsules could also 

be tuned by controlling the ratio of a binary mixture of two different metal ions (e.g., Al and Tb). 

Temperature-dependent size changes of the MPN capsules also affected the shell permeability, as 

demonstrated from the loading and release of FITC-dextran with various molecular weights. 

PNIPAM364–FeIII MPN capsules showed higher permeability to 4–2000 kDa FITC-dextran at room 

temperature than TA–FeIII MPN capsules, likely due to the lower number of anchor sites on 

biscatechol-PNIPAM compared to TA. Above the LCST, a considerable decrease in the permeability 

of the capsules to higher molecular weights of FITC-dextran was observed, due to the denser network 

structure formation of the capsules. The temperature-responsive permeability change of the capsules 

was exploited to encapsulate and release cargo in response to temperature changes. Collectively, the 

findings can provide a platform for the rational design of thermoresponsive capsules using other more 

biocompatible polymers (e.g., poly(N-vinyl caprolactam)58 or polymers having UCST character (e.g., 
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poly(acrylonitrile-co-acrylamide)59) facilitating cargo encapsulation at a lower temperature (e.g., 25 

°C) and release at a higher temperature (e.g., 37 °C). The development of thermoresponsive MPN 

capsules is an important step in the fabrication of dynamic nanostructured materials for potential 

applications in various fields.  

EXPERIMENTAL SECTION 

Synthesis of PNIPAM–Metal Ion MPN Capsules. The PNIPAM–FeIII MPN capsules were 

prepared as follows. A PS-COOH (1.86 ± 0.03 µm, 100 mg mL−1) particle dispersion (50 µL) was 

transferred to a 1.7 mL microcentrifuge tube and washed twice with water. The PS-COOH particles 

were washed with water by vortexing and sonication for 1–2 min and then pelleted by centrifugation 

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

PNIPAM stock solution and FeCl3·6H2O solution were added to the particle suspension to obtain final 

concentrations of 0.5 and 1 mM, respectively, and mixed by vortexing for 2 min. The final 

concentration of the PS-COOH particles was 10 mg mL−1. MOPS buffer (25 mM, pH 7.4, 0.7 mL) 

was then added to raise the pH above 7, leading to the formation of bis- and tris-coordination 

complexes between biscatechol-PNIPAM and FeIII ions. After increasing the pH, excess and unreacted 

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

The MPN-coated particles were washed three times with water (500 μL) by repeated centrifugation 

(2000 g, 2 min) and redispersion. The particles were then resuspended in water (50 µL), and THF (1 

mL) was added to remove the template particles. After 1 h, the MPN capsules were pelleted through 

centrifugation (2000 g, 2 min) and washed with THF (500 µL) five times. At the final THF washing 

step, the capsules were pelleted through centrifugation (2000 g, 3 min) and the supernatant was 

discarded. The resulting PNIPAM–FeIII MPN capsules were washed with water once and resuspended 

in water (300 µL).  
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PNIPAM364–metal ion MPN capsules composed of different metal ions Al, V, Cr, Mn, Co, Ni, Cu, 

Zn, Zr, Mo, Rh, Ag, Cd, Ce, Eu, Gd, or Tb and PNIPAM364–AlIII/TbIII (1:3, 1:1, and 3:1) MPN capsules 

were prepared using the same preparation method as that used for the PNIPAM–FeIII MPN capsules. 

Preparation of Amine-Terminated Glass Substrates. Glass substrates were functionalized with 

3-(aminopropyl)triethoxysilane (APTES). For the functionalization, a 0.5% APTES solution was first 

prepared by dissolving APTES (400 μL) in ethanol (80 mL). The glass substrates were then immersed 

in 0.5% APTES solution for 24 h, followed by thorough rinsing with ethanol and water. The obtained 

amine-functionalized glass substrates were stored in water and dried under a stream of air before use. 

Temperature-Dependent Size Changes of Thermoresponsive MPN Capsules. Various analyses 

were performed to characterize the temperature-dependent size changes of the thermoresponsive 

capsules. For DLS analysis, the PNIPAM–metal ion MPN capsules were first dispersed in water. The 

thermally induced size changes of the capsules were monitored at 25–50 °C with 10 min equilibration 

time at each temperature. For DIC microscopy analysis, a fresh MPN-coated PS-COOH suspension 

(100 μL) was dropped onto an amine-terminated glass substrate and left undisturbed for 2 h. The glass 

substrate was then immersed in fresh THF for 2 h to remove the template particles. The remaining 

THF was removed by immersing the coated substrates twice in water. Water (200 µL) was then added 

to the capsule area on the glass substrate at 25 °C and the DIC microscopy images were recorded. To 

collect the DIC images at temperatures above LCST, the capsule area on the glass substrates was 

immersed in hot water (50 °C) for 30 min and the temperature control stage of the microscope was set 

to 50 °C. Hot water (50 °C, 200 µL) was then added to the capsule area on the glass substrate and the 

DIC images were recorded.  

Mechanical Studies. A fresh MPN-coated PS-COOH suspension (30 µL) was dropped onto a 

sectioned amine-terminated glass substrate (1 cm × 1 cm) and left undisturbed for 2 h. Then, the 

capsules were prepared onto the glass substrate using THF and water treatment following the same 

protocol for the DIC and confocal microscopy analyses. The measurements were performed on a 



 24 

Cypher atomic force microscope (Asylum Research, Goleta, CA, USA) in ultrapure water (18.2 MΩ 

cm) with BioLever mini cantilevers (spring constant 0.02–0.14 N m−1, Olympus, Tokyo, Japan). The 

spring constant of the cantilever was determined to be 0.062 N m−1. The location of individual capsules 

was identified through AFM imaging under tapping mode. An individual capsule was then indented 

with the AFM tip at a specified applied force (1.5 nN) and a constant velocity (0.5 µm s−1) under 

contact mode, and the resulting F–δ curve was recorded. The F–δ curves of five different capsules 

were collected and analyzed using Asylum Research software.  

Temperature-Dependent Permeable Properties of Thermoresponsive MPN Capsules. To 

assess the permeability of the MPN capsules, the capsules were prepared using the same procedure as 

used for DIC analysis. A fresh MPN-coated PS-COOH suspension (100 μL) was dropped onto an 

amine-terminated glass substrate and left undisturbed for 2 h. The glass substrate was then immersed 

in fresh THF for 2 h to remove the template particles. The remaining THF was removed by immersing 

twice in water. An FITC-dextran solution (200 µL, 1 mg mL−1) was then added to the capsule area on 

the glass substrate. After 5 min, CLSM images of the capsules were taken at 25 °C. To determine the 

permeability at 50 °C, the capsule area on the glass substrates and the FITC-dextran solution (1 mg 

mL−1) were kept in hot water (50 °C) for 30 min and the temperature control stage of the microscope 

was set to 50 °C. The FITC-dextran solution (200 µL, 1 mg mL−1, 50 °C) was then added to the capsule 

area on the glass substrate. After 5 min, CLSM images of the capsules were taken at 50 °C. Dark 

capsule interiors were considered to indicate the formation of an impermeable film, whereas capsules 

with interiors of fluorescence intensity similar to the outer environment were considered to be 

permeable. Approximately 100–150 capsules were examined. The permeability of the capsules is 

reported as the percentage of permeable capsules. 

Cargo Encapsulation and Release Studies. To load cargo molecules into the capsules, 500 kDa 

FITC-dextran (200 µL, 5 mg mL−1 in 25 mM MOPS) was added to an area containing the PNIPAM364–

FeIII capsules on a glass substrate. After 5 min of incubation, FITC-dextran (200 μL), which was kept 
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at 50 °C for 30 min, was added to the capsule area and the temperature control stage of the microscope 

was increased to 50 °C to entrap FITC-dextran molecules inside the capsules. After 30 min, the FITC-

dextran solution was replaced with MOPS buffer solution (1000 µL, 25 mM) at 50 °C. To release the 

cargo molecules, hot MOPS buffer (1000 µL, 25 mM, 50 °C) on the glass substrate was replaced with 

MOPS (400 µL, 25 mM, 25 °C) at 25 °C, and the temperature control stage of the microscope was 

decreased to 25 °C. The capsules were imaged by confocal microscopy after the desired period of time. 

The percentage of cargo release was calculated as the ratio of the mean fluorescence intensity measured 

outside the capsules to that at the rim of the capsules. The data are given as the mean value ± standard 

deviation. 
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