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ABSTRACT 

DNA block copolymer (DBC) assemblies have attracted attention due to their tunable properties 

(e.g., programmability, high biocompatibility, efficient cellular uptake, and stability against 

enzymatic degradation), however, controlling the size of DNA block copolymer assemblies and 

preparing well-defined DNA-functionalized particle systems is challenging. Herein, we report the 

preparation of DBC-based particles and capsules with different sizes (i.e., from approximately 

0.15 to 3.2 μm) and a narrow size distribution (i.e., polydispersity index < 0.2) through the 

assembly of catechol-functionalized DBC, DNA-b-poly(methyl methacrylate-co-2-

methacryloylethyl dihydrocaffeate, with metal ions (e.g. FeIII). This assembly process largely 

exploits the coordination bonding of the metal ions and phenolic (i.e., catechol) groups, forming 

metal–phenolic networks (MPNs). The DBC–FeIII MPN capsules formed are stable under acidic, 

metal-chelating, and surfactant solutions due to the coexistence of metal coordination, hydrogen 

bonding, and hydrophobic interactions. The molecular recognition properties of the DNA strands 

enable tailorable interactions with small molecules and nanoparticles and are used to tune the 

permeability of the assembled capsules (>40% permeability decrease for 2000 kDa fluorescein 

isothiocyanate dextran compared with untreated capsules). The DBC–FeIII MPN particles show 

efficient cellular uptake and endosomal escape capability, allowing the efficient delivery of small-

interfering RNA for gene silencing (89% downregulation). The reported approach provides the 

rational design of a range of DNA-functionalized particles, which can potentially be applied in 

materials science and biomedical applications. 

INTRODUCTION  

Particle engineering, which involves the design and assembly of a range of particles, including 

hollow capsules,1,2 surface-patterned colloids,3 functional inorganic particles,4 as well as self-
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assembled polymeric structures5 and biofunctional assemblies,6 is of widespread scientific and 

industrial interest, spanning both biomedical and materials science applications.7–9 Coating and 

thin-film technologies afford control of the surface and interfacial properties of particles, which 

can facilitate optimization for specific applications.10 An example of a versatile coating technology 

is based on metal–phenolic networks (MPNs), which represents a robust and modular coating 

platform to control the surface and interfacial properties of various particle systems. MPN 

formation is driven by, in part, coordination interactions between metal ions and phenolic 

molecules, which typically comprise catechol and galloyl groups.1,11 MPN films may be deposited 

on substrates of varying chemistry (e.g., inorganic, organic, and biological) irrespective of their 

dimensions (i.e., from nanometers to centimeters), and as such may be applied to prepare coated 

particles and capsules (i.e., when the solid core is removed) of varying sizes.1 Although a variety 

of naturally occurring phenolic molecules such as tannic acid (TA) can be used to form MPNs, 

designing and synthesizing phenolic building blocks from functional macromolecules may 

improve the structural and functional diversity of resultant MPNs, thus broadening their potential 

applications.12–14 

DNA block copolymers (DBCs), which are synthesized by covalent coupling of an 

oligonucleotide with a hydrophilic, hydrophobic, or amphiphilic polymer chain, have been 

extensively applied in the materials and biological sciences due to the programmability conferred 

by base sequence encoding, their high functional group density, and biocompatibility.15–24 

Moreover, DNA block copolymer assemblies exhibit a range of properties including high binding 

constants,25,26 efficient cellular uptake,26–28 and resistance to nuclease-catalyzed degradation,26,29 

which make them promising candidates for biological and medical applications (e.g., gene 

detection or delivery systems for anticancer drugs and therapeutic nucleic acids).15,17 Additionally, 



 4 

DNA block copolymer micelles containing dyes that emit in the second near-infrared region were 

fabricated for non-invasive imaging of brain tumors and a small-interfering RNA (siRNA)-based 

vesicle (siRNAsome) was developed for codelivery of therapeutic nucleic acids and drugs.30,31 

DNA block copolymers can self-assemble into spherical, vesicular, or low-dimensional structures 

(e.g., fibers, ribbons, and sheets), depending on the relative volume ratio between the hydrophilic 

and hydrophobic segments,18,32,33 conjugated polymer type,34–36 and hybridization between the 

complementary DNA strands.37,38 However, DNA-functionalized particle systems such as 

spherical micelles and vesicles typically exhibit a broad size distribution, which is difficult to 

control.5,34,35 

Herein, we report a versatile strategy for preparing DNA-functionalized particles and capsules 

using a DNA block copolymer composed of hydrophobic and catechol segments and featuring 

molecular recognition properties (DNA-b-poly(methyl methacrylate-co-2-methacryloylethyl 

dihydrocaffeate), DNA-b-poly(MMA-co-DHCAF)). The synthesized DNA block copolymer was 

used as a building block for preparing DNA-functional MPN particles and capsules that exhibit 

molecular recognition properties through the DNA segments. The size of the MPN particles and 

capsules was controlled from nanometers to micrometers and the MPN particles displayed a 

narrow size distribution depending on the selection of the template particles. These findings 

represent an advance over typical DNA block copolymer assemblies, for which it is challenging 

to achieve narrow size distributions. In addition, the DNA block copolymer-based MPNs were 

stable in strong acids, chelating environments, and surfactant solutions. This stability is likely due 

to the coexistence of multiple noncovalent interactions among the building blocks, including metal 

coordination, hydrogen bonding, and hydrophobic interactions. Molecular recognition via specific 

interactions between the complementary DNA strands was preserved on the MPN surface. In 
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addition, the permeability of the capsules could be tuned via hybridization between the 

complementary DNA sequences. The cellular uptake properties of the MPN particles were 

assessed as a function of DNA surface density, incubation time, and particle size and 

concentration. We also investigated the endosomal escape behavior, intracellular trafficking, and 

uptake mechanism of the particles and demonstrated successful delivery of a therapeutic nucleic 

acid. The present study demonstrates the rational design and fabrication of DNA-functionalized 

particles and capsules and highlights their potential in materials and biomedical science 

applications.   

EXPERIMENTAL SECTION 

Synthesis of DBC–FeIII MPN Particles and Capsules. The DBC–FeIII MPN particles were 

prepared as follows. Polystyrene (PS) template particles (0.147, 0.782, 1.01, 1.86, 2.86, and 3.25 

µm in size; the size information is provided by the manufacturer) were dispersed in 3-(N-

morpholino)propanesulfonic acid (MOPS) (pH 7.4; 100 μL, 50 mM) solution containing with 

NaCl (0.2 M). Then, a DNA1(fluorescein amidate, FAM)-b-poly(MMA40-co-DHCAF23) stock 

solution was added to the template dispersion and incubated overnight. An FeCl3·6H2O solution 

was subsequently added and mixed by vortexing for 2 min, followed by sonicating for 5 min. The 

final concentrations of the PS particles, DNA block copolymer chains, and FeIII ions were 2.5 mg 

mL−1, 3.75 μM, and 2 mM, respectively, in the 200 μL mixture. After incubating overnight, excess 

and unreacted materials were removed by pelleting the particles (2000 g, 5 min) and the 

supernatant was discarded. The DBC–FeIII MPN-coated particles were washed thrice with water 

(500 μL) by repeated centrifugation (2000 g, 2 min) and redispersion in water (500 μL).  

To prepare the DBC–FeIII MPN capsules, the above coated particles were resuspended in water 

(50 µL), followed by the addition of tetrahydrofuran (THF) (1 mL) to remove the template 
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particles. After 1 h, the MPN capsules were pelleted through centrifugation (2000 g, 30 min) and 

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

again pelleted through centrifugation before the supernatant was discarded. The resulting DBC–

FeIII MPN capsules were washed with water once and resuspended in water (300 µL).  

Intracellular Uptake of DBC–FeIII MPN Particles. The intracellular uptake of the DBC–FeIII 

MPN particles was evaluated by flow cytometry and confocal laser scanning microscopy (CLSM). 

For flow cytometry, HeLa cells were seeded in a 24-well plate at 5 × 104 cells per well and then 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) for 

20 h at 37 °C in a 5% CO2-humidified atmosphere to allow cellular adhesion on the plates. The 

DBC–FeIII MPN particles (0.147, 0.782, and 3.25 μm) were added to the cells to achieve a final 

concentration of 10 nM, calculated based on DNA1(FAM), and then incubated for 24 h to examine 

cellular uptake. For the incubation time and concentration effect studies, 0.147 μm DBC–FeIII 

MPN particles at a concentration equivalent to 10 nM DNA were incubated for 1–24 h and 0.147 

μm DBC–FeIII MPN particles at concentrations equivalent to 0.5–10 nM DNA were incubated for 

24 h, respectively. Following incubation, the supernatant was discarded and the cells were washed 

thrice with Dulbecco’s phosphate-buffered saline (DPBS; 500 µL). To facilitate cell detachment, 

trypsin solution (1×, 200 µL) was added, and the solution was maintained in an incubator (37 °C 

with 5% CO2) for 5 min. For neutralization, DMEM solution (300 µL) was added and the detached 

cells were washed with DPBS (1 mL) three times through centrifugation (350 g, 5 min, 4 °C). The 

cells were dispersed in DPBS (400 µL) and cell association was analyzed by flow cytometry. 

Relative fluorescence intensity (RFI) refers to the fluorescence intensity of treated cells relative to 

the fluorescence intensity of untreated cells.  
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For the CLSM analysis, HeLa cells were seeded into 8-well Lab-Tek chambered coverglass 

slides (Thermo Fisher Scientific, Waltham, MA, USA) at a cell density of 4 × 104 cells per well 

and then cultured in DMEM with 10% FBS for 20 h at 37 °C in a 5% CO2-humidified atmosphere 

to allow cellular adhesion on the plates. The prepared DBC–FeIII MPN particles (10 nM) were 

added to the cells and then incubated for 24 h to evaluate cell association. Likewise, incubation for 

1–24 h and particles at concentrations equivalent to 0.5–10 nM DNA were used for the specific 

experiment purposes. After incubation, the supernatant was removed and the cells were washed 

with DPBS (400 µL) twice. Cell fixation was performed by adding 4% paraformaldehyde (200 

µL) for 20 min at room temperature, followed by washing with DPBS (400 µL) twice. The cell 

nuclei were dyed with Hoechst 33342 for 10 min at room temperature and the cell membranes 

were stained with wheat germ agglutinin–Alexa Fluor 594 conjugate (WGA594) for 5 min on ice. 

To investigate the endosomal escape of the DBC–FeIII MPN particles (0.147 μm), the samples 

were gently washed twice with DPBS to remove excess MPN particles after incubation with HeLa 

cells for 24 h. LysoTracker Red was then added to the culture media to obtain a final concentration 

of 100 nM and incubated for 1 h following the supplier’s protocol for endo/lysosome staining. 

Cells were gently washed three times with DPBS and fixed by adding 4% paraformaldehyde (200 

µL) for 20 min at room temperature, followed by washing with DPBS (400 µL) twice. Cell nucleus 

staining with Hoechst 33342 was the performed under the aforementioned conditions. To monitor 

the cell association of the capsules, CLSM imaging was performed on a microscope equipped with 

a Plan Apo λ 60× 1.4 NA oil immersion objective, 405, 488, and 561 nm lasers, and 450/50, 

525/50, and 595/50 bandpass emission filters. The images were processed using Fiji software. 

Intracellular Trafficking by Confocal Microscopy. HeLa cells were seeded into 8-well Lab-

Tek chambered coverglass slides at a cell density of 4 × 104 cells per well and then cultured in 
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DMEM with 10% FBS at 37 °C with 5% CO2 for 20 h to allow cellular adhesion on the plates. 

The prepared 0.147 μm DBC–FeIII MPN particles at a concentration equivalent to 10 nM DNA 

were added to the cells and then incubated for 12 or 24 h. The medium was then removed and the 

cells were washed twice with DPBS. Cell fixation was performed by adding 4% paraformaldehyde 

(200 µL) for 20 min at room temperature and subsequent washing with DPBS (400 µL) twice. 

Cells were then incubated in 0.2% Triton X-100 solution (200 µL) for 5 min for cell 

permeabilization, followed by washing three times with DPBS. To prevent nonspecific binding on 

the cell surface, the cells were incubated in 2.5% bovine serum albumin for 1 h. Samples were 

then incubated with rabbit anti-early endosome antigen 1 (EEA1) monoclonal antibody, rabbit 

anti-Ras-related protein 7 (Rab7) monoclonal antibody, or rat anti-lysosomal-associated 

membrane protein 1 (LAMP1) monoclonal antibody (2.5 μg mL−1) overnight at 4 °C. The cells 

were washed three times with DPBS (400 µL) and incubated with goat anti-rabbit or goat anti-rat 

Alexa Fluor 647 conjugate antibody (10 μg mL−1) for 1.5 h in the dark at room temperature. 

Thereafter, the cells were washed thrice with DPBS (400 µL) and the cell nucleus was stained with 

Hoechst 33342 as per above conditions. To monitor cell association of the capsules, CLSM 

imaging was performed on a microscope equipped with a Plan Apo λ 60× 1.4 NA oil immersion 

objective, 405, 488, and 640 nm lasers, and 450/50, 525/50, and 700/75 bandpass emission filters. 

The images were processed using Fiji software. 

Intracellular Uptake Mechanism Study. HeLa cells were seeded in a 24-well plate at 5 × 104 

cells per well and then cultured in DMEM with 10% FBS at 37 °C with 5% CO2 for 20 h to allow 

cellular adhesion on the plates. Endocytosis inhibitors (5-(N-ethyl-N-isopropyl)amiloride (EIPA), 

pitstop 2, and filipin from Streptomyces filipinensis (S. filipinensis)) were added to the cells to 

achieve a final concentration of 20 μM. After 15 min incubation with the endocytosis inhibitors, 
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the prepared DBC–FeIII MPN particles (0.147 μm) were added to the cells and then incubated for 

4 h. After incubation, the supernatant was discarded, and the cells were washed with DPBS (500 

µL) three times. To facilitate cell detachment, trypsin solution (1×, 200 µL) was added and the 

solution was maintained in an incubator (37 °C with 5% CO2) for 5 min. For neutralization, 

DMEM solution (300 µL) was added and the detached cells were washed with DPBS (1 mL) thrice 

through centrifugation (350 g, 5 min, 4 °C). The cells were dispersed in DPBS (400 µL) and cell 

association was analyzed by flow cytometry.  

Delivery of Therapeutic Oligonucleotides. PC3 cells expressing the firefly luciferase gene 

(PC3-Luc2) were seeded in a 96-well white plate (Costar 3917, Corning, MA, USA) at a density 

of 8000 cells per well in DMEM supplied with 10% FBS (100 μL) for 20 h. The free siRNA, 

siRNA–lipofectamine construct (siRNA complexed with lipofectamine RNAiMax transfection 

agent, Life Technologies; positive control), and siRNA-functionalized DBC–FeIII MPN particles 

were incubated with cells in serum-free DMEM media with siRNA (final concentration of 10 nM) 

for 24 h. The serum-free media was removed and replaced with complete DMEM supplied with 

10% FBS. After 48 and 96 h, the percentage of gene downregulation was evaluated using a ONE-

Glo Luciferase Kit (Promega) following the manufacturer’s protocol; luminescence readings were 

taken on an Infinite M200 microplate reader (Tecan, Switzerland). 

Minimum Information Reporting in Bio-Nano Experimental Literature (MIRIBEL). The 

studies conducted herein, including material characterization, biological characterization, and 

experimental details, conform to the MIRIBEL reporting standard for bio–nano research,39 and we 

include a companion checklist of these parameters in the Supporting Information. 

RESULTS AND DISCUSSION 
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Design and Synthesis of DNA-b-poly(MMA-co-DHCAF). A programmable MPN building 

block, catechol-functionalized DNA block copolymer (DNA-b-poly(MMA-co-DHCAF), was 

synthesized by coupling a carboxylic acid-terminated catechol-functionalized copolymer with 

amine-terminated DNA strands (Scheme 1). Protection strategies for the catechol moieties in the 

phenolic molecule were used to minimize side reactions of the aromatic hydroxyls.12 Specifically, 

3-(3,4-dihydroxyphenyl)propanoic acid (dihydrocaffeic acid, DHCA) was used as a source of 

catechol groups, and the hydroxyl groups were protected by iBoc (isobutyl carbonate) groups to 

yield DHCA carbonic anhydride, iBocDHCA. A catechol-functionalized monomer was 

subsequently obtained by coupling iBocDHCA to 2-hydroxyethyl methacrylate. The synthesized 

iBocDHCA and iBocDHCA methacrylate were characterized by NMR spectroscopy (Figures S1 

and S2). The catechol-functionalized copolymer, poly(MMA40-co-iBocDHCA23)-S(C=S)Ph, 

having a carboxylic acid end group, was then synthesized via reversible addition–fragmentation 

chain transfer (RAFT) copolymerization of iBocDHCA methacrylate and methyl methacrylate in 

the presence of a carboxylic acid functional chain transfer agent 4-cyano-4-

(thiobenzoylthio)pentanoic acid. The RAFT end group of the resulting copolymer was then 

removed to prevent unwanted side reactions from occurring during the subsequent cleavage step 

(Scheme 1a).40 The synthesized polymers (i.e., poly(MMA40-co-iBocDHCA23)-S(C=S)Ph (Mn = 

11,220 g mol−1)) and poly(MMA40-co-iBocDHCA23)-H (Mn = 11,200 g mol−1)) were characterized 

by NMR spectroscopy and gel permeation chromatography (Figures S3 and S4). 

The DNA block copolymer was synthesized by coupling the carboxylic acid end group of 

poly(MMA40-co-iBocDHCA23) to the amine group at the 5′ end of the oligonucleotide 

DNA1(FAM) attached to controlled pore glass (CPG) beads (Scheme 1b). After allowing 24 h for 

the coupling reaction to proceed, the CPG beads were washed consecutively with N,N-
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dimethylformamide, chloroform, and acetone to remove unreacted polymers. The CPG beads were 

then kept in concentrated ammonium hydroxide at 55 °C for 5 h to release the synthesized DNA 

block copolymers and unreacted DNA strands from the beads. It is important to note that the 

protected catechol groups (i.e., iBoc groups) in poly(MMA40-co-iBocDHCA23)-H are also 

deprotected during this procedure.41 The synthesized DNA block copolymers were then purified 

and characterized by gel electrophoresis (Figure S5a). Specifically, DNA1(FAM)-b-poly(MMA40-

co-DHCAF23) remained in the loading well due to the formation of assemblies in water at high 

concentration, whereas unconjugated free oligonucleotides moved down during gel 

electrophoresis. The melting transition curves of DNA1(FAM)-b-poly(MMA40-co-DHCAF23) 

were determined based on Förster resonance energy transfer (FRET) between FAM-labeled DNA 

block copolymers and Cy3-labeled complementary DNA strands (DNA1′18(Cy3)), confirming that 

the purified DNA block copolymer effectively bound complementary DNA (Figure S5b). Detailed 

DNA sequences used in this study are provided in Table S1.   

Scheme 1. Synthesis of (a) poly(MMA-co-DHCAF) and (b) DNA-b-poly(MMA-co-DHCAF). 

Green, Brown, and Violet Represent DNA, MMA, and DHCAF, Respectively. CTBPA, 4-

Cyano-4-(Thiobenzoylthio)pentanoic Acid; AIBN, 2,2′-Azobis(2-Methylpropionitrile); 

HATU, Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium; DIEA, N,N-

Diisopropylethylamine. 
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Fabrication of DNA-Functionalized MPN Particles and Capsules. To fabricate DNA-

functionalized particles and capsules of different sizes with a narrow size distribution, the 

synthesized DNA block copolymers were used as the phenolic component in the MPN systems. 

DNA-b-poly(MMA-co-DHCAF) chains and FeIII ions were assembled on sacrificial template 

particles (i.e., PS particles) to prepare DNA block copolymer–FeIII (DBC–FeIII) MPN particles and 

capsules (Figure 1a). PS particles were dispersed in MOPS buffer (pH 7.4), then mixed with DNA-

b-poly(MMA-co-DHCAF) overnight to allow the adsorption of DNA block copolymer chains onto 

the particle surface. It is important to note that, as DNA-b-poly(MMA-co-DHCAF) is amphiphilic, 

the concentration used was less than the critical micelle concentration (determined to be 6.64 μM) 

(Figure S6), thus preventing formation of DNA block copolymer aggregates during MPN 

assembly. Addition of FeCl3·6H2O to the suspension resulted in the formation of bis- and tris-type 

coordination states between the catechol groups and FeIII ions, where the bis-state is dominant.13 
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The final concentrations of the PS particles, DNA-b-poly(MMA-co-DHCAF), and FeIII ions were 

2.5 mg mL−1, 3.75 μM, and 2 mM, respectively, in the mixture. We hypothesize that the coating 

process involves hydrogen bonding, hydrophobic interactions and metal coordination, as the DNA-

b-poly(MMA-co-DHCAF) chain has hydrophobic, phenolic, and DNA bases which may each 

contribute to film formation. DBC–FeIII MPN particles of different sizes were fabricated using PS 

template particles ranging from 0.147 ± 0.007 to 3.25 ± 0.08 μm in size and were characterized 

using scanning electron microscopy (SEM), transmission electron microscopy (TEM), and high-

angle annular dark-field (HAADF) microscopy (Figures 1b, S7, S8, and S9). The microscopy 

analyses revealed that DBC–FeIII MPN films were homogenously coated on the particle surface. 

Energy-dispersive X-ray spectroscopy (EDX) elemental mapping additionally revealed that C, N, 

O, P, and Fe were uniformly distributed throughout the DBC–FeIII MPN particles, indicating that 

the films are composed of DNA block copolymers and FeIII ions (Figure S9). Dynamic light 

scattering (DLS) data indicated that all prepared DBC–FeIII MPN particles were well dispersed 

(polydispersity index < 0.26), and that the DBC–FeIII MPN film coating on the particle surfaces 

resulted in a slight increase in apparent hydrodynamic diameter (Figure S10). 
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Figure 1. (a) Schematic illustration of the preparation of DBC–FeIII MPN particles and capsules 

using DNA-b-poly(MMA-co-DHCAF) and FeIII ions. Examples of the different interactions 

operating within the MPN systems are also depicted. Characterization of (b) DBC–FeIII MPN 
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particles (1.86 ± 0.03 μm) using SEM, TEM, HAADF, and EDX mapping and (c) DBC–FeIII MPN 

capsules (1.86 ± 0.03 μm) 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. 

DBC–FeIII MPN capsules were subsequently obtained by selectively dissolving the PS template 

particles using THF and characterized by differential interference contrast (DIC) microscopy, 

SEM, TEM, atomic force microscopy (AFM), HAADF microscopy, and EDX elemental mapping 

(Figures 1c and S11). The results indicate that the capsules were well dispersed and possessed 

folds and creases typical of air-dried capsules. The shell thicknesses of the DBC–FeIII MPN 

capsules obtained using PS template particles of 1.86 and 3.25 μm in size were 19.3 ± 3.3 and 19.9 

± 2.1 nm, respectively, as determined from the minimum thickness of the capsules from the AFM 

measurements. 

The stability of the DBC–FeIII MPN interactions in various aqueous conditions was investigated 

using the DBC–FeIII MPN capsules (Figure 2a). An acidic environment (i.e., 0.5 M HCl) is 

expected to revert coordination networks in MPNs to the mono-complex state.12 A metal-chelating 

agent such as ethylenediaminetetraacetic acid (EDTA) can bind to the FeIII ions in the MPN, 

resulting in the disruption of the MPN.1 Tween 20 and urea can hinder hydrophobic and hydrogen 

bonding interactions, respectively, within the DBC–FeIII MPN systems.42,43 Interestingly, the 

DBC–FeIII MPN capsules were stable in all the above solutions, which is likely due to the multiple 

binding modalities driving the assembly (i.e., metal coordination, hydrophobic interactions, and 

hydrogen bonding). Exposure to a low pH environment led to protonation of the DNA-b-

poly(MMA-co-DHCAF) building blocks, resulting in a size contraction. The size contraction is 

likely due to a reduction in the electrostatic repulsion within the assembled complexes (Figure 2a). 
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Molecular dynamics simulations were performed to study the structural stability of the DBC–FeIII 

MPN systems in various solvents (Figure 2b). To simplify the simulation calculation, we focused 

on the interactions between the poly(MMA-co-DHCAF) (BC) building blocks and FeIII ions in 

BC–FeIII MPN systems. The simulation studies confirmed that the BC–FeIII MPN films assembled 

through the three interactions noted above (Figure 1a). Of these assembly interactions, metal 

coordination and hydrophobic interactions were determined to be the dominant forces (Figure 2c). 

The interactions between the poly(MMA-co-DHCAF) chains and FeIII ions in BC–FeIII MPN 

systems were monitored in different media (e.g., HCl, EDTA, and urea) and in vacuum (Figures 

S12–S14). Possible π–π interactions from the aromatic rings were quantified by calculating the 

intermolecular energy between the aromatic rings of the catechol groups among the six 

poly(MMA-co-DHCAF) strands. These interactions were negligible in all solvents and in vacuum 

compared to the metal coordination, and hydrophobic and hydrogen bonding interactions, 

indicating that poly(MMA-co-DHCAF) assembly is driven by the latter three interactions. The 

metal coordination interactions are more pronounced in HCl, while the BC–FeIII MPN system 

interactions with HCl are weaker than with EDTA and urea, leading to reduced radius of gyration 

of the BC strands (Figure 2d), consistent with the experimental results (Figure 2a). These 

simulation results confirm that the assembled structures are stable in these harsh conditions due to 

the multiple assembly interactions, which is consistent with the experimental observations (Figure 

2a). 
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Figure 2. Structural stability of DBC–FeIII MPN capsules (1.86 ± 0.03 μm) in different 

environments. (a) DIC images of the DBC–FeIII MPN capsules before and after incubation for 1 h 

in 0.5 M HCl, or 100 mM EDTA, Tween 20, or urea. (b) Snapshots of the poly(MMA40-co-
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DHCAF23) (BC) in vacuum, HCl, EDTA, and urea at 5 ns. The BC strands are shown as blue lines, 

FeIII ions are shown as pink spheres and solvent molecules are depicted as green lines. (c) Average 

intermolecular energy between BC–FeIII complex and solvent molecules, between BC–FeIII and 

BC–FeIII, between FeIII ions and solvent, and between BC and FeIII ions in vacuum, HCl, EDTA, 

and urea. (d) Average radius of gyration of the six BC strands in vacuum, HCl, EDTA, and urea. 

Insets show exemplarily the structure of the BC strands in EDTA and HCl.  

Molecular Recognition Properties of DBC–FeIII MPN Particles and Capsules. The 

molecular recognition properties of oligonucleotides have gained significant interest because they 

enable the fabrication of a diverse range of dynamic and complex nanostructures31,44–46 and DNA-

based sensors.47,48 The sequence-specific binding interaction of DNA to the surface of the DBC–

FeIII MPN systems (i.e., particles and capsules) was confirmed by hybridization with DNA1′, a 

complementary sequence to DNA1 (Figure 3). The DBC–FeIII MPN capsules have green 

fluorescence as the DNA block copolymer building block (i.e., DNA1(FAM)-b-poly(MMA40-co-

DHCAF23)) has a fluorescein dye (FAM) at the 3′ end of the DNA strand. The resulting capsules 

were kept in MOPS (50 mM, pH 7.4) containing 0.6 M NaCl before further hybridization 

experiments, and the observed fluorescent ring structures were stable in this buffer, indicating the 

structural stability of these capsules at biological pH. Upon adding Cy3-labeled DNA strands 

(DNA1′12(Cy3)) that are complementary to DNA1(FAM) over its entire 12 base length, the green 

fluorescence of the capsules was diminished due to FRET, while the red fluorescence from Cy3 

was detected on the surface of capsules (Figure 3a, top panel). The DNA-directed interaction can 

be dynamically controlled using alternate DNA sequences, for example, through strand 

displacement switches.44,49 For instance, DNA1′12(Cy3) has a weak hybridization free energy 

(−11.29 kcal mol−1) and can be removed from the capsules by the addition of DNA1′18 
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(hybridization binding energy = −19.70 kcal mol−1), which has six more complementary bases 

(i.e., is complementary to DNA1(FAM) over its entire 18 base length) (Table S2). The green and 

red fluorescence on the capsule surface were simultaneously recovered and diminished, 

respectively, indicating the exchange of DNA strands (Figures 3a and S15). Such a hybridization 

exchange approach is useful for molecular-level engineering of DNA-driven nanostructures for 

applications such as in programmable colloidal self-assembly,50 optical switches,51 and dynamic 

micromachines.44 Furthermore, we demonstrate that these DBC–FeIII MPN systems can be used 

as templates for self-assembly of functional nanoparticles through the specific binding affinity of 

oligonucleotides. Gold nanoparticles (AuNPs) were functionalized with thiol-modified DNA1 or 

DNA1′ by the salt aging method52 and were denoted as AuNPs-DNA1 and AuNPs-DNA1′, 

respectively. The DBC–FeIII MPN particles or capsules having DNA1 strands at the surfaces were 

mixed with AuNPs-DNA1′. This led to the coating of the particles or capsules with nanoparticles 

due to the sequence-specific interaction between DNA1 and DNA1′ (Figure 3b). To demonstrate 

the specificity of the interaction, when AuNPs-DNA1 were added to DBC–FeIII MPN systems 

functionalized with DNA1, no significant attachment of nanoparticles was observed, as DNA1 

does not bind to itself. (Figure 3b). These results demonstrate that the DBC–FeIII MPN particles 

(and capsules) maintain the molecular recognition properties of DNA and may be used as 

templates for the self-assembly of functional molecules and nanoparticles. 
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Figure 3. Molecular recognition properties of DBC–FeIII MPN systems. (a) Attachment and 

detachment of dye molecules conjugated with complementary oligonucleotides from the surface 

of DBC–FeIII MPN capsules (1.86 ± 0.03 μm) through different hybridization affinities with 12 

base- (i.e., DNA1′12(Cy3)) and 18 base- (i.e., DNA1′18) matched complementary sequences. The 
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fluorescence intensity of FAM in DNA1(FAM) strands on the capsule surface was decreased upon 

adding DNA1′12(Cy3) and was recovered upon adding DNA1′18. (b) TEM images of DBC–FeIII 

MPN particles (1.86 μm) and capsules (1.86 μm) mixed with AuNPs-DNA1 or AuNPs-DNA1′.  

We subsequently investigated whether the permeability of the DBC–FeIII MPN capsules could 

be controlled through hybridization of the DNA segment. The permeability of capsules was 

determined by incubating with fluorescein isothiocyanate (FITC)-dextran with molecular weights 

ranging from 4 to 2000 kDa. The untreated capsules were expected to be more permeable than 

those in which the DNA segment was hybridized with a connector strand composed of 

complementary and overhang sequences (DNA1′12-An-DNA1′12) (Figure 4a). The connector 

strand facilitates densification of the network structure by linking two DNA1 strands on the 

capsule surface. The lengths of the overhang sequences in the connector strands (DNA1′12-An-

DNA1′12) were determined to be 3 and 9 nm for A10 and A30, respectively, as rod-like single-

stranded oligonucleotides of 10 bases correspond to approximately 3 nm.53 The diameters of 

gyration for the FITC-dextran molecules were generally much larger than the overhang sequences 

in the connector strands: 3.9 nm for 4 kDa, 8.4 nm for 20 kDa, 15.0 nm for 68 kDa, 28.1 nm for 

250 kDa, 39.2 nm for 500 kDa, and 76.2 nm for 2000 kDa, as measured by Hanselmann and 

Burchard.54,55 However, despite the obvious size difference between the connector strands and 

dextran, the permeability of the DBC–FeIII MPN capsules to 4–68 kDa FITC-dextran could not be 

controlled via hybridization with connector strands, likely due to an insufficient density of DNA 

strands on the capsule surface. In contrast, the permeability of DBC–FeIII MPN capsules to 250–

2000 kDa FITC-dextran decreased upon adding connector strands to the capsules (Figures 4 and 

S16). Specifically, 81.9% and 76.2% of the native capsules were permeable to 250 and 2000 kDa 

FITC-dextran, respectively, whereas the capsules prehybridized with DNA1′12-A10-DNA1′12 
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showed 43.6% and 33.1% permeability to 250 and 2000 kDa FITC-dextran, respectively. 

Moreover, the length of the overhang sequence (i.e., A10 and A30) slightly influenced the 

permeability of the capsules, particularly toward 250 kDa FITC-dextran, with A10 and A30 yielding 

43.6% and 71.9% permeability, respectively. This demonstrates the feasibility of controlling 

network structures on the MPN capsule surface via choice of the oligonucleotide length. Such 

tunable capsule permeability holds promise in diverse research areas, including 

nano/microreactors, separations, sensing, and delivery systems.13,56–59 

 

Figure 4. (a) Schematic illustration of permeability control of the DBC–FeIII MPN capsules via 

hybridization with connector strands (DNA1′12-An-DNA1′12). (b) Permeability of DBC–FeIII MPN 

capsules (3.25 μm) to FITC-dextran with molecular weight (MW) ranging from 4 to 2000 kDa, 

and corresponding representative confocal microscopy images (scale bar is 10 µm). The 
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permeability data are shown as the mean ± standard deviation for three independent experiments; 

50–100 capsules were examined. 

Cellular Uptake of DBC–FeIII MPN Particles. Studies have shown that DNA-functionalized 

particles display efficient cellular uptake without the use of additional transfection reagents due to 

the high DNA density on particle surfaces.26,28,60 We hypothesized that the DBC–FeIII MPN 

particles would have similar uptake properties due to the densely packed oligonucleotides on the 

particle surface. Single-stranded DNA1(FAM) (i.e., ssDNA) and DBC–FeIII MPN particles of 

different sizes (prepared using 0.147, 0.782, and 3.25 μm PS templates) were incubated with HeLa 

cells at a 10 nM DNA1(FAM) concentration for 24 h at 37 °C (Figure 5a), and the uptake was 

measured by flow cytometry. ssDNA showed negligible uptake due to the strong electrostatic 

repulsion between DNA and the negatively charged cell membrane.8 In contrast, cellular uptake 

of the DBC–FeIII MPN particles increased as particle size decreased (Figure 5a), with the average 

RFI increasing from 3.4 to 4.9 and 7.8 as particle size decreased from 3.25 to 0.782 and 0.147 μm. 

ζ-Potential measurements showed that the 0.147 μm particles were more negatively charged than 

the larger particles (ζ-potential values of −36.5 ± 0.7 mV, −27.2 ± 0.7 mV, and −11.8 ± 2.6 mV 

for the 0.147, 0.782, and 3.25 μm particles, respectively), indicating that the smaller particles have 

more densely packed DNA strands on the surface.26 We note that our DBC–FeIII MPN particles 

show comparable cellular uptake properties at a relatively low concentration (10 nM) to other 

reported DBC micelles that use higher concentrations of 200 nM26 and 1 μM,61 suggesting the 

potential of our particles as efficient delivery systems. To visualize particle uptake, the cell nucleus 

and membrane were stained using Hoechst 33342 (blue) and WGA594 (red), respectively, which 

do not overlap with the fluorescence from the MPN particles (green). In agreement with the flow 

cytometry results, the 0.147 μm DBC–FeIII MPN particles, which were the smallest particles in the 
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present study, showed the most efficient cellular uptake results, as measured by CLSM. Therefore, 

the 0.147 μm DBC–FeIII MPN particles were used in subsequent studies. Three different DBC–

FeIII MPN particles with different DNA surface densities were prepared by controlling the template 

particle concentration during assembly. The calculated DNA densities on the DBC–FeIII MPN 

particle surfaces were 9.75 × 1012, 2.92 × 1012, and 1.88 × 1012 strands cm−2 (Table S3), which are 

comparable to those of previously reported DNA-functionalized particle systems.26,53 These 

particles were denoted as high density (ρ), medium ρ, and low ρ in Figure 5b, respectively. 

Increasing the surface density of oligonucleotides resulted in enhanced cellular uptake, which 

demonstrates the importance of high DNA surface density for efficient cell internalization of MPN 

particles. This dependence of cellular uptake on DNA surface density was also reported for DNA 

block copolymer micelles and is considered to originate from the enhanced interactions between 

oligonucleotide strands at higher DNA density and receptors present on the cell surface.26,61,62 The 

effects of incubation time (from 1 to 24 h) and particle concentration (equivalent to 0.5–10 nM 

DNA) on cellular uptake were also investigated (Figure S17). As expected, prolonged incubation 

and higher particle concentration generally resulted in increased particle internalization.  

Enhancing the stability of DNA strands against nuclease-catalyzed hydrolysis is important for 

biomedical applications of therapeutic nucleic acids.48 To investigate whether incorporating DNA 

strands into DBC–FeIII MPN particles confers any protective effect, the DNA1(FAM) strands on 

the particle surface were pre-hybridized with DNA1′(Cy3) and subjected to nuclease-catalyzed 

degradation. Upon addition of deoxyribonuclease I (DNase I), the fluorescence intensity of FAM 

increased over time, indicating DNA degradation and release of FAM-labeled DNA fragments, as 

expected (Figure 5c). Compared to free ssDNA, the DBC–FeIII MPN particles demonstrated 
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enhanced nucleic acid stability to DNase I, which is likely due to the dense oligonucleotide strands 

on the particle surface.17  

  

Figure 5. Cellular uptake properties of DBC–FeIII MPN particles and enhanced stability of DNA 

strands in particles. Effects of (a) particle size and (b) surface density of 0.147 μm DBC–FeIII MPN 

particles on intracellular uptake, as assessed by flow cytometry. HeLa cells were treated with 

DBC–FeIII MPN particles (0.147, 0.782, or 3.25 μm) for 24 h at 37 °C. The concentration of the 

DBC–FeIII MPN particles was 10 nM calculated based on the DNA concentration. The 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, *** 
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p < 0.001, ** p < 0.01, and * p < 0.05. CLSM images of HeLa cells incubated with DBC–FeIII 

particles for 24 h at 37 °C. Cell membranes and nuclei were stained with WGA594 (red) and 

Hoechst 33342 (blue), respectively. Green fluorescence represents DBC–FeIII particles. (c) 

Nuclease-catalyzed degradation of DNA in ssDNA and 0.147 μm DBC–FeIII particles at 25 °C.  

For successful cytosolic delivery of therapeutic cargos, it is necessary to develop delivery 

systems that can escape from early/late endosomes before lysosomal degradation.8,63 To 

investigate the endosomal escape capabilities of the DBC–FeIII MPN particles (0.147 μm), 

colocalization analysis of the MPN particles with endo/lysosomes in HeLa cells was conducted 

(Figure S18). The cell nucleus was stained with Hoechst 33342 (blue) and endo/lysosomes with 

LysoTracker Red (red), neither of which overlapped with the fluorescence from the MPN particles 

(green). After incubation for 24 h, the DBC–FeIII MPN particles displayed a low degree of 

colocalization with endo/lysosomes (Pearson’s correlation coefficient (PCC) = 0.38 ± 0.07), 

suggesting that these particles escaped from endo/lysosomal compartments into the cytoplasm.64 

This result is likely due to the “proton-sponge effect” arising from the buffering capacity of 

coordination networks between the catechol groups in the DNA block copolymer chains and FeIII 

ions.64,65 These results demonstrate that the DBC–FeIII MPN particles are potential candidates for 

the efficient delivery of therapeutic molecules.  

Intracellular Trafficking, Uptake Mechanism, and siRNA Delivery of DBC–FeIII MPN 

Particles. To further explore the intracellular trafficking of DBC–FeIII MPN particles (0.147 μm) 

in HeLa cells, protein markers EEA1, Rab7, and LAMP1 were used to label early endosomal,66 

late endosomal,67 and lysosomal68 compartments, respectively. The DBC–FeIII MPN particles 

emitted green fluorescence, which was derived from DNA1(FAM), whereas the cell nucleus was 

stained with Hoechst 33342 (blue) and the various cell compartments with the corresponding 
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monoclonal antibodies were labeled with Alexa Fluor 647 (Figure 6a). Colocalization between the 

particles and early/late endosomes remained low after both 12 and 24 h incubation, which suggests 

endosomal escape is achieved using these particles. Appreciable colocalization was not observed 

between the fluorescence signal arising from the particles and the lysosomal marker (LAMP-1) 

over the entire incubation period of 24 h, confirming that the DBC–FeIII MPN particles do not 

progress through the typical endo-lysosomal pathway.  

The endocytic pathways involved in the uptake of the DBC–FeIII MPN particles (0.147 μm) were 

investigated to understand how these particles are internalized by cells (Figure 6b). Specific 

pathways of interest include macropinocytosis, and clathrin- and caveolae-mediated 

endocytosis.8,69 Metabolic inhibitors EIPA, pitstop 2, and filipin from S. filipinensis were chosen 

for inhibiting macropinocytosis, and clathrin- and caveolae-dependent endocytosis, respectively.70 

HeLa cells were cultured with the endocytosis inhibitors for 15 min before adding the DBC–FeIII 

MPN particles and then incubated with the particles for a further 24 h (Figure 6b). The particle 

uptake was not inhibited by pitstop 2, indicating that the clathrin-mediated uptake is not a 

significant contributor to endocytosis. In contrast, both EIPA and filipin reduced the uptake of 

particles by 39.7% and 33.0%, respectively, suggesting that the mechanism of cellular 

internalization of DBC–FeIII MPN particles is likely a combination of macropinocytosis and 

caveolae-mediated endocytosis.70  

The delivery of therapeutic oligonucleotides to target cells has been broadly used for selective 

gene silencing in biomedical research and disease treatment.71,72 To evaluate the DBC–FeIII MPN 

particles as a delivery system for a therapeutic oligonucleotide, luciferase siRNA conjugated to 

the DNA1 complementary DNA sequence (DNA1′18-siRNA) was designed. The siRNA-

functionalized DBC–FeIII MPN particles were fabricated through the well-defined complementary 
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hybridization between DNA1 and DNA1′ (Figure 6c). DLS data showed an increase in 

hydrodynamic diameter (Figure 6d) when DNA1′18-siRNA strands were mixed with the DBC–

FeIII MPN particles due to the hybridization of complementary sequences, indicating successful 

therapeutic particle formation. For the siRNA-regulated gene knockdown study, PC3-Luc2 cells 

were used. The introduction of siRNA-functionalized particles into the cells results in luciferase 

gene silencing, which can be detected from the luminescence intensity of luciferase-catalyzed 

luciferin73 (Figure 6c). Gene silencing was detected through a luminescence assay at different time 

points. Specifically, 89% of protein expression was reduced by siRNA-functionalized DBC–FeIII 

MPN particles up to 96 h after transfection, which is comparable to that achieved by siRNA 

complexed with commercial transfection agent (i.e., lipofectamine RNAiMax) (Figure 6d). As 

expected, there was no detectable gene silencing from free siRNA strands. Furthermore, the DBC–

FeIII MPN particles showed negligible cytotoxicity, suggesting their potential in biomedical and 

environmental applications (Figure S19). Altogether, the DBC–FeIII MPN particles displayed 

efficient cellular uptake, endosomal escape and intracellular trafficking. Furthermore, the 

endocytic mechanism was successfully elucidated. We also demonstrated the efficient delivery of 

siRNA using these particles to achieve a reduction in a specific gene in model cells. These results 

indicate that DBC–FeIII MPN particle systems may be promising delivery vehicles for therapeutic 

nucleic acids. 
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Figure 6. (a) CLSM images of HeLa cells incubated with 0.147 μm DBC–FeIII MPN particles 

(green) for 12 or 24 h at 37 °C. Cell nuclei were stained with Hoechst 33342 (blue). Cell 

compartments (red) were stained with EEA1 monoclonal antibody (early endosome), anti-Rab7 
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monoclonal antibody (late endosome), or anti-LAMP1 monoclonal antibody (lysosome). PCC 

values are displayed in the “Merged” images. Scale bars are 20 µm. (b) Flow cytometry analysis 

of HeLa cells treated with 0.147 μm DBC–FeIII MPN particles with endocytic inhibitors (i.e., 

pitstop 2, filipin, and EIPA) for 24 h at 37 °C. Statistical significance was determined by one-way 

ANOVA: **** p < 0.0001, *** p < 0.001 and ns not significantly different. The DNA 

concentration was 10 nM in the DBC–FeIII MPN particles. The RFI to untreated cells is shown. 

Error bars represent the standard deviation of three independent experiments. (c) Schematic 

illustration of the preparation of siRNA-functionalized DBC–FeIII MPN particles through DNA 

hybridization (top) and gene regulation in cells using these particles (bottom). (d) DLS size 

measurements of PS template particles (cyan), DBC–FeIII MPN particles (green), and siRNA-

functionalized DBC–FeIII MPN particles (violet) in 25 mM MOPS (pH 7.4) solution containing 

0.1 M NaCl. Hydrodynamic diameters are shown as the mean ± standard deviation of three 

measurements. Luciferase gene knockdown in PC3-Luc2 cells after 48 and 96 h transfections.  

CONCLUSIONS 

A DNA block copolymer (i.e., DNA-b-poly(MMA-co-DHCAF), which integrates hydrophobic 

blocks, catechol-containing blocks, and molecular recognition properties, was synthesized and 

applied as an MPN building block to prepare DNA-functionalized MPN particles and capsules. 

The MPN systems were fabricated on the basis of coordination networks formed between the 

catechol groups and FeIII ions. Hydrogen bonding and hydrophobic interactions also contributed 

to the self-assembly of the MPNs. The resulting MPN systems showed high stability in various 

solutions containing strong acids, metal chelates, and surfactants. The specific molecular 

recognition properties of the DNA strands in the DBC–FeIII MPN systems were preserved, 

enabling control of interactions with functional molecules and nanoparticles, and allowing 
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permeability tuning of the capsules. The DBC–FeIII MPN particles exhibited efficient cellular 

uptake, with the smallest particles (0.147 μm) that featured the highest DNA surface density 

demonstrating the highest uptake. The enhanced oligonucleotide stability against nuclease-

catalyzed hydrolysis and the endosomal escape capabilities of the DBC–FeIII MPN particles make 

them promising candidates for intracellular nucleic acid delivery. Detailed intracellular trafficking 

and cellular uptake mechanism studies demonstrated that these particles undergo endosomal 

escape after internalization via a combination of macropinocytosis and caveolae-mediated 

endocytosis. Moreover, these particles efficiently delivered siRNA for specific gene knockdown 

in the cell. We anticipate that these DNA-functionalized particle and capsule systems may be 

useful for further materials and biomedical studies and have potential in various applications.  
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