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Quadrupole magnetic field-flow fractionation: a novel technique for the characterization of magnetic nanoparticles
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Abstract

Quadrupole magnetic field-flow fractionation (MgFFF) is an analytical separation and characterization technique for nano- and micro-sized magnetic particles. It fractionates particles according to their content of magnetite or other magnetic material. The potential and versatility of MgFFF for separation and characterization of magnetic nanoparticles, such as those used for immunospecific labeling of biological cells for magnetic separation, is demonstrated. A broadly polydisperse sample of dextran-coated magnetite nanoparticles was eluted under programmed field decay conditions, and quantitative data concerning the distribution of magnetite content were determined from the elution profile using a data reduction method. 
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In the last few decades the growing interest in nanotechnologies has contributed enormously to the development of magnetic nanoparticles. Magnetic nanoparticles are often made of a core of magnetic material coated with some other material to stabilize them and to help disperse them in suspension. The coating must be biocompatible for bio-applications. The unique feature of magnetic nanoparticles is their response to a remote magnetic field. They are generally superparamagnetic in which case they become magnetized only in a magnetic field and lose their magnetization when the field is removed. This feature makes them useful for drug targeting, hyperthermia and bioseparation. For many of these applications, the synthesis of uniformly sized magnetic nanoparticles is of key importance because their optical and magnetic properties depend strongly on their dimensions. Because of the difficulty of synthesizing monodisperse particulate materials, a technique capable of characterizing the magnetic properties of polydisperse samples of magnetic nanoparticles is of great importance. Quadrupole magnetic field-flow fractionation (MgFFF) is a technique capable of fractionating magnetic particles based on their content of magnetite or other magnetic material. In MgFFF the interplay of hydrodynamic and magnetic forces separates the particles as they are carried along the separation channel. Since the magnetic field and gradient in magnetic field acting on the particles during their migration are known, it is possible to calculate the quantity of magnetic material in the particles according to their time of emergence at the channel outlet. Knowing the magnetic properties of the core material, MgFFF can be used to determine the size distribution as well as the mean size of the magnetic cores of particulate samples that are broadly polydisperse in their magnetite content. When magnetic material is distributed throughout the volume of the particles, the derived data may be represented as a distribution in equivalent spherical diameter of magnetic material in the particles. 
A field-flow fractionation (FFF) system is similar to a liquid chromatograph in that it uses a pump to provide a fluid flow, an injection loop to introduce a small sample of analyte, a flow-through separation module, and a detector such as a UV detector at the outlet. Unlike in chromatography, the separation of the sample components is achieved within the mobile phase alone rather than by exploiting differences in distribution between mobile and stationary phases [1, 2]. In the general case, the separation of the sample components is due to the combined action of the flow of mobile phase inside the channel and an external field acting perpendicularly to the flow. In the case of magnetic FFF, it is the gradient in field strength acting across the channel thickness, perpendicular to flow, that influences the distribution of particles within the flow. The controllability of both the field or gradient in field strength and the carrier flow rate contribute to the versatility of FFF. The separation mechanism is illustrated in Fig. 1. The separation device takes the form of a thin parallel-walled channel across the thickness of which is applied a field or field gradient. Due to viscous drag the mobile phase velocity profile inside the channel is parabolic, or near-parabolic, with highest fluid velocity close to the channel center and zero velocity at the walls. The field or field gradient acts to drive susceptible sample components toward one of the walls, the so-called accumulation wall, and therefore into relatively slowly moving fluid streamlines. Nanoparticles inside the channel approach a steady state when the field-induced particle migration toward the wall is balanced by a back-diffusion, the result being that the particle concentration decays exponentially from the accumulation wall. The elution time of the particles from the channel is determined by this balance between the field-driven and diffusive transport mechanisms. Particles that interact strongly with the field or field gradient form thin zones close to the accumulation wall (for example, zone A in Fig. 1). These zones are therefore carried to the channel outlet by relatively slowly moving fluid streamlines. Particles that interact less strongly with the field or field gradient form thicker, more diffuse zones and are carried to the channel outlet by faster moving fluid (for example, zone B in Fig. 1). The thicknesses 
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 in Fig. 1 correspond to the mean thicknesses for zones A and B, respectively. Thus, in the case of MgFFF, the higher the magnetite content of the particles, the longer is their retention time inside the channel. 
The force Fm on a particle due to its interaction with the magnetic field gradient is given by 
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where Vm is the volume of magnetic material in the particle (the coating is assumed to have negligible magnetization), M is the magnetization of this material which aligns with the local field vector, and (B is the gradient in magnetic field B which in the quadrupole is directed radially outward from the axis [3]. It follows that the force exerted on paramagnetic particles is also directed radially outwards. In the quadrupole magnetic field, (B = Bo/ro where Bo is the field strength at the radius ro of the accumulation wall. The concentration profile across the channel thickness resulting from the balance of field-induced and diffusional transport is given by 
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in which c0 is the concentration at the accumulation wall, x is the distance from the accumulation wall, w is the channel thickness, and λ is the so-called retention parameter given by 
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where D is the particle diffusion coefficient, um is the field-induced velocity of the particle, k is the Boltzmann constant, and T is the absolute temperature. Since the field-induced velocity is toward the accumulation wall, it has a negative value and the absolute value 
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 is used in Eq. 3. The retention parameter λ is equal to the ratio of mean zone thickness 
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 to channel thickness w. Note that the value of λ is independent of the overall particle size; it is dependent on the induced force on the particle which is proportional to the mass of magnetic material incorporated in the particle. 

Assuming that the velocity profile for the thin channel is parabolic, it follows [1, 2] that the retention ratio, or the ratio of elution times of a nonretained material t0 to a retained material tr, is given by 
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The final approximate form on the right hand side of Eq. 4 is accurate to within 0.37% for λ < 0.15. 

With knowledge of the channel volume and the volumetric flow rate of the carrier solution (mobile phase), the nonretained time t0 may be calculated. This time, also known as the void time, is commonly indicated by a sharp initial peak in the elution profile or fractogram. A retention time may then be related to a value of λ according to Eq. 4, and this to a magnetic force on the particles eluting at this time by Eq. 3. The field strength Bo at the accumulation wall is constantly monitored during sample analysis by a Model 6010 Gauss/Tesla Meter (SYPRIS, Test & Measurement, F. W. Bell, Orlando, FL), and if the relationship between magnetization and field strength is known for the core material, then the volume of the core (or the equivalent volume for a dispersed material in the particle) may be obtained via Eq. 1. The elution profile, or fractogram (concentration vs. elution time), for a sample may therefore be transformed into a mass or number distribution of equivalent spherical core diameters. 
It is common practice in FFF to gradually reduce the field strength during the elution of polydisperse samples [4, 5]. This is known as field programming. These conditions have the effect of hastening the elution of the more strongly retained fractions while adequately retaining those fractions that are less influenced by the field at high initial field strength. The field decay program used in this work corresponds to the power program [5] and is described by the equation 
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where B(t) is the field strength at time t, B(0) is the initial field strength which is held constant for an initial time t1, ta is a second time constant that is generally set to 
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, and p is a positive real number. The field strength B in Eq. 5 refers to the field strength at the accumulation wall Bo where the particles are concentrated. The gradient in field strength, equal to Bo/ro, decays in parallel to Bo. 
As the field and field gradient decay, the force on the eluting particles Fm falls and the retention parameter λ and therefore the retention ratio R increase. Any arbitrary field and field gradient decay may be accounted for in relating a retention time to the volume of magnetic material per particle by numerically solving the integral equation [6] 
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For data reduction, the monitored field strength at the accumulation wall was used in the calculations. 
The quadrupole magnetic FFF system has been described previously [7, 8]. It utilizes a radially symmetric quadrupole magnetic field with the thin channel taking a spiral path within an annular space in the quadrupole aperture. A quadrupole electromagnet was designed and assembled in our laboratory. An electromagnet allows for the selection of optimum field strengths for given samples and the programmed decay of field strength during the elution of broadly polydisperse samples. It consists of four copper coils, each nominaly 1900 m of AWG 18 coated copper wire ((unisolated = 1.024 mm), four pole pieces made of 1018 low carbon, cold rolled steel. The copper coils had measured electrical resistances between 35.6 and 35.8 Ω. The pole tips were machined to the required hyperbolic profile to generate a radially symmetric magnetic field gradient. The field return paths were facilitated with a square yoke of 1018 low carbon, cold rolled steel. The pole pieces were designed and assembled to form a 16 mm aperture into which the FFF channel could be inserted. The power for the electromagnet is provided by a Xantrex HPD60-5 (Xantrex Technology Inc., British Columbia, Canada) regulated DC Power Supply with a nominal maximum current of 5 A at 60 V. The four coils generate a quadrupole field with a maximum field strength of 0.71 T at the pole tips at a total magnetization current of 5 A corresponding to 1.25 A to each of the coils wired in parallel. To exploit the radially symmetric quadrupole field gradient, the MgFFF device employs an innovative spiral channel design. It consists of a cylindrical core made of the hard polymer, DelrinTM from du Pont. The channel is machined into the surface of the core in a spiral shape of 250 m depth. Inlet and outlet ports are machined into the ends of the core. The core is then inserted into a tightly fitting, internally polished stainless steel (316 grade) cylinder. This is accomplished by cooling the components in liquid nitrogen, assembling, and then allowing their return to room temperature. The channel makes four complete spirals around the cylinder; it has an overall length of 23.5 cm, and a nominal volume of 0.94 ml. We employ a spiral channel instead of an annular one for several reasons. First of all, any small field gradient variations are sampled equally by all sample particles as they migrate along the channel. Another advantage of the spiral design is the improved uniformity of channel thickness across its breadth and length due to the tight fit of the uncut surface of the cylindrical core within the tube. Finally, an annular channel requires that fluid be introduced at several inlets and removed at several outlets in order to approach a uniform parallel flow pattern. However, a slight imperfection or blockage in any of the inlets or outlets would result in a strong disturbance to the flow pattern, and a loss of separation efficiency. The helical channel design requires only a single inlet and a single outlet, and is not susceptible to such disturbances to flow pattern. 
A Dionex GP40 Gradient Pump (Dionex Corporation, Sunnyvale, CA) was used to provide the flow of carrier fluid (mobile phase). The sample was introduced to the channel using a 7725i Rheodyne injection valve (Rheodyne, Cotati, CA) with a 20 μl loop. The particles were detected in the outlet stream with a Model VUV-12 UV-detector (HyperQuan Inc., Colorado Springs, CO). The detector output was input to a PC using a 12-bit analog-to-digital converter (DI-154RS, Dataq Instruments, Akron, OH), and was displayed and saved to the PC using the company’s Windaq Lite software. Phosphate buffered saline (PBS) at a pH of 7.4 was used as the carrier fluid. 
A sample of magnetic nanoparticles was supplied by BD Biosciences Pharmingen. This material had been procured from Skold Technology for preparation of their commercial line of IMagTM products. The particles (lot 80) were composed of dextran coated magnetite and had a nominal size range of 230 nm ± 150 nm diameter (information provided by the company). The particles were also subjected to quasi-elastic light scattering (QELS) using a Brookhaven Instruments system (Model BI-200SM, Brookhaven Instruments Corp., Holtsville, NY, USA). This yielded a mean diameter of 178 nm and relative variance of 0.198 (corresponding to a relative standard deviation of 44.5%), assuming a log-normal distribution. The results suggest that 95% of the particles are between about 75 and 390 nm, which is in very good agreement with the data provided by the supplier. The particles were not conjugated with any antibodies or any other surface functional groups. They were supplied suspended in 10 mM MES (2-(N-morpholino) ethanesulphonicacid) buffer at pH 6.1. Before MgFFF analysis the particles were sonicated for about 3 minutes and then diluted 1:6 with PBS. Before each injection into the system, the suspended particles were sonicated for an additional 3 minutes. 
A 20 μl volume of sample was introduced to the channel at a low sample loading flow rate of 0.10 ml/min and the initial magnetic field strength of 57 mT. The flow was then interrupted for 30 minutes to allow the sample particles to approach their steady state distribution across the channel thickness. The channel flow was then reinstated at the higher rate of 0.5 ml/min and the field decay program initiated for the analysis to take place. 
A typical elution curve for this sample is shown in Fig. 2. The elution curve shows a sharp void peak at 90 seconds, followed by the broad peak corresponding to the elution of the particles. The other curve in the Fig. shows the field decay as a function of elution time (see the right hand axis). The field at the accumulation wall is initially set at 57 mT and held constant for 2 minutes. It then decays smoothly to 3.7 mT during the sample elution. The field decay follows the power program with t1 = 12 minutes, ta = -96 minutes, and p = 8. In this particular case, the pre-decay time was over-ridden and set to 2 minutes, as mentioned above. 
The data reduction procedure requires a magnetization curve for the magnetic nanoparticle core material. Because such a curve was unavailable for the particular sample in hand, a magnetization curve for uncoated magnetite nanoparticles was taken from the literature [9]. A curve fitting to these data resulted in the following relationship between M and B:
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where M has units of A/m and B units of T. Data reduction requires the determination of the relationship between Vm (and hence core diameter dm) and the elution time tr. As mentioned earlier, numerical solution of Eq. 6 (with successive substitutions for R, λ, and Fm using Eqs. 4, 3 and 1, respectively) yields the required relationship. Note that this takes into account the dependence of Fm on both M (using Eq. 7) and 
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 as field strength Bo decays. For the purposes of data reduction it was also assumed that there was no correlation between overall particle size and magnetite core size. This is a reasonable assumption given that there was no evidence to the contrary. Having made this assumption, no light scattering corrections would be required for the detector response. It was therefore assumed that the detector response was directly proportional to particle number concentration in the outlet stream. 
The result of transformation of the elution curve in Fig. 2 to a number distribution of equivalent spherical core diameters of magnetite is shown in Fig. 3. This shows a broad distribution from about 0.1 μm to 0.6 μm, with a peak maximum at about 0.2 μm. The calculated core diameters are larger than expected, given that 95% of the particles were determined by QELS to have an overall size between 0.075 μm and 0.39 μm. This may indicate some particle aggregation in the channel due to dipole-dipole interaction or some other physical attraction. The fact that a magnetization curve was assumed for the particles would not account for the extent of the apparent overestimation of the core sizes. On the other hand, the MgFFF elution curves are found to be highly reproducible, and MgFFF has been shown to be capable of distinguishing between different lots of magnetic nanoparticles from the same source [7]. Further work will investigate the quantitative validity of the calculated distributions obtained from programmed MgFFF. 
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Figure Captions

Fig. 1. Schematic of a section of the channel thickness illustrating the retention mechanism. 
Fig. 2. Elution profile for sample of Skold nanoparticles (lot 80) and the field decay curve (referring to the right hand axis). 
Fig. 3. Number distribution for calculated equivalent spherical core diameters. 
Figure 1. Schematic of a section of the channel thickness illustrating the retention mechanism.
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Figure 2. Elution profile for sample of Skold nanoparticles (lot 80) and the field decay curve (referring to the right hand axis). [image: image15.png]60
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Figure 3. Number distribution for calculated equivalent spherical core diameters. [image: image16.png]Relative Number
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