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            Abstract
          
        

        
          Rolling circle amplification (RCA) is an effective isothermal amplification technique that can generate long single-stranded DNA (ssDNA) with a high yield and sequence programmability. In this study, we studied the production of the DNA nanoparticles by self-assembly RCA with ionic condensation. The padlock DNA was converted into a dumbbell-shaped circular DNA using the mediate RNA and SplintR ligase, followed by amplification with phi29 DNA polymerase at 30°C. The resulting ssDNA, containing repetitive sequences, was condensed into well-defined DNA nanoparticles through the addition of magnesium (Mg2+) and pyrophosphate (ppi) ions. Morphologies and surface electrostatic potentials were observed using optical microscopy, atomic force microscopy (AFM), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and surface potential mapping via Kelvin probe force microscopy (KPFM) and electrostatic force microscopy (EFM). Molecular dynamics (MD) simulations were used to investigate a hierarchical self-assembly pathway involving initial Mg2+ and ppi cluster formation, DNA–Mg2+ coordination, and subsequent DNA incorporation. These findings provide mechanistic insight into RCA-derived DNA nanoparticle formation and highlight the critical role of ionic interactions in directing nanoscale self-assembly. This paper provides insights into the padlock DNA design and scalable production of functional DNA based nanomaterials for applications in drug delivery, biosensing, and nanotechnology.
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      1. INTRODUCTION
      DNA exhibits excellent biocompatibility and biodegradability [1]. Therefore, DNA has been widely used as a next-generation biomaterial in various scientific and industrial fields. As highlighted by Dey et al., DNA origami technologies have progressed over the past few decades from one- and two-dimensional structures to complex three-dimensional architectures with precise spatial control and specific functionalities [2]. However, the DNA components of DNA origami have been artificially manufactured. Therefore, the DNA origami structure yield and cost remain challenges for commercialization.

      DNA synthesis is a complex and chemically demanding [3]. One of the most well-established methods for DNA synthesis is phosphoramidite chemistry, which is based on solid-phase synthesis. This process involves removing the 5'-DMT protecting group, coupling an activated nucleotide, capping the unreacted sites, and oxidizing the linkage to form a stable phosphate bond. This four-step cycle is repeated for each nucleotide addition step. All protecting groups are removed to obtain the final DNA strand. This requires expensive reagents, precise control, and rigorous purification steps, resulting in high production costs and limitations for large-scale manufacturing [4].

      Instead of synthesizing DNA, the DNA amplification principle is utilized to building three-dimensional DNA based structure by inserting specific sequences. Similar to the aptamer sequence, amplified DNA can have specific functions based on the designed sequences [5]. For example, Yang et al. detected platelet-derived growth factor (PDGF) at concentrations below 1 nM using a conformation-switching aptamer that formed a circular conformation in the presence of the target protein, enabling ligation with T4 DNA ligase [6]. Another strategy involves loop-mediated isothermal amplification (LAMP), particularly using Bst DNA polymerase, as a point-of-care diagnostic tool. Taylor et al. highlighted its applications, such as RT-LAMP for SARS-CoV-2 detection, colorimetric readouts, and smartphone-based platforms, demonstrating its potential as a rapid and low-cost alternative to PCR. This synthesis and self-assembly strategy may solve the cost problems associated with large-scale DNA mass production. Therefore, demand is increasing for new technologies that can produce DNA in bulk quantities using designed sequences to meet the demands of advanced bioapplications.

      The rolling circle amplification (RCA) method can be used to synthesize long single-stranded DNA for mass production [7]. When the circular DNA is supplied, DNA polymerase continuously synthesizes the DNA strand. A repeat DNA sequence with a specific function is constructed by rolling a circle. RCA has two advantages: its sequence is less difficult to design [8] and it has specific functional sequences, such as self-assembled [9] and G-quadraplex forms [10]. For example, an RCA-based sensing platform technique has been developed for the simultaneous multiplex detection of infectious pathogens such as COVID-19 using a self-assembled DNA hydrogel formed in large quantities on a nylon mesh surface by blocking the microfluidic flow [11]. In another system, a microfluidic platform detects viral pathogens using self-assembled RCA product DNA on the surface of microbeads, thereby reducing the detection time to 15 min [12,13]. Chang et al. employed in-situ DNA-oriented polymerization (isDOP), a system capable of encapsulating the RCA product long DNA while simultaneously loading drugs to treat intestinal inflammation [14].

      Although previous studies utilizing the advantages and characteristics of RCA have been continuously conducted, commercialization remains a challenge. One of the techniques closest to commercialization is the synthesis of DNA particles via RCA. In this approach, following the RCA reaction, magnesium (Mg2+) and pyrophosphate (ppi) are added to neutralize the negative charges of the DNA backbone, thereby inducing massive intermolecular interactions that lead to the condensation of DNA into particle-like structures [15]. This self-assembly DNA technology has recently attracted interest for its potential applications in fields, such as drug delivery and other biomedical areas [16]. However, its commercialization has been hindered by several challenges, including the low efficiency of DNA synthesis using circular templates during RCA [17], lack of precise control over the concentrations of Mg2+ and ppi ions [18,19], and insufficient theoretical understanding of DNA particle formation. Therefore, this study focused on elucidating the theoretical background of DNA self-assembly induced by the addition of Mg2+ and ppi following RCA to provide a clearer understanding of the underlying mechanisms and improve the reproducibility of particle formation.

      In this study, we used the RCA method to synthesize a long single-stranded DNA (ssDNA) and assembled the it using Mg2+ and ppi ions. Optical microscopy, atomic force microscopy (AFM), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), Kelvin probe force microscopy (KPFM), and electrostatic force microscopy (EFM) were used to observe the process of DNA assembly into DNA particles and to analyze the particles. Furthermore, we analyzed the assembly of the DNA using molecular dynamics (MD) simulations and examined the DNA particle assembly circumstances using binding energy and H-bonding analysis. This study theoretically and experimentally analyzed and validated the synthesis of DNA particles via RCA, thereby providing a foundation for optimizing and scaling-up the production of DNA particles.

    

    

  
    
      2. MATERIALS AND METHODS
      
        2.1 Materials
        All nucleotides were synthesized and purified by IDT Technology, Ltd. (Coralville, IA, USA). Nucleotide sequences were described here (RCA padlock DNA: TGT GCTGCT ACT ACC CTA TTA CCC GTC GGG CGT GAA AAT GAG AGA AAA AGT ACC GAC GGG TTA CTC TAT TAA CTA TTC CAC AAA CCA TTA; RCA primer DNA: CAT TTT CAC; Mediate RNA: GUA GCA GCA CAU AAU GGU UUG U). Phi29 polymerase and buffer and SplintR ligase and buffer were provided by NEB Ltd. (Ipswich, MA, USA). SYBR Green I, dNTP, pure water, and agarose powder were purchased from Thermo Fisher Scientific (Waltham, MA, USA).

      

      
        2.2 RCA assay
        Padlock DNA (100 nM, 2 μL), ligase buffer 10× (1 μL), DNase/RNase-free water (14 μL) were mixed. The solution was heated at 95°C for 5 min and annealed to room temperature over few hours. Subsequently, Splint R ligase (25000 U/mL/μL), Splint R ligase buffer 10× (1 μL), mediate RNA (100 nM, 2 μL) was added to the denatured sample. The solution was then incubated at 25°C for 1 h. Thereafter, reaction buffer 10× (5 μL), phi29 polymerase (2 μL), recombinant albumin (1 mg/mL, 5 μL), 10 mM each of dNTPs (5 μL), 2 μM RCA primer (5 μL), and 10× SYBR (5 μL) were added incubated solution and incubated 30°C for 2 h using thermal cycler and heated 95°C 1 min. Subsequently, magnesium (600 mM, 3 μL) and pyrophosphate (100 mM, 3 μL) were added to the RCA solution.

      

      
        2.3 Apparatus
        RCA solution (10 μL) was dropped onto a silicon wafer and dried, then washed twice with DNase/RNase-free water and dried again. The film was then coated with a thin Pt film via sputtering. After the particle morphology was imaged, the elemental composition was analyzed using a JEM-ARM 200F (NEOARM, Jeol, Tokyo, Japan). An RCA sample was prepared on a silicon wafer using the same method. Surface charge and particle morphology were observed using AFM with a Park FX40 microscope (Park Systems, Suwon, Korea). The images were observed in noncontact mode (NCM).

        RCA solution (10 μL) was dropped on a glass slide and observed under an optical microscope before evaporation using BX53M (Olympus, Tokyo, Japan).

        Samples were prepared under three conditions for electrostatic surface potential analysis: (1) Mg2+ and ppi ions only, (2) RCA products alone, and (3) RCA products mixed with Mg2+ and ppi. The RCA was amplified using standard rolling-circle amplification protocols. MgCl2 and sodium pyrophosphate were added to induce ionic aggregation.

        KPFM and EFM measurements were conducted using conductive AFM cantilevers (PPP-EFM, Nanosensors) with a nominal resonance frequency of 75 kHz, stiffness of 2.8 N/m, tipi radius of 25 nm, and coated with Cr-Ptlr5 for conductivity. Before the measurements, the cantilever was calibrated on a freshly cleaved highly ordered pyrolytic graphite (HOPG) surface with a known work function of 4.6 eV. During KPFM imaging, both AC voltage (VAC) and variable DC bias (VDC) were applied to the cantilever to nullify the contact potential difference with the sample surface potential (Vs), enabling absolute surface potential mapping.

        To assess the charge polarity, we performed EFM measurements using the same cantilever under fixed VDC conditions. Phase-shift images were recorded, and the phase response was analyzed to qualitatively determine the direction of the electrostatic interactions, thus inferring the relative polarity of the surface charges. At least ten AFM images were obtained for each sample condition for statistical averaging and quantitative comparison of the surface potential.

      

      
        2.4 Molecular dynamics simulations
        MD simulations were performed using GROMACS 2021.6 [20] under explicit solvent and ionic conditions. A single long ssDNA strand (89-mer) derived from RCA was solvated in a cubic simulation box containing TIP3P water and neutralizing Na⁺ ions [21]. Mg2+ and ppi ions were added to replicate the post-RCA ionic environment, with 1200 Mg2+ and 180 ppi ions introduced into the simulation box. All interactions were modeled using the CHARMM36m force field [22]. After energy minimization (steepest descent), the system underwent 1000 ps of NVT and 1000 ps of NPT equilibration, followed by a 10 ns production run at 300 K and 1 bar using the Nose–Hoover thermostat and Parrinello–Rahman barostat [23]. All molecular structures and simulation trajectories were visualized using Visual Molecular Dynamics (VMD) version 1.9.3 [24].

      

    

    

  
    
      3. RESULTS AND DISCUSSIONS
      
        3.1 Manufacturing the self-assembled DNA particles
        In RCA techniques, DNA-mediated RCA has predominantly been utilized [25]. Although DNA mediators can be used, we selected RNA for this study. DNA-based ligation typically requires the use of T4 DNA ligase, which is known to have a low ligation efficiency and may result in inaccurate ligation. Consequently, in conventional approaches, an additional exonuclease treatment step is required to remove the residual dumbbell-shaped DNA, as these residual DNA fragments could otherwise participate in unintended amplification reactions in subsequent steps. In contrast, the SplintR ligase specifically ligates DNA strands hybridized with RNA and exhibits significantly higher ligation efficiency [26]. Therefore, by using SplintR ligase, the need for exonuclease treatment can be eliminated, effectively minimizing undesired DNA amplification and improving the overall specificity of the RCA process.

        As illustrated in Fig. 1, a dumbbell-shaped DNA template was ligated using the mediate RNA and Splint R. The primer DNA was then annealed to a portion of the dumbbell structure and RCA was performed using phi29 DNA polymerase. In place of other high-performance polymerases, such as Bst polymerase, we used phi29 polymerase. For example, in hyperbranched RCA, Bst polymerase can synthesize approximately 1000-fold faster than phi29 polymerase; however, significant tradeoffs exist [27]. The rapid synthesis offered by Bst polymerase often compromises the fidelity of the reaction, and its requirement for temperatures above 60°C complicates reactor design and scalability for bulk synthesis. In contrast, phi29 polymerase operates reliably at approximately 30°C, making it a more suitable choice for long-duration, high-fidelity RCA.

        
          
          

          Fig. 1. 
				
          

          
            Schematic of self-assembled DNA particle. Self-assembled DNA particles were formed from DNA amplified using RCA through the addition of magnesium and pyrophosphate.
          
          

          

        

        When the polymerase is initiated, the primer continuously rotates around the dumbbell-shaped DNA, yielding long and repeating stretches of complementary sequences. Because of their dumbbell shape, the resulting RCA products contained internal complementary sequences, enabling long DNA strands to self-assemble spontaneously.

        However, the complementary sequences generated within the RCA products are insufficient to form condensed DNA particles on their own, resulting in a hydrogel-like structure [28]. Although ppi is generated as a byproduct of phi29 mediated DNA synthesis, its concentration is too low to drive the condensation of RCA products into discrete nanoparticles [29]. Therefore, an additional chemical condensation agent is required to facilitate the formation of compact particle-like structures. Several studies have demonstrated the additional use of Mg2+ and ppi to induce DNA condensation and particle formation [30,31]. In this study, we utilized Mg2+ and ppi to condense the RCA products, allowing the generation of distinct and well-defined DNA nanoparticles.

        As shown in Fig. 2, the assembly and ligation steps required for the RCA were confirmed using agarose gel electrophoresis before the initiation of particle formation. Lane 1 shows the annealed dumbbell-shaped DNA, which was designed as a 90-mer single-stranded DNA. Upon annealing, this strand adopts a hairpin-like structure, with some molecules remaining as non-ligated circles, yielding a band slightly above the 50 bp marker. Lane 2 shows the results after incubation with SplintR ligation, where the mediate RNA hybridizes to the dumbbell-shaped DNA and promotes ligation. Ligation increased the molecular weight by approximately half the length of the RNA, yielding a band that migrated slightly higher than the original dumbbell-shaped DNA. Lanes 3 and 4 depict the results of RCA performed in the absence and presence of the mediate RNA, respectively. In Lane 3, no RNA was added; consequently, ligation did not occur, yielding no RCA product despite the addition of the primer. In Lane 4, the primer was annealed to the ligated dumbbell-shaped DNA, enabling phi29 polymerase to perform long, continuous strand displacement synthesis. The resulting high-molecular-weight DNA accumulated at the top of the gel and was unable to pass through the agarose matrix owing to its large size. This confirmed the successful and robust synthesis of the RCA products. Subsequently, Mg2+ and ppi were introduced into the self-assembled particles.

        
          
          

          Fig. 2. 
				
          

          
            Gel electrophoresis image of RCA process (ladder: 50 bp ladder, lane 1: dumbbell-shaped DNA, lane 2: Splint R ligation, lane 3: DNA amplified without mediate RNA, lane 4: DNA amplified with mediate RNA.
          
          

          

        

      

      
        3.2 Morphological verification of DNA particles
        After the RCA reaction, Mg2+ and ppi were introduced to assess particle formation, and various microscopic techniques were used for characterization. As shown in Fig. 3, upon the addition of Mg2+ and ppi to the RCA product solution, optical microscopy revealed the presence of small, round particles.

        
          
          

          Fig. 3. 
				
          

          
            50X Optical microscope image of DNA particles.
          
          

          

        

        The AFM was performed for a more detailed analysis. As shown in Fig. 4 (A), AFM images confirmed the presence of long, extended DNA strands resulting from the RCA and small nuclei of the nanoparticles [32]. As shown in Fig. 4 (B), the DNA strands combined with Mg2+ and ppi, forming self-assembled DNA nanoparticles. This process was observed across multiple scales, from the initial particle morphology arising from the interaction between long ssDNA and Mg2+/ppi ions to larger aggregates reaching several micrometers in diameter. The AFM observations in this study directly visualized and confirmed the multiscale self-assembly process, highlighting its significance.

        
          
          

          Fig. 4. 
				
          

          
            AFM images of (A) nucleation of RCA product (in 0–30 nm) and (B) self-assembled DNA particles (in 0–300 nm). (C) SEM image of DNA particles. (D) EDS analysis of DNA particles (Red: carbon, Green: nitrogen, Skyblue: oxygen).
          
          

          

        

        SEM and EDS analyses were conducted for further characterization. The SEM image in Fig. 4 (C) confirms the particle morphology, whereas EDS mapping (Fig. 4 (D)) detected the elemental composition, including C, N, and O. Notably, Mg2+ and ppi formed inorganic particles spontaneously, regardless of RCA activity. As shown in Fig. 5, a control sample was prepared without mediate RNA, and Mg2+ and ppi were added. The SEM images of both samples revealed no significant differences in particle morphology. Element map analysis describe the component ratios of the DNA nanoparticles with and without mediate RNA, respectively. However, as shown in Fig. 6, EDS data indicated 6% higher C Kα1,2 value in the sample containing mediate RNA, suggesting a higher organic content and confirming the presence of RCA-derived DNA within the particles.

        
          
          

          Fig. 5. 
				
          

          
            SEM/EDS analysis of particles formed with Mg2+ and ppi without mediate RNA. (A) SEM and EDS analysis image.
          
          

          

        

        
          
          

          Fig. 6. 
				
          

          
            Bar graph of weight percent of C kα1,2 for the Si-wafer, without (w/o) mediate RNA, and with (w) mediate RNA.
          
          

          

        

        KPFM was used to measure the surface charges of the particles. Figs. 7 and 9 show the surface potential of RCA products and their electrostatic interaction with Mg2+ and ppi ions using KPFM and EFM. To experimentally analyze the contribution of ionic and nucleic acid, we prepared three sample conditions: (1) Mg2+ and ppi ions only, (2) RCA products only, and (3) RCA products mixed with Mg2+ and ppi.

        The surface potentials of the particles formed with and without the mediate RNA were compared. As shown in Fig. 7, despite no significant difference in particle size (AFM height), the surface charge was most highly charged in the sample containing mediate RNA, supporting the conclusion that the DNA generated via RCA, in conjunction with Mg2+ and ppi, contributes to particle self-assembly [33-35].

        
          
          

          Fig. 7. 
				
          

          
            KPFM height and potential images of Mg2+ and ppi ((A) and (B)), RCA ((C) and (D)), RCA with Mg2+ and ppi ((E) and (F)).
          
          

          

        

        As shown in Figs. 7 (A) and (B), particles from the Mg2+ and ppi sample was observed. Slightly lower surface potentials were observed at some points; however, other particles did not exhibit this (Fig. 7 (B)). Mg2+ and ppi ions were not deionized by ion crosslinking; therefore, we assumed that some points had dominant Mg2+ and others dominant ppi ions. Therefore, we applied the average global surface potential values. As shown in Figs. 7 (C)–(F), when the RCA products combined with Mg2+ and ppi were analyzed, no significant morphological differences were observed; however, distinct variations in surface potential were detected. As the RCA product was mediated, the surface potential distribution followed a particle distribution.

        As shown in Fig. 7 (D), although the RCA products had a high density of negatively charged DNA, the reaction buffer included cations such as Na⁺ and Mg2+, which neutralized the negative charge. As larger aggregates showed a higher potential, the overall concentration of mobile ions may have resulted in an elevated surface potential value. As shown in Fig. 7 (F), when Mg2+ and ppi were combined with RCA products, ionic crosslinking between the phosphate backbones and ppi led to densely packed, crosslinked structures with highly charge density. As shown in Fig. 8 (A), This high degree of ionic interaction contributed to the higher surface potential observed for RCA + Mg2+ and ppi samples.

        
          
          

          Fig. 8. 
				
          

          
            (A) Bar graph of the KPFM potential of the Mg2+ and ppi , RCA with Mg2+ and ppi, and RCA samples. **: p<0.01; ***: p<0.00001 (B) scheme of the KPFM measurement.
          
          

          

        

        Fig. 8 (B) illustrates the working principle of the KPFM. The voltage difference between the cantilever probe and the sample is defined as
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        where Vtotal is the total voltage acting on the cantilever; VDC and VAC and are the applied DC and AC voltages, respectively; and VS is the surface potential of the sample. wt is the frequency of the AC voltage. The resulting electrostatic force is given by

        
          
            
              	
                
                  
                    
                      
                        F
                      
                      
                        e
                      
                    
                    =
                    
                      
                        1
                      
                      
                        2
                      
                    
                    
                      
                        d
                        C
                      
                      
                        d
                        z
                      
                    
                    
                      
                        V
                      
                      
                        t
                      
                      
                        2
                      
                    
                  
                
              
              	
                (2) 
				
              
            

          

        

        Expanding the equation yields three terms, as shown in Eq. (3). When VDC = VS, only the AC term remains. KPFM measures the surface potential by adjusting VDC such that it compensates for the contact potential difference, thus enabling absolute surface potential measurements [36].

        KPFM provides surface potential maps but does not distinguish the charge polarity. As shown in Fig. 9, an EFM analysis was performed to complement this.

        
          
          

          Fig. 9. 
				
          

          
            EFM height and phase images of Mg2+ and PPi ((A) and (B)), RCA ((C) and (D)), RCA with Mg2+ and PPi ((E) and (F)). G. Scheme of EFM measurement.
          
          

          

        

        The electrostatic force is expressed as follows:
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        Although the squared terms are always positive, the cosine term determines the direction (phase) of the force. Thus, the EFM phase shift can be used to determine whether a sample is positively or negatively charged based on the direction of the electrostatic interaction.

        As shown in Figs. 9 (A) and (B), particle-like structures with phase shifts exceeding 100 degrees were interpreted as positively charged Mg2+ and ppi aggregates. In contrast, Figs. 9 (C) and (D) show that RCA products alone exhibited reduced phase shifts, likely owing to cation-mediated charge neutralization by reaction buffer components, previous reports where zeta potential measurements showed near-zero potential in ion-rich environments [37,38]. Figs. 9 (E) and (F) show negatively charged phase responses of the RCA combined with Mg2+ and ppi. These observations support that the RCA + Mg2+ and ppi aggregates exhibited strong electrostatic potential and were overall negatively charged owing to ionic crosslinking and high molecular size. This characteristic may be beneficial for applications involving drug delivery, where the surface charge balance affects interactions with biological targets.

        Through microscopy, SEM/EDS, AFM, KPFM, and EFM analyses, we successfully demonstrated the DNA particle growth procedures, morphological shape, size, and surface potential differences with or without mediating RNA. For further research, we used MD to explain the reason of self-assembly of RCA product by Mg2+ and ppi.

      

      
        3.3 Molecular dynamics simulation of self-assembled DNA
        
          3.3.1 Binding properties and atomic contact analysis
          To investigate the stepwise assembly pathway, we conducted atomic contact analysis with a 0.6 nm cutoff over the 10 ns trajectory. The number of atomic contacts (<0.6 nm) averaged over the final 1 ns of the simulation. The contact numbers were 1528.824 ± 208.671 for ppi–Mg2+, 370.251 ± 133.932 for DNA–Mg2+, and 129.018 ± 100.766 for DNA–ppi, respectively. These findings suggest that DNA self-assembly occurs via a sequential interaction.

          As shown in Fig. 10 (A), in the initial stage, Mg2+ and ppi rapidly nucleated into compact ionic clusters, as evidenced by a sharp radial distribution function (RDF) peak with g(r) = 78 at approximately 0.50 nm. This was followed by a bridging phase, in which the phosphate backbone of DNA formed strong coordination with Mg2+, shown by an RDF peak with g(r) = 6 at approximately 1.50 nm. In the final phase, DNA associated with the pre-assembled Mg2+ and ppi clusters, forming a ternary condensed structure supported by the increasing DNA–ppi contacts over time, with an RDF peak of g(r) = 4.7 at approximately 1.70 nm.

          
            
            

            Fig. 10. 
				
            

            
              (A) RDF profiles for DNA–ppi, DNA–Mg2+, and ppi–Mg2+ interactions. (B) Time evolution of atomic contacts between DNA–ppi, DNA–Mg2+, and ppi–Mg2+
            
            

            

          

          This three-step sequence was corroborated by the time-resolved contact profiles shown in Fig. 10 (B). All three interaction types ppi–Mg2+, DNA–Mg2+, and DNA–ppi underwent a notable transition at approximately 6 ns. Specifically, the number of ppi–Mg2+ contacts began to decline after peaking early, DNA–Mg2+ contacts reached their maximum and then start to decrease, and DNA–ppi contacts exhibited a significantly increased starting near 6 ns. These synchronous but distinct transitions underscored a coordinated assembly mechanism, where DNA is progressively incorporated into the preformed Mg2+–ppi clusters.

          The dynamic trends in atomic contacts decrease in ppi–Mg2+ interactions, transient rise and fall in DNA–Mg2+ coordination, and sustained increase in DNA–ppi contacts. This is strongly correlated with the progressive folding of DNA. This contact pattern, along with the observed decrease in Rg, confirms that multivalent ion-mediated electrostatic interactions are stepwise structural compactions of DNA in the post-RCA environment.

          In this paper, gAB(r) is the RDF, which is defined as the probability of finding a B atom at distance r from a reference A atom relative to the bulk. We computed g(r) using a histogram of all substrate A to B pair distances over the MD trajectory under periodic boundary conditions, normalized by the spherical shell volume 4πr2 dr and bulk number density ρB, and averaging over frames (Eq. (4)).

          To quantify the spatial distribution of ions around DNA, we calculated the RDF as follows:
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          where r is the radial distance from a reference atom, ρ is the bulk number density, and dn(r) is the average number of atoms found in a spherical shell between r and r+dr. A sharp peak in g(r) indicates strong local ordering or preferential binding between interacting species.

          With this normalization, g(r) approached 1 for a large r. The first-peak values in this study were ppi–Mg2+ at 0.50 nm with g = 78, DNA–Mg2+ at 1.50 nm with g = 6, and DNA–ppi at 1.70 nm with g = 47, respectively.

          In addition, molecular mechanics Poisson–Boltzmann surface area MM-PBSA analysis [39] revealed a moderate thermodynamic interaction between DNA and ppi, with an average binding free energy of 86.191 ± 45.463 kJ/mol. This positive value indicates that the interaction is not energetically favorable, which corresponds with the observation that both DNA and ppi are negatively charged under physiological conditions. The resulting electrostatic repulsion limits the direct binding between them, which is consistent with the relatively low number of atomic contacts. As divalent cations, may act as electrostatic bridges facilitating indirect stabilization of the DNA–ppi interaction and promoting ternary complex formation.

          Altogether, these simulations offer mechanistic insight into the sequential self-assembly of DNA particles under high-salt post-RCA conditions. The findings support a model in which Mg2+ and ppi ions initially nucleate into ionic clusters, followed by phosphate-mediated binding of DNA to Mg2+, and subsequent growth of condensed particles through complex formation with the Mg2+ and ppi matrix [40].

        

        
          3.3.2 Conformational analysis of DNA and ion distribution
          Furthermore, the RDF analysis confirmed these preferential interactions. DNA exhibited sharp coordination with Mg2+, especially at phosphate groups, with a peak at 0.21 nm (g(r) = 4.2). In contrast, DNA–ppi interactions were more diffuse, with a broader peak between 0.25 and 0.30 nm (g(r) = 2.2), indicating weaker electrostatic associations. As shown in Fig. 10 (A), the interaction between Mg2+ and ppi was particularly strong and localized, with a narrow, high-intensity RDF peak at 0.15 nm (g(r) = 92.0).

          Representative MD snapshots at the beginning and end of the simulation (0 and 30 ns) illustrated the morphological changes in ssDNA during compaction (Fig. 11 (A)), whereas a slight decrease in Rg (Fig. 11 (B)) quantified the onset of molecular compaction. These findings underscore the critical role of the post-RCA ionic composition in triggering spontaneous DNA particle formation and offer molecular-level design principles for developing programmable DNA-based nanomaterials.

          
            
            

            Fig. 11. 
				
            

            
              (A) Representative MD snapshots of RCA-derived ssDNA at0 and 30 ns. (B) Time-dependent change in Rg of ssDNA over 30 ns. (C) Time-resolved MM-PBSA binding free energy profile for the DNA–ppi interaction
            
            

            

          

          As shown in Fig. 11 (B), the structural compactness of DNA was evaluated using the radius of gyration (Rg), which slightly decreased from approximately 7.9 nm to 7.7 nm during the simulation. This suggests the onset of structural collapse due to multivalent-ion-mediated condensation.

          Rg was calculated using
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          where N is the number of atoms, ri is the position of each atom, and rcom is the center of mass of the DNA strand. A decrease in Rg reflects the progressive structural collapse or compaction of DNA molecules.

          Moreover, time-resolved MM-PBSA analysis (Fig. 11 (C)) indicated that the DNA–ppi interaction maintained a moderate binding free energy of approximately 86.191 ± 45.463 kJ/mol throughout the 30 ns simulation. Although the interaction was not strongly favorable in absolute thermodynamic terms, it was consistent with the fact that both DNA and ppi carry negative charges, leading to electrostatic repulsion. Nevertheless, the observed increase in atomic contacts over time suggested that ppi may contribute to the final DNA–Mg2+–ppi architecture through a transient and Mg2+ mediated electrostatic bridging mechanism, rather than direct stabilization.

          Compared with an earlier study on the ppi release mechanism in T7 RNA polymerase [41], which highlighted the rapid dissociation of ppi through transient interactions with Mg2+ ions in the active site, our simulation revealed a more structured and hierarchical assembly process. Specifically, the formation of stable Mg2+–ppi ionic clusters, followed by progressive coordination with DNA, suggests that ppi in RCA products plays not only a role in release but also in subsequent self-assembly. This distinction underscores the context-dependent behavior of ppi. While ppi is produced rapidly in enzymatic reactions, it contributes to complex formation and structural compaction in condensed-phase ionic systems. Thus, our findings provide complementary insights into the dualistic role of ppi depending on the molecular context and ionic conditions.

        

      

    

    

  
    
      4. CONCLUSIONS
      In this study, long ssDNA produced by RCA and self-assembled DNA particles by Mg2+ and ppi ions were prepared. Padlock DNA was efficiently transformed into a dumbbell-shaped structure with mediate RNA and SplintR ligase, while repetitive DNA sequences were produced via RCA (30°C, Phi29 DNA polymerase). In the presence of Mg2+ and ppi, DNA condensed into particulate aggregates, as evidenced by optical microscopy, AFM, and SEM.

      The resulting particles were further characterized via surface potential analysis using KPFM and EFM. Samples containing RCA products exhibited a more negatively charged surface than the ionic controls, confirming the incorporation of DNA into the particles. EDS also verified the presence of a carbon-rich organic content in the RCA-derived particles.

      MD simulations revealed a stepwise assembly mechanism, in which Mg2+ and ppi initially formed ionic clusters, followed by DNA–Mg2+ coordination and progressive association of DNA with the preformed Mg2+–ppi matrix. Despite the electrostatic repulsion between negatively charged DNA and ppi, then Mg2+ acted as an electrostatic bridge, promoting ternary complex formation and structural compaction of DNA. The decrease in Rg and the stepwise progression of the atomic contacts corroborated this hierarchical assembly pathway.

      Overall, the combined experimental and simulation results provided mechanistic insights into RCA-derived DNA particle formation and demonstrated the critical role of ionic interactions in directing DNA self-assembly. These results provide a basis for the rational DNA sequence and structure design and large-scale fabrication of RCA-derived DNA based nano-materials for drug delivery, biosensing, and nanoscale devices.
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