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Abstract 18 

In this work we examine the structural and energetic stability and the interactions between dextran-19 

coated magnetic nanoparticles and a DNA oligonucleotide at ionic strength conditions that are 20 

relevant to physiological gene delivery processes. All-atom Molecular Dynamics simulations 21 

provided information at the atomic-level regarding the mechanisms responsible for the physical 22 

adsorption of Dextran on the magnetic surface and the conditions under which a successful DNA-23 

Dextran complexation can be accomplished.  Coulombic interactions were found to play the main 24 

role for the formation of the Dextran interfacial layer onto the magnetic surface while hydrogen 25 

bonding between the Dextran molecules enhanced the structural integrity of this layer. The 26 

Dextran-DNA complexation was also driven by electrostatic interactions between the two 27 

moieties. An increase of the salt concentration was found to promote DNA complexation with the 28 
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DX-coated magnetic nanoparticles, through the modification of the Coulombic interactions 29 

between the DX and DNA chains, which worked synergistically with the increase in hydrogen 30 

bonding between the two macromolecules. Comparison of the behavior of the coated with 31 

uncoated magnetic nanoparticles, highlighted the significant role of the DX interfacial layer on the 32 

DNA association to the magnetic surface. Relevant experimental results provided complementary 33 

information for the coated nanoparticle/DNA interactions at different (larger) length scales. A 34 

good qualitative agreement was found between the simulation and experimental findings. This 35 

study demonstrates that tailoring the nanoparticle coating and ionic strength can optimize the 36 

delivery of DNA by fine-tuning the favorable interfacial forces and thus the DNA/MNP binding 37 

stability. 38 

 39 
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 43 

1. Introduction 44 

Gene therapy has been extensively investigated for the treatment of various rare diseases including 45 

cancer, heart diseases, and AIDS and harbors great potential towards clinical translation.[1-2] 46 

Gene therapy uses nucleic acids, such as DNA and RNA, to modify the genetic material of the 47 

diseased cells and is considered as a more effective platform, compared to small molecule drug 48 

therapies or protein/enzyme replacement approaches, for the treatment of serious illnesses.[3] 49 

Despite the great advantages of nucleic acid-based nanotherapeutics, the effective delivery of  50 

genes into the targeted cells still remains a major challenge. The highly polar and negatively 51 

charged nucleotides cannot effectively penetrate the hydrophobic bilayer of the cell membrane 52 

leading to inefficient gene transfection and poor protein production. To address this issue, various 53 

viral and non-viral nanocarriers have been utilized to complex and compact the genetic material, 54 

while simultaneously offering protection against hydrolysis and enzymatic degradation, securing 55 

its effective transport into the cytosolic area.[2]  56 

Some of  the most common non-viral gene vectors rely on the use of cationic polymers such as 57 

poly(ethylene imine),[4-5] poly(beta amino esters),[6] poly(amido amine) dendrimers,[7] poly(2-58 

(dimethylamino)ethyl methacrylate and chitosan.[8-10] However, a major drawback of synthetic 59 
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cationic polymer nanoparticles is the increased cytotoxicity even at low concentrations, which 60 

hinders their potential usage in clinical applications. Recently, there is a growing interest in the 61 

development and utilization of hybrid nanoparticle (NP)-based gene carriers, which can combine 62 

two highly desirable modalities, i.e., imaging capabilities and gene transport.[11-12] In this 63 

context, inorganic nanoparticles, such as gold, silica and iron oxide, coated with a variety of 64 

organic molecules, including lipids, polymers and peptides, have been  investigated  as gene 65 

carriers, and have exhibited promising results  regarding their cellular uptake.[13-15] NP-assisted 66 

DNA delivery offers a number of advantages over traditional DNA delivery methods, such as 67 

lipofection and electroporation. It is usually more efficient, less toxic, and more versatile, since  it 68 

can be used to deliver DNA into a wide range of cell types, including difficult-to-transfect cells 69 

such as primary cells and stem cells.[3]  70 

Among the different methods of NP-assisted DNA delivery, magnetofection has recently been 71 

used to drive DNA-loaded magnetic nanoparticles (MNPs) in the targeted cells.[16-17] In such 72 

processes, the MNPs are usually coated  with a variety of functional organic compounds offering 73 

additional advantages to the nanocarriers.[18-19] Organic-coated NPs often possess improved 74 

colloidal stability, better bioavailability and stealth properties, and may offer other useful 75 

functionalities such as antimicrobial action and  additional drug/gene binding sites.[20-21] MNPs  76 

offer several advantages over other DNA delivery systems, such as viruses and liposomes, since 77 

they can be engineered to be  biocompatible, non-toxic and can be easily functionalized with 78 

targeting ligands and other molecules that bind to specific receptors on the cell surface.[22]  79 

Among the different nanoparticle coatings,  polysaccharides which are abundant in nature and 80 

possess many desirable properties, such as biodegradability, non-toxicity, and low 81 

immunogenicity, have been employed to improve the biocompatibility and stealth properties of 82 

colloidal particles.[23-25] Moreover, polysaccharides provide a functional substrate for the 83 

attachment of other active molecules, such as targeting ligands, drugs or genes, and facilitate the 84 

controlled release of the therapeutic agents from the MNPs. Chitosan, hyaluronic acid and dextran 85 

(DX) are the most commonly used polysaccharides to coat the MNPs.[26-28] In particular, DX 86 

has attracted significant attention due to its high water solubility, biosafety, biodegradability and 87 

facile modification.[29-33] Medarorova et al., presented the development of DX-coated iron oxide 88 

NPs for oligonucleotide delivery aiming at the effective microRNA (miRNA) inhibition in tumor 89 

cells.[34] The authors examined three different conjugation approaches of the oligonucleotide onto 90 
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DX, by varying the length of the spacer (short vs long) and the chemistry (degradable vs non-91 

degradable groups) linking the oligonucleotide onto the polysaccharide. They concluded that the 92 

NPs with the longer spacer formed large agglomerates, leading to negligible cellular uptake, while 93 

the NPs with the shorter spacer exhibited enhanced uptake. Moreover, the NPs with the degradable 94 

linker exhibited more efficient miRNA inhibition. 95 

Despite the use of DX-functionalized MNPs in gene delivery applications, the microscopic 96 

mechanisms underlying their interactions with the nucleotides have not been adequately explored 97 

to date. Understanding of these mechanisms will allow optimization of the nanocarriers in terms 98 

of their ability to bind and release genetic material and may significantly improve their 99 

performance towards a successful gene-delivery process. At the stage of binding, simulation 100 

studies can play a valuable role in providing a detailed account regarding the interactions between 101 

the nucleotides and the polysaccharide coated MNPs. On this basis, the present work aims at 102 

combining atomistically-detailed simulations with an experimental study on DNA complexed with 103 

DX-coated MNPs, to provide new insight on the conditions under which such systems can form 104 

stable complexes for use in gene-delivery. To the best of our knowledge, neither solely 105 

computational studies nor computational/experimental combined efforts have been presented so 106 

far on such systems in the literature. In 2011, Wang Z. et al., examined the dynamic behavior of 107 

end-tethered single stranded DNA (ssDNA) probes on a silica surface using a hydroxyl-capped 108 

linker, in an aqueous solution at the atomic level.[35] The results obtained by molecular dynamics 109 

simulations, highlighted the effect of the packing density on the structure and dynamics of ssDNA, 110 

providing useful information regarding the behavior of the gene on the silica surface. Another 111 

molecular dynamics study suggests that ssDNA molecules arrange in a structured pattern when 112 

they attach to carbon nanotubes.[36] The sugar-nucleic acid interactions have been also 113 

investigated by various studies in the literature.[37-39] Most of them, summarize that electrostatic 114 

charge-charge interactions and hydrogen bonding between sugars/carbohydrates and nucleotides, 115 

are the most important types of interaction. However, it is also stated that aromatic π-π, CH/π and 116 

hydrophobic interactions can play a significant role in the binding mode of natural carbohydrates 117 

with nucleic acids.[40] For example, Lucas R. et al., explored the interactions between 118 

carbohydrate-DNA using a dangling-end DNA model consisting of carbohydrate-DNA conjugates 119 

where different mono- and disaccharides are attached to the 50-end of the DNA strands and they 120 

concluded that stacking has significant role in the formation of sugar-DNA complexes.[37]  In 121 
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another study by Asensio L. et al., it was reported that the stacking interactions between 122 

aminoglycosides and RNA, where several amino groups are protonated, might be reduced with 123 

respect to that usually observed for neutral oligosaccharides.[39]  124 

In the current study we examine the structural and energetic stability of the complexes formed 125 

between uncoated and DX-coated MNPs and a DNA analogue, at ionic strength conditions 126 

relevant to the physiological conditions during the gene delivery process. Atomic-level analysis 127 

provided information on the conformational characterization of the DNA strands near the uncoated 128 

and coated magnetic surface, on the characteristics of the interfacial layer and on the nature of the 129 

dominant interfacial interactions. Comparison of the behavior of the coated and uncoated MNPs, 130 

highlighted the role of the DX interfacial layer on DNA binding and allowed an assessment of the 131 

required properties of the MNP coating layer for the preparation of robust DNA vehicles 132 

facilitating the gene delivery process. The experimental results attested on the validity of the 133 

simulation models and provided additional information about the binding efficiency of the DNA 134 

molecules onto the surface of DX-coated MNPs and the stability of the hybrid complexes at 135 

different (larger) length scales. The simulations successfully captured the qualitative behavior seen 136 

in the experiments. 137 

 138 

2. Materials and Methods  139 

2.1 Materials. DX (Mn = 40,000 g mol-1) was obtained from Serva and iron (III) oxide, MNPs 140 

(NanoArc) with a diameter between 20 and 40 nm, were purchased from Alfa Aesar. 141 

Deoxyribonucleic acid sodium salt (DNA) from Calf Thymus, type 1, fibers (58.1 %moles 142 

adenine-thymine pair and 41.9 %moles guanine-cytosine pair) (Sigma Aldrich, CAS Number 143 

73049-39-5) and SYBR® Green I Nucleic Acid Gel Stain were purchased from Sigma-Alrich. 144 

NaCl (≥99.5%) was obtained from Fluka. Milli-Q water, with a resistivity of 18.2 MΩ•cm at 298 145 

K, was obtained from a Millipore apparatus and was used for the preparation of all samples. 146 

 147 

2.2 Synthesis of the DX-coated iron oxide MNPs. DX (0.5 g) was dissolved in milli–Q water at 148 

a concentration of 10 mg mL–1. The polymer solution was stirred at 30 °C until complete 149 

dissolution. Then, the iron oxide NPs (0.1 g) were added to the polymer solution. The reaction 150 

flask was placed in a sonication bath for 15 min before being left under vigorous stirring for 24 h 151 

at 30 °C. Finally, the DX-coated NPs were purified to remove the free polymer via 10 152 
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centrifugation/redispersion cycles. For each purification cycle, the DX-MNPs were dispersed in 153 

20 mL water and were sonicated in an ultrasound bath for 10 min prior to centrifugation. The 154 

product was freeze dried and stored under a N2 atmosphere until use. 155 

2.3 Preparation of DNA-loaded DX-coated MNPs. The DX-coated MNPs were dispersed in 156 

water at a concentration of 3 mg mL–1. Then, 3 μL of the DNA solution (10 ng μL–1) were added 157 

to the nanoparticle dispersion. The mixture was left under stirring for 45 min at 4 °C. Next, 158 

SYBR® dye (500 μL) was added to the dispersion and was allowed to react with the free DNA 159 

chains for 20 min. 160 

 161 

2.4 Calculation of the dextran thickness onto the MNPs surface 162 

The thickness of the polymer layer onto the MNPs surface was calculated from the TGA analysis 163 

using equation: ℎ𝐷𝑋 =
𝑉𝐷𝑋,𝑡𝑜𝑡

𝑆𝑀𝑁𝑃𝑠,𝑡𝑜𝑡
  (eq. 1), with  𝑉𝐷𝑋,𝑡𝑜𝑡   =

𝑚𝐷𝑋

𝜌𝐷𝑋
  and 𝑆𝑀𝑁𝑃𝑠,𝑡𝑜𝑡 = 𝑆𝑀𝑁𝑃 𝑥 𝑁𝑀𝑁𝑃𝑠/𝑔𝑟, 164 

where, 𝑚𝐷𝑋  is the mass of the DX calculated from TGA, the density of the polymer 𝜌𝐷𝑋 =165 

1 𝑔/𝑚𝐿,  𝑆𝑀𝑁𝑃𝑠,𝑡𝑜𝑡 is the total surface of the MNPs and 𝑆𝑀𝑁𝑃 is the surface of a single MNP, and  166 

𝑁𝑀𝑁𝑃𝑠/𝑔𝑟 is the number of MNPs per gram.  167 

 168 

2.5 Characterization Techniques 169 

ATR–FTIR spectra were recorded on a Thermo Scientific Nicolet 6700 spectrometer. The freeze-170 

dried samples (~5 mg) were placed in contact with the ATR crystal and the spectra recorded in the 171 

400 – 4000 cm-1 wavelength range at a resolution of 2 cm-1 and number of scans 64.  Τhe DX-172 

coated NPs were characterized by thermogravimetric analysis (TGA) using a Perkin Elmer 173 

Diamond TG/DTA system. Measurements were carried out in the temperature range between 30–174 

550 °C, at a heating rate of 10 °C/min, under a nitrogen atmosphere. The weight of the samples 175 

used for each TGA measurement was 10 mg and all samples were measured once. The morphology 176 

of the bare and the DX-coated MNPs was determined by transmission electron microscopy (TEM), 177 

using a JEOL JEM-2100 microscope. The TEM samples were prepared by the deposition of one 178 

drop (10 μL) of an aqueous dispersion (0.01 mg mL-1) of the NPs, onto a carbon coated Cu grid 179 

and was allowed to dry overnight at room temperature. The fluorescence intensity of the SYBR® 180 

dye at 520 nm, after its interaction with the free DNA chains in solution, was recorded on a Thermo 181 

Electron Varioscan fluorescence spectrometer upon excitation at 480 nm. The samples (300 μL of 182 

each sample) were transferred in a 96 well black bottom plate and were measured in triplicates. 183 
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 184 

2.6 DX-MNPs and DNA-DX-MNPs stability testing by TGA   185 

The DX-MNPs (0.05 mg mL-1) were treated with aqueous NaCl solutions at salt concentrations 186 

0.01, 0.1 and 1 M for 24 h. Then, the DX-MNPs were purified to remove the salt via 5 187 

centrifugation/redispersion cycles. For each purification cycle, the DX-MNPs were dispersed in 188 

10 mL water and were sonicated in an ultrasound bath for 1-2 min prior to centrifugation. Right 189 

after, the samples were freeze dried for 48h and were characterized by TGA. A similar procedure 190 

was followed for the DNA-DX-MNPs. 191 

 192 

3. Theory and Calculations  193 

3.1 Systems. The systems studied in simulations are described in Table 1. Three systems were 194 

considered:  DX-coated MNPs in water, an aqueous solution of DNA with DX-coated MNPs and 195 

a control system comprising the uncoated MNPs and DNA in water. The DX chains consisted of 196 

10 hydroxylated monomer repeat units, whereas a 24-nucleotide sequence of a double-stranded 197 

DNA was used (Calf Thymus DNA (PDB ID 121D) (CGCAAATTTGCG)2, with an adenine-198 

thymine to guanine-cytosine pair ratio of  0.5, comparable to the experimentally studied base pair 199 

ratio).[41] At physiological pH conditions and at ionic strength levels similar to those considered 200 

in the present study, the hydroxylated DX molecules are expected to remain non-ionized, [42-44] 201 

while DNA nucleotides are expected to be negatively charged. [2, 45] The chemical structure of 202 

dextran is shown in Figure SI-1. 203 

 204 

Table 1: Characteristics of the simulation systems  205 

Systems DX-coated MNPs DX-coated MNPs and 

DNA 

MNPs and DNA 

(Control) 

Number of DNA 

chains (End-to-end 

distance) 

- 10 (3.76 nm) 10 (3.66 nm) 

Number of DX 

chains 

96 96 - 

Fe3O4 Surface 2 (mirror images)  

11.74 x 11.74 nm2 

2 (mirror images)  

11.74 x 11.74 nm2 

2 (mirror images)  

11.74 x 11.74 nm2 
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Number of Water 

molecules 

72058 75698 73435 73194 79638 

Number of Ions - 

Ionic Strength (M) 

200 - 0.06 500 - 0.15 219 - 0.06 419 - 0.13 419 - 0.13 

 206 

Initial configurations of two mirror periodic magnetic surfaces of Fe3O4 were set up, in a 207 

simulation box of 11.74 x 11.74 x 20 nm3. Details for the unit cell of Fe3O4 are given in reference 208 

[46]. The two magnetic surfaces were kept fixed in space in all the examined models. The overall 209 

surface charge was taken to be equal to zero. Although a measurement of the ζ-potential in the “as- 210 

received” bare MNPs was -20 mV, yielding a net charge per unit surface area of -0.127 |e|/(nm)2, 211 

other measurements in magnetite MNPs following a well-controlled synthetic protocol resulted in 212 

a measurement of ζ-potential of -8mV, indicating an even lower surface charge.[47]   Due to this 213 

rather low surface charge, and the fact that the point of zero charge for magnetite is reported to be 214 

within the range of physiological pH conditions[48-50] an overall neutral magnetite surface was 215 

considered as an appropriate model for the conditions studied in the present work. Partial charges 216 

of the iron and the oxygen atoms were assigned according to  reference [51], corresponding to a 217 

magnetite surface in contact with water. The DX molecules initially distributed in the simulation 218 

box formed an interfacial layer of physically absorbed chains on both surfaces after a few tens of 219 

ns of Molecular Dynamics (MD) steps. This setup was used for the construction of an aqueous 220 

solution of double-stranded DNA molecules, which were uniformly distributed in the simulation 221 

box. An appropriate amount of Na+ and Cl– ions was added to maintain the overall electrical 222 

neutrality of the systems, and to create solutions of different ionic strengths. This final 223 

configuration served as a starting point for the simulation runs. 224 

Although the simulation model invokes a planar magnetic surface, while the experimental systems 225 

contain spherical magnetic nanoparticles, the comparison is reasonable at the length scales of the 226 

investigated properties. The size ratio of the radius of the nanoparticle over the linear size of the 227 

DNA chains (i.e., the end-to-end distance, Ree (Table 1)) is very large, indicating that for the 228 

dimensions of the DNA chain the shape of the surface can be considered as flat without loss of 229 

generality.  230 

3.2 Methods. All-atom Molecular Dynamics simulations were performed using the GROMACS 231 

package.[52] Both the DNA and polysaccharide molecules were modeled through the 232 
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CHARMM36 all atom force field.[53-55] Water molecules were described explicitly with the 233 

TIP3P  model.[56] The particle-mesh Ewald (PME) algorithm with cutoff distance of 1 nm was 234 

used for the evaluation of the electrostatic interactions, whereas non-bonded interactions were 235 

parameterized through a spherically truncated 6-12 Lennard-Jones potential, with cutoff distance 236 

of 1 nm and standard Lorentz-Berthelot mixing rules. The time step for the integration of the 237 

equations of motion was 0.5 fs. Since the total volume of the simulation box was bounded by the 238 

spatially fixed magnetic surfaces, the simulations were performed using the isochoric-isothermal 239 

(NVT) ensemble. The temperature was kept constant at 300 K using the velocity rescaling 240 

thermostat.[57] Periodic boundary conditions were applied in all three directions. Simulation runs 241 

of 130 ns were performed, whereas the last 50 ns of the trajectory, where the systems had reached 242 

a steady conformational state, were used for the statistical analysis at equilibrium conditions.   243 

 244 

4. Results 245 

4.1 DX-Coated Nanoparticles 246 

4.1.1 Simulations. Since the coating enhances the functionality and protects the NPs from 247 

agglomeration, its stability on the nanoparticle surface is highly desirable. In many biological 248 

processes the ionic strength plays an important role on the surface interactions and varies between  249 

I = [0.13 – 0.16] M in living organisms.[58] The stability of the physically adsorbed polysaccharide 250 

layer onto the magnetic surface was examined under two different ionic strength conditions. At a 251 

low value of I = 0.06 M, which represents the case of ultrapure water, and at values of I=0.13 M 252 

and 0.15 M, which are commensurate to the physiological ionic strength levels in the human body.  253 

Figure 1b portrays a snapshot of the system comprising the magnetic surfaces with the adsorbed 254 

DX layer in an aqueous environment. For both values of ionic strength examined, no sign of DX 255 

desorption from the magnetite surface was observed in the examined simulation window. The 256 

density profiles at three different time spans (i.e., 4, 8, 12 ns), after the commencement of the 257 

simulations, together with the average profile corresponding to the entire simulation window, are 258 

shown in Figure 1a for I = 0.15 M. Evidently, the profiles overlap, signifying that as soon as the 259 

interfacial layer was formed, it remained stable throughout the simulation. For the amount of DX 260 

considered, the polysaccharide layer reached a thickness of approximately 2 nm, as indicated in 261 

Figure 1a (the black vertical lines mark the boundaries of the magnetic surface with a thickness of 262 
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about 1 nm). Practically identical density profiles were observed for both systems at the different 263 

ionic strengths examined.  264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

Figure 1. a) Average density profiles of DX at I = 0.15 M, corresponding to three different time 278 

periods of the simulation. The vertical lines indicate the boundaries of the magnetite surface; b) 279 

Characteristic snapshot of a model system of DX-coated magnetic surfaces after the formation of 280 

the DX layer; the yellow and green dots represent the Na+ and Cl– ions, respectively. DX is shown 281 

in purple. Water molecules are omitted for clarity. 282 

 283 

Τhe similarity between the density profiles at different time periods from the commencement of 284 

the run (starting from the non-adsorbed state)  shows that the kinetics of the DX adsorption on the 285 

magnetic surface is a fast process  with a timescale of the order of few ns. Since the DX molecules 286 

are physically adsorbed, instead of being chemically attached on the surface, the interfacial layer 287 

is not immobile. Lateral motion along the surface was detected, while the motion normal to the 288 

surface was very limited. The mean square displacement (MSD) in the directions parallel and 289 

perpendicular to the surface, quantifies the dynamics of the polysaccharide molecules. MSDs for 290 

the center of mass of the polymeric chains are presented in Figures 2a and 2b for the motion 291 

perpendicular and parallel to the surface, respectively, at both ionic strength values. MSDs in the 292 

0 2 4 6 8 10 12 14 16 18 20
0

500

1000

1500

 SURF

 Dextran (4ns)

 Dextran (8ns)

 Dextran (12ns)

 Dextran (total)  

 


(k

g
/m

3
)

r(nm)

0.15M(a) (b) 



 11 

xy-plane are more than one order of magnitude higher than the ones along the z-axis (i.e., 293 

perpendicular to the surface). Although the DX molecules move faster laterally along the plane, 294 

their motion is in general limited, due to their adsorption onto the inorganic surface. A small 295 

difference in MSD was observed between the lower and the higher values of the ionic strength, 296 

rendering the diffusive motion of DX faster in the former case, in both directions. This indicates 297 

that at higher ionic strength conditions (i.e., within the range of I values corresponding to the 298 

physiological conditions) the DX layer is adsorbed more firmly on the magnetic surface. 299 
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Figure 2. Mean squared displacement as a function of simulation time for the center of mass of 302 

the DX chains in a direction (a) perpendicular and (b) parallel to the magnetic surface at two 303 

different ionic strength values. 304 

 305 

The structural stability of the adsorbed DX layer is a result of the energetic interactions between 306 

the magnetic surface and the polysaccharide molecules. The origin of the energetic affinity 307 

between the coating and the surface was determined by separately examining the two main 308 

contributions, that is the electrostatic and the Van der Waals interactions. Figure SI-2, in the 309 

Supporting Material, shows that both interactions favor attraction, with the Coulombic forces 310 

contributing the most. A small difference in the attractive energy between I = 0.06 M and I = 0.15 311 
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M, in favor of the latter, is consistent with the slower motion of the DX molecules at the higher I 312 

value, as noted in Figure 2. 313 

 314 

4.1.2 Experiments. The surface of the MNPs was functionalized with the hydrophilic 315 

polysaccharide via an ex-situ preparation method, during which the MNPs were mixed with the 316 

DX solution at a 1:5 MNPs:DX mass ratio. TEM images of the uncoated and the DX-coated MNPs 317 

revealed that the presence of the DX layer on the MNPs surface, decreased the tendency of the 318 

MNPs to form large agglomerates compared to the bare MNPs (Figure SI-3). The average diameter 319 

of the MNPs was found 35 ± 17 nm (Figure SI-3c). Figure 3a, shows the ATR-FTIR spectra of the 320 

uncoated MNPs, DX and the DX-coated MNPs. The appearance of the stretching vibration mode 321 

of Fe-O at 544 cm–1, along with the vibration bands at 1012 cm–1 and 1355 cm–1 corresponding to 322 

the C-O bonds of the polymer, and the peaks at 1642, 2900 and 3300 cm–1 attributed to the -CH 323 

and -OH vibrations of DX, confirmed the successful coating of the MNPs with the polymer chains. 324 

The amount of DX deposited onto the surface of the MNPs was found to be approximately 9 wt% 325 

by TGA (Figure 3b, green line). The thickness of the DX layer deposited onto the MNPs surface 326 

was calculated from TGA using eq. 1 and was found to be ~5.8 nm, which is of the same order of 327 

magnitude as the model system.  328 

To examine the effect of the ionic strength on the stability of the polymer layer on the MNP 329 

surface, the DX-coated MNPs were incubated in aqueous NaCl solutions at various salt 330 

concentrations ranging from 0.01 M to 1 M for 24 h. The nanoparticle suspension was thoroughly 331 

purified through several centrifugation/redispersion cycles to remove NaCl and the potentially 332 

detached polymer chains. As shown in Figure 3b, all samples exhibited similar weight loss around 333 

9 wt% and, importantly, insignificant (~1 wt%) detachment of the DX chains from the MNPs was 334 

observed, denoting the stability of the coating on the MNP surface at the different ionic strength 335 

conditions. These experimental results are in good agreement with the findings of the simulation 336 

study described above, concerning both the stability of the coating layer and the negligible effect 337 

of the ionic strength of the solution at the examined levels, regarding the presence of the DX-layer 338 

onto the magnetic surface. 339 
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 340 

Figure 3: (a) ATR-FIR spectra of the MNPs, DX and the DX-coated MNPs, (b) TGA curves for 341 

the MNPs, DX and the DX-coated MNPs before and after incubation in aqueous NaCl solutions 342 

of 0.01 M, 0.1 M and 1 M for 24 h. 343 

4.2  DNA – Magnetic Nanoparticle Systems 344 

4.2.1 Simulations 345 

4.2.1.1 Effect of Ionic Strength 346 

After confirming the stability of the interfacial DX layer, DNA molecules were introduced in the 347 

aqueous solution, by uniformly distributing them in the simulation box between the two magnetic 348 

surfaces. The two catoptric surfaces were placed far from each other to avoid any confinement 349 

effects for the DNA molecules (the separation between the two magnetic surfaces, Lz = 20 nm, 350 

was significantly larger than the DNA end-to-end distance). Soon after their introduction, a 351 

tendency of the DNA molecules to approach the surface was observed. This trend resulted in the 352 

physical adsorption of DNA on the surfaces after approximately 80 ns, as discussed in more detail 353 

below. Density profiles for all the components of the system at I = 0.13 M, calculated from the 354 

part of the trajectory in which kinetic effects have subsided, are presented in Figure 4a.   355 
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 356 
Figure 4. (a) Density profiles of all the components of the system along the z-direction of the 357 

simulation box (i.e., perpendicular to the surface) at I = 0.13 M. (b) Density profiles of DNA along 358 

the z-direction for two systems at I = 0.06 M and I = 0.13 M. Vertical lines denote the boundaries 359 

of the magnetic surfaces. 360 

 361 

Two practically symmetric layers of DNA molecules were formed, partially overlapping with the 362 

DX coating profiles. The DNA density profiles assumed a much lower density, due to the very low 363 

concentration of DNA in the simulated system, in line with the corresponding experiments, 364 

discussed below. A minor degree of penetration into the DX coating was observed for DNA, 365 

indicating that part of the DNA came closer to the magnetic surface, but did not adsorb onto it. 366 

The bulk region in the middle of the simulation box was almost entirely occupied by water, 367 

although a small amount of water was also detected in the DX layer. Comparison of the DNA 368 

density profiles in the two systems at different ionic strengths (0.06 M and 0.13 M), showed a 369 

somewhat higher DNA density at the interface for I = 0.13 M, as indicated by the corresponding 370 

higher peak intensities in Figure 4b. The density profiles were not fully symmetric with respect to 371 

the specular magnetic surfaces due to the low concentration of DNA. Slightly more unbound DNA 372 

was found in the middle of the simulation box at the lower I value. 373 
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 375 

 376 

Figure 5. Snapshot of a model system with the 12-nucleotide DNA molecules inserted into the 377 

aqueous environment between the two DX-coated magnetic surfaces at Ι = 0.13 Μ, at a time when 378 

physical adsorption of DNA onto the DX layers has been achieved. DX is portrayed in purple, DNA 379 

is shown as colored (blue, red, white) strands, while the yellow and green dots represent the Na+ and 380 

Cl– ions, respectively. Water atoms are omitted for clarity. 381 

 382 

A typical snapshot of the system at I = 0.13 M at a timescale where the DNA adsorption onto the 383 

DX layer has been already realized, is shown in Figure 5, in which the majority of the DNA strands 384 

are observed to lay on the DX coating, while a small amount of DNA remains unbound.  Beyond 80 385 

ns, when physical adsorption has progressed, spontaneous DNA detachment and re-attachment 386 

events are rarely observed during the simulation, resulting in the average DNA density profile shown 387 

in Figure 4. Furthermore, the average dimensions of the DNA strands do not seem to be affected by 388 

their interaction with the DX layer. This behavior is demonstrated in Figure SI-4 where the end-to-389 

end distance and the radius of gyration of the DNA molecules are shown as a function of time during 390 

the entire simulation.  391 
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 392 

Figure 6. Average values of energetic components over the equilibrated part of the trajectory for the 393 

systems comprising the DNA strands and DX-coated nanoparticles at I = 0.06 M and I = 0.13 M. (a) 394 

Coulomb interaction energies between DX and the magnetic surface and between DX and DNA, (b) 395 

Van der Waals energies between DX and the magnetic surface and between DX and DNA.  396 

 397 

Differences in the DNA binding strength for the systems at different ionic strengths can be mapped 398 

by examining the interactions involved in the adsorption process. Average values of the relevant 399 

energetic components have been calculated over the last 50 ns of the trajectory, where the adsorption 400 

process has been completed.  Figure 6a displays the energetic contribution arising from the 401 

electrostatic interactions between the magnetic surface and the DX chains and between the DX layer 402 

and the DNA strands at both ionic strengths. The DNA-DX electrostatic interactions became 403 

moderately more attractive at the higher ionic strength, whereas no such effect was detected for the 404 

interactions of the magnetic surface-DX pair. Because of the intervention of the DX layer and the 405 

electrostatic screening provided by the counterions, the forces between the DNA strands and the 406 

magnetic surface are very weak, as will be discussed in Section 4.2.1.2 below. Comparing the 407 

energetic contribution arising from the van der Waals interactions between the magnetic surface and 408 

the DX chains and between the DX layer and the DNA strands (Figure 6b), an enhanced attraction 409 

between the DX and DNA chains on average, was observed at the higher ionic strength (I = 0.13 M), 410 

while the magnetic surface-DX interactions were similar and strongly attractive at both I-values. The 411 

latter indicates that the principal driving force for the formation of a stable DX layer near the surface 412 
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is the electrostatic interactions between the partial charges of the magnetite surface and those of the 413 

DX molecule. Apart from the strength of the Coulombic and the Van der Waals interactions between 414 

the different components at the final state, information for the kinetics of the binding process is 415 

provided in Figure SI-5, where the various energetic contributions are presented as a function of 416 

time during the simulation. 417 

The time dependence of the energetic components seems to change slope at a timescale close to 80 418 

ns, when the relevant energies approach values very close to their equilibrium levels. Statistical 419 

analysis of the equilibrium properties that will be discussed onwards, is based on the part of the 420 

trajectory beyond this timescale. Furthermore, as it was expected, the total potential energy of the 421 

system decreased in its equilibrium state compared to the starting point of the simulation runs (initial 422 

configuration).  In Figure SI-6 in the Supporting Material, the potential energy of the system in the 423 

initial configuration is juxtaposed with the potential energy in the final configuration for both I-424 

values. Τhe difference between the initial and the final states is more pronounced for the higher ionic 425 

strength system, which is consistent with a stronger driving force towards equilibrium. The system 426 

rests at a state with stronger attractive interactions when the I-value is higher, indicating a higher 427 

energetic stability, in line with the trend exhibited by the partial energetic components in Figure 6. 428 

 429 

 430 

Figure 7. Average number of hydrogen bonds as a function of time from the commencement of 431 

the simulation at I = 0.06 M and I = 0.13 M formed between (a) DX-DNA (black 0.13 M; blue 432 

0.06 M), DX-DX (green 0.13 M; magenta 0.06 M) and DX-magnetic surface (red 0.13 M; purple 433 
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0.06M); solid lines correspond to I = 0.13 M and dash-dot lines to I = 0.06M; (b) DX-water (red 434 

0.13 M; blue 0.06 M) and DNA-water (black 0.13 M; green 0.06 M). All curves except for the 435 

DNA-water pair, are normalized with the number of DX chains (denoted by the “DX” notation). 436 

The latter pair is normalized with the number of DNA molecules.   437 

An additional mechanism relevant to the association between the components of the system, is 438 

hydrogen bonding (HB). While the HB interaction is also of electrostatic nature, it deserves special 439 

attention because it also encompasses the specific relative arrangement of the hydrogen donor and 440 

acceptor pairs necessary for its formation, which can contribute to the structural stability of the 441 

formed complexes. Hydrogen bonds can be formed between all pairs of molecules present in the 442 

systems, since they bear hydrogen-bonding donors and acceptors.[59-60] It has previously been 443 

demonstrated that polysaccharides such as DX can form hydrogen bonds with the oxygen atoms 444 

of the magnetite surface.[61] In our case the surface density of the oxygen atoms are 11 sites/nm2. 445 

Here the definition of a hydrogen bond is based on geometric criteria involving the distance (r) 446 

between a donor (D) and an acceptor (A) (r ≤ 0.35 nm) and the angle formed by the hydrogen (H), 447 

the donor and the acceptor (αHDA ≤ 30º). The evolution of the number of hydrogen bonds with time 448 

is presented in Figure 7 for both the I-values examined. In Figure 7a solid lines correspond to I = 449 

0.13 M, while dash-dot lines to I = 0.06 M.  The values presented are normalized to the number of 450 

DX molecules. Evidently, the DX molecules form a larger number of hydrogen bonds per chain 451 

with the other polysaccharide molecules, compared to the hydrogen bonds formed between the 452 

DX and DNA chains or the DX and the magnetic surface, at both I-values. This DX-DX interaction 453 

leads to a stronger self-association between the DX molecules and thus to the formation of a firmer 454 

coating layer, while the formation of hydrogen bonds between the magnetic surface and the DX 455 

molecules even at these rather lower levels enhances the DX-surface cohesion. The relatively low 456 

number of hydrogen bonds between DX and DNA per DX molecule, indicates that hydrogen 457 

bonding is not the main driving force for the DNA/DX association, but rather serves as an auxiliary 458 

factor. The slightly higher number of hydrogen bonds formed between DNA and DX at higher 459 

ionic strength (I = 0.13 M), favors the formation of more stable DNA/DX complexes at these 460 

conditions. 461 

The number of hydrogen bonds formed between the different components and the water molecules 462 

is presented in Figure 7b. Hydrogen bonding between the DX chains and water was hardly affected 463 

by the ionic strength at the range examined in this work. On the other hand, DNA strands formed 464 
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a somewhat higher number of hydrogen bonds with water at I = 0.06 M compared to that at I = 465 

0.13 M. This is consistent with the increased hydrogen bonding level between DNA and DX at I 466 

= 0.13 M, implying that at this ionic strength fewer DNA hydrogen-bonding sites remain available 467 

for the water molecules to associate with. In this context, the energy differences between the DNA 468 

and DX interactions corresponding to the two ionic strengths as depicted in Figure 6, can be 469 

rationalized; they may originate from the higher availability of DNA hydrogen-capable-sites due 470 

to the formation of a lower number of hydrogen bonds with water at higher ionic strengths. The 471 

higher availability of DNA sites for hydrogen bonding with DX, allows for the enhancement of 472 

their interaction upon increase of the ionic strength.  473 

The abovementioned interactions are expected to affect the motion of the adsorbed molecules on 474 

the magnetic surface as well. As discussed above, a rather limited motion of the interfacial DX 475 

layer in the DNA-free systems was observed, mainly in the direction parallel to the surface. Herein 476 

we explore the motion of the DNA strands on top of the DX layer. The mean squared displacement 477 

of the center of mass of the DNA molecules in the direction parallel to the surface and 478 

perpendicular to it, is presented in Figure 8a together with the total (3D) MSD at I = 0.13 M. Figure 479 

8b provides for comparison the same information for the DX molecules at I = 0.13 M in the 480 

presence of DNA. The MSDs were calculated over the late part of the trajectory (i.e., the last 50 481 

ns), when binding kinetics were practically completed.  Notably, the motion of DNA was found 482 

much faster compared to that of DX (i.e., more than 2 orders of magnitude faster) both in the 483 

parallel and the perpendicular direction with respect to the surface. This is consistent with the 484 

much lower energetic affinity between DX and DNA compared to that between DX and the 485 

magnetic surface, as noted earlier (see Figure 6).  The xy-component of the DNA MSD (parallel 486 

to the surface) is about 5 times faster than its z counterpart (perpendicular to the surface). It should 487 

be noted that the z-component encompasses also the displacement due to rare spontaneous events, 488 

during which the DNA molecules detach from the surface. 489 

 490 

 491 
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Figure 8. Mean squared displacement as a function of time, over the part of the trajectory where 493 

no binding kinetics are involved, for the center of mass of (a) the DNA strands and (b) the DX 494 

chains at I = 0.13 M. 495 

 496 

4.2.1.2 Effect of the Coating 497 

In order to highlight the effect of the coating and its impact on the DNA binding process, a system 498 

comprising uncoated magnetic surfaces and DNA at I = 0.13 M was examined as a control case. 499 

The properties of this system were compared to those found for the DX-coated magnetic surfaces 500 

with DNA. The snapshot in Figure 9, after a 130 ns simulation run, indicates a rather poor 501 

adsorption of the DNA strands on the uncoated magnetic surfaces. This picture is consistent with 502 

a rather frequent detachment events of the DNA molecules from the magnetic surface, leading to 503 

an overall less stable binding of DNA.    504 

 505 
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 506 

 507 

Figure 9.  A typical long-time snapshot of a model system comprising DNA strands immersed in an 508 

aqueous environment between two uncoated magnetic surfaces at I = 0.13 M. The DNA strands are 509 

represented as colored (blue, red, white) molecules, whereas the yellow and green dots correspond 510 

to the Na+ and Cl– ions, respectively. Water molecules are omitted for clarity. 511 

 512 

From the energetic point of view, the above findings are supported by the overall much weaker 513 

interactions involved in the association of DNA with the surface, as illustrated in Figure 10. The 514 

different energetic contributions associated with the interactions between the DNA strands and the 515 

magnetic surfaces are juxtaposed in Figures 10a and 10b for the systems with the uncoated and DX-516 

coated surfaces, respectively. In both cases, a small attraction originating from the dispersion Van 517 

der Waals forces between the DNA strands and the magnetic surfaces is observed, while a weak 518 

Coulombic repulsion is also evident with the uncoated surface.  In addition, practically no hydrogen 519 

bonding interactions were detected between the DNA strands and the magnetic surfaces. The 520 

presence of a few DNA strands near the magnetic surface (Figure 9), may originate from the presence 521 

of a layer of sodium counterions located near the magnetic surface, which exerts Coulombic 522 

attractions to the DNA molecules.  523 
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The density profiles of the ions in the systems comprising the DNA strands in the presence of the 524 

coated and uncoated magnetic surfaces at I = 0.13 M are presented in Figure SI-7. Although in both 525 

cases an excess of Na+ ions was found near the surface,[37, 59] their localization was significantly 526 

stronger near the uncoated magnetic surface causing the partial condensation of DNA. A small 527 

fraction of Cl- ions was also found close to the uncoated magnetic surfaces, whereas most of the Cl- 528 

ions were uniformly distributed within the aqueous phase when the surfaces were coated with DX.   529 

 530 

 531 

Figure 10.  Energy components as a function of time for (a) the system comprising DNA and DX-532 

coated magnetic surfaces and (b) the corresponding system with DNA and the uncoated magnetic 533 

surfaces (control), at I = 0.13 M. 534 

 535 

Figures 11a and 11b present the MSD of the DNA strands’ center of mass in the directions parallel 536 

and perpendicular to the surface, respectively, at I = 0.13 M. Comparison of the MSDs of the DNA 537 

molecules in the two systems, with the DX-coated and the uncoated surfaces, showed that DNA 538 

displacement was realized faster in the latter system, in both, the xy- and z- directions. Faster motion 539 

near the surface implies a weaker localization and thus, a rather unstable association of DNA with 540 

the surface, in line with the discussion above regarding the energetics of this system. Since the main 541 

driving force attracting the DNA strands near the uncoated magnetic surfaces appears to be the 542 

formation of a Na+ ion layer, this is expected to be rather sensitive to variations in the ionic strength 543 
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of the system and therefore, would lead to unstable DNA/MNPs complexes upon local variations of 544 

the ion concentration during the delivery process within the human body. 545 
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Figure 11. Mean squared displacement as a function of time, over the part of the trajectory in 548 

which the adsorption kinetics were completed, for the center of mass of the DNA strands in the 549 

systems comprising DX-coated (red solid line) and uncoated (black dashed line) magnetic surfaces 550 

at I = 0.13 M, for the (a) xy-component and (b) z-component. 551 

 552 

4.2.2 Experiments 553 

To check the predictions made by the simulated models and to further elaborate on the results 554 

obtained from the computational study, we have also carried out a series of experiments, to 555 

examine the effect of ionic strength on the interactions/binding of the DNA strands onto DX-556 

coated MNPs and the stability of the polymer layer in the presence of DNA. For this purpose, 557 

DNA from Calf Thymus, as a model gene sequence, was used. DX-coated MNPs and DX-coated 558 

MNPs complexed with DNA were dispersed in a 0.1 M NaCl aqueous solution at pH 7.4 for 24 h. 559 

The calculation of the weight loss from TGA analysis is presented in Table SI-1, where the DX 560 

content of each sample is presented. The respective DX weight loss is summarized in Table 2. 561 
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Fluorescence probe is not included in this solution. As already mentioned above to secure the 562 

validity of the TGA measurements, all samples were measured after thorough purification and 563 

removal of the salt. It is expected that the polymer chains which have been detached during the 564 

treatment under the different ionic strength conditions will be removed after the purification 565 

process. Consequently, the TGA analysis was used to calculate the amount of the remaining, 566 

attached dextran chains, meaning those that have not been affected by the solution conditions or 567 

the presence of the DNA.  As seen in Figure 12 and Table 2, the DX-coated MNPs exhibited almost 568 

the same decrease in the weight loss in the presence and absence of salt and the remaining ~9 wt% 569 

of the DX content thus constitutes the coating layer. This observation indicates that almost the 570 

entire polymer layer remains attached to the magnetic surface during the treatment, indicating the 571 

stability of the polymer layer at the examined ionic strength conditions. This experimental result 572 

is aligned with the findings of the simulation study. 573 

In addition, TGA measurements show that the presence of DNA affects to a small degree the 574 

thermal stability of the polysaccharide layer. Namely, the DX-coated MNPs complexed with DNA 575 

in the presence of salt (I = 0.1 M) exhibited a weight loss similar to the one observed in DX-coated 576 

MNPs, without DNA, resulting in the same (i.e., ~9 wt%) of DX content. On the contrary, in the 577 

absence of salt, the weight loss was smaller by about 33% with respect to that observed in the 578 

sample containing salt. This indicates that in the absence of salt the mass of the adsorbed layer was 579 

diminished by this amount, prompting thus a weaker interaction between the surface and the 580 

DX/DNA complex. 581 

These results are signifying that the presence of the Na+ and Cl⁻ ions induce a small enhancement 582 

of the favorable interactions between the adsorbed polymer layer, the DNA molecules and the 583 

magnetic surface, conferring stability to the overall DNA-DX-MNPs system. This observation is 584 

in qualitative agreement with simulation findings that showed a stable polysaccharide layer on the 585 

magnetic surface at I values in the range 0.06M – 0.15M and a small enhancement of the DX 586 

bonding on the magnetic surfaces upon increasing the ionic strength. 587 

 588 
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 589 

Figure 12. TGA curves of the DX-coated MNPs and the DX-coated MNPs complexed with DNA 590 

after equilibration in aqueous solutions in the presence and absence of 0.1 M NaCl. The TGA curves 591 

of the uncoated MNPs and DX are shown for comparison. The notation “w/o” denotes the absence 592 

of salt. The confidence intervals for TGA measurements can be estimated to about 1% as the 593 

measurement instrumental error. 594 

Table 2. DX content of the DX-coated MNPs and DX-coated MNPs complexed with DNA in the 595 

presence and absence of NaCl.  596 

Sample  DX content (wt %) by TGA 

DX-coated MNPs 100 

DX-coated MNPs at 0.1 M NaCl 87%  

DX-coated MNPs complexed with DNA 67% (33% weight loss) 

DX-coated MNPs complexed with DNA at 0.1 M NaCl 100 

 597 

The interactions of DNA with DX and the DX-coated MNPs was confirmed by fluorescence 598 

spectroscopy. A model aggregation-induced-emission fluorescence probe, SYBR green I (SG), 599 

was utilized to detect the binding of DNA with DX and the DX-coated MNPs. SG emits a very 600 
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weak fluorescence signal when found in free form in solution, while its emission is significantly 601 

enhanced upon interaction with free double stranded DNA chains (dsDNA), due to its restricted 602 

intramolecular motions. The interaction of SG with the complexed DNA strands is hindered 603 

allowing the detection only of the free dsDNA (non-complexed). Following the fluorescence signal 604 

of SG, it was found that 60% of the DNA strands were complexed with the DX-coated MNPs 605 

(Figure 13, blue bar) in the absence of salt. The complexation capacity of the DX-coated MNPs 606 

was significantly enhanced, leading to a negligible number of free DNA strands, in the addition of 607 

0.05 M NaCl. This, according to the simulation results, can be attributed first to the presence of 608 

the Na+ ions close to the magnetic surface within the DX coating layer (Figure 4a and SI-7), which 609 

increases the attractive forces between the DX-coated MNPs and the negatively charged DNA 610 

chains. Second, in the formation of hydrogen bonds between DNA strands and DX chains on the 611 

surface of MNPs, which is enhanced upon increase of the ionic strength, as noted in the simulation 612 

results (Figure 7a). A further increase in the salt concentration to 0.1 and 0.15 M imparted a small 613 

but measurable decrease in the fluorescence intensity indicating a small enhancement in the 614 

complexation capacity of DNA with the DX-coated MNPs. The results are in line with the 615 

simulation findings, where a considerable amount of DNA is detected close to the DX-coated 616 

MNPs at both I-values (Figure 4). It is also observed that DNA could not effectively complex with 617 

free dextran in the absence of salt (Figure 13, red bar), while DX can complex 60% of the DNA 618 

when increasing the salt concentration in the solution to 0.15 M, as illustrated in Figure 13 (dark 619 

cyan bar). This is probably related to the ion condensation on the DNA chains which can modify 620 

the electrostatic interactions with DX (see Figure SI-7). Although the DNA-DX system in the 621 

absence of the magnetic surfaces was not simulated, and therefore, a direct comparison between 622 

the experimental and simulation results is not possible in this case, the observed behavior is 623 

consistent with that found for the simulated DNA-DX-MNPs model discussed above. Therefore, 624 

the experimental results in qualitative agreement with the simulation study indicate that the DX-625 

coated MNPs at biologically relevant ionic strength levels contribute synergistically to the 626 

effective complexation of the gene strands with the MNPs, rendering this system a good candidate 627 

for clinical gene delivery trials.   628 

 629 
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 630 

Figure 13. Normalized fluorescence intensity of SG in aqueous solutions of DNA, DNA with DX, 631 

and DX-coated MNPs complexed with DNA at various salt concentrations.    632 

5. Discussion 633 

The combination of all-atom Molecular Dynamics simulations with experimental data highlighted 634 

the significant role of the polymer coating on the surface of the MNPs in their DNA binding 635 

capacity.  636 

The simulation studies revealed the formation of an interfacial layer of physically adsorbed DX 637 

molecules on the magnetic surfaces, which is stable and negligibly affected by the ionic strength 638 

at the examined levels. It was found that the dominant driving force for the physical adsorption of 639 

DX layer onto the magnetic surface is the Coulombic interactions between the surface and the 640 

polysaccharide molecules. The charge imbalance necessary for the Coulombic attraction between 641 

these two components (which were overall electrically neutral) was provided by the different 642 

degree of screening of their partial charges due to the uneven distribution of the salt ions. The Na+ 643 

ions were preferentially located close to the magnetite surface, while the Cl- ions were distributed 644 

almost evenly within the aqueous phase (see Figure SI-7). The uneven distribution of the salt ions 645 

in the aqueous phase and in the presence of the magnetite surface was found to be characteristic 646 

of the system since this was observed also in the absence of the DX-layer. The structural integrity 647 

of the DX layer was found to be augmented by the formation of hydrogen bonds between the DX 648 
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molecules. The degree of DX-DX hydrogen bonding was found to be insensitive to the ionic 649 

strength at the examined levels.   650 

The importance of the coating layer in the effective binding of DNA on the nanocarriers, was 651 

highlighted through the simulation study of a control system, comprising bare magnetic surfaces, 652 

at the same ionic strength conditions (I = 0.13 M). Weak Van der Waals interactions were the only 653 

attractive forces between DNA and the magnetic surfaces, whereas part of the sodium ions formed 654 

a thin layer near the magnetic surfaces, which exerted rather weak electrostatic attraction to the 655 

DNA molecules. On the contrary, in the presence of the DX layer, successful complexation 656 

between DNA and the MNPs was observed. This was accomplished through the interactions of 657 

DNA with DX. The main driving force for the DNA-DX complexation was also found to be 658 

Coulombic interactions. However, the DNA-DX interaction energy was weaker compared to that 659 

of the surface-DX interaction.  660 

Upon adsorption of DNA on the DX layer, no measurable changes in its conformational properties 661 

could be observed, most probably due to its weaker adsorption but also due to the rather short 662 

nucleotide sequence studied.  The DNA-DX energetic stability was enhanced by an increase in the 663 

ionic strength. This was found to be associated with the formation of a higher degree of hydrogen 664 

bonding between the two types of molecules, which can be correlated to an analogous decrease of 665 

hydrogen bonding between DNA and water, with the increase of the ionic strength. The 666 

homogeneous dispersion of the Cl- counterions within the aqueous phase contributes to the 667 

disruption of the hydrogen bonding between water and DNA and thus to an enhanced availability 668 

of hydrogen-bonding-capable sites, allowing DNA to form more hydrogen bonds with DX. At the 669 

same time, due to the accumulation of the Na+ counterions close to the magnetic surface where the 670 

DX molecules were also located, a more effective screening of their overall negative charge was 671 

realized, allowing DNA to come closer to the surface. 672 

Experimentally, the formation of a stable DX coating of the MNPs was verified at all the examined 673 

ionic strength levels. The weaker association between DNA and DX (compared to that between 674 

the MNPs and DX) was also attested by the experimental results, since part of DNA was found to 675 

be present in its free form, as was predicted by the simulations. Both, in the absence and in the 676 

presence of the MNPS, the DNA-DX complexation was found to be enhanced by the presence of 677 

salt, which is consistent with the mechanism described by the simulations, regarding the increase 678 

of hydrogen bonding between the two moieties upon increasing the ionic strength. In the presence 679 
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of the MNPs, the physical adsorption of the DX layer onto the magnetic surface provided a more 680 

stable substrate upon which DNA could be adsorbed, decreasing thus further the detection of DNA 681 

in its uncomlpexed form. 682 

 683 

6. Conclusions 684 

The present work examined the interfacial interactions of DX-coated MNPs with DNA at 685 

physiologically relevant conditions, aiming to elucidate their potential use as effective nanocarriers 686 

for gene delivery purposes.  687 

The combination of all-atom Molecular Dynamics simulations with experimental data, highlighted 688 

the significant role of the polymer coating on the surface of the MNPs in their DNA binding 689 

capacity, through a detailed analysis of the energetics and the number of hydrogen bonds formed 690 

between the polymer coating and the DNA strands.  691 

The presence of very weak DNA/magnetic surface interactions in the uncoated MNPs, resulted in 692 

a transient/unstable binding of DNA. In contrast, DNA binding was much stronger on the DX-693 

coated MNPs. The effects of ionic strength were found to be associated with a more effective DX-694 

DNA binding through the increase of the degree of hydrogen bonding between the two moieties. 695 

The ability of DX to interact favorably both with the magnetite surface and with DNA allowed 696 

this polysaccharide to act as a mediator for the effective DNA complexation onto the coated NP 697 

surface.  698 

The above results show that an effective DNA complexation using MNPs can be realized, by 699 

tuning the attraction mechanisms and the binding stability through appropriate particle coating and 700 

ionic strength regulation. Based on these findings, further enhancement of  the energetic stability 701 

of the magnetite-DX-DNA complexes can be sought by appropriate modification of the iron oxide 702 

surface, e.g., through the partial hydrogenation of the superficial magnetite oxygens in order to 703 

increase the hydrogen bonding interactions between DX and the MNP surface.[62] In addition, an  704 

enhancement of the degree of  hydrogen bonding between DX  and DNA (e.g., by introducing 705 

additional hydrogen-bonding-capable-sites in the DX structure) would also be another route 706 

towards a more stable DNA complexation.  707 

To summarize, this work provided insights into the mechanism of interaction of biomolecules, 708 

such as DNA, with a well-known and clinically approved magnetic carrier, i.e., dextran-coated 709 
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Fe3O4
 nanoparticles. The detailed information obtained through the present combined 710 

computational and experimental study may serve as a basis for the development of new improved 711 

hybrid gene delivery systems. 712 

 713 
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