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Developing nontoxic artificial carriers for stimuli-responsive capture, transport 

and delivery of biomolecules is of immense scientific interest. Herein, for the 

first time, we synthesize a double-tailed cationic surfactant, 

(C16H33)2(CH3)2N+[FeCl3Br]-, which possesses magnetic properties (Mag-Surf). 

The time-dependent formation of virus-shaped hybrid mixed assemblies of 

polyoxometalates (POM) {Mo72Fe30}/Mag-Surf with hollow shell structures is 

followed. These structures serve well as robust high-surface-area shuttles 

which can be manipulated with applied magnetic fields. By using cationic 

Mag-Surfs the anionic POMs and DNA can be complexed in these ternary 

mixtures. These virus-shaped complexes act as nano-anchors and 

nano-motors which can be utilized for binding, anchoring and delivery of 

biomolecules, such as DNA. It is found they have a good absorption capacity 

for DNA and Myoglobin over 24 hours, after application of a magnetic field. The 

realization of magnetic virus-shaped {Mo72Fe30}/Mag-Surf spheres may open 

possibilities for designing other functional nanoparticles allowing effective 

control over the delivery/separation of biomolecules.  

Keywords: magnetic surfactant, polyoxometalates, virus-shaped sphere, dynamic 

interface, biomolecule delivery 

 

 

 

 

 

 



Introduction 

Creating anchored carriers with exceptional binding affinity for easy transport of 

biomolecules is critical in biotechnology. Nano-spheres fabricated of 

transition-metal phosphate,1 silica,2 porphyrin,3 polypeptide,4 gold5 and silver6 have 

been used in many applications, especially in well-defined nano-structures such as 

nanocubes, colloidal eggs7 and Janus particles.8 Key areas of interest for 

researchers in nano-scale bio-materials are separation of DNA and protein, 

magnetic resonance imaging, and drug delivery.9,10 In order to improve efficiency 

and flexibility of encapsulation of biomacromolecules and heavy metal ions, 

high-surface-area structures have been generated, such as macroporous polymer 

particles with interconnected chambers,11 high-surface-area nanospheres with a 

fibrous morphology,2 and dual pore mesoporous carbon@silica composite 

core-shell nanospheres.9c,10 Other concepts and strategies, like molecular motors12 

and shuttle-mediated drug delivery,13 have been recently explored. Various potential 

methods have been reported for controlled adsorption and separation of proteins 

using applied electric potential14 or magnetic fields.15 As a non-invasive approach, 

magnetic separation of proteins has achieved success using remote-controlled 

magnetic nanoparticles.15 With these applications in mind, developing novel, 

efficient magnetic nanoparticles of controlled morphology is desirable.  

Cationic magnetic surfactants (Mag-Surf)16 have certain advantages over 

nanoparticles on account of their easy fabrication (one-step synthesis), excellent 

dispersibility and stability in solution, and their ability to complex with anionic 



DNA.17 Magnetic polyoxometalates (POMs) {Mo72Fe30} (Mo72
VIFe30

IIIO252 L102·xH2O, 

x = 180, L = H2O, CH3COO-, Mo2O8.9
n-), are water-soluble inorganic paramagnetic 

molecules with diameters of ca. 2.5 nm,18 which are negatively charged in solution, 

because water ligands attached to the FeIII centers tend to partially deprotonate. 

Though possessing potential magnetism, seldom has anyone succeeded in directly 

using POMs for negatively-charged target molecules (such as DNA), because both 

POMs and DNA carry negative charges. One alternative strategy, which is employed 

here, is to introduce Mag-Surfs, bearing positively-charged head-groups into POM 

systems, to create the needed charge difference.  

Surfactants have been used for the transportation and compaction of DNA,17 and 

cationic surfactants can bind to the DNA backbone, reduce the repulsion between 

adjacent DNA phosphate groups and allow them to approach each other, i.e., 

compaction of DNA.19,20 Mag-Surfs, on account of their special magnetic 

counter-anions such as [FeCl3Br]−16 and propensity to aggregate,21 have previously 

been applied to absorb and migrate biomolecules,22 however, the relatively weak 

magnetism may limit the efficiency for transporting biomolecules. As molecular 

building blocks for functional nanoscale systems,23,24 POMs also can be developed as 

nanostructured assemblies especially if associated with amphiphilic moieties. In this 

paper, a Mag-Surf with two long alkyl chains, (C16H33)2(CH3)2N+[FeCl3Br]-, is 

synthesized and serves as the amphiphilic moiety, which is both paramagnetic and 

hydrophobic. {Mo72Fe30} is employed as the building block to form POM-based 

surfactant hybrid spheres. We hypothesized that both {Mo72Fe30} and 



(C16H33)2(CH3)2N+[FeCl3Br]- are introduced into the multi-magnetic-component 

POM/surfactant hybrid spheres, they could be used as nanosized magnetic vehicles 

to separate, transport, and anchor biomolecules. In such a 

multi-magnetic-component system, the magnetism is also strengthened via the 

combination of {Mo72Fe30} and (C16H33)2(CH3)2N+[FeCl3Br]-. 

In this work a double-tailed cationic Mag-Surf (C16H33)2(CH3)2N+[FeCl3Br]- 

(Figure S1, Supporting Information) has been synthesized to act a charge regulation 

in these ternary complexes. Virus-shaped hybrid assemblies (Scheme 1) of 

{Mo72Fe30}25/Mag-Surf with hollow shell structures were fabricated by a dynamic 

interfacial process. To the best of our knowledge, such high-specific-area 

virus-shaped spheres composed of many smaller spheres have not been reported 

before. The robustness of these virus-shaped self-assembled particles after dilution 

facilitates binding, anchoring and delivery of DNA. At high concentrations these 

virus-shaped spheres (84.8 μmol·L-1) with DNA (150 μmol·L-1), it was possible to 

achieve 95% DNA absorption capacity within 24 hrs. Even at very low 

concentration of the magnetic virus-shaped spheres (3.71 μmol·L-1), capture and 

transport of DNA at 68% was still possible (Scheme 1) by applying only a low 

strength magnetic field (0.3 T). In addition, this system allows DNA to be anchored 

reversibly on the virus-shaped spheres by regulating electrostatic interactions with 

added NaBr electrolyte. The unique features of this system include: 

1) magnetism is enhanced owing to the combination of two magnetic components: 

(C16H33)2(CH3)2N+[FeCl3Br]- inorganic macroions, {Mo72Fe30}; 



2) the specific surface area of the assemblies is increased by formation of 

virus-shaped particles composed of smaller subsidiary hollow shell spheres; 

3) owing to the presence of positively-charged Mag-Surfs, POM and DNA, which are 

both anionic, can be incorporated in one complex;  

4) the strong electrostatic interacts act as nano-anchors, and magnetic properties give 

rise to a nano-motor effect. 

It is hoped that such an innovative design will inspire further research in fabricating 

novel efficient nanoparticles for the delivery/separation of biomolecules. 

Experimental Section 

Chemicals and materials 

 {Mo72Fe30} was synthesized according to a previous publication.18 

Dihexadecyldimethylammonium bromide (97%, (C16H33)2(CH3)2N+Br-, and iron 

trichloride (99.9%, FeCl3) were purchased from J&K Chemical Co. Ltd, China. The 

double-chain Mag-Surf, (C16H33)2(CH3)2N+[FeCl3Br]-, was synthesized by mixing 

equal molar amounts of (C16H33)2(CH3)2N+Br- and FeCl3 in methanol and stirring 

overnight at room temperature, then the solvent was removed, and the product was 

dried at 80°C, yielding light brown (dark yellow) solids. DNA (Deoxyribonucleic acid 

from herring sperm, D-3159, < 50 bps) was purchased from Sigma Aldrich. Mb 

(Myoglobin from equine skeletal Muscle, M0630, 95-100%, essentially salt-free, 

lyophilized powder) was purchased from Sigma (molar weight is approximately 17 

kDa). In all experiments, the concentration of DNA was held constant at 150 µmol·L-1, 

and the concentration of Mb was controlled at 10 µmol·L-1. Each sample of the 



complex was prepared by adding appropriate amounts of biomacromolecules, 

virus-shaped spheres and thrice-distilled water to a fixed volume. 

Sample preparation 

 Initially, a series of solutions of {Mo72Fe30} in water and 

(C16H33)2(CH3)2N+[FeCl3Br]- in CHCl3-CH3OH (3:1, v:v) mixed solvent with 

gradient concentration were prepared for comparison and optimization. To list an 

example, {Mo72Fe30} was varied from 2, 4, 6, 8 to 10 mg·g-1; 

(C16H33)2(CH3)2N+[FeCl3Br]- in CHCl3-CH3OH solvent from 0.50, 0.75, 1.00, 1.25 

to 1.50 mg·g-1. Finally and typically, 8 mg·g-1 {Mo72Fe30} aqueous solution and 

1.25 mg·g-1 (C16H33)2(CH3)2N+[FeCl3Br]- in CHCl3-CH3OH organic solution were 

selected. The virus-shaped spheres were fabricated as follows: Specifically, 200 μL 

of 8 mg·g-1 {Mo72Fe30} aqueous solution was gently dropped into 800 μL of 1.25 

mg·g-1 (C16H33)2(CH3)2N+[FeCl3Br]- in CHCl3-CH3OH mixture solvent. A distinct 

interface was observed between these two liquids initially, then a process of gradual 

phase re-separation was noted (over about 10 days) until an equilibrium was 

achieved. The lower phase gradually gave an evident color transition from light 

yellow (II) to colorless (IV) with its volume fraction becoming smaller. In contrast, 

the light yellow upper phase (I) formed dark yellow (III) with its volume proportion 

larger. 

Characterization 

 The spherical aggregates were analyzed by dynamic light scattering (DLS), 

using a Brookhaven BI-200SM instrument. The measurements were performed at a 



scattering angle of 90º using a 200 mW green laser (λ = 532 nm) with variable 

intensity. The intensity-intensity time correlation functions were analyzed by the 

CONTIN method. The light scattering cells were rinsed with distilled acetone and 

ethanol, and then fully dried before use.  

The zeta potentials (ξ) of the samples were measured with a Zeta PALS potential 

analyzer instrument (Brookhaven, USA). It has parallel-plate platinum black 

electrodes with a 5 mm spacing and a 10 mm path length rectangular organic glass 

cell. All samples were measured using a sinusoidal voltage of 80 V with a frequency 

of 3 Hz. 

The Small-angle x-ray diffraction (XRD) patterns were acquired on a 

DMAX-2500PC diffractometer with Cu Kα radiation (λ = 0.15418 nm) and a graphite 

monochromator. The samples were examined within 1 - 8o in the 2θ mode at 1o min-1. 

Freeze dried samples were loaded in sealed polypropylene tubes and fixed inside a 

plastic straw for measuring in a magnetometer with a superconducting quantum 

interference device (SQUID, MPMSXL, Quantum Design, San Diego, CA) and a 

reciprocating sample option (RSO). The experiments were performed at 300 K. 

Transmission electron microscopy (TEM) images were acquired on a JEOL 

JEM-1400 transmission electron microscope (TEM) (acceleration voltage, 120 kV) 

with a Gatan multiscan charge-coupled device (CCD) for collecting and processing 

Digital Micrographs. 

Scanning electron microscopy (SEM) images were acquired using JEOL 

JSM6700F and Hitachi S-4800 field-emission scanning electron microscopes. EDS 



was performed with a Horiba EMAX-2000 EDS system attached to the SEM 

microscope. Elemental distribution mapping was carried out using a Hitachi S-4800 

microscope. 

Atomic force microscopy (AFM) images are undertaken on a Veeco Nanosope 

IIIa scanning probe microscope operating in tapping mode. 

UV-vis measurements were carried out using a U-4100 UV-vis 

spectrophotometer using a 10 mm path length quartz cell. 

FT-IR spectra were recorded on a VERTEX-70/70v FT-IR spectrometer (Bruker 

Optics, Germany). 

Circular dichroism (CD) spectra were performed on a JASCO J-810 

spectropolarimeter. Samples were contained in 10 mm path length cells, and the 

scanning speed was controlled to be 100 nm min-1 with the measuring range from 

220 to 330 nm. Three scans were averaged per spectrum to improve the 

signal-to-noise ratio. 

Contact angle (CA) measurements are measured on a contact-angle system Kruss 

DSA (Germany) at room temperature. A drop of ultrapure water (2 L) was 

dropped onto the prepared surface. The average CA value was obtained by three 

repetitive measurements. 

X-ray photoelectron spectrometry (XPS) measurements were carried out on 

ESCALAB 250 X-ray photoelectron spectrometer with a MgKα excitation source of 

106 Pa and a resolution of 1.00 eV. 

In order to determine specific surface area, N2 adsorption/desorption experiments 



were undertaken on a Quadra-Sorb S at 77.6 K. The sample was out-gassed at 30 oC 

under vacuum for 4 h before measurement. 

Agarose gel electrophoresis (AGE) was undertaken in agarose gels (2% w/vol). 

Agarose (2 g) was dissolved in 100 mL 1×tris-acetate-EDTA(TAE) buffer (pH = 8.2) 

by heating until boiling. Agarose gels (2% w/vol) were formed by cooling the boiling 

agarose solution to room temperature in a 10×20 cm gel tank. Then, 10 μL DNA 

containing complex solutions mixed with 2 μL loading buffer were loaded into the 

holes of the prepared 2% agarose gel horizontally submerged in 

1×tris-acetate-EDTA(TAE) buffer (pH = 8.2). Agarose gel electrophoresis was 

performed at 120 V for 30 min by the JY600C instrument with a standard DNA ladder 

of 100-700 bps as a reference. After electrophoresis, the gel was developed with 

ethidium bromide (0.5 μg·mL-1) and viewed on an UV-vis transilluminator. 

Results and Discussion 

Interfaces26 are interesting platforms for the formation of new self-assembled 

materials. To achieve fabrication of the nanosized vehicles mentioned above, a phase 

re-separation process at the interface of two distinct liquid phases is developed. As 

shown in Scheme 1a and Figure S2 (Supporting Information), by simply mixing these 

two solutions (the upper phase must be gently dropped onto the lower phase without 

too much mixing), an obvious interfacial mass exchange can be observed even with 

the naked eye at the interface. Then a process of gradual phase re-separation of these 

two liquids is observed over time (see Supporting Video). The lower phase gradually 

undergoes an evident color transition from light yellow (phase II) to colorless (phase 



IV) with its volume fraction becoming smaller. In contrast, the light yellow upper 

phase (phase I) turns dark yellow (phase III) and its volume fraction becomes 

larger. That is, both methanol and (C16H33)2(CH3)2N+[FeCl3Br]- in II phase merges 

into the upper phase III driven by strong electrostatic interactions (between 

negative {Mo72Fe30} and positive (C16H33)2(CH3)2N+ and the like dissolves like 

principle, since methanol is more soluble in water). The combined effects of strong 

electrostatic interactions, interfacial exchange and the like dissolves like principle 

play important roles in this process. A mixed solvent of chloroform and methanol 

is employed in phase II because fast evaporation of pure chloroform can lower the 

system stability, or even result in layer fusion. Addition of methanol boosts the 

hydrophobic interaction between the alkyl chains, thereby enhancing the stability 

of the aggregates.21 

Robust spherical vesicles and their fusion 

 TEM (Figure 1a) and AFM (Figure 1d) observations indicate that vesicles 

(hollow spherical assemblies) with diameters ranging from 100 to 900 nm formed 

in a very short time (3 min) after the upper phase is gently dropped onto the lower 

phase. Visible mass transport at the interface can be seen by the naked eye (see 

Supporting Video). The membrane thicknesses of the vesicles captured by TEM 

images range from 18 nm (4 layers) to 98 nm (22 layers), as shown by a statistical 

distribution of membrane thickness (Figures S3 and S4, Supporting Information). A 

possible onion-like vesicle structure composed of a multi-layer structure is 

proposed, as shown in Scheme 1a. Wu et al. also found similar structures in 



POM/surfactant systems.27 Unexpectedly and interestingly, a process of hierarchical 

assembly28 takes place over time, namely, the spheres gradually grow both in quantity 

and size (Figure 1b and 1e) until adhesion and fusion occur, as shown in Figure 1c 

and Figure 1f and 1g. As can be seen in Figure 1h and 1i, TEM and SEM images 

show that the vesicles undergo a gradual aggregation, forming secondary-assemblies. 

In the first stage, two individual vesicles collide and experience cohesion and fusion, 

then this process is enhanced by attachment and aggregation of numerous smaller 

subsidiary spheres. It should be noted that, during this process, two similar but 

different routes (fusion and cohesion) co-exist, as shown in Scheme 1b. This is 

probably because that the local concentrations at different sites of the interface are 

different; consequently, the mass transport (exchange) rates are also different at 

different sites. The key to this process is the gentle adding of two phases and slow 

initiation of the phase re-separation. Clearly, the formation of the virus-shaped vesicle 

complexes is a dynamic process. As the quantities of independent vesicles increase, 

the original larger vesicles dissociate and re-self-assemble, and the virus-shaped 

vesicles gradually dominate in the system. Generally, vesicles formed by amphiphilic 

molecules can be destabilized once they are taken out of water (or after solvent 

evaporation).29 Herein, robust hybrid vesicles are formed by amphiphilic compounds 

with the assistance of POMs, which improves the structural integrity, and thus could 

further expand application of the complexes. 

Virus-shaped spheres 

Over 10 days during the phase re-separation process, SEM and AFM 



observations were used to study the aggregate morphology in the upper phase. 

The SEM (Figure 2a, 2b and 2c) and TEM (Figure 2d) images reveal the 

presence of virus-shaped spheres composed of smaller spheres with diameters 

ranging from 100 nm to 800 nm. The morphologies are reminiscent of viruses 

(inset of Figure 2c, thus they are denoted virus-shaped spheres). An AFM image 

(Figure 2e), taken in tapping mode, further shows that the spheres are composed 

of smaller subsidiary spheres. An AFM height image (Figure 2f) and 

cross-sectional analysis (Figure 2g and 2h) indicate that the virus-shaped spheres 

have uneven surfaces. With the loss of solvent, the spheres tend to appear flatter 

when dried on the substrate. It is noted that the height of the virus-shaped 

spheres is less than 70 nm, smaller than their horizontal diameters, confirming 

that the interiors of the virus-shaped spheres are hollow. Energy-dispersed X-ray 

spectroscopy (EDS) analysis was used to probe the chemical composition of 

virus-shaped particles (Figure 2i). The presence of Mo, Fe, O, C, Cl and Br was 

detected. The Mo, Fe, O signals may have originated from {Mo72Fe30} (Fe also 

from surfactant), and C, Cl and Br from (C16H33)2(CH3)2N+[FeCl3Br]-. These 

results provide strong evidence that mixed complexes are formed, in accordance 

with the composition of components. 

X-ray photoelectron spectroscopy (XPS) was also employed to analyze the 

surface chemical composition of these virus-shaped spheres (Figure S5a-S5d, 

Supporting Information), confirming the presence of Fe, C, N, Mo, Cl and Br. 

Peaks corresponding to Br 3d (BE = 69.2 eV), Mo 3d5/2 (BE = 232.9 eV) and Fe 



2p3/2 (BE = 711.2 eV) were detected, and the Br 3d signals can be assigned to the 

Mag-Surf (C16H33)2(CH3)2N+[FeCl3Br]-, whereas the Mo 3d and Fe 2p are ascribed to 

{Mo72Fe30} POMs. XPS results again confirm the presence of 

(C16H33)2(CH3)2N+[FeCl3Br]- and {Mo72Fe30} in the virus-shaped complexes, 

supporting the results. Elemental maps show a uniform distribution of these elements 

over micron scales (Figure S5e, Supporting Information). In particles, C, Cl, O, Mo 

and Fe are uniformly distributed and correlate with shape in the sample area.  

Additionally, small angle X-ray diffraction (XRD) patterns of the dry virus-shaped 

spheres are consistent with a lamellar structure, and a layer spacing of about 4.42 nm 

(Figure 3A), which is consistent with the TEM images, namely, the virus-shaped 

spheres are composed of smaller subsidiary spheres. As the Mag-Surf 

(C16H33)2(CH3)2N+[FeCl3Br]- has a calculated extended chain length (L) of 2.17 nm30 

and {Mo72Fe30} has a diameter (d) of ca. 2.5 nm,31 a possible scenario is that the 

surfactant chains are compressed in the aggregates, which is consistent with the FT-IR 

results (Figure 3B).  

The complexes were used to coat a glass slide, and the contact angle of water 

droplets was measured. The resulting static contact angle was 39o (Figure 3C), 

suggesting that the aggregate exteriors consist of hydrophilic positively charged 

head-groups of (C16H33)2(CH3)2N+. The counter-ion [FeCl3Br]-, due to its magnetic32 

and hydrophobic characteristics,33 is expected to associate strongly on the periphery 

of {Mo72Fe30} and among the hydrophobic alkyl chains of (C16H33)2(CH3)2N+. Of 

course, the counter-ion [FeCl3Br]- will not appear in the exterior of the overall 



aggregates due to its hydrophobicity,33 which can be confirmed by the positive 

zeta-potential (ξ = 37.06 mV).  

To gain insight into the mechanism of formation of these virus-shaped 

assemblies, the assemblies were investigated at different stages. {Mo72Fe30} is a 

large macro-anion in aqueous solution, the positive hydrophilic head-groups of 

(C16H33)2(CH3)2N+ are reasonably expected to be electrostatically attracted to 

{Mo72Fe30} and {Mo72Fe30} encapsulated by (C16H33)2(CH3)2N+ (Scheme 1a). In 

phase III, the alkyl chains will segregate from the aqueous sub-phase driven by 

hydrophobic forces, then the rearrangement21 of (C16H33)2(CH3)2N+ cations on the 

exterior of {Mo72Fe30} POMs will lead to the formation of spherical assemblies. 

The morphology of the magnetic aggregates undergoes three stages of development, 

which can be confirmed by the zeta potential ξ values (Figure 4a). An increase of ξ 

follows the formation of the virus-shaped spheres. In the first 1 min, layered hollow 

vesicles are evidenced by the half-cut spheres in SEM images (first inset in Figure 

4a). During the initial stage, the system undergoes rapid mass transport (exchange) 

and has low colloidal/kinetic stability (ξ = 2.38 mV). In the second stage (within 

about 60 min), the hollow spheres become plump and complete, some spheres 

begin to adhere and fuse, and ξ increases. In the last stage (around 10 days), the 

spheres become saturated and re-aggregate into more and more virus-shaped 

clusters. At this time, the virus-shaped spheres are uniform and relatively evenly 

distributed (Figure 2a). After around 10 days, phase III turns dark yellow and its 

volume becomes larger (Scheme 1a). At this time, phase III containing 



virus-shaped aggregates is colloidal/kinetically stable (ξ = 37 mV) and exhibits a 

strong Tyndall effect (inset of Figure 4b), indicating the existence of colloidal-size 

particles. DLS data clearly demonstrate the existence of aggregates with an average 

diameter of 900 nm, and a size distribution ranging from 600 to 1400 nm (Figure 4b).  

It should be noted that, after phase re-separation, the aggregates are not static 

since they are in a process of dynamic mass transport. During the formation process, 

the larger core shell spheres form first, followed by attachment of the smaller 

subsidiary hollow shell spheres. The originally formed spheres may collapse and 

reform into more complicated virus-shaped spheres, due to concentration saturation 

and the high affinity of the small spheres for each other (electrostatic and hydrophobic 

interactions). Such an abundance of nanosized aggregates has a strong tendency to 

precipitate from the bulk. After 30 days, the virus-shaped spheres aggregate into 

sediments and spread along the interface, which can be seen by the naked eye. It 

appears there is a time-dependent fabrication of magnetic/electrostatic complexes.  

SQUID magnetometry (Figure 4c) demonstrates that the virus-shaped spheres show 

typical paramagnetism. A negligible hysteresis loop can be captured in Figure 4c, 

indicating faint ferromagnetism, thus the spheres can be magnetized and attracted by 

external magnetic fields. 

The virus-shaped spheres are not only colloidal/kinetically stable (ξ = 37 mV), but 

also combine relatively high-ferro-magnetism and high-specific-surface- area/positive 

charge-rich surfaces together. The positively charged surfaces may have potential for 

attracting and capturing negative biomolecules like DNA and proteins, the magnetic 



properties may then afford spatial control by applying magnetic fields, which is 

demonstrated below.  

Anchor and motor 

 The electric charge of the virus-shaped spheres is derived from all the spheres 

composing it. With a high charge density, the electrostatic interactions between the 

virus-shaped spheres and biomolecules will be greatly enhanced (consistent with 

Coulomb’s law). These interactions act as an anchor, and magnetism can be 

considered as a motor driving migration under an applied magnetic field. Previous 

work has shown that cationic surfactants can compact DNA by association onto 

DNA backbones.34 Nanoparticles made of Au/magnetic cationic surfactant 

complexes can also significantly enhance the compaction efficiency of DNA,35 and 

in a similar fashion the complexes introduced here are also expected to compact 

and migrate DNA. In a modest magnetic field (NdFeB, 0.3T), a certain number of 

the charge-rich magnetic virus-shaped spheres are expected to bind DNA via 

electrostatic interaction and migrate to the magnet (Scheme 1c). Because DNA has 

a characteristic absorbance band at 260 nm,36 the DNA concentration can be 

monitored over time by UV-vis absorbance at 260 nm. For better observation of the 

concentration of DNA or Myoglobin molecules, the other interferences must be 

excluded. A typical UV-vis spectrum of the magnetic virus-shaped spheres phase III 

is shown in Figure S6 (Supporting Information), and an overlap in UV-vis spectrum 

can be seen in the range from 200 nm to 300 nm. So, dilution of the magnetic 

virus-shaped complexes was carried out to better monitor the biomolecules via 



UV-vis spectroscopy. A series of dilution ratios were tested (Table S1, Supporting 

Information), from which the critical interaction concentration between the 

virus-shaped spheres and DNA was between 3.71 and 4.24 μmol·L-1 (with respect to 

(C16H33)2(CH3)2N+[FeCl3Br]- moiety). At high concentration of virus-shaped spheres 

(84.8 μmol·L-1), DNA (150 μmol·L-1) has a 95% decrease within 24 hrs in 

concentration as shown in Figure S7 (Supporting Information), exhibiting good DNA 

absorption ability of virus-shaped spheres. At low concentration (3.71 μmol·L-1) near 

the critical interaction concentration, the virus-shaped spheres facilitated a magnetic 

field-motored transport and enrichment of DNA. The morphology and size of the 

magnetic complexes after dilution (3.71 μmol·L-1) was maintained (Figure S8, 

Supporting Information), rather than any destabilization owing to dilution. When 

mixing 3.71 μmol·L-1 magnetic spheres and DNA (150 μmol·L-1) in the absence of 

magnetic field, UV-vis spectroscopy (Figure S9, Supporting Information) 

demonstrates a negligible reduction in intensity at 260 nm. More importantly, no 

evidence of reduction in absorption was observed over 96 hr, indicating that no 

obvious aggregation occurs owing to interaction of virus-shaped complexes with 

DNA. In an applied magnetic field (0.3 T), magnetic virus-shaped particles show a 

directional migration, and thus increase the local concentration in the vicinity of the 

magnet, leading to the capture and transport of DNA onto the magnet surface. A 

notable decrease in DNA concentration of 68% was observed over 96 hr, as shown by 

UV-vis (Figure 5a) and circular dichroism (CD) spectra (Figure 5b). It is worth noting 

that migration in the magnetic field increases the local concentration of the magnetic 



virus-shaped sphere/DNA complexes adjacent to the magnet, so that it exceeds the 

solubility limit. Noticeable aggregation can be seen on the surface of the magnet 

(inset in Figure 5a). Phase separation (precipitates) indicates DNA compaction and 

association due to the relief of charge repulsion between adjacent DNA 

backbones.36  

CD can be utilized to better trace the targeted migration of DNA. The CD 

spectroscopy of DNA (Figure 5b) shows the characteristic negative band peak at 

242 nm owing to the helicity of DNA and a positive band peak at 275 nm due to 

base stacking.37 In the presence of an applied magnetic field (NdFeB magnet, 0.3 T), 

the two characteristic band peaks show a remarkable decrease in intensity, 

suggesting a decrease of DNA concentration. It is noted that the negative band peak, 

indicating the secondary structure of DNA,35,38 exists persistently throughout the 

transport process. This process demonstrates that DNA retains its native β-form 

during the migration, i.e., the virus-shaped complexes act as effective delivery 

vehicles without damaging the native conformation of DNA.  

Agarose gel electrophoresis results permit to follow a time-dependent 

compaction of DNA in an applied magnetic field as shown in Figure 5c. SEM 

elemental mapping (Figure 5d) was conducted during the magnetic delivery process. 

The presence of Mo, Cl and P on the spheres indicates that DNA uniformly 

distributed on the surface of the magnetic spheres (Figure 5d). An EDS spectrum 

(Figure S10, Supporting Information) also gives evidence to support presence of 

DNA. Addition of sufficient NaBr as a background electrolyte can screen the 



electrostatic interactions between DNA and the virus-shaped particles, thus leading to 

the release of DNA, as shown by the CD spectra (Figure S11, Supporting 

Information). The characteristic band peaks of DNA almost recover without 

significant variation either in position or intensity. Thus, this combined nano-anchor 

and -motor approach can be well utilized to capture and release DNA, i.e., 

concentrating and separating without destroying functionality.  

The targeted migration applications are not only limited to DNA, but are also 

demonstrated with a model protein myoglobin (Mb) (Figure 5e-5g). A mixture of 10 

μmol·L-1 Mb and 8.48 μmol·L-1 magnetic virus-shaped sphere complexes also 

undergoes magnetically-induced migration. In the UV spectrum, Mb/magnetic 

virus-shaped sphere complexes exhibit a strong characteristic Soret band at 409 nm, 

and Qa, Qb bands at 641 nm and 502 nm, respectively. These three band peaks suggest 

myoglobin with a diamagnetic (low-spin) heme group as well as a six-coordinate 

geometry with a strongly bound water molecule.39 Both in the absence and presence 

of a magnetic field, UV-vis spectra of 10 μmol·L-1 Mb in the presence of an external 

magnetic field do not change over time (Figure 5f), suggesting aggregations and 

migration are not observed. However, in the presence of an applied magnetic field, 

UV-vis spectra of 10 μmol·L-1 Mb/8.48 μmol·L-1 magnetic complex show a notable 

reduction over 96 hr (Figure 5e). Approximately 73% of Mb (based on the UV data 

27% remained in the bulk solution) are concentrated and migrated to the vicinity of 

the magnet, leading to brown precipitates (Figure 5g). 

Surfactants interact with proteins, such as Mb, in multifarious ways, including 



strong binding to the charged and hydrophobic side chains of proteins40 bringing 

about difficulties for delivery and separation of proteins,35 especially denaturation. 

Addition of anionic surfactants41 or magnetic nanoparticles (coated by cationic 

surfactant)35 to Mb is not expected to result in denaturation; interestingly similar 

results are obtained for the systems here. The introduction of virus-shaped spheres 

does not shift the characteristic peak position for Mb, excluding distinct changes in 

the tertiary structure in the vicinity of the heme group31 or denaturation during the 

magnetic motored transporting process.  

Conclusions 

In summary, the newly synthesized double-tailed Mag-Surf 

(C16H33)2(CH3)2N+[FeCl3Br]- generates virus-shaped hybrid assemblies with 

polyoxometalate {Mo72Fe30}, these nanostructures can be utilized for binding, 

anchoring and delivery of biomolecules, such as DNA. The main advance of 

over other approaches for the time-dependent formation of hollow shell 

structures is the increase in magnetic effect owing to the unique combination 

magnetic surfactants, and also demonstrate that the hollow shell structures 

fabricated using a dynamic interfacial process are new findings in colloid and 

interface science. As an interesting nano-anchor and -motor system, the 

virus-shaped spheres are not only colloidal/kinetically stable, but also combine 

relatively high-ferro-magnetism, high-specific-surface-area and positive 

charge-rich surfaces together. The high charge nature of the complex surfaces 

can attract and capture bio-molecules like DNA (95% DNA absorption capacity 



within 24 hr) and a model protein myoglobin even at low strength magnetic fields. 

This method provides a gentle easy way to fabricate nano-scale magnetic complex 

materials, offering a potential application for capture and separation, including for 

biomolecules. 
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Supporting Information is available from the Wiley Online Library or from the 

author. 
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Scheme 1. Schematic illustration of preparation, evolution and biomolecule delivery 

with virus-shaped spheres. (a) An illustration of the fabrication of virus-shaped 

spheres by phase re-separation. Notes: I, 200 μL of 8 mg·g-1 {Mo72Fe30} aqueous 

solution; II, 800 μL of 1.25 mg·g-1 (C16H33)2(CH3)2N+[FeCl3Br]- in CHCl3-CH3OH 

(3:1, v:v) organic mixture; III, The upper phase after phase re-separation; IV, The 

lower phase after phase re-separation. (b) Two different evolutionary schematic 

routines of sphere aggregation (fusion and cohesion) shown by TEM images. (c) A 

cartoon illustrating the virus-shaped spheres transporting target molecules using an 

applied external magnetic field. Note: for conciseness, only DNA is exhibited in the 

cartoon. 



 

Figure 1. Evolution in morphology of the aggregates in phase III. (a, b, c) TEM 

images for the aggregates in phase III captured at different times (a, 3 min; b, 10 min; 

c, 60 min). (d, e, f, g) AFM images for the aggregates in phase III. (d, 3 min; e, 10 min; 

f and g, 60 min). Development of (h) TEM images and (i) SEM images at longer 

observation times. The bars in (h) and (i) indicate 200 nm. 



 

Figure 2. Morphology of virus-shaped spheres. (a, b, c) SEM, (d) TEM (bars: 200 nm) 

and (e, f, g) AFM images of the aggregates in phase III after 10 days. Inset in (c): 



Schematic cartoon images of virus-shaped spheres. (h) Cross section along the line 

indicated in (g). (i) EDS spectrum revealing the composition of the virus-shaped 

spheres.  
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Figure 3. Specific characterization of virus-shape spheres. (A) Small angle X-ray 

diffraction (XRD) patterns of pure (C16H33)2(CH3)2N+[FeCl3Br]-  powders (a) and 

dry virus-shape spheres (b) from the upper phase solution (III). Bragg equation: 2d 

sinθ = λ (λ = 0.15418 nm). (B) FT-IR spectra of the (I) {Mo72Fe30}, (II) dry 

virus-shaped spheres and (III) pure (C16H33)2(CH3)2N+[FeCl3Br]-  powders. (C) The 

static contact angle of a covering film of the virus-shape assemblies. 
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Figure 4. Stabilities, size distribution of virus-shaped spheres and SQUID 

magnetometry. (a) Zeta potential of phase III at different observing times. Insets are 

corresponding SEM images. (b) Dynamic light scattering giving particle size 

distribution using the CONTIN analysis for phase III after 10 days. Inset: Photo 

showing the Tyndall effect of large colloidal aggregates for phase III. (c) Hysteresis 

plots for dry aggregates in phase III. 
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Figure 5. The magnetic delivery of biomolecules. (a) UV-vis spectra and (b) CD 

spectra of the 150 μmol·L-1 DNA/3.71 μmol·L-1 magnetic virus-shaped sphere 

complexes in the presence of an applied magnetic field (NdFeB magnet, 0.3 T) at 

different times. t = 0 (black solid line), t = 24 hour (dashed line) and t = 96 hour 

(dotted line). Inset in (a): The migration of DNA induced by the magnetic 

virus-shaped spheres in the presence of a NdFeB magnet (0.3 T). (c) Agarose gel 

electrophoresis results of a time-dependent compaction and delivery of DNA in a 

magnetic field, i.e., upper residual solution of 150 μmol·L-1 DNA/3.71 μmol·L-1 

magnetic virus-shaped sphere complexes mixture with different collecting time with 

an applied magnetic field. Lane 1 refers to the sample containing free DNA; samples 

in lanes 2, 3, 4, 5, and 6 are collected from upper residual after the introduction of a 

magnet for 12, 24, 36, 48, 96 h respectively; lane 7 refers to a DNA molecular weight 

marker. (d) Elemental mapping of the aggregating spheres after adsorption of DNA. (e) 

UV-vis spectra of 10 μmol·L-1 Mb/8.48 μmol·L-1 magnetic virus-shaped sphere 

complexes with applied magnetic field at different times. t = 0 (black solid line), t = 

48 hr (dashed line) and t = 96 hr (dotted line). (f) UV-vis spectra of 10 μmol·L-1 Mb 

without/with an external magnetic field and UV-vis spectra of 10 μmol·L-1 Mb/8.48 

μmol·L-1 magnetic virus-shape sphere complexes without applied magnetic field. (g) 

The migration of Mb induced by the magnetic virus-shaped spheres in the presence of 

a NdFeB magnet (0.3 T). 



Table of Contents: 

 

Entry: 

Self-Assembled Magnetic Virus-Like Particles for Encapsulation and Delivery 

of DNA were fabricated using complexes of magnetic surfactants (Mag-Surf) and 

polyoxometalates (POMs). As an interesting nano-anchor and -motor system, the 

virus-shaped spheres are colloidal/kinetically stable, relatively highly-ferro-magnetic, 

positive charge-rich and with high-specific-surface-area. The charge-rich surfaces can 

attract, capture and migrate bio-molecules like DNA in magnetic field, suggesting a 

new strategy for biomolecule separations. 


