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Abstract. Versatile methods are here presented for the assembling of magnetic nanoparticles in 

controlled super-structures with different final aspect ratios. The first step of the procedure is based on 

the destabilization, and consequently clustering, of a dextran-coated nanoparticles suspension, altering 

the colloidal stability of the initial building blocks. Subsequently, a second polysaccharide shell, based 

on chitosan, is grafted to the super-structure surface, for stopping the aggregation of the nanoparticles 

and enhancing the stability of the resulting assembly. For achieving a finer control of the process, 

spherical magnetic clusters (SMC) are prepared through a microfluidic aided clustering, investigating 

the contribution of flow rates and injection scheme geometry to the nanoparticle assembly. Besides, the 

use of static magnetic fields applied during the first step results in the preparation of micrometric 

elongated magnetic super-structures (EMS), tuning the average aspect ratio up to a value of 13±4. 

1.  Introduction 

In the massive field of nanotechnologies, colloidal nanoparticles have increasingly found several uses in 

medicine (resulting in the emerging topic of nano-medicine) and biomedical applications. Within this context, 

magnetic nanoparticles are considered one of the main interesting materials, with a solid clinical application 

as MRI contrast agents[1] and an extensive commercial usage as tools for magnetic separation of analytes [2]. 

Furthermore, research on the exploitation of these nanoparticles as diagnostic (e.g. MRI, Magnetic Particle 

Imaging (MPI)) or therapeutic (e.g. magnetic hyperthermia, photoablation, drug delivery, tissue engineering) 

agents aims towards a future use in the medicine, especially when incorporated in multifunctional systems [3]. 

Another aspect related to magnetic nanoparticles is the controlled assembly in ordinated super-structures. This 
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topic arose a particular interest in last years, resulting in the preparation of several kinds of multifunctional 

systems with peculiar properties deriving from the interaction between single nanoparticles in a dense core. 

Indeed, when the individual crystals are confined in a superstructure, specific forces are enhanced or triggered, 

bringing to new functions [4]. 

In the case of magnetic nanoparticles, the superparamagnetic profile, which is peculiar to nanoparticles 

with a diameter smaller than a certain threshold (about 20 nm for iron oxide), is also maintained for the 

superstructures obtained through the controlled assembly of single nanoparticles. Moreover, phenomena of 

increase of other magnetic properties, such as R2 relaxivity or saturation magnetization, have also been 

observed, due to the enhanced inter-particles interactions inside the magnetic core. Surely, one of the main 

advantages of a controlled superstructure is the possibility to manipulate it macroscopically by external 

magnetic fields. In fact, in a dilute system (such as the bloodstream) the low concentration of nanoparticles 

dramatically limits the magnetic response. Instead, the cumulative effect deriving from the increased 

concentration of the crystals packed into the magnetic cores of the nanostructures allows the single 

multidomain to be attracted and manipulated even in diluted systems. On the other hand, the increase in size 

from a single magnetic core (3-20 nm) to a superstructure (> 60-80 nm) sometimes compromises the colloidal 

stability of the structure, which use must therefore be well-calibrated to avoid severe adverse effect. In the 

literature there are many different references concerning quasi-spherical magnetic superstructures [5-9]; in 

addition, also some elongated structures have been reported (i.e. in particular magnetic nanowires, nanorods, 

chain, etc.) specifically used in different applications, exploiting their potential in cell manipulation, in 

microfluidic systems, micromechanics, microreology [10-11]. A general strategy for obtaining such nano or 

micro-structures is based on the phenomenon of the co-assembly of polymeric microspheres of nanoparticles, 

generating chains, thanks to the presence of an external magnetic field and the addition of specific ligands. 

The use of a permanent magnet is the essential key to guide the assembly of superstructures in 3D space, 

generating an attractive force capable of aligning the particles with each other in the resulting structure, in the 

desired pattern. 

In the design of nano-systems, both in the case of single nanocrystals and superstructures, the choice of the 

most appropriate coating agent is of crucial importance. This will determine the colloidal stability, the 

interaction with the biological elements and the possibility of using the system as cargo for certain payloads. 

One of the most used molecules for the stabilization of magnetic nanoparticles is represented by 

polysaccharides. These molecules are often obtained by a natural source and possess innate biocompatibility. 

It is interesting to note that the first FDA-approved formulations based on magnetic nanoparticles (e.g. 

ferucarbotran and ferumoxide) were obtained by aqueous assisted nucleation of magnetic seeds in the presence 

of a modified-dextran [12], although some of the above-mentioned formulations have been stopped for further 

development or withdrawn from the market [13]. Starting from hydrophobic nanoparticles, polysaccharides 

have been widely used for the stable dispersion of single cores [14-16] but also for the preparation of small 

nanoclusters ranging from 100 to 400 nm [17-18]. 

This contribution aims to investigate different approaches for the destabilization of dextran-coated 

superparamagnetic nanoparticles (D-MNP), obtained by the well-known coprecipitation method [19]. The 

strategic innovation is to modify, in a controlled way and through the use of organic solvents, the colloidal 

stability of the obtained nanoparticles, favoring the formation of spherical magnetic clusters (SMC) of 

nanoparticles, which are potentially more responsive to the presence of an external magnetic field than single 

nanoparticles. A microfluidic-assisted destabilization and rearrangement approach is also proposed, to improve 

control over the size, size distributions, and compositions of the described structures.  

In a second step, the introduction of an external magnetic field during destabilization allows changing the 

final structure of the magnetic material, achieving a stable elongated magnetic superstructure (EMS). 

Remarkably, the aptitude of low molecular weight chitosan (Cs) to participate in polyelectrolyte complexes 

(PECs) by simple coacervation with negatively charged polymers (i.e. dextran, alginate, carboxymethyl 

cellulose, pectin, carrageenans, and other polyanions) [20] is also here exploited. The dextran is a branched 

polysaccharide of variable molecular weight, produced by lactobacilli or other fermenting bacteria from 

sucrose by enzymatic activity. It is composed of a succession of D-glucose molecules linked by an α1-6 

glycosidic bond with short branches in the α1-3 position. The numerous available hydroxyl groups anchor 

robustly to the surface of iron oxide nanoparticles, enhancing the long-term stability of the starting magnetic 

particle preparation. 
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chitosan is the degree of acetylation (DA), which is responsible for both the charge density of the polymer and 

the balance between the hydrophilic and hydrophobic interactions. 

PECs based on chitosan as polycation and dextran as polyanion are largely prepared by simple coacervation. 

The mode of addition, charge mixing ratio, ionic strength and pH of the media, and the molar mass of both 

components have been exhaustively reviewed by Schatz et al. [21]. 

Modulating Cs concentration, it becomes possible to fine control super-assembled structure in terms of 

compactness and stability; to avoid aggregation of the PEC structures, the polyelectrolyte solutions must be 

diluted, and one of the polyions must be in the appropriate excess so that the charge ratio (n+/n-) ≠ 1 [22-23]. 

The arrangement of chains in a PEC can be pictured as a combination of a disordered scrambled egg-like 

structure and a highly ordered ladder-like organization. Therefore, the actual structure having hydrophobic and 

hydrophilic regions makes PECs a particular class of physically cross-linked hydrogels that are sensitive to 

environmental factors [20]. 

Low-molecular Cs degradation products, the chito-oligomers, result mainly from the influence of enzymes, 

which are found in the organism fluids. Actually, computational predictions revealed that investigated small 

chito-oligomers, regardless of molecular weight, acetylation degree and acetylation pattern, reflect favorable 

pharmacological profiles [24]. Several agents have been proposed for additional ionic or covalent crosslinking 

of Cs available amino groups, allowing to control coating degradability for diverse applications [25-26]. 

Moreover, assuming future exploitation of these microstructures in nanomedicine, the chitosan immune 

biocompatibility and low immunomodulating properties [27] could promise an advantage for in vivo 

nanomedicine application of Cs encapsulated functional superstructures. 

2.  Results 

The synthesis of the superparamagnetic nanoparticles was carried out by using a well-established 

coprecipitation method in the presence of dextran molecules. In this case, the obtained crystals are very similar 

to the standard Ferucarbotran nanoparticles, in which, the precipitation of iron oxide in an alkaline solution is 

modulated by the presence of the polysaccharide, that figures as a template for blocking and preventing the 

uncontrolled aggregation of the superparamagnetic particles.  

2.1.  Destabilization in tube 

The destabilization of the system, also known as clustering, was achieved by intervening on the stability of the 

nanoparticles suspension (and therefore on the corresponding dextran outer layer) by means of the controlled 

addition of an organic solvent. The choice of the solvent was performed following some preliminary 

experimental observations with reference to parameters of polysaccharide solubility, polarity and miscibility. 

The effects of some destabilizing solvents including ethanol, acetonitrile, acetone and dimethylformamide on 

D-MNP were summarized and commented in Table A1. The experimental observations pointed out acetonitrile 

(ACN) as the most suitable destabilizing solvent to reach the final purpose. All the experiments were conducted 

in 5 main steps: i) injection of the destabilizing agent in a suspension of D-MNP (destabilization step); ii) 

qualitative selection of samples based on the suspension scattering; iii) chitosan coating of the superstructures 

(stabilization step); iv) separation / purification to the magnet; v) morphological analysis. 

One of the first optimized parameters consisted in the acetonitrile addition rate. A flat rate was not optimal 

in terms of morphology and distribution. A multistep injection was preferred, with a faster injection in the first 

step (100 µL min-1 for 3 minutes), slowing down then the rate to 25 µL min-1 for the remaining volume. Once 

fixed the rate flow scheme, a series of experiments were carried out by varying the amount of injected 

acetonitrile, to determine an optimal percentage that avoids a disruptive aggregation of the system (Table A2, 

lines 1-3). It is noteworthy that at least 40% of acetonitrile is necessary to destabilize the system; working with 

a lower percentage, no clustering was detected. However, the clusters were still inhomogeneous and irregular 

in shape (Figure A3). The obtained SMC were stabilized immediately adding a solution of chitosan, dispersed 

in a mixture of water and ACN, to obtain a final polysaccharide concentration of 1%. 

To achieve better control on the clustering, another important parameter was the amount of initial 

nanoparticle involved in the destabilization. Lowering the volume to 10 and 5 µL (Table A2, lines 4-5), 

spherical superstructures were obtained, with an average size of 300 nm (Figure 1). However, the size was still 

very polydisperse (ranging from 100 to 500 nm) and the nanoparticles assembly in the core was not dense 

enough. These results encouraged the evaluation of another strategy of clustering, shifting from a bulk reaction 

in tube to a more controlled aggregation in the microfluidic channel. 

 

 

Resulting from the partial N-deacetylation of chitin, Cs is a linear polysaccharide composed of randomly 

distributed β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine. The key structural parameter of 
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Figure 1. TEM images of SMC obtained by in tube destabilization (Table A2, sample 4). On the right, a 

photograph of SMC suspension magnetically sorted in few seconds.   

2.2.  Destabilization in device 

The best conditions for the destabilization process, selected above in the tube reaction (section 2.1), have been 

translated into the microfluidic device, in order to obtain a better control of the destabilizing agent injection 

process and the consequent formation of smaller and more compact aggregates (SMC). The dextran-coated 

magnetic nanoparticles were destabilized with ACN through a system consisting of the microstructured 

PDMS/glass device, two syringe pumps and an orbital shaker for collecting the obtained superstructures under 

continuous stirring. This approach is aimed to evaluate the possible effect that fluid-dynamic processes at the 

interface (occurring at the microscale) may have on the control of particles destabilization and rearrangement. 

As a preliminary set of tests, the variations of the concentrations of the D-MNP and the percentages of 

ACN (obtained by complementary infusion rates for an overall rate equal to 1 mL min-1) were evaluated (Table 

A3, samples 1-5). For each of the different five tests, 1 mL of pure acetonitrile was injected through the main 

inlet and a suspension of D-MNP (2.5 mM, in ultrapure water) was pumped from the two lateral channels, 

orthogonal to the main inlet.  

The clusters were collected in a vial (on an orbital shaker) and then stabilized by adding a solution of Cs 

(1% in 38% ACN / 62% water), to obtain a final Cs concentration of 0.5%, and allowed to interact for 2 hours 

before magnetic sorting and purification. 

By TEM characterization, the samples 1 and 2 showed the formation of well-defined spherical nanoclusters, 

with an average size from 150 nm to 500 nm (sample 2 in Figure 2). However, the low percentage of chitosan 

in the stabilization step was not sufficient to obtain a suitable shield/stabilization of the superstructures during 

the washing steps to the magnet. Experiments 3, 4 and 5 showed no evident formation of magnetic 

nanoclusters. 

 

 

Figure 2. TEM characterization of SMC obtained after destabilization of D-MNP, injected at a rate of 0.275 

ml min-1, with ACN injected at a rate of 0.45 ml min-1 and subsequent stabilization in Cs 0.5% / ACN 38% 

(final concentrations, Table A3, sample 2). 
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Taking into account the preliminary experiments (samples 1-5, Table A3), in samples 6-8 (Table A3) the 

destabilization was reproduced by injecting 1 ml of ACN from the main inlet at a flow rate of 0.45 mL min-1 

and a suspension of D-MNP ([Fe] = 2.5 mM) from side arms at a rate of 0.275 mL min-1. The overall collected 

volume of destabilized nanoparticles is 1.6 mL. As a control of the established protocol, an aliquot of freshly 

collected SMC was taken, drop-casted on a copper grid and left to dry in an ACN saturated chamber for TEM 

characterization (Table A3 line 6, Figure A4). The solvent saturated chamber drastically increased the 

evaporation time of the sample drop, preserving the morphology of the obtained superstructures; the uncoated 

sample cannot be subjected to magnetic separation as the 3D structure, although well-formed, tends to 

disassemble in this process, if not further stabilized. The obtained clusters were spherical, very dense and with 

an average size of 500 nm, thus confirming the results obtained in the previous step. The nude nanoclusters 

were then stabilized by adding a solution of Cs (in a mixture ACN / water), in order to obtain a final 

concentration of 1%. The percentage of acetonitrile (45%) was raised by pairing the same resulting in the 

destabilized collected volume (Table A3 line 7, Figure A5). The obtained cluster showed a smaller size, still 

with a dense core but not completely packed anymore.  

Having ascertained that the Cs coating is of considerable importance for structural stability during the SMC 

separation and purification step to the magnet, as well as for the stability in the aqueous phase for subsequent 

bio applications, for the latter experiment we proceeded to optimize the stabilization process, maintaining the 

same polysaccharide concentration but increasing the percentage of ACN by 5%, bringing it to 50% (Table 

A3 line 8, Figure 3). By TEM characterization, the SMC were quite regular in shape and homogeneous; the 

density of magnetic nanoparticles was preserved in comparison to the naked cluster, with a narrow size 

distribution between 325 and 450 nm. 

 

 

Figure 3. TEM images of characterization of SMC (Table A3, sample 8). SMC obtained after destabilization 

of D-MNP, injected at a rate of 0.275 ml min-1, with acetonitrile injected at a rate of 0.45 ml min-1 and 

subsequent stabilization in Cs 1% / ACN 50% (final concentrations). 

 

The SMC were analyzed by DLS, to evaluate the dispersity and the stability of the superstructures. The 

hydrodynamic diameters of dextran-coated nanoparticles and SMC were compared (Figure A6A); for the 

single particles an average diameter of 46 ± 18 nm was detected, with a ζ-potential of +2.3 mV. Analyzing the 

SMC obtained in the experiment reported in Figure 3 an increase in diameter was detected, with an average 

value of 193 ± 46 nm (PDI = 0.1). Because of the Cs outer layer, the ζ-potential of SMC was strongly positive, 

with a value of +53 mV. The same value was measured for SMC destabilized in tube (section 3.1). The 

colloidal stability of the SMC was evaluated by monitoring the measured mean count rate. The SMC were 

dispersed in DMEM culture medium and analyzed every two minutes in a 60 minutes time lapse (Figure A6B). 

The graph showed fair stability over time of SMC, whit an initial 5% decrease of count rate in the first 10 

minutes (probably due to some bigger clusters precipitation) and an acceptable 10% decrease in the remaining 

50 minutes. 

The performed tests were aimed at optimizing the experimental parameters, to obtain a more compact, 

smaller and stable SMC, controlling the destabilization process using a microfluidic approach. From the first 
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pump-controlled injection system, in the microfluidic device, helped to have better control over the flow rate 

and the generated flow pattern. To document the flow dynamics inside the device, Figure 4 shows a 

demonstrative test of what happens in the microscale system, at the concentration and rate conditions optimized 

for the destabilization of the dextran-coated magnetic nanoparticles. 

Flow focusing consists in injecting a core liquid into another surrounding flowing sheath liquid. Here we 

exploited the influence of injection imposing pressure to generate a parallel 3-stream pattern of the two 

miscible liquids at stake and the consequent inertial phenomena. We injected ACN (Dyn. Viscosity 0.334 cP, 

25°C) in the central inlet of the cross-junction microfluidic device and a water (Dyn. Viscosity 0.89 cP, 25°C) 

suspension of D-MNP in the two lateral inlets. The side/core flow rate ratio allowing the best results 

corresponds to a value of 1.2. (Table A3). Mainly, three forces can be considered as account for droplet/D-

MNP rearrangement dynamics in inertial focusing flows: a wall interaction force, a shear gradient lift force, 

and a secondary-flow drag force as discoursed in [28]. 

 

 

Figure 4. a-c) Brightfield photomicrograph (obj. 4x). Detail of two different sections of the microchannel 

system. On the left (panel a), the cross junction near the inlet region where the laminar flow generated by the 

injection is observed at V = 0.45 ml min-1 of ACN and V = 0.275 ml min-1 of aqueous solution (orange-

colored to facilitate the observer); on the right (panel c), the final stretch near the outlet region, where a 

turbulent motion is generated (at zero pressure). Note, along the main microchannel (highlighted in panel b) 

the generation of microdroplets (in the H2O / ACN mixture) mainly occurring on the PDMS hydrophobic 

surface. The continuous droplets moving is assumed to participate in a phenomenon of NPs squeezing in the 

process of destabilization. In panel d, a photograph and a sketch of the device are shown. 

2.3.  Destabilization in presence of magnetic field: Elongated Magnetic Superstructures (EMS) 

The principles of destabilization previously described were exploited to evaluate the effect of the introduction 

of an external magnetic field applied during the destabilization phase (and in the subsequent steps), aimed at 

obtaining asymmetric macrostructures with an elongated morphology. The geometries applied in the various 

working hypotheses were chosen to evaluate the influence of the static field; in a first analysis it is possible to 

state that the positioning of the magnet and the strength of the field were found to be decisive for obtaining 

satisfactory results. The three different permanent magnets (Circular 1 – C1, Circular 2 – C2, Parallelepiped – 

P, Figure 5) were physically positioned near the glass vial containing the aqueous suspension of D-MNP, at a 

fixed distance of 7.5 mm (from the outer edge) placed under agitation on an orbital shaker for tubes or plates. 

 

 

trials (samples 1-5), a better destabilization in terms of turbidity was observed compared to the in-tube tests. 

Then, the increase of the final Cs percentage (1%) allowed a better stabilization and packing, as the increase 

of ACN environment (50%) applied during the last step (out of the device). Moreover, the use of a syringe 
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Figure 5. Photograph of the magnets used for the EMS preparation. Magnet P: nominal field 0.4 T, size 

50x25x25 mm. Magnet C1: nominal field 0.1 T, size 10x5 mm. Magnet C2: nominal field 0.2 T, size 30x5 

mm. Magnetic gradients analyses of each magnet are reported in the experimental section. 

 

The addition of the destabilizing solvent, ACN, was carried out manually, following the same flow rate 

scheme adopted for SMC in tube preparation. It has been observed that the addition of the first 300 µL of 

solvent does not create substantial changes in the sample under examination, while the addition of the last 100 

µL leads to the reaching of the saturating limit for which the magnetic nanoparticles precipitate forming 

aggregates that are affected by the applied magnetic field going to arrange and align in elongated 

superstructures. The occurred destabilization is evaluated macroscopically thanks to the slight turbidity of the 

solution. After ACN addition, the suspension was left to stir for 1 minute, 5 minutes or 15 minutes, depending 

on the tests, allowing the system to create the right interaction between the applied magnetic field and the 

destabilized material and then proceed with the drop-by-drop addition of chitosan for blocking the controlled 

aggregation and stabilizing the obtained EMS. 

2.3.1.  C1 magnet configuration. First tests were carried out with C1 magnets, assembled in two or four units 

and positioned on the sides of the glass vial containing the aqueous solution of nanoparticles. The distance 

between the two opposite magnets has been set at 32mm (Table A4). 

It has been observed that by leaving the aggregates to stir in the presence of the magnet for more than 10 

minutes, before adding the Cs, a total aggregation of the system under examination was obtained. For this 

reason, it was appropriate to introduce the polysaccharidic coating at a time between 1 and 5 minutes after 

ACN addition. The TEM images in Figure 6A show the first obtained results, applying four magnets per side. 

The formation of hemispherical aggregates is highlighted, slightly different from the destabilized material 

obtained in the absence of an external field. All the tests listed in Table A4 from B to E were carried out using 

2 magnets per side. At first glance, early elongated structures are highlighted. By fixing the concentration of 

D-MNP at 2.3 mM, parameters such as the ACN added volume and the final Cs concentration were varied. It 

is noteworthy that in the samples B and C (Figure 6B and 6C) the low stirring speed, respectively 400 rpm and 

1000 rpm, was not sufficient to supply the system with the proper energy to favor the magnetic alignment, 

therefore mostly spherical aggregates were obtained. The results shown in figure 6D, for sample D, disclosed 

small elongated structures in which it is possible to distinguish and identify the single spherical nuclei that 

tend to blend in the assembly of a single structure. The best results for this series of tests were obtained in 

sample E (Figure 6E), in which more defined and dense structures, of elongated shape, but not yet perfectly 

delineated, were observed. It is possible to state that the strength of the field is not such as to allow an 

interesting alignment (regardless of the number of coupled magnets and the possibility of placing them on both 

sides of the reaction vial) and therefore in the following tests larger magnets will be used. 
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Figure 6. TEM images for the best EMS preparations obtained by C1 configuration, respectively from 

sample A to sample E. Additional images are reported in Figure A7. 

2.3.2.  C2 magnet configuration. The tests performed by using the C2 magnets were carried out by assembling 

them in several units, from 3 to 5 components, evaluating the substantial differences created by the introduction 

of a new magnetic field with circular geometry, keeping the necessary volume of acetonitrile constant to 

destabilization. All obtained structures were fixed in chitosan after 5 minutes from the destabilization. In this 

series of experiments, the most significant results were achieved by using a combination of at least 4 single 

magnets, and by injecting a volume of acetonitrile equal to 400 µL (Table A5). Comparing the samples A and 

E (Figure 7 and A8), both obtained through the use of 4 magnets, it can be seen that sample E shows a 

considerable stretching of the elongated structures under examination, fixed specifically with 2 mL of 2% Cs 

(initial concentration), unlike for sample A where only 1 mL of Cs was used in stabilization step. Thus, this is 

a confirmation that a larger volume of chitosan was needed to firmly pack the formed structures. Sample D, 

opposed to A and E, shows how in this series of experiments a volume of acetonitrile less than 400 µL may 

not be concretely sufficient to induce the elongated structural organization of the nanoparticles within the 

system. 

 

Figure 7. TEM images for the best EMS preparations obtained by C2 configuration, respectively from 

sample A to sample E. Additional images are reported in Figure A8. 
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2.3.3.  P magnet configuration. For this series of tests (Table A6), the large magnet P was placed in a 

horizontal position close to the vial. As a direct effect of this setup, the magnetic nanoparticles were more 

affected by the influence of the external magnetic field applied, going to assemble into much more stretched 

and elongated structures, and with a quite regular shape. Samples A, B, C (Figure 8 and A9) were obtained 

by destabilizing the system with a final volume of ACN equal to 350 µL; the structural variations between 

the 3 tests are limited to the waiting times before the final addition of chitosan, respectively equal to 1 

minute (A), 5 minutes (B), 15 minutes (C). The best results are achieved by sample B corresponding to a 

volume of ACN of 350 µL and the addition of Cs after a waiting time of 5 minutes. Sample D was obtained 

using a final volume of ACN equal to 400 µL, with chitosan solution added after 5 minutes; although the 

conditions used were quite similar to sample B, the increase of the ACN volume did not result in a 

morphology improvement. 

 

 

Figure 8. TEM images for the best EMS preparations obtained by P configuration, respectively from sample 

A to sample D. Additional images are reported in Figure A9. 
 

3.  Discussion 

The controlled aggregation of superparamagnetic nanoparticles in superstructures, namely clustering, offers 

the advantage of maintaining the superparamagnetic behavior of the individual nanoparticles, while there is a 

faster accumulation on the magnet due to the cumulative magnetization effect of different magnetic 

nanoparticles in the inner core of the assembly. Usually, this type of superstructures can be obtained through 

a destabilization process of the surface coating, through the use of partially soluble / miscible organic solvents 

such as to cause an increase in surface tension. If the process is properly guided, an increase in size and a 

control over the three-dimensional structure are obtained. Starting from dextran-coated magnetic nanoparticles 

as building blocks, the clustering was induced by controlled addition of a polar aprotic solvent as the ACN. It 

was found that the variations in volume and flow rate of the destabilizing agent deeply affect the destabilization 

process of magnetic nanoparticles. Moreover, an improvement in the stability of the superstructures was 

achieved by diluting the Cs, for the subsequent coating of the SMC, in an ACN solution possessing a 

percentage slightly higher than that used for the destabilization step. 

The interest was then essentially focused on the possible effect that the fluid-dynamic processes at the 

interface, which occur at the microscale, can have on the control of the destabilization of magnetic 

nanoparticles. Fluid dynamics inside microchannels is governed by a laminar regime where the capillary force 
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acts on the fluid flow, depending on the surface energy of the channel walls and/or the surface tension of fluid 

itself. Exploiting 2D hydrodynamic flow focusing on microfluidic channels, the ACN stream was horizontally 

focused by water sheath streams. After 24 h from plasma bonding, the PDMS native hydrophobicity recovery 

prompted the generation of microdroplets (in the H2O / ACN mixture). The continuously moving droplets are 

assumed to participate in the squeezing of NPs in the process of destabilization and spherical rearrangement. 

Our results demonstrated that the microfluidic device could be exploited as an effective tool for controlling 

NP aggregation process and rearrange magnetic clusters with improved magnetic properties. Although 

conventional bulk mixing occurs at the timescale of ten second order, in our microfluidic device the mixing 

time of solvents was controllable and tunable, opening new strategies to synthesize nanomaterials with more 

precise dimensions at narrow size distribution. Of note, the crucial role exerted by PECs, concerning the 

stability and the density of packed magnetic clusters. 

Focusing on the elongated magnetic superstructures, from the TEM images it can be seen that an average 

aspect ratio value of 13 ± 4 has been obtained in the best tests with more elongated superstructures. It is 

estimated that these dimensions may be favorable for evaluating the application of EMS in the cell in the 

presence and absence of a magnetic field. Furthermore, the Cs coating makes the superstructure particularly 

biocompatible for a biological application. 

Analyzing the characteristics relating to the morphology acquired by the EMS, it is possible to think that 

they may be able to penetrate the cell membrane with greater force, unlike a spherical geometry that requires 

biological phenomena of internalization and particularly high magnetic fields. The purpose is therefore the 

damage and alteration of the normal physiology of the cell membrane by creating permanent or transient pores 

capable of generating an alteration of the homeostatic balance such as to induce a state of cellular necrosis [29-

30]. In the same way, damage to essential structures such as cytoskeleton and mitochondria could be evaluated, 

together with other organelles responsible for key functional roles for cellular integrity. 

Another significant application is the use of a dynamic magnetic field, capable of supplying the EMS with 

the mechanical energy necessary to overcome the elasticity of the cellular target. Even assuming a poor 

induction of permanent cell damage through the exclusive interaction between EMS and membrane, there is 

the possibility of exploiting a whirling field to operate single EMS within the cell cytoplasm. These could 

cause supercoiling of protein structures, as well as the escape of enzymes such as catalase and cytochrome 

from the mitochondria or damage to the nuclear membrane, irreversibly activating apoptotic processes in target 

cells [11]. Moreover, the potential magnetic targeting and the asymmetric morphology could minimize the 

immune clearance of the nanocomposite (overcoming the passive targeting) and boost its tumor accumulation 

by “destructuring” the interstitial tumor matrix [31]. 

4.  Conclusions 

The presented methodology and reported experimental findings focus on different possible approaches for the 

super-assembly of magnetic nanocrystals, basing the clustering procedure on the controlled destabilization of 

dextran-coated nanoparticles. By exploiting the different degrees of solubility of the polysaccharide in different 

solvents, the progressive destabilization of an aqueous suspension of nanocrystals was governed by the 

addition of ACN. In the destabilization steps performed both in the tube and in the device, the addition rate of 

the organic solvent was of crucial importance: a very fast addition results in a decreasing control on cluster 

morphology and a coarse aggregation. Conversely, a too slow addition does not allow to obtain clusters with 

a good density. The D-MNP destabilization process occurs when the percentage of ACN reaches a critical 

threshold, equal to 38-40 %, for which the flow control assumes significant importance, through the addition 

of the solvent by controlled pumping systems. By translating this concept into microfluidics, the reaction starts 

at the right angle intersection between the central and side channels, promoting over a short time the formation 

of more regular superstructures. In these experiments, it was found that the ACN flux, and consequently the 

final organic solvent percentage in the eluted product, was of key importance for the destabilization process, 

both in the degree of packing of the nanoparticles in the regular round structure and the final size of the clusters. 

In all the destabilization experiments presented, both for spherical and elongated structures, another 

polysaccharide, Cs, was used to “seal” and further condense the obtained structures. Actually, samples simply 

destabilized with ACN showed a reversible behavior after a single magnetic sorting cycle. The addition of the 

second, oppositely charged, polysaccharide, which strongly interacts with the external dextran layer, 

guarantees superior system stability. 
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threshold of ACN is reached: the formation of the elongated structure occurs very quickly, thus the strength 

and geometry of the applied magnetic field had a fundamental importance in the morphology of the 

superstructure. Weak fields (C1 and C2 configurations) produced non-regular (in shape and/or size) or highly 

aggregated superstructures. The best results were obtained with a magnetic gradient of 30.76 T m-1 (P 

configuration). As for spherical SMC, also for the EMS the addition of chitosan was fundamental to stop the 

destabilization step and to fix the final structure. The concentration and the timing of polysaccharide addition 

resulted in a drastic change in the elongated structures morphology. 

By exploiting the high biocompatibility of all the components used, these destabilization and/or 

stabilization approaches through the use of paired polysaccharides can be used for multiple applications in the 

medical field. 

 5.  Experimental Section 

Materials: All solvents were purchased from Sigma-Aldrich and used without further modifications. FeCl2 

tetrahydrate, FeCl3 hexahydrate and dextran (70KDa) were purchased from Carl Roth. Chitosan (low 

molecular weight, DA ≥ 75 %) was purchased from Sigma-Aldrich. The concentrator tubes used correspond 

to the Macrosep model of Pall Life Science. For the use of Cs, a stock solution was prepared at a concentration 

of 4% in water, with the addition of 1% v/v of pure acetic acid on the final volume. 

Synthesis of magnetic nanoparticles (D-MNP): A single reaction step was followed for the synthesis of D-

MNP: the aqueous solution containing iron salts and dextran is precipitated, by a progressive addition, drop 

by drop, of ammonium hydroxide at room temperature [19]. In detail, 318 mg of FeCl2, 751 mg of FeCl3 and 

1.254 g of dextran were dissolved in 10 mL of ultrapure water and mixed with a stir bar. 10 mL of a solution 

of NH4OH (7.5% in water) were added dropwise with a flow rate of 5 mL min-1. The resulting black dispersion 

was still stirred for 5 minutes at RT; then the temperature was raised to 70 °C and kept for 30 minutes. The 

resulting brown dispersion was purified from aggregates by a fast centrifugation step (discarding the pellet). 

The excess of ammonium hydroxide was removed by five washing steps on concentrator tubes. The recovered 

magnetic nanoparticles were dispersed in a final volume of 8 mL of ultrapure water, obtaining an iron 

concentration of 0.3 M, and stored at room temperature (Figure A1). 

Preparation of spherical nanoclusters - destabilization in tube: 20 µL of above-described D-MNP were 

diluted with 500 µL of ultrapure water and 500 µL of organic solvent were added dropwise (in 2 minutes) to 

induce the aggregation of the nanoparticles. Soon after, a solution of 2% Cs (in mixture water/solvent, at the 

same ratio used in the destabilization step) was added to the preformed clusters and mixed on an orbital shaker 

for 2 hours. Therefore, the Cs-stabilized magnetic nanoclusters were collected by magnetic separation and 

redispersed in water for characterization.  

Preparation of spherical nanoclusters - destabilization in microfluidic device: a PDMS/glass microfluidic 

device was manufactured by using the standard soft lithographic technique for the exploitation of this approach 

[32]. The 2D cross-shaped flow focusing device was designed with a main channel/inlet, two orthogonal side 

branches/inlets and a single outlet. The microchannels had a height of 200 µm, whereas the width varied from 

1200 µm in the inlet / outlet regions to 200 µm in the segments relating to the cross junction (see Figure A2). 

As described in ref. [32], oxygen-plasma surface activation was exploited during the fabrication assembly of 

the microfluidic device for PDMS-glass bonding. By this treatment, polar functional groups are introduced on 

PDMS and glass surfaces, changing their superficial assets. However, O2-plasma treated surfaces undergo 

hydrophobic recovery after few hours. Plasma exposure resulted, as expected, in contact angle decrease: it 

changed from (107.19 ± 2.6)° to (52.02 ± 3.8)° and from (22.53 ± 4)° to 0°, for PDMS and glass respectively. 

After 24 h from plasma bonding, contact angle values were (72.89 ± 5)° and (12.49 ± 4.3)° for PDMS and 

glass respectively.  

The solutions were continuously injected into the device by syringe pumps, with tailored injection scheme, 

flow rates values and concentrations described below in the Results section 2.2 and Table A3. The cross flow-

focusing of ACN / water – water colloidal suspension phases was established on 24 h aged devices, in order 

to allow the same hydrophobicity degree to act on interfacial surface tension between the fluids and the channel 

walls. 

The effects of the introduction of static magnetic fields in the destabilization process have been evaluated 

for the generation of structures with a high aspect ratio. In this case, the use of superparamagnetic nanoparticles 

allowed, using a dilute suspension of nanocrystals, not to generate any type of aggregates until the percentage 
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variable range from 200 rpm (orbital shaker Stuart SSL1) to 1400 rpm (orbital shaker Heidolph Multireax). 

As described for the spherical clusters, a solution of chitosan was added after the destabilization (after a time 

lapse described in Result section), at a concentration between 0.5 and 2%, dissolved in ACN 38% / water 62%. 

The Cs-coated nanostructures were left to shake overnight in the absence of permanent magnet, on an orbital 

shaker at 1400 rpm. The purification of obtained nanostructures was carried out by magnetic separation, 

redispersing the collected part in ultrapure water. 

Magnetic gradient analysis: The nominal value and the magnetic gradient of each magnet were measured, 

by a bench gaussmeter equipped with a flexible probe, at a distance of 7.5 mm, in order to reproduce the 

configuration applied in EMS preparation. The results obtained show that for the single C1 magnet the 

magnetic gradient is equal to 14.1 T m-1, while for the tests carried out with C1 magnets combined in multiple 

units, a value of 21.3 T m-1 is obtained for the four C1 magnets and 16.7 T m-1 for the two coupled C1 magnets. 

Regarding the C2 magnets, the results show an increasing gradient from one to three units, respectively for 

single magnet the measured gradient is 12.4 T m-1, with 2 units the measured value is 20.7 T m-1; whereas with 

3 units the measured value is 25.5 T m-1; interestingly, coupling 4 C2 units the magnetic gradient is equal to 

25.8 T m-1, a value that becomes saturated with the addition of further units, which shows that the power of 

the field does not increase further with the addition of new permanent magnets. The magnet P was instead 

used always as a single magnet (both for larger size and safety), with a measured magnetic gradient value of 

30.76 T m-1. 

Instrumentation: The morphology and size distribution of individual magnetic nanoparticles and 

superstructures were analyzed by a transmission electron microscopy (TEM) system (JEOL JEM 1011) 

operating at 100 kV, equipped with a TEM CCD camera Mega View III. Samples were drop-casted on 300 

mesh carbon-coated copper grid for the analysis. Hydrodynamic diameter and surface charge of clusters were 

evaluated by dynamic light scattering (Malvern Zetasizer Nano ZSP). 

 

6.  Appendix A 

 

 

Figure A1. TEM images of dextran-coated magnetic nanoparticles. 

 

 

 

Preparation of elongated nanoclusters: Destabilization in the presence of magnets was carried out using 

the following volumes: 5 µL of D-MNP 0.3 M, 645 µL ultrapure water, 350/400/450 µL of ACN. In the 

different tests carried out with magnets (C1, C2, P), the parameters relating to the different concentrations 

have been changed, for more details see Table A4-A6 in Appendix A. The addition of ACN was carried out 

manually, drop by drop, respecting the times shown in tables, keeping the system under constant stirring in a 
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Figure A2. Cross-shaped channel pattern of the microfluidic device. Channel geometry in terms of length 

and width are here indicated. Height of the manufactured channels, 200 µm. 

 

Table A1. Destabilization experiments with different organic solvents. A preliminary experiment as 

performed to macroscopical evaluate the aggregation effect of different organic solvent in the tube 

destabilization of a dextran-coated magnetic nanoparticles suspension. The partial solubility of dextran in the 

different solvents (all miscible with water) drove the aggregation grade obtained. In details, acetone and 

ethanol caused a fast and severe aggregation, due to the dextran insolubility in monohydric alcohols and 

ketones. On the opposite, a solvent as dimethylformamide did not caused any aggregation because the 

polysaccharide is quite soluble in formamide. A polar aprotic solvent as acetonitrile was selected as best 

choice to control the nanoparticle destabilization in subsequent experiments. 

H2O (µL) Magnetic NPs 

(0.3 M, µL) 

Solvent (µL) Results 

500 20 500 - Ethanol 

(P. index 5.2) 

relevant aggregation 

500 20 500 - Acetonitrile 

(P. index 5.2) 

mild and stable 

aggregation 

500 20 500 - Acetone 

(P index 5.1) 

intense aggregation 

500 20 500 - Dimethylformamide 

(P. index 6.4) 

no effect * 

* Dextran is soluble in dimethylformamide, no destabilization occurred 
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Table A2. Summary of in tube destabilization tests. Best conditions highlighted in green. 

test acetonitrile (µL) H2O (µL) Magnetic NPs 

(0.3M, µL) 

Cs%/ACN% 

1 400 (40% final) 600 20 1% / 38% 

2 340 (35% final) 600 20 1% / 38% 

3 300 (30% final) 600 20 1% / 38% 

4 400 (38% final) 645 5 1% / 38% 

5 400 (38% final) 645 10 1% / 38% 

 

 

Figure A3. TEM images of sample 1 (in tube destabilization, Table A2) 

 

Table A3. Summary of the injection optimization experiments for device destabilization and successive 

coating. The magnetic nanoparticles were injected by the two orthogonal side branches; thus, the overall 

addition must be considered as doubled (2x) referring to the single flow rate. Best conditions highlighted in 

green. 

test Magnetic NPs 

2.5mM (ml min-1) 

(X2) 

Acetonitrile 

(ml min-1) 

Side/Core 

flow rate 

ratio 

Stabilization step (Cs coating out of 

the device) 

1 0.3 0.4 1.5 Chitosan (0.5%) / Acetonitrile 38% 

2 0.275 0.45 1.2 Chitosan (0.5%) / Acetonitrile 38% 

3 0.325 0.35 1.86 Chitosan (0.5%) / Acetonitrile 38% 

4 0.35 0.3 2.33 Chitosan (0.5%) / Acetonitrile 38% 

5 0.25 0.5 1 Chitosan (0.5%) / Acetonitrile 38% 

6 0.275 0.45 1.22 none 

7 0.275 0.45 1.22 Chitosan (1%) / Acetonitrile 45% 

8 0.275 0.45 1.22 Chitosan (1%) / Acetonitrile 50% 
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Figure A4 TEM images of SMC obtained by injection of magnetic nanoparticles at 0.275 mL min-1 and 

acetonitrile at 0.45 mL min-1. Since no stabilization step was applied to the obtained SMC, the grid was dried 

in a saturated acetonitrile chamber, in order to preserve the 3D-structure of the cluster. Otherwise, the fast 

evaporation of the solvent could induce the disassembly of the nanoparticles. The SMC were drop-casted 

without any magnetic purification after the destabilization. 

 

 

 

Figure A5. TEM characterization of SMC obtained after destabilization of magnetic nanoparticles (injection 

at 0.275 mL min-1) with acetonitrile (injection at 0.45 mL min-1) and subsequent stabilization in Cs (1%) / 

ACN 45%. 
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Figure A6. DLS analysis of SMC. Panel A) hydrodynamic diameter comparison between magnetic 

nanoparticles (blue curve) and SMC (orange curve). Panel B) mean count rate variation analysis of SMC 

dispersed in cell culture medium, in a 60 minutes time lapse (single read every 2 minutes). 

 

 

Table A4. Summary of EMS preparation tests with magnet C1. Best conditions highlighted in green.

 

test Acetonitrile (µL) Cs% / 

waiting time 

Vortexing 

speed (rpm) 

A 400 µL 2% / 1’ 700 

B 400 µL 1% / 1’ 400 

C 400 µL 0.5%/ 1’ 1000 

D 400 µL 0.5%/ 1’ 1400 

E 350 µL 1% / 1’ 1400 

 

Figure A7. Supplementary TEM images of EMS obtained with magnet C1, respectively from sample A to 

sample E. Table A4 for details. 
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Table A5. Summary of EMS preparation tests with magnet C2. Best conditions highlighted in green.

 

 

 

 

 

 

 

 

Figure A8. Supplementary TEM images of EMS obtained with magnet C2, respectively from sample A to 

sample E. Table A5 for details. 

 

test Number 

of 

magnets 

acetonitrile waiting 

time / 2% 

Cs volume  

A 4 400 µL 5’ / 1 ml 

B 5 400 µL 5’ / 1 ml 

C 3 400 µL 5’ / 1 ml 

D 4 350 µL 5’ / 1 ml 

E 4 400 µL 5’ / 2 ml 
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Figure A9. Supplementary TEM images of EMS obtained with magnet P in horizontal configuration, 

respectively from sample A to sample D. Table A7 for details. 
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