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Linear electrophoretic velocity model fit.  

The well-known Helmholtz-Smoluchowski theory is only applicable when the parti-

cle radius (𝛼) is much greater than the Debye length (𝜆𝐷), (i.e. 𝜅𝛼 ≫ 1, where 𝜅 =  𝜆𝐷
−1). 

The 𝜆𝐷 obtained for the suspending medium employed in this work was estimated to be 

14.1 nm, which resulted in  𝜅𝛼 values of 7.1-14.2 for particles and ~5.5 for phages, thus 

invalidating the use of the Helmholtz-Smoluchowski equation to describe linear EP mi-

gration in the current system. Under these conditions, where Debye length is comparable 

to the particle radius, Henry’s equations should be applied. Henry’s function, first pro-

posed in 1933 by D.C. Henry [1], and later simplified by Ohshima in 1994 [2], is applicable 

for all values of 𝜅𝛼 since it properly accounts for the electrophoretic retardation effect 

ignored by both the Helmholtz-Smoluchowski and Hückel models [2]. The simplified ver-

sion of Henry’s formula is shown in the main manuscript as Equation (2).  

Dimensionless parameters employed for identifying the appropriate nonlinear elec-

trophoretic regime: Includes Equations S1 – S3 and Tables S1-S2 

The Pe number represents the ratio of convective to diffusive ion movement near the 

particle’s surface. The Du number represents the ratio of surface conductivity (𝐾𝜎) to the 

bulk conductivity of the medium (𝐾𝑚). Lastly, 𝛽  corresponds to the ratio of the product 

between the applied electric field magnitude and 𝛼 by the thermal voltage (𝜑), which is 

typically ~25 mV at 298 K. The expressions for these three dimensionless parameters are 

provided below [3]: 

𝑃𝑒 =  
𝛼|𝐯𝐸𝑃|

𝐷
 (S1) 

𝐷𝑢 =  
𝐾𝜎

𝐾𝑚𝛼
 (S2) 

𝛽 =  
|𝐄|𝛼

𝜑
 (S3) 

 

where  𝐯𝐸𝑃 represents the EP velocity of the particle (both linear and nonlinear compo-

nents), and 𝐷 is the diffusion coefficient of the ions in the electrolyte solution.  

Table S1. Weak field regime parameters, linear dependence (E1). 

Particle or Phage ID 𝜷  𝑫𝒖 𝑷𝒆 𝐄 for 𝝁𝑬𝑷,𝑳 Estimation (V/cm) 

Particle 1 0.013 1.707 0.004 50 

Particle 2 0.026 0.751 0.010 50 

Particle 3 0.026 0.959 0.010 50 

SPN3US 0.019 1.322 0.009 50 

KZ 0.019 1.518 0.009 50 

Table S2. Moderate field regime parameters, cubic dependence (E3). 

Particle or Phage ID 𝜷  𝑫𝒖 𝑷𝒆 𝐄 for 𝝁𝑬𝑷,𝑵𝑳
(𝟑)

 Estimation (V/cm) 

Particle 1 0.414 1.707 0.251 1600 

Particle 2 0.828 0.751 0.579 1600 

Particle 3 0.828 0.959 0.487 1600 

SPN3US 0.659 1.322 0.494 1700 

KZ 0.621 1.518 0.518 1500 
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Particle and phage concentration: Includes Tables S3 – S4 

Shown below are the nanoparticle and phage concentration used in the PTV experi-

ments. The information for the nanoparticles is shown summarized in Table S1, while the 

information for the phages is shown in Table S2.  

Table S3. Nanoparticle concentration for PTV experiments. 

Particle ID 
Particle Concentration 

(# of Particles mL−1) 

Particle 1 9.01 × 1010 

Particle 2 2.84 × 1010 

Particle 3 2.84 × 1010 

Table S4. Phage titers for PTV experiments. 

Particle ID 
Particle titer 

(pfu mL-1) 

SPN3US 8 × 1012 

KZ 8 × 1011 

Information on phage characteristics and dimensions: Includes Table S5 

Information regarding the virion proteins, genome length, and estimates for the 

phage dimensions for both of the phages included in this study is presented in Table S3. 

The latter dimensions were used for the hydrodynamic diameter and sphericity calcula-

tions.  

Table S5. Information on the number of virions proteins, genome length and dimensions of the 

phages employed in this study. 

Phage ID 
No. of Different Virion 

proteins 

Genome Length 

(bp) 

Estimates of Virion Dimen-

sions (nm) 

Reference 

 

SPN3US 83 240,413 

Capsid diameter: ~140 

Tail length: ~200 

Tail width: ~18 

[4,5] 

KZ 62 280,334 

Capsid diameter: 146 

Tail length: 180  

Tail width: ~20 

[6,7] 

Calculations of the mobility of nonlinear electrophoresis at the electrokinetic equilib-

rium condition (EEEC): Includes Equation (S4) and Table S6  

Shown below are the estimations of 𝜇𝐸𝑃,𝑁𝐿
(3)

 made at the electrokinetic equilibrium 

condition for the nanoparticles and phages included in this study. The values of 𝜇𝐸𝑃,𝑁𝐿
(3)

 at 

the EEEC,  require the EEEC value to be interpolated from velocity data above and below the 

𝐯𝑃 = 0 condition, employing the following expression as proposed by Cardenas-Benitez 

et al. [8]: 

𝜇𝐸𝑃,𝑁𝐿
(3)

= −
(𝜇𝐸𝑃,𝐿 + 𝜇𝐸𝑂)

E𝐸𝐸𝐶
2  (S4) 

As expected, these values in Table S6 are close to the values reported in Tables 1 and 

2 of the main manuscript, which were estimated directly from the velocity data that was 

obtained at electric field that were the closest to the EEEC value. 
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Table S6. Values of 𝝁𝑬𝑷,𝑵𝑳
(𝟑)

 characterized at the EEEC. 

Particle ID 
𝝁𝑬𝑷,𝑵𝑳

(𝟑)
 × 10-19 

(m4V-3s-1) 

EEEC 

(V cm−1) 

Particle 1 −9.1 ± 2.1 1682.1 ± 373.7 

Particle 2 −10.5 ± 2.5 1564.6 ± 379.8 

Particle 3 −8.8 ± 2.0 1710.5 ± 389.0 

SPN3US −9.5 ± 2.7 1640.6 ± 463.1 

KZ −12.5 ± 3.1 1434.0 ± 361.3 

Estimation of the hydrodynamic diameter of the phages: Includes Equations S4-S7 

For the calculations of the surface area and total volume of both phages, their shape 

was approximated into two shapes: an icosahedron (representing the protein capsid) and 

a cylinder (representing the tail). The radius of the circumscribed sphere around the ico-

sahedron (i.e. the hydrodynamic radius of the capsid), is a parameter required for the 

surface area and total volume estimations. The following expression was utilized to esti-

mate the hydrodynamics radius (rH) of the icosahedron: 

𝑟𝐻 =
𝐶𝑎𝑝𝑠𝑖𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

2 (0.8)
 (S5) 

By considering the phage capsid as an icosahedron and the phage tail as a cylinder, 

the total surface area and total volume were obtained using the following expressions: 

𝐴𝑃 = 𝐴𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 + 𝐴𝑖𝑐𝑜𝑠𝑎ℎ𝑒𝑑𝑟𝑜𝑛 = [2𝜋 
𝑇𝑎𝑖𝑙 𝑤𝑖𝑑𝑡ℎ

2
 𝑇𝑎𝑖𝑙 𝑙𝑒𝑛𝑔𝑡ℎ] + [8.7 (𝑟𝐻)2]  (S6) 

𝑉𝑃 = 𝑉𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 + 𝑉𝑖𝑐𝑜𝑠𝑎ℎ𝑒𝑑𝑟𝑜𝑛 = [𝜋 (
𝑇𝑎𝑖𝑙 𝑤𝑖𝑑𝑡ℎ

2
)

2

𝑇𝑎𝑖𝑙 𝑙𝑒𝑛𝑔𝑡ℎ] + [2.2 (𝑟𝐻)3] (S7) 

The total surface area and total volume are required to estimate the sphericity, which 

is listed in Equation (7) in the main manuscript. 

𝜓 =
𝜋

1
3(6𝑉𝑃)

2
3

𝐴𝑃

 (7) 

Finally, by employing the total volume, the hydrodynamic diameter (𝐷𝐻  ) of the 

phages can be estimated by the following formula:  

𝐷𝐻 = 2(
3𝑉𝑃

4𝜋
)1/3 (S8) 

Detailed description of current monitoring experiments: 

The following is a detailed description of the current monitoring experiments per-

formed to measure the electroosmotic velocity in our system and is adapted from previous 

work from our group [9]. In steady EO flow, the total electric current flowing through a 

channel filled with the test solution (𝐼𝐵) can be described considering contributions from 

the bulk solution and from the channel surface using the following equation: 

𝐼𝐵 = 𝐴𝐶𝐸𝑥𝜎𝐵
𝑏𝑢𝑙𝑘 + 𝑃𝐸𝑥𝜎𝐵

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (S9) 

where 𝐴𝐶 and 𝑃 are the cross-sectional area and perimeter of the channel, respectively, 

𝐸𝑥 is the x component of the electric field, 𝜎𝐵
𝑏𝑢𝑙𝑘 is the conductivity of the bulk test solu-

tion, and 𝜎𝐵
𝑠𝑢𝑟𝑓𝑎𝑐𝑒

 is the channel surface conductance. The convection current has been 

neglected, since it is several orders of magnitude smaller than the currents presented in 

Equation (S9). If the time response of the electric current is linear, the EO velocity (𝐯𝐸𝑂) 

can be directly calculated from the slope (𝑚) of the current-time relationship. 
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𝐯𝐸𝑂 =
𝑚 ∙ 𝐿

(𝐼𝐵 − 𝐼𝐴)
 (S10) 

where 𝐼𝐵 and 𝐼𝐴 are the current plateaus before and after the displacement process, re-

spectively, and 𝐿  is the length of the channel. As originally laid out by Almutairi et al. 

[10], both 𝐼𝐵 and 𝐼𝐴 are measured directly from the current-time data, since the current 

plateau values convey the experimental conductance of the bulk solution and channel 

walls. By combining Equation (1) from the manuscript and Equation (S10), the expressions 

for and are obtained: 

𝐯𝐸𝑂 = 𝜇𝐸𝑂𝐄 = −
𝜀𝑚𝜁𝑊

𝜂
𝐄 (1) 

𝜇𝐸𝑂 = −
𝑚 ∙ 𝐿

𝐸𝑥 ∙ (𝐼𝐵 − 𝐼𝐴)
 S11) 

𝜁𝑊 = −
𝑚 ∙ 𝐿 ∙ 𝜂

𝐸𝑥 ∙ 𝜀𝑚 ∙ (𝐼𝐵 − 𝐼𝐴)
 (S12) 

Detailed description of particle tracking velocimetry (PTV) experiments: 

For the PTV experiments, a series of DC voltages were programmed in the HVS6000D 

power supply sequencer and then applied between the electrodes at the inlet and outlet 

liquid reservoirs of the channel. Experiments consisted of one or two measurements done 

consecutively. First, a base voltage (VB) of 25 V for 5 seconds to allow liquid flow to get 

started, followed by a target voltage (Vt) applied for 15 seconds at which the velocity 

measurements were taken. The base voltage was used to maintain the nanoparticles and 

phages in constant motion. ImageJ software was used for video analysis to estimate par-

ticle and cell velocities using particle image velocimetry (PIV). For all voltage applications, 

the x-axis velocity of 10 selected particles was tracked and averaged over the course of the 

15 second voltage application. The complete assay was performed in triplicate per particle 

size using a new device and fresh media each time. 

Electrophoretic velocity plotted against electric field: Includes Figure S1 

Shown below is the electrophoretic velocity (𝐯𝐸𝑃) of the nanoparticles (Figure S1a) 

and phages (Figure S1b) included in this study. This velocity was obtained by subtracting 

the electroosmotic component (𝐯𝐸𝑂) to the overall particle velocity (𝐯𝑃). The  𝐯𝐸𝑃 values 

in Figure S1 include both linear and nonlinear electrophoresis (𝐯𝐸𝑃 = 𝐯𝑃 − 𝐯𝐸𝑂 = 𝐯𝐸𝑃,𝐿 +

𝐯𝐸𝑃,𝑁𝐿). 
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Figure S1. (a) Nanoparticle electrophoretic velocity (𝐯𝐸𝑃 , linear and nonlinear components) as a 

function of the electric field (E) (b) Phage electrophoretic velocity (𝐯𝐸𝑃, linear and nonlinear compo-

nents) as a function of the electric field (E). Each particle is represented in a different color, blue, 

orange, and grey for particle 1, particle 2, and particle 3, respectively, while SPN3US is shown in 

green and KZ in red. Markers indicate experimental data and the dashed lines are included for 

ease of visualization. Error bars denote standard deviation. 
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