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is achieved through application of a magnetic field gradient transversal to the flow direction of the cells, which 
exerts a force on magnetized cells in the sorting channel (Fig. 1). The force on a given cell is proportional to its 
magnetic moment as well as the field gradient, which is therefore one of the key parameters in magnetic separa-
tion applications.

Precise control of the magnetic field gradient can be achieved by introducing electromagnets in the system19, 20.  
In this case however, the gradient is limited by the low amount of currents that can be applied due to the small 
dimensions and the associated generation of heat in the system. More often, the strong gradient necessary for 
efficient sorting is produced by enhancing the magnetic field from a permanent magnet through interaction with 
ferromagnetic material21–26. For instance, it has previously been shown that the presence of nickel microparticles 
(immersed in silicon oil) in a side channel can enhance the magnetic field gradient. The resulting magnetic force 
on the cells was 3.3 times greater than with a magnet alone23. We modified this principle, using a suspension of 
superparamagnetic nanoparticles (ferrofluid), which can be reversibly magnetized and retain phase stability27.

The reversible magnetization (M) of a suspension of superparamagnetic particles (typically 10 nm in the case 
of magnetite) in the presence of a magnetic field (H) is given by the Langevin function,
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where H is the magnetizing field, n is the number of nanoparticles per unit volume in the ferrofluid, µ is the mag-
netic moment of each nanoparticle, µ0 is the permeability of free space, kB is the Boltzmann’s constant and T is the 
absolute temperature. For dense ferrofluids (>10% Vol magnetic material) the particles tend to align and form 
chains in the presence of the magnetic field, resulting in a higher initial susceptibility. This is due to a significant 
contribution to the magnetization from interparticle correlations, which can be taken into consideration by intro-
ducing into equation 1 an effective magnetic field (He) adding the contribution from the surrounding particles28. 
This effective magnetic field is given by

Figure 1.  Design of microfluidic sorting device. The microfluidic device is shown from above (a,a’) and as a 
cross section trough the channels (b). A ferrofluid is filled in the side channel distanced 10 µm from the sorting 
channel (a’). In the presence of an external magnetic field (thick arrows, H) the nanoparticles in the ferrofluid 
align to magnetize the ferrofluid (thin arrows, M) and create a gradient field. This results in an attractive force 
(Fm) acting on magnetic cells (red), whereas non-magnetic cells (blue) continue in the sample flow (a and b). 
The small magnetotactic bacteria were tested in a sorting channel with reduced dimensions (black) compared to 
dimensions used for macrophages (red). The microfluidic chip (a’) is placed inside a chip holder to ensure stable 
connection of the tubing and placed under a fluorescent microscope for online monitoring of the separation 
process (c).
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different fluorescent markers, similar to how we characterized the cell behavior in the absence and presence of 
external magnets (gray and orange, respectively, in Fig. 3d,e).

Next, in order to evaluate the performance of the microfluidic magnetic separation system also for naturally 
occurring magnetic cells, we tested magnetotactic bacteria (M. gryphiswaldense). These bacteria are intrinsically 
magnetic due to their intracellular chain of magnetite nanocrystals (40 nm diameter), which however possess low 
magnetic moments in the range of 0.1·10−15 Am2 33–35. This is just above the theoretical limit for overcoming the 
thermal fluctuations (kBT) when interacting with the weak geomagnetic field (~50 µT). We tested the bacteria in 
a modified sorting chip that had reduced dimensions to decrease the perpendicular travel distance for the small 
cells (Supplementary Fig. S3). To allow for sufficient interaction time of the cells with the magnetic field gradient, 
cells were injected at 0.1 µl/min, while the buffer was injected at 0.5 µl/min. We observed that the mean position of 
the cells (visualized at the mid-point of the channel) was significantly shifted 12.1 µm towards the ferrofluid when 
the external magnet was present (t-test: p < 0.001). Specifically, as shown in the histograms in Fig. 3e, the mean 
position of the bacteria in the channel was 29.7 ± 0.2 µm from the wall farthest from the ferrofluid in the absence 
of the magnet (gray). When the external magnets were placed on the device, the mean position of the sample was 
41.8 ± 0.2 µm, thus crossing the midline of the sorting channel (Fig. 3e, orange). This ensured that the bacteria 
were steered into the region of higher magnetic field gradient for a more efficient separation (Fig. 2). Moreover, 
the subpopulation of bacteria with highest magnetic volume concentration could be observed flowing along the 
wall close to the ferrofluid (Fig. 3e, arrow). Taken together, these results demonstrate that a large range of samples, 
in terms of both size and magnetic moments, could be efficiently sorted in the microfluidic system.

Visual control of the sorting process in combination with the automated video analysis was useful in the evalu-
ation of the system and could be employed in further optimization steps. We used a fluorescent stain for improved 
visualization of the cells with much better contrast than available through brightfield microscopy. The approach 
of reducing each frame into a vertical line through a mean intensity projection along the x-axis was chosen for 
two reasons. First, with this approach we could easily assess the width of each object passing in the channel, thus 

Figure 3.  Separation of cells with intrinsic magnetic properties in the microfluidic device. (a) Macrophages 
containing phagocytosed nanoparticles (100 nm with 30 nm magnetic cores; red) were labeled with a nuclear 
stain (blue) for visualization in the sorting channel. (b) Examples of cells in the sorting channel without (gray) 
and with (orange) the external NdFeB magnet at a sample flow rate of 1 µl/min, observed at the center of the 
sorting channel. (c) Sorting efficiency of macrophages at different sample flow rates. The bar graph represents 
the average number of cells in the buffer flow with the external magnet. Error bars indicate SEM over multiple 
placements of the magnet (trials). (d) Example of data analysis for one trial of macrophages without (gray) 
and with (orange) the permanent magnet present. (e) Magnetotactic bacteria were sorted in a smaller device 
optimized for the smaller size of the prokaryotic cells. The histograms combines data from three trials and show 
a shift of the flow of bacteria in the presence (orange) of the external magnet compared to without the magnet 
(gray). The fraction of bacteria with highest magnetic moments was observed close to the wall (arrow).
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