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SUPPLEMENTARY TEXT 

MTB propulsive force and torque-based force calculations 

MTB motion is dependent on the propulsive force (FP) generated by their flagella and the 

fluidic drag force (FD). At constant velocity, this relationship is governed by: 

FP + FD = 0 (1) 

When traveling at constant velocity at low Reynolds numbers the propulsive force is equal 

and opposite to the drag force which is defined as:  

FP = γv (2) 

where v is the linear velocity and γ is the linear drag coefficient given by (58): 
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Thus, for a velocity range of 19 - 49 µm/s the propulsive force is estimated to fall between 

0.14 and 0.35 pN when the dynamic viscosity of the medium (η) is approximately 1 × 10-3 

Pa·s, and the length and diameter of the cell are l = 1.8 µm and d = 0.45 µm, respectively (fig. 

S1). 

In contrast, when MTB are exposed to an externally rotating magnetic field, they 

experience a magnetic torque, τM = |m × B| = m B sin θ, dependent on the magnetic moment 

(m) of the MTB and the magnetic field strength (B). The opposing hydrodynamic torque τH 

defines the steady state lag angle (θ) between the MTB and magnetic field and is governed by 

𝜏𝜏𝐻𝐻 = 𝛼𝛼 𝜔𝜔, where the angular frequency (ω) is equal to the frequency of magnetic actuation 

under synchronous rotation. The rotational drag coefficient (α) is obtained by (39): 
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Thus, the force (FT) generated by this torque-based motion can be determined using the 

following equation: 

TF
r
αω

=  
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For angular frequencies between 10 – 25 Hz at a field magnitude of 20 mT and distance from 

the axis of rotation (r) of 0.9 µm, the force generated ranges from 0.8 – 1.8 pN.  

Given that force and magnetic field gradient are governed by F = ∇ (m · B), the estimated 

gradient required to produce a force on the order of 1 pN on an MTB cell with a magnetic 

moment of m = 7.6 x 10-16 A m2 (25) was found to be approximately 1300 T/m.  



RMF magnetometer for inductive detection of MTB  

Inductive detection of MTB was performed using a custom-built RMF magnetometer. Two 

pairs of nested Helmholtz coils housed in a 3D printed frame were used to produce a circularly 

rotating magnetic field (fig. S4). Field magnitude was determined by measuring current with 

a shunt resistor and calibrating under constant field to a Hall probe (Metrolab THM1176), 

which agreed well with the expected geometric factor. Field measurements were ultimately 

performed with orthogonal inductive field probes (100 turns) placed in the central workspace 

along with sense and compensation coils (each 500 turns). Signals from the sense and 

compensation coils underwent differential amplification (Analog Devices EVAL-ADA4625-

1) and the residual signal from the sample was acquired by an oscilloscope (Keysight 

DSOX2004A) under signal averaging (N = 32).  

Measurements were collected at field amplitudes of 12 mT and 20 mT over a 

logarithmically spaced frequency range between 12 Hz and 80 Hz. Three measurements per 

frequency and amplitude were collected for blank samples containing MSGM and samples 

containing MTB. An inductive background signal at the same frequency and at 2 mT was 

collected both before and after every sample measurement. This approach assumes that the 

response of the bacteria at 2 mT and the investigated frequencies will be far smaller than their 

response at higher amplitudes, an assumption motivated by previous studies (25).  Prior to 

conducting measurements at each condition, inductive background was minimized by 

minutely mechanically adjusting the angle between the sense and compensation coil to 

balance phase and using the potentiometer to minimize the output signal of the amplifier. After 

a sample or blank was loaded, care was taken not to touch the device or otherwise disturb 

background cancellation. 

During subsequent data processing, any offset arising from amplification was 

subtracted and only the time-varying components of the acquired signals were considered. A 

linear combination of the background signals of the two field probes was fitted to the 2 mT 



magnetometer signals. This uses the orthogonal signals from the field probes as references for 

reconstructing residual inductive signal. Estimates of the background based on the 

measurements at 2 mT conducted immediately prior to and after measurement at the target 

amplitudes were then subtracted from the blank and MTB samples, providing initial and final 

bounds on the sample and blank signals. Each of the bounded blank signals (six) were then 

subtracted from each of the bounded MTB signals (six) to form a set of 36 signals. Because 

background subtraction is likely dominate error in this case, this set of 36 signals can be taken 

to represent the variation of equally theoretically valid background-subtracted signals.   

From this collection of 36 bounding signals, the mean signal generated by the MTB 

was found and bootstrapping was performed to provide 95% confidence intervals to quantify 

the uncertainty in the data presented in Figure 2A. Using a cosine function fitted to the in-

phase field probe, integration was used to separate each of these 36 signals into quantities 

proportional to the in-phase and out-of-phase components of the magnetization. Dividing by 

frequency and field magnitude yielded quantities proportional to susceptibility that can be 

compared to each other over the range of frequencies and amplitudes. Bootstrapping was also 

used on these sets of values to provide a 95% confidence interval on the resulting values for 

real and imaginary susceptibility depicted in Figure 2B.  

Predictions of the susceptibility values for MTB where made by plotting the 

normalized real (χ’) and imaginary (χ’’) components of susceptibility at 12 and 20 mT using 

the following equations: 
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where f is the frequency of rotation and τeff is the effective Brownian relaxation time 

given by: 



𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒 =
𝜏𝜏𝐵𝐵

0.412𝛼𝛼 + 0.143
 (8) 

The Langevin parameter, α, is defined by: 

𝛼𝛼 =
𝜇𝜇0𝑚𝑚𝑚𝑚
𝑘𝑘𝑏𝑏𝑇𝑇

 (9) 

 where, μ0 denotes vacuum permeability, m is the magnetic moment, H is the external field 

magnitude, kb is Boltzmann’s constant and the temperature is T = 298 K. 

The characteristic zero-field Brownian relaxation, τB time is given by: 

𝜏𝜏𝐵𝐵 =
3𝜂𝜂𝑉𝑉ℎ
𝑘𝑘𝑏𝑏𝑇𝑇

 (10) 

where η is the viscosity of the fluid and Vh is the hydrodynamic volume. 

Computational modeling of MTB-LP transport across endothelial monolayers 

To study the transmigration mechanism of MTB across HMEC monolayers, Finite Element 

Method (FEM) was employed to solve the governing equations using COMSOL Multiphysics. 

The cell monolayer was modeled in 2D featuring a few adjacent endothelial cells forming a 

sealed barrier between upper and lower compartments. Endothelial cells were modeled as 

hyperelastic material with shear modulus of 1 kPa (34, 35). The dimensions of the cells in the 

monolayer was adopted from Arefi et al. (35). Considering the relative stiffness of gram-

negative bacteria compared to endothelial cells, MTB were treated as rigid bodies. MTB were 

modeled as ellipsoids initially present in the upper compartment possessing a rigid dipole 

moment along their long axes. TEM images along with multisizer data (fig. S6) were used to 

estimate the average size of a single bacterium. Assuming 0.45 um for the short axis and using 

the diameter of equivalent volume from multisizer measurements, one could estimate the long 

axis of MTB to be approximately 1.8 um. 

Motion of micron-sized objects in a fluid close to a wall is well studied as surface 

walkers under low Reynolds number flows (40, 41, 62). The free body diagram of single 

bacterium illustrates the balance of acting forces and torques in such an environment: 



 

��⃗�𝐹 = 0 → 𝐹𝐹𝐻𝐻����⃗ + 𝑊𝑊���⃗ + 𝐹𝐹𝐶𝐶����⃗ = 0 

 

(11) 

�𝜏𝜏 = 0 → 𝜏𝜏𝑀𝑀 + 𝜏𝜏𝐻𝐻 + 𝜏𝜏𝐶𝐶 = 0 

 

(12) 

FH indicates the viscous drag, W is the gravity force, and FC is the reaction force from the 

substrate including both normal and frictional components. A mass density of 𝜌𝜌 =

200 𝑘𝑘𝑘𝑘/𝑚𝑚3 was assumed for the bacteria to take the effect of buoyant force into account (63). 

In the conservation of angular momentum equation, τM represents magnetic torque, τH is 

hydrodynamic resistant torque, and τC indicates the torque coming from the interaction with 

the substrate and is given by: 

𝜏𝜏𝐶𝐶 = 𝑟𝑟𝐹𝐹𝑒𝑒 (13) 

 where the distance from the axis of rotation r = 0.9 µm and Ff is the friction force. 

Magnetic torque arising from the lag between the magnetic dipole moment of MTB 

and external field is given by: 

𝜏𝜏𝑀𝑀 =  𝑚𝑚 𝐵𝐵 sin𝜃𝜃 (14) 

where m is the magnetic dipole moment of MTB which is estimated from VSM measurements 

(25), B represents the external magnetic field, i.e. 20 mT, and 𝜃𝜃 is the phase lag between two 

vectors.  
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Stokes flow theorem correlates hydrodynamic interactions in terms of linear and rotational 

viscous drag with corresponding linear and angular velocities: 

𝐹𝐹𝐻𝐻����⃗ = 𝛾𝛾�⃗�𝑣 

 

(15) 

𝑇𝑇𝐻𝐻 = 𝛼𝛼𝜔𝜔 

 

(16) 

where 𝛾𝛾 and 𝛼𝛼 are the linear drag coefficient rotational drag coefficient, respectively. 

Analytical expressions and empirical data were used to estimate the values of these these 

parameters which were set to 𝛾𝛾 = 7.1 × 10−9 𝑁𝑁. 𝑠𝑠/𝑚𝑚 and 𝛼𝛼 = 7.6 × 10−20 𝑁𝑁.𝑚𝑚. 𝑠𝑠/𝑟𝑟𝑟𝑟𝑟𝑟 in 

the simulations. 

The velocity dependence of friction between two microscale objects has previously 

been reported (64). This feature was incorporated into the friction model in which the slip and 

no slip regime was determined by a critical friction force depending on normal traction and 

velocity difference between two objects at the point of contact. Numerically, the penalty 

method was employed to resolve the mechanical contact which is based on insertion of a 

spring between two objects, only active in the case of compression. 

Rigid Body node of the Solid Mechanics interface was used to solve the above 

governing equations. Hydrodynamic interactions were then modeled as linear and rotational 

viscous damping acting on the rigid body. 

In order to model the dynamic gaps forming stochastically between adjacent cells, a 

set of random parameters were generated for each simulation. These values determined the 

opening time of the junction and size of the gaps. Random gap size was within the range of 

1.5 to 2.5 um (37) and the gap lifetime was set to 160 s (38). The overall simulation time was 

selected in a way that encompasses opening incidences of all gaps. Considering the size of the 

computational domain and translational motion of the bacteria, the simulation was carried out 

for 500 s. 



Liposome characterization and bioconjugation of carboxylated liposomes to MTB 

Bioconjugation of fluorescently-labelled liposomes to the MTB cell surface was achieved 

through carbodiimide mediated amidation. This coupling reaction relies on the terminal amine 

groups present in phospholipids, lipopolysaccharides, and various surface protein assemblies 

on the MTB cell membrane (65). In comparison to affinity-based conjugation, covalent 

crosslinking is a robust technique that produces a stable chemical bond for in vitro and in vivo 

applications (66, 67).  

Carboxylated liposomes fabricated using thin film hydration were found to have an 

average size of 184.2 ± 3.2 nm and a polydispersity index of 0.142 ± 0.055, indicating that the 

liposomes were monodisperse (fig. S5, Table S1). Zeta potential analysis showed that the 

liposomes had a negative net surface charge of 39.8 ± 0.9 mV, confirming successful 

incorporation of charged carboxylic groups on the outer membrane of the liposomes.  

The reactive carboxy groups on the liposomes were then covalently coupled to the 

primary amines on the MTB membrane using NHS chemistry. Flow cytometry was performed 

to confirm successful conjugation. Univariate histograms show a clear distinction between 

bacteria with low relative fluorescence and MTB-LP, which extend to higher relative 

fluorescence intensity values (fig. S7). The mean fluorescence intensity of the conjugates was 

approximately 380-fold higher than that of bacteria cells, signifying that liposomes were 

conjugated to the bacteria. 

 
  



SUPPLEMENTARY FIGURES 

 
Fig. S1. MTB size distributions before and after actuation. Average size distribution and 
average peak diameter values of MTB obtained by a Coulter counter. The plotted values are 
for the diameter of a sphere with equivalent volume and were used to estimate dimensions of 
the bacterial body (n = 3; mean). 
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Fig. S2. Comparison of MTB translocation across Caco-2 monolayers at varying out-of-
plane rotational frequencies. Bacteria concentration was normalized to respective 
unactuated controls. No significance between all conditions ((n = 3; mean ± SD; ANOVA). 
  



 
Fig. S3. Lucifer yellow rejection values for Caco-2 monolayers. Pre- and post-experimental 
Lucifer yellow (LY) rejection values for all tested conditions. Experiments were performed at 
a magnetic field strength of 12 mT for all conditions (n = 3; mean ± SD). 
 

  



Fig. S4. RMF magnetometer for inductive detection of MTB. (A) Technical drawing of 
RMF magnetometer frame and components. (B) Detailed drawing of inductive probes. (C) 
Technical drawing of assembled RMF magnetometer. (D) Images of side view and top view 
of the assembled RMF magnetometer. 
 
 

  



 
Fig. S5. Size distribution of liposomes. Data collected using dynamic light scattering 
(DLS) (n = 3; mean) 
  



 

 

 
Fig. S6: Bioconjugation of carboxylated liposomes to MTB. (A) Representative images of 

DiO-tagged liposomes conjugated to far-red stained MTB. (B) Size distribution and peak 

diameter values of MTB and MTB-LP obtained by a Coulter counter. The plotted values are 

for the diameter of a sphere with equivalent volume. (C) Representative flow cytometry 

histograms of unstained MTB and MTB-LP with calcein-loaded liposomes. 

 

 

 

  



 

 
Fig. S7. Assessment of MTB colonization in HCT116 tumor spheroids. (A) Representative 
z-projections from live HCT116 spheroids following 1 hour exposure to RMF (20 mT and 24 
Hz), thorough washing, and incubation for up to 120 h without actuation. MTB were stained 
with a far-red proliferative stain and images were captured at 120 h. Control refers to 
unactuated samples. Scale bar = 200 μm.  (B) Normalized fluorescence intensity distribution 
of actuated samples and controls at 120 h. Values were normalized to overall minimum and 
maximum fluorescence intensity values. Spheroid diameter was normalized along x-axis. (C) 
Image-based quantification of fluorescence intensity values from z-projections at 120 h (n = 
3; mean ± SD).  
 

 
  



 

 
Fig. S8. Plots of expected field magnitude and gradients. Fields and gradients produced in 
the workspace of the magnetic field generator for an applied field of 20 mT along the x, y, 
and z-axis. 
 
 
 
 
 



 
Fig. S9: Quantification of fluorescence intensity in spheroids. (A) Schematic of MCF-7 
spheroid with illustration of z-axis planes. Images were captured at 10 μm intervals from the 
bottom of the spheroids up to a depth of 100 μm. (B) Z-projection of Hoechst image stack 
with overlaid regions of interest (ROIs). To quantify the average fluorescence of DiO 
liposomes for each spheroid, ROIs were defined using the Hoechst image stack by tracing a 
contour around the spheroid at 0 and 100 µm. Intermediate ROIs were defined using 
interpolation, with approximately 3 µm radial increments. These ROIs were then applied to 
the corresponding DiO liposome image stack. Scale bar = 200 μm. (C) Representative images 
of sections from DiO liposome image stacks showing an interpolated ROI (yellow line). These 
fluorescence values were normalized to the average fluorescence of the surrounding media 
(ROI = gray rectangle). Scale bar = 200 μm. 
 
  



Table S1. Physicochemical characterization of liposomes 

Mean particle diamater [nm] Mean zeta potential [mV] Polydispersity index 

184.2 ± 3.2 39.8 ± 0.9 mV 0.142 ± 0.055 

 
 
 
 
 
 
 
Supplementary Movies 
 
Movie S1. Modeling of liposome diffusion across endothelial cell monolayer.  
Movie S2. Modeling of MTB-LP transport across modelled endothelial cell monolayer 
using DMF. 
Movie S3. Modeling of MTB-LP transport across an endothelial cell monolayer using 
RMF. 
Movie S4.  Actuation of MTB on HMEC-1 monolayer. Far-red stained MTB suspension 
on a HMEC-1 monolayer cultured on a Transwell membrane in the absence of a magnetic 
field (control), DMF (12 mT) and RMF (20 mT and 24 Hz). 
Movie S5. MTB actuation into MCF-7 spheroid. Far-red stained MTB suspension 
surrounding an MCF-7 spheroid in the absence of a magnetic field (control) or actuated with 
RMF (20 mT and 24 Hz). 
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