Supplementary materials
Blümler et al.: Contactless nanoparticle-based guiding of cells by controllable magnetic fields
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Supplementary Figure S1: Photographs of magnet systems. (a) M1, (b) M2, and (c) M3 for more details see Supplementary Tab. S1.
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Supplementary Figure S2: Snapshots from Supplementary Video S2 showing murine Raw 264.7 cells loaded with SPIONs in presence of magnet M1. (a) The cells were placed inside the magnet with compensated quadrupoles and hence no magnetic force. Hardly any clustering of cells is observed. In presence of a magnetic force, the cells are moving, interacting with other cells, and finally form longer and longer, needle-shaped aggregates. (b) Snapshot after 8 s, (c) after 20 s and (d) after 33 s. The labelling is explained in the caption of Supplementary Video S2.
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Supplementary Figure S3: Contact-free movement of SPION-loaded cells. (a) Starting point of Supplementary Video S3 used for cell tracking of NHDF cells incubated with 1µg/mL SPIONPAM. The length of the video was 4 minutes and after each minute the orientation of the quadrupole magnet was turned by 45° so that the direction of the magnetic force changes by 90°. (b-e) Cell tracking of the 4 different cells, marked in a) by dashed rectangles. v, velocity; Øv, average velocity; 1.v, 2.v, 3.v, 4.v. velocity during the first, second, third, and fourth minute; red bars, changing point of the magnetic field. Quantification was performed using the video analysis and modelling tool Tracker 5.0.6. from Open Source Physics.
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Supplementary Figure S4: Contact-free movement of SPION-loaded cells. (a) Starting point of Supplementary Video S4 used for cell tracking of NHDF cells incubated with 2µg/mL SPIONPAM. The length of the video was 4 minutes and after each minute the orientation of the quadrupole magnet was turned by 45° so that the direction of the magnetic force changes by 90°. (b-e) Cell tracking of the 4 different cells, marked in a) by dashed rectangles. v, velocity; Øv, average velocity; 1.v, 2.v, 3.v, 4.v. velocity during the first, second, third, and fourth minute; red bars, changing point of the magnetic field. Quantification was performed using the video analysis and modelling tool Tracker 5.0.6. from Open Source Physics.
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Supplementary Figure S5: Contact-free movement of SPION-loaded cells. (a) Starting point of Supplementary Video S6 used for cell tracking of HUVECs incubated with 1µg/mL SPIONPAM. The length of the video was 4 minutes and after each minute the orientation of the quadrupole magnet was turned by 45° so that the direction of the magnetic force changes by 90°. (b-e) Cell tracking of the 4 different cells, marked in a) by dashed rectangles. v, velocity; Øv, average velocity; 1.v, 2.v, 3.v, 4.v. velocity during the first, second, third, and fourth minute; red bars, changing point of the magnetic field. Quantification was performed using the video analysis and modelling tool Tracker 5.0.6. from Open Source Physics.
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Supplementary Figure S6: Contact-free movement of SPION-loaded cells. (a) Starting point of Supplementary Video S7 used for cell tracking of HUVECs incubated with 2µg/mL SPIONPAM. The length of the video was 4 minutes and after each minute the orientation of the quadrupole magnet was turned by 45° so that the direction of the magnetic force changes by 90°. (b-e) Cell tracking of the 4 different cells, marked in a) by dashed rectangles. v, velocity; Øv, average velocity; 1.v, 2.v, 3.v, 4.v. velocity during the first, second, third, and fourth minute; red bars, changing point of the magnetic field. Quantification was performed using the video analysis and modelling tool Tracker 5.0.6. from Open Source Physics.
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Supplementary Figure S7: Contact-free movement of SPION-loaded cells. (a) Starting point of Supplementary Video S8 used for cell tracking of HUVECs incubated with 4µg/mL SPIONPAM. The length of the video was 4 minutes and after each minute the orientation of the quadrupole magnet was turned by 45° so that the direction of the magnetic force changes by 90°. (b-e) Cell tracking of the 4 different cells, marked in a) by dashed rectangles. v, velocity; Øv, average velocity; 1.v, 2.v, 3.v, 4.v. velocity during the first, second, third, and fourth minute; red bars, changing point of the magnetic field. Quantification was performed using the video analysis and modelling tool Tracker 5.0.6. from Open Source Physics.
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Supplementary Figure S8: Strong surface attachment of Raw264.7 cells prohibit magnetically-based cellular movement. (a-c) There were no detectable magnetically induced migration of surface-adhered RAW264.7 cells loaded with fluorescent SPIONs within 10 minutes. Yellow lines are guide for the eyes. The direction of the magnetic field is indicated by the encircled white arrow.
	Magnet system
	M1
	M2
	M3

	B0 [mT] in the experimental volume
	325.6 ± 0.8
	89.5 ± 0.3
	97 ± 4

	G1 [T/m] in the experimental volume
	1.06 ± 0.02
	0.75 ± 0.03
	1.30 ± 0.04

	G2 [T/m] in the experimental volume
	1.04 ± 0.01
	--
	--

	Experimental volume [mm3]
	40 × 40 × 20
	15 × 15 × 7
	10 × 10 × 3

	Size [cm3] of magnet system
	36 × 36 × 27.5
	12 × 12.6 × 5.3
	10 × 10 × 5

	Mass [kg] of magnet system
	ca 100 kg
	430 g
	273 g

	Dipole magnet size [mm]
	Octagonal: 
28 × 28 × 75
	Cubes: 
10 × 10 × 10
	Cubes: 
8 × 8 × 8

	Dipole 
magnet remanence [T]
	1.43
	1.37
	1.37

	Dipole 
inner diameter [mm]
	102
	51
	38.5

	Dipole 
outer diameter [mm]
	192
	84
	66

	Dipole gap [mm]
	10.2
	17.8
	13.8

	Dipole total height [mm]
	187
	38.3
	31

	Dipole number of magnets
	2 × 16
	2 × 16
	2 × 16

	Quadrupole #1/2 
magnet size [mm]
	#1: Cuboid: 
13 × 13 ×80;
#2: Cuboid: 
23 × 23 × 80
	
Cubes: 
10 × 10 × 10
	
Cubes:

6 × 6 × 6

	Quadrupole #1/2 remanence [T]
	  #1: 1.43;
#2: 1.43
	1.37
	1.42

	Quadrupole #1/2 
inner diameter [mm]
	  #1: 200; 
#2: 265
	85
	72

	Quadrupole #1/2 
outer diameter [mm]
	  #1: 255; 
#2: 362
	119
	94

	Quadrupole #1/2 
total height [mm]
	  #1: 97; 
#2: 97
	15
	10

	Quadrupol #1/2 
number of magnets
	  #1: 32; 
#2: 24
	24
	32

	Used Microscopes:


	Supplementary Video S1:

Fujifilm Finepix HS 30

Supplementary Figure S3 & Video S2:
WADEO USB digital microscope 
(non magnetic) 
	Zeiss Axio Observer. Z1 fluorescent micro-scope (Carl Zeiss

AG, Oberkochen, Germany).
	Leica TCS SP5 II on a DMI8 body, with a HCX PL APO CS 63x/1.4-0.6 oil-immersion objective, (Leica Microsystems, Wetzlar, Germany) Olympus CKX41 microscope with at Olympus SC30 camera (Olympus, Hamburg, Germany)


Supplementary Table S1: Dimensions and magnetic characteristics of the magnet systems. Three different magnet systems were used in this study. They are all based on the principles presented in35 and follow the concept sketched in Fig. 1. However, the magnets in Figure 1a-c are ideal Halbach cylinders, which are defined by a continuous rotation of the magnetization vector inside infinitely long cylinders of permanent magnetic material. Obviously, a real construction needs to be truncated in length and discretized with respect to the magnetization angles.36-38 Additionally, the devices which had to be mounted on the stage of light microscopes needed to be as light as possible; especially for use with the motorized stage of the confocal fluorescence microscope, which can only lift around 100 g. All the permanent magnets used are made from Nd2Fe14B with slightly different remanences. The support material for M138 is made from aluminium, while the much smaller magnets in M2 and M3 could be stabilized by supporting structures produced by a 3D-printer (Ultimaker 3) using polylactide material (see Figure 1d-e)). Photographs of the magnets are shown in Supplementary Figure S1.
	SPION
	SPIONPAM
	SPIONRAW 

	size (hydrodynamic diameter)
	181.0 ± 5.2 nm
	100 nm (PDI: <0.2)

	zeta potential (in H2O)
	-45.1 ± 5.8 mV
	n.d. 

	Magnetic susceptibility (mgFe/mL in SI)
	0.007429
	n.d.


Supplementary Table S2: Physicochemical characterization of SPIONs. The hydrodynamic diameters and zeta potentials were measured with a Zetasizer Nano (Malvern Instruments, Worcestershire, England) in distilled water. Magnetic susceptibility was determined using a susceptometer (MS2G; Bartington® Instruments, Oxon, UK) and normalized to the iron content of the suspension.
Supplementary Video S1: Steering demonstration writing “JGU” with a steel ball (diameter 1 mm) by manually changing the directions of both quadrupoles. The size of the ball was chosen so that it is easily visible while being moved across the inner opening of magnet M1. However, this size of an object resulted in such strong forces that its speed had to be significantly reduced to make its movements manually controllable. For this purpose it was immersed in a highly viscous silicon oil (ELBESIL B 40.000 purchased from Quax GmbH, Germany with a dynamic viscosity η(17°C) = 50 ± 1 Pas). The steel ball had an average velocity of 1.45 mm/s so that the entire path was travelled in 3.0 min. This Video is sped up by a factor 12.

Supplementary Video S2: Murine Raw 264.7 cells loaded with SPIONs in M1. The arrow in the upper left corner indicates the direction of the homogeneous field of the dipole (along this direction the cell are aligning and aggregating). The arrow inside the circle in the upper right corner illustrated the direction of the magnetic force exerted by the quadrupoles along which the cells are moved. A central dot in the circle indicates a situation where the quadrupoles are in compensating positions, so that there is no magnetic force acting on the SPIONs. The number in the lower right corner is the time in seconds. (See also Supplementary Figure S3 for explanations). 
Supplementary Video S3: Contact-free movement of NHDF cells incubated with 1 µg/mL SPIONPAM using the magnet system M2. The length of the video was 4 minutes. After each minute, the orientation of the quadrupole magnet was turned by 45°, which changes the direction of the magnetic force by 90°. An arrow indicates the orientation of the magnetic force. Cells or cell clusters used to determine the directional changes and velocities in the associated Supplementary Figure S3 are indicated by dashed rectangles. To make the movements more visible, the video shows the sequence at 8 times speed. 
Supplementary Video S4: Contact-free movement of NHDF cells incubated with 2 µg/mL SPIONPAM using the magnet system M2. The length of the video was 4 minutes. After each minute, the orientation of the quadrupole magnet was turned by 45°, which changes the direction of the magnetic force by 90°. An arrow indicates the orientation of the magnetic force. Cells or cell clusters used to determine the directional changes and velocities in the associated Supplementary Figure S4 are indicated by dashed rectangles. To make the movements more visible, the video shows the sequence at 8 times speed. 

Supplementary Video S5: Contact-free movement of NHDF cells incubated with 4 µg/mL SPIONPAM using the magnet system M2. The length of the video was 4 minutes. After each minute, the orientation of the quadrupole magnet was turned by 45°, which changes the direction of the magnetic force by 90°. An arrow indicates the orientation of the magnetic force. Cells or cell clusters used to determine the directional changes and velocities in the associated Figure 4 are indicated by dashed rectangles. To make the movements more visible, the video shows the sequence at 8 times speed.
Supplementary Video S6: Contact-free movement of HUVEC cells incubated with 1 µg/mL SPIONPAM using the magnet system M2. The length of the video was 4 minutes. After each minute, the orientation of the quadrupole magnet was turned by 45°, which changes the direction of the magnetic force by 90°. An arrow indicates the orientation of the magnetic force. Cells or cell clusters used to determine the directional changes and velocities in the associated Supplementary Figure S5 are indicated by dashed rectangles. To make the movements more visible, the video shows the sequence at 8 times speed.
Supplementary Video S7: Contact-free movement of HUVEC cells incubated with 2 µg/mL SPIONPAM using the magnet system M2. The length of the video was 4 minutes. After each minute, the orientation of the quadrupole magnet was turned by 45°, which changes the direction of the magnetic force by 90°. An arrow indicates the orientation of the magnetic force. Cells or cell clusters used to determine the directional changes and velocities in the associated Supplementary Figure S6 are indicated by dashed rectangles. To make the movements more visible, the video shows the sequence at 8 times speed.
Supplementary Video S8: Contact-free movement of HUVEC cells incubated with 4 µg/mL SPIONPAM using the magnet system M2. The length of the video was 4 minutes. After each minute, the orientation of the quadrupole magnet was turned by 45°, which changes the direction of the magnetic force by 90°. An arrow indicates the orientation of the magnetic force. Cells or cell clusters used to determine the directional changes and velocities in the associated Supplementary Figure S7 are indicated by dashed rectangles. To make the movements more visible, the video shows the sequence at 8 times speed.
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