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1. Magnetic Systems for the Cultivation and Focusing of EcN Bacteria 
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c)                                                                    d) 

Figure S1. Magnetic system for cultivation of EcN bacteria. In figures a and b, 1 – permanent magnet, 
2 – magnetic circuit, 3 – working volume of the magnetic system for cultivation of the EcN. The 
magnetic field flux density was measured to be maximum 0.15 T inside the working volume of the 
magnetic system. The measurement was carried out by means of Magnetic Field Flux Density Meter 
Ш1-8 with Hall-type sensor. The size of the magnetic field sensor (Magnetic Field Flux Density Me-
ter Ш1-8) is 6 mm. Therefore, the specified sensor can measure the magnetic field flux density aver-
aged on the scale of the characteristic dimensions of the sensor at the center of working volume 3. 
The red frame shows the unit cell of the magnetic system used for calculation of both magnetic field 
flux density distribution and distribution of gradient of magnetic field in a working volume of the 
magnetic system. (c and d): unit of the magnetic system and the spatial distribution of the MF within 
it. The magnetization of the magnets is directed along the x-axis. The magnetic field flux density at 
the central area is 150 mT. 

 



Figure S2. Spatial magnetic field and gradient distributions within a magnetic unit of the bacteria 
cultivation system: a) 3D plot of the magnetic field strength modulus,  H/M vs x and z coordinates 
(both in mm), b) vector field of H vs the x- and z- coordinates in the plane y=0, c)  vector field of dH/dx 
vs the x- and z- coordinates in the plane y=0, and d) vector field of dH/dz vs the x- and z- coordinates 
in the plane y=0. 

 
Figure S3. Two permanent magnets generate a gradient magnetic field. The magnetic gradient 
reaches its maximum just above the contact surface (1). 

2. Focusing EcN Bacteria with a Gradient Magnetic Field Generated by Two Magnets 



 
Figure S4. Focusing of EcN bacteria in a gradient MF above the contact surface of the two permanent 
magnets shown in Fig. S3: a) bacteria cells cultivated on standard medium (control); b) bacteria cells 
cultivated on standard medium with the addition of chelates; c) bacteria cells cultivated on standard 
medium under the influence of external MF with magnetic field flux density 1500 Oe (0.15 T); d) 
bacteria cells cultivated on a standard medium with the addition of chelates under the influence of 
external MF with magnetic field flux density 1500 Oe (0.15 T). 

3. Statistical Analysis of the Distributions of the Cluster Sizes of EcN Bacteria  
The Gwyddion program was used to measure diameters of EcN cell cluster size dis-

tributions (Fig. 4) on the basis of optic microscopy images of EcN cell clusters. The mean 
and maximum diameters of EcN cell clusters (Fig. 4) cultivated under the influence of an 
external constant MF are 1.24-1.26 times larger than for the control, and the maximum 
diameter of the EcN cell clusters differs slightly from the control for samples, cultivated 
with the addition of iron chelates into the medium (Fig. 4). The Welch's t-Test statistic 
turns out to be less than zero and the corresponding p-value is less than 0.05. Here the p-
value is less than 0.05 hence we could reject the null hypothesis of the test and the conclu-
sion that the difference between the mean cluster diameters of control group and all other 
three groups (ST+Fe, ST+MF, ST+MF+Fe) of data (Fig. 4) is quite significant. Besides the 
negative t-value means that the mean of cluster diameter in control (ST- standard me-
dium) was significantly smaller than the mean of all other three groups of data (ST+Fe, 



ST+MF, ST+MF+Fe). The Wasserstein distance was calculated also between control distri-
bution in Fig. 4 (ST) and all three distributions in Fig. 4 (ST+Fe, ST+MF, ST+MF+Fe). The 
three calculated Wasserstein distances represent the average distance between each point 
of control distribution (ST) and the corresponding point of each of three distributions in 
Fig. 4 (ST+Fe, ST+MF, ST+MF+Fe). The calculation revealed that the Wasserstein distances 
are the same as the absolute value of differences between the means of these distributions. 
The calculation of statistical significance of the results was carried out using build-in meth-
ods of scipy package of Python programming language. 

4. Velocities of Magnetophoresis of the Clusters of E. coli Nissle 1917 under the  
Gradient Magnetic Field of the System of Permanent Magnets 

Table S1. Average velocity if magnetophoresis of the clusters of E. coli Nissle 1917 under the gradi-
ent magnetic field of the system of permanent magnets (Fig. S3). . 

Conditions of cultivation of E. coli Nissle 1917   Average velocity, mm/s 
ST 0,7 

ST+Fe 1,6 
ST+MF 1 

ST+MF+Fe 1,9 

5. Estimation of Number of Paramagnetic Ions, Atoms or Proteins to Provide the  
Experimentally Observed Velocity of Magnetophoresis for the Clusters of E. coli  
Nissle 1917 

Let us estimate the hypothetical number of paramagnetic ions, atoms or proteins with 
paramagnetic centers (such as ferritin-like proteins) that are necessary to provide the ve-
locity of magnetophoresis observed for the clusters of E. coli Nissle 1917 (Table S1). This 
estimation shows that it is impossible to achieve such a high velocity of magnetophoresis 
as about 1 mm/s (Table S1) if we take on account contribution of paramagnetic ions, atoms 
or proteins with paramagnetic centers into the magnetic susceptibility of E coli cells ac-
cording to the literature data about their concentration. Further, this estimation shows 
that velocity of magnetophoresis would be 3-4 orders of magnitude less than the observed 
one (Table S1) if we take on account contribution of paramagnetic ions, atoms or proteins 
with paramagnetic centers into the magnetic susceptibility of E coli cells. 

The gradient magnetic force acts on the quasi-spherical cluster of E. coli  under influ-
ence of a gradient magnetostatic field (𝑟𝑜𝑡 𝐻ሬሬ⃗ = 0) (Figure 4): 𝐹⃗ఇ஻ = ఞ൫஻ሬ⃗ ఇ൯஻ሬ⃗ఓబ 𝑉 = ଵଶఓబ 𝜒𝛻𝐵ሬ⃗ ଶ𝑉,                                                  (1) 
where 𝜇଴ = 4𝜋 ⋅ 10ି଻H·m-1 is vacuum permeability, 𝜒 = 𝜒௖௟ − 𝜒௟ is the effective magnetic 
susceptibility of the cluster of E. coli , 𝜒௖௟ is the magnetic susceptibility of the cluster of E. 
coli,  𝜒௟ is the magnetic susceptibility of liquid in which the cluster is moving, 𝑉 = ସଷ 𝜋𝑟௖௟ଷ  is 
the volume of  the cluster of E. coli , 𝑟௖௟ is the radius of the cluster of E. coli . The gradient 
magnetic force is balanced by the viscous damping force 𝐹⃗ௌ௧ = 6𝜋𝜂𝑣⃗𝑟௖௟,                                                           (2) 
where 𝜂 is the dynamic viscosity of liquid, 𝑣⃗ is the magnetophoretic velocity of cluster 
of E. coli. The relation follows from the equality of these forces: ఞఓబ ห𝛻𝐵ሬ⃗ ଶห𝑟௖௟ଶ = 9𝜂𝑣.                                                         (3) 

The magnetic susceptibility of the cluster of E. coli can be calculated according to the 
general formular for magnetic susceptibility of a mixture [1]: 𝜒஼௟ = ௏೛ఞ೛ା௏೏ఞ೏௏೛ା௏೏                                                             (3) 



where 𝑉௣ and 𝑉ௗ denote the volume of the mixture occupied by paramagnetic and diamag-
netic substance correspondingly, whose magnetic susceptibilities are 𝜒௣ and 𝜒ௗ. Taking 
on account that 𝑉௣ ≪ 𝑉ௗ ≈ 𝑉௖௟ and  𝜒ௗ ≈ 𝜒௟  we simplify the last formula 𝜒௖௟ = ௏೛௏೎೗ 𝜒௣ + 𝜒௟.                                                          (4) 

The magnetic susceptibility of the cluster of E. coli can be calculated according to 
Langevin formular at high temperatures: 𝜒௖௟ = ఓబ௡௚మ௃ሺ௃ାଵሻఓಳమଷ௞ಳ் + 𝜒௟,                                                  (5) 

where n is the number of paramagnetic ions in the unit volume of the cluster of E. coli 
( ௏೛௏಴೗ = 𝑉ଵ𝑛, where 𝑉ଵ is an average volume occupied by one paramagnetic atom or ion), 𝜇஻ 

is Bohr magneton, 𝜇଴ = 4𝜋 ⋅ 10ି଻ ு௠ is the vacuum permeability, 𝑔ඥ𝐽ሺ𝐽 + 1ሻ is the effective 
number of Bohr magnetons, 𝑘஻ is Boltzmann constant, T is temperature. The substitution 
of the expression for 𝜒௖௟ (5) into the equality (3) results in the estimation of concentration 
of paramagnetic ions in the cluster of E. coli: 𝑛 = ଶ଻௞ಳ்ఎ௩௚మ௃ሺ௃ାଵሻఓಳమ หఇ஻ሬ⃗ మห௥೎೗మ .                                                   (5) 

The estimated number of iron ions per E. coli cell is  𝑁 = 𝜋𝑎𝑏ଶ𝑛,                                                          (6) 

where 𝑉௖௘௟௟ =  ସଷ 𝜋𝑎𝑏ଶ, 𝑎 is the long semiaxis, 𝑏 is short semiaxis of bacterial cell. The values 
of the universal physical constants are: 𝜇஻ = 9.273 ⋅ 10ିଶସ 𝐽𝑇ିଵ 𝑘஻ = 1.38 ⋅ 10ିଶଷ 𝐽𝐾ିଵ 

The following parameters were used for estimations according to the formular (6): 𝑔ඥ𝐽ሺ𝐽 + 1ሻ ≈ 5  [2] 𝜂 = 10ିଷ 𝑃𝑎 ⋅ 𝑠 – dynamic viscosity of water 𝑟௖௟ ≈ 50 𝜇𝑚 (Fig. 4) 𝑇 ≈ 300 𝐾 𝑣 ≈ 1 𝑚𝑚 ⋅ 𝑠ିଵ according to the measurement of magnetophoretic velocity in the pre-
sent research ห𝛻𝐵ሬ⃗ ଶห ≈ 0.5 ⋅ 10ଶ  ௠் – typical value for the system of permanent magnets (Fig. S3) 2𝑎 = 2.83 𝜇𝑚  [3] 2𝑏 = 0.86 𝜇𝑚  [3] 

The estimations result in the value of 𝑁 ≈ 10ଽ that is 3-4 orders of magnitude greater 
than the iron content of E. coli ranges from 105 to 106 atoms per cell, depending on growth 
conditions [1] [4].  

The influence of the level of free radicals on magnetic susceptibility of bacteria is low 
according to the formular for magnetic susceptibility of a mixture [1] because of low con-
centration of the free radicals. For example, in fully aerated Escherichia coli, the interplay 
between endogenous production and scavenging enzymes results in a steady-state intra-
cellular concentration of ∼0.2 nM O2−  [5]. 

The influence of the level of other paramagnetic atoms (Co, Ni) on magnetic suscep-
tibility of bacteria is also very low according to the formular for magnetic susceptibility of 
a mixture [1] because of low concentration of the cobalt and nickel in bacterial cells. For 
example, the divalent cations of cobalt and nickel are essential nutrients for bacteria, are 
required as trace elements at nanomolar concentrations and are toxic at micro- or milli-
molar concentrations [6]. Simple estimation shows that the number of ions or free radicals 
with nanomolar concentration per E. coli cell is about several pieces.  



Let us consider also an idea that bacterial ferritin of E. coli can contribute significantly 
into it magnetic susceptibility. Three types of ferritin-like proteins in prokary-
otes are studied in  [7]: classical ferritins (Ftn), which are similar to eukar-
yotic ferritins, bacterioferritin (Bfr), and “DNA-binding proteins from 
starved cells” (Dps proteins). Ftn was found to load the highest number of 
iron atoms (approx. 75 per holomer), followed by Bfr (approx. 44 iron at-
oms per holomer). Fri bound the lowest amount of iron atoms (approx. 10 
per holomer)  [7]. When overexpressing the iron-storage proteins, the iron 
content of the bacteria E. coli Nissle 1917  significantly increased (up to 6-fold 
in Bfr-expressing EcN in culture)  [7]. However, important differences are de-
tected in the magnetization behavior for the mammalian ferritin (horse spleen ferritin - 
HoSF) and the prokaryotic ferritin-like proteins (including bacterioferritin (Bfr) from Esch-
erichia coli) [8]. The superparamagnetic behaviour was found in the cores of mammalian 
ferritin due to uncompensated moments at the surface of the antiferromagnetic ferrihy-
drite core [8]. The results of the magnetization versus the field measurements indicate that 
the mineral core synthesized by the prokaryotic ferritin-like proteins lacks magnetic order 
and behaves like a paramagnet [8]. The results for the HoSF give a magnetic moment per 
core of ≈340 𝜇஻ [8]. Regarding the prokaryotic samples, the most striking result obtained 
from the magnetic fits is the very low magnetic moment per particle core, ranging between 
6 and 8 𝜇஻. This is much lower than the value obtained for HoSF (≈ 340 𝜇஻)  [8]. Basically, 
6–8 𝜇஻ is an atomic-like magnetic moment (Fe3+ should contribute with 5 𝜇஻), which indi-
cates that we have a paramagnet from individual uncoupled Fe3+ ions [8]. The following 
conclusions can be derived from the experimental data [7, 8]: 

1. The contribution of magnetic susceptibility of bacterial ferritin into the overall 
magnetic susceptibility of cluster of E. coli is atomic-like and can be described by 
the formular (5) with the parameter 𝑔ඥ𝐽ሺ𝐽 + 1ሻ ≈ 6 − 8 denoting n as the number 
of ferritin molecules in the unit volume of the cluster of E. coli. 

2. Even 6-fold increase of iron content of E. coli Nissle 1917 (observed in [7]) due to 
overexpression of Bfr is not sufficient to explain the magnetophoretic mobility of 
cluster of E. coli Nissle 1917 observed in the present research. 

3. The magnetophoretic mobility of cluster of E. coli Nissle 1917 observed in the pre-
sent research can be explained by the formation of magnetic nanoparticles. 

6. Movies 
Movie 1: Magnetophoresis of EcN bacteria grown in standard medium (control). Bac-

teria move towards the contact surface of the two permanent magnets shown in Fig. S3.  
Movie 2: Magnetophoresis of EcN bacteria grown in standard medium with iron che-

lates. Bacteria move towards the contact surface of the two permanent magnets shown in 
Fig. S3. 

Movie 3: Magnetophoresis of EcN bacteria grown in standard medium in the gradi-
ent 0.15 T MF. Bacteria move towards the contact surface of the two permanent magnets 
shown in Fig. S3. 

Movie 4: Magnetophoresis of EcN bacteria grown in standard medium with iron che-
lates, in the gradient 0.15 T MF. Bacteria move towards the contact surface of the two 
permanent magnets shown in Fig. S3. 
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