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1. Theoretical analysis of magnetic capture requirements 

 
 

In order to capture a magnetic microparticle from the flowing blood, the magnitude of the 
magnetic force must be sufficient to pull the particle across the blood flow to the vessel wall 
against the opposing drag force. The criterion for the required magnetic force was previously 
derived as the following:[1] 
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where: 

 
𝐹𝑚 – the magnitude of magnetic force 
𝑅  – capillary radius 
𝑙   – length of a moderately “straight” capillary segment that lies within the magnetic field 
region 
𝜇  – the viscosity of blood 
𝜇0 – the viscosity of water 
𝑑𝑝 – particle diameter 
𝑣𝐿 – average linear flow velocity 

 

The average linear blood flow velocity in a tumor capillary can be approximated according to the 
following equation: [2] 
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where the average linear blood velocity in a single capillary (vL) is a function of four parameters:  
blood perfusion of the tumor (P), tumor volume (V), microvessel density (n) and capillary radius 
(R).   

Using equation (2) and physiological values (Table S1) to define the pathophysiology of a solid 
tumor, we calculated the characteristic capillary flow rate (vL) of a solid tumor to be ~0.04 cm/s. 

According to equation 1, for a tissue with a given microvascular morphology and blood 
perfusion, the magnetic force threshold required to achieve magnetic capture is a linear function 
of a microsphere’s diameter. We calculated the threshold magnetic force for capturing magnetic 
microbubbles of 1 - 5 µm at a characteristic capillary flow rate of solid tumors (Figure S1). 
 
 

 
 

  



 
Table S1. Characteristic values of microvascular morphology and blood perfusion for 
solid tumors 
 

Parameter Symbol Units Tumor Reference 

Tissue perfusion P ml/100g/min 40 [3] 

Capillary radius R μm 10.5 [4] 

Microvessel density n Vessels/mm2 180 [5] 

Tissue volume V μL 100 Present 
study 

Viscosity of water 𝜇0 P 8 x 10-3 [1] 

Viscosity of whole 
blood 𝜇 P 28 x 10-3 [1] 

Length of a capillary  l μm 160 [1] 

 
 
 
 
 

 
 
 

Figure S1. Magnetic force threshold required to capture magnetic microspheres from 
flowing blood at a characteristic capillary flow rate of solid tumors (~0.04 cm/s). 
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We next estimated the required magnetic moment of the microbubble to achieve magnetic 
capture under the experimental conditions: the magnetic flux and gradient of 0.9 T and 50 T/m, 
respectively. In an external inhomogeneous static magnetic field, with no external current 
density, the magnetic force on a particle is given by the following:[6] 

 
 𝐹𝑚����⃗ = ∇�m���⃗ ∙ B��⃗ � (3) 
 

where 𝑚��⃗  is the particle magnetic dipole moment and 𝐵�⃗  is the external magnetic field density.   

Assuming alignment of the particle magnetic moments with the applied field, the magnetic force 
acting on a single particle simplifies to the following: 

 𝐹𝑚����⃗ = 𝑚∇𝐵 (4) 
 

where 𝐵 = �𝐵�⃗ �, and 𝑚 is the scalar magnetic moment.  

 
 
To capture a 3-µm microbubble, a magnetic force of 2x10-12 N (Figure S1) would be required. 
Based on equation 4, to achieve a magnetic force of >2x10-12 N under the magnetic flux and 
gradient of 0.9 T and 50 T/m, respectively, a magnetic microbubble would need to exhibit a 
magnetic moment of >4×10-14 Am2. 
 

 

2. Estimation of microbubble’s magnetic moment 
 

In order to determine the value of 𝑚, we measured the induced magnetization of the 
heparinized iron oxide nanoparticles (MNPh) as a function of applied magnetic field using a 
Superconducting Quantum Interference Device (SQUID) (Figure S2). The induced 
magnetization of MNPh reaches saturation above the applied field of 0.7 T. Thus, under the 
experimental conditions (magnetic flux density and gradient of 0.9 T and 50 T/m, respectively) 
the scalar magnetic moment, 𝑚, can be approximated by the following: 

 wMm sat ×=  (5) 

where Msat is the saturation magnetization , and w is the iron content (g Fe) of a single magnetic 
microbubble.  



 

Figure S2. Induced magnetization of the heparinized iron oxide nanoparticles (MNPh) as a 
function of applied magnetic field 

 
Magnetic moments of microbubbles with different MNPh contents were estimated according to 
equation 5 using experimentally determined microbubble’s iron content (w, gFe/MB) and 
saturation magnetization (Msat) of 90±3 emu/g Fe (Figure S2).  
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3. Purification of MagMB 
 

 

Figure S3. Representative size distributions and microbubble counts during the intermediate 
steps of MagMB purification. (A). Representative size distributions of protamine-functionalized 
microbubbles (MB-Prot) and magnetic microbubbles MB-Prot/MNPh after the first and the 
second purification cycles. (B). Representative microbubble counts for protamine-functionalized 
microbubbles (MB-Prot) and magnetic microbubbles MB-Prot/MNPh after the first (1 x) and the 
second (2 x) purification cycles. 

  



4. Fluorescence imaging of tumors post administration of MagMB-Cy5.5 

 

Figure S4. Representative kinetic sequence of fluorescence images acquired post 
administration of MagMB-Cy5.5. The colorscale is adjusted to visualize the fluorescence signal 
in the tumor. The color bar represents fluorescence radiance expressed in 
[photon/s/cm2/steradian]. 
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