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Abstract: Soil bacterial communities are crucial to various ecosystem services, with 25 

significant implications for environmental processes and human health. Delivering functional 26 

bacterial strains to target locations enhances preferred ecological features. However, the 27 

delivery process is often constrained by limited bacterial transport through low-permeability 28 

soil. Although electrokinetics breaks the bottleneck of bacterial transport in thin porous media, 29 

its efficiency remains limited. Here, we tested the hypothesis that thermal effects enhance 30 

electrokinetic transport by shifting the net force acting on the bacterium. We found that heating 31 

significantly increased electrokinetic transport by 2.75-fold at 1 V cm-1 through porous media. 32 

Thermal enhancement mechanisms were interpreted by the heating shift of net force integrating 33 

matrix attractive and electrokinetic forces, and verified by the Quartz Crystal Microbalance 34 

with Dissipation Monitoring (QCMD) observed adhesion rigidity shift. Thermal-dependent 35 

parameters liquid viscosity and dielectric constant were the primary contributors to the net 36 

force shift. Their variations reduce the attractive force and augment the electrokinetic forces, 37 

resulting in lower adhesion rigidity and enhanced bacterial transport. A mechanism-based 38 

approach interlinking electric field strength, thermal effect, and collision efficiency was 39 

established to facilitate the application of thermally enhanced electrokinetic bacterial transport. 40 

These findings provide new prospects for improving bacterial transport, hence optimizing soil 41 

ecosystem functions. 42 

Keywords: thermal enhancement; electrokinetics; bacterial transport; low-permeability soil 43 

Synopsis: This study reports a significant enhancement of thermal effects on the electrokinetic 44 

bacterial transport in porous media.  45 
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1. Introduction  48 

Bacteria play essential roles in fulfilling soil ecosystem functions, e.g., soil priming,1 nutrient 49 

amendment,2 and environmental remediation.3,4 They support a range of critical processes that 50 

sustain natural and engineered ecosystems.5,6 Bioengineering approaches enable intervening 51 

bacterial communities by delivering functional bacterial strains to preferred sites, achieving 52 

target ecosystem services with consequences for environmental and human health7. However, 53 

the realization of bacterial activities in practical applications is often constrained during 54 

bacterial transport to target uptake spots in low-permeability porous media, especially through 55 

thin pore networks.8,9 Therefore, approaches that enhance bacterial transport in porous media 56 

are crucial for the development of bioremediation technology10. 57 

Current strategies in improving bacterial transport include fluid shear, direct current (DC) field, 58 

etc.11–14 DC field shows potential in facilitating bacterial transport through low-permeable soil 59 

structures, by introducing electrokinetic phenomena, such as electroosmosis and 60 

electrophoresis.15,16 Contrary to the parabolic hydraulic fluid, the plug-shaped electroosmotic 61 

flow acts at several nanometers above matrix surfaces. It allows for mobilization in microscale 62 

channels that are typically not affected by hydraulic flow. It thus acts in the scales of low-63 

permeable soil pore networks relevant for the microbe-matrix interactions and promotes 64 

bacterial transport17. Electrokinetics performs better in enhancing the transport of high surface 65 

charge hydrophilic bacterial strains compared to low surface charge hydrophobic ones.18 66 

Electrokinetic enhancement on a typical high surface charged bio-degrader of polycyclic 67 

aromatic hydrocarbons Pseudomonas fluorescens LP6a through porous media reaches 85% 68 

under a weak DC field of 3 V cm-1.19 However, in practical application, applying high voltage 69 

electric fields in a long-term cause unwanted variations in pH, redox potential, and soil 70 

structure. The electrokinetic transport rate still represents a significant hinderance of the bio-71 
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degrader through long-distance delivery. Therefore, there is interest in further enhancing 72 

electrokinetic bacterial transport through porous media to reduce the required DC field strength.  73 

Electrokinetic bacterial transport is driven by the interactions of the matrix attractive force, 74 

electroosmotic shear force, and electrophoretic drag force.18 Thermal effects alter 75 

environmental physicochemical properties including liquid viscosity20, dielectric constant21, 76 

and zeta potentials of bacteria and solid surface22. Theoretically, the reduction of these 77 

physicochemical parameters has the potential to reduce matrix attractive force (cf. eq. S8) and 78 

increase electrokinetic velocities (cf. eqs. S13-S14)23. There is, hence interest in testing the 79 

hypothesis that thermal effects enhance electrokinetic bacterial transport by introducing 80 

variations in the physical environment. 81 

Here, based on the principles of microbe-matrix interaction, electroosmosis, and 82 

electrophoresis, we hypothesize that heating promotes bacterial transport driven by the 83 

thermal-dependent net force acting on bacterial cells. Thermal enhancement of electrokinetic 84 

bacterial transport was investigated in percolation columns, and evidenced by the high-85 

sensitivity measurement of the bacteria-quartz adhesion rigidity in the quartz crystal 86 

microbalance with dissipation (QCMD) system. Thermal effects on electrokinetic bacterial 87 

transport were evaluated using clean-bed filtration theory24. The mechanisms were interpreted 88 

by the shift of net force integrating matrix attractive and electrokinetic forces, and verified by 89 

the QCMD observed adhesion rigidity shift. The thermal-dependent parameters driving net 90 

force shift including the liquid viscosity, dielectric constant, and zeta potentials were derived 91 

from the equations, and their impact extent was investigated. The findings may support better 92 

prediction of thermal electrokinetic improvement on bacterial transport, hence optimizing soil 93 

ecosystem functions. 94 

2. Materials and Methods 95 
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2.1 Cultivation of Bacteria and Inoculum Preparation 96 

Pseudomonas fluorescens LP6a (GenBank accession No. AF525494)25 was selected as the 97 

model electrokinetic transport strain, adopted following our previous research. It was cultivated 98 

in lysogeny broth (LB) medium until the early stationary phase (18 h at 25 °C, 150 rpm). The 99 

cultures were then centrifuged (5000 ×g, 10 min), and resuspended (SCI-FS, Scilogex, China) 100 

in 100 mM potassium phosphate buffer (PB, pH = 7.0, prepared with 61 mmol K2HPO4 and 39 101 

mmol KH2PO4 diluted in 1 L DI water). The centrifuge-vortex treatment was repeated three 102 

times to reduce extracellular polymeric substances. Afterward, cell suspension in PB was 103 

diluted to an optical density of 0.30 at 600 nm using a UV/vis spectrophotometer (Evolution 104 

160, Thermo Fisher Scientific, Carlsbad, CA). In practical applications, the optical density of 105 

0.30 enables the colonization of bio-degraders in the soil, while avoiding unnecessary dynamic 106 

coagulation of over-density. 107 

2.2 Characterization of Physiochemical Properties 108 

The zeta-potentials of bacteria (ζbac), sand (ζs), and the silica sensor of quartz crystal 109 

microbalance (QCMD) (ζsr) were measured by Doppler electrophoretic light scattering analysis 110 

(Zetasizer Nano ZS90, Malvern, UK) with disposal folded capillary cells. The sand particles 111 

were sampled from a riverside, sieved to 1mm diameter, washed with DI water, dried in oven, 112 

and stored in a desiccator before usage. The zeta potential of sand particles was estimated using 113 

smashed sand sieved to diameter < 100 μm, treated at 200°C in a muffle furnace for 2 h, then 114 

cooled to room temperature (25°C) under sterile conditions. The contact angles (θ) of P. LP6a 115 

and sand were measured using a drop-shape analysis system (DSA100, KRÜSS, Germany) in 116 

three solvents water, formamide, and methylene iodide19,26 and listed in Table S1. Bacterial 117 

lawns for drop-shape analysis were prepared by depositing bacteria from inoculated 118 

suspensions on cellulose acetate membrane filters (Millipore, 0.45 μm). Sand lawns for drop-119 

shape analysis were prepared following the protocol of Achtenhagen et al.27 Three sand lawns 120 



7 
 

were prepared for each experiment, with three solvent droplets of the drop-shape analysis 121 

system applied per lawn. The contact angles of solvents at the moment of dropping on the 122 

lawns were captured by a high-speed camera. 123 

2.3 Thermal Electrokinetic Transport Experiments 124 

Electrokinetic column experiments Electrokinetic percolation columns adapted from previous 125 

work28 were immersed in a temperature-conditioning water bath (DLSB 5L/10, Yuhua, China) 126 

to conduct bacterial transport experiments (Fig. S1). The columns were sterilized and wet-127 

packed with clean, sterilized sand in PB, achieving a porosity of 0.30 and a pore volume (PV) 128 

of 3.99 mL. The water bath maintained static temperature of the bacterial suspension reservoir 129 

and columns at 20, 30, 40, and 50˚C, with deviations ≤ 2°C.  130 

Prior to the experiments, the columns were equilibrated for 30 min by circulating clean PB at 131 

the target temperature using a peristaltic pump (310HT, SENZ, China). The bacterial 132 

suspension with an optical density (OD) of 0.30 at 600 nm, was stirred and temperature- 133 

stabilized while pumping through the columns downward at an advective flow rate of 19.6 mL 134 

h-1 (equivalent to 2.4 × 10-7 m s-1 in the porous media). Bacterial transport was quantified by 135 

measuring the OD of both the influent (C0) and effluent (C) at an interval of 5 min (equivalent 136 

to 0.41 PV) over a period of three hours.  137 

After column experiments, the viability of bacterial suspension in the reservoir was assessed 138 

via flow cytometry (Novocyte 1040, ACEA, USA). Nucleic acid stain propidium iodide (PI, 139 

Thermofisher, USA) was used to label dead cells. Bacterial suspensions were centrifuged (3200 140 

×g, 10 min, 4°C), washed with 100 mmol L-1 phosphate buffer 3 times by centrifuge-vortex 141 

process, to exclude the effects of extracellular polymeric substances (EPS), and adjusted to a 142 

cell concentration magnitude of 106 cell mL-1. Then 100 µL bacterial suspension was mixed 143 

with 5 µL of 100 µg mL-1 PI, incubated in the dark for 15 min, and analyzed by flow cytometry. 144 
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The flow cytometric settings were: fluorescence voltage 420 mV, forward scatter (FSC) 145 

threshold 1000, and the count rate 1000 cells s-1. 146 

QCMD experiments with flow cytometry quantification Time-resolved high-sensitivity 147 

Quartz Crystal Microbalance with Dissipation Monitoring (QCMD) allows analysis of cell 148 

adhesion behavior at the liquid-solid interface.29,30 QCMD reflects the amount and viscoelastic 149 

properties of an adhering mass (bacteria) by changes in the resonance frequency (Δf) and 150 

changes in the energy dissipation (ΔD) of an oscillating crystal coating sensor surface31. QCMD 151 

(Q-Sense Explorer, Biolin Scientific, Sweden) experiments were conducted to assess the 152 

impact of heating and electrokinetics on deposition mass and rigidity32. Silicon dioxide-coated 153 

sensors (diameter: 14 mm, AT-cut, roughness < 1 nm, Biolin Scientific, Sweden) were adopted 154 

to simulate sand surfaces at nanogram magnitude. The QCMD setup comprised an inlet 155 

solution reservoir, a QCMD chamber with temperature control, a peristaltic pump, and a 156 

wastewater container. The peristaltic pump drove a fixed flow velocity of 6×10-7 m s-1 at static 157 

temperatures of 22.5, 25, 27.5, and 30°C, resp. 158 

Before each experiment, a clean sterilized silica sensor was mounted in the chamber, sealed, 159 

and connected to the QCMD electrodes. Sensor stability and precision were ensured in the air 160 

by verifying that both frequency shifts (Δf) and the dissipation shifts (ΔD) remained within ±10% 161 

of their standard values across multiple overtones 1, 3, 5, 7, 9, 11, and 13 corresponding to 162 

frequencies 5-65 MHz. The baselines were stabilized by pumping ultrapure water for 20 min, 163 

followed by 40 min with cell-free PB as a control. For experimental assays, bacterial 164 

suspensions in PB were introduced into the QCMD system continuously for 2 h with Δf and 165 

ΔD monitored simultaneously. Each experiment was performed in duplicate. 166 

Following each QCMD experiment, sensors were rinsed with 1.5 mL deionized water in the 167 

bottom of a 50 mL centrifuge tube. Subsequently, adhered bacterial cells were detached using 168 
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an ultrasonic washing unit (FS60, Fisher Scientific, Canada) for 10 min. The sensors were 169 

gently transferred to the sensor cater and thoroughly rinsed for two hours with 2% sodium 170 

dodecyl sulfate and ultrapure water. After rinsing, the sensors were dried using a nitrogen 171 

stream and sterilized for 20 min in a UV chamber for subsequent use. The bacterial cell 172 

concentrations in deionized water post-ultrasonic treatment were accurately quantified using a 173 

flow cytometer (Novocyte 1040, ACEA, USA), to ensure the data quality for low cell 174 

concentrations. Cytometer performance was checked by loading the 1.0 μm diameter blue 175 

fluorescent bead standard (FluoSpheres (350/440), lot-no.: F8815, Thermo Fisher Scientific, 176 

USA) as the technical calibration before each measurement sequence to ensure the instrument 177 

accuracy. Each measurement was conducted in replicates. 178 

2.4 Theory 179 

Bacterial collision efficiency in percolation columns Although the clean-bed filtration theory 180 

refers to an ideal system (i.e., does not encompass heterogeneities in surface charge33, surface 181 

roughness34, hydration effects, or hydrophobic interaction35), it has been found to be a good 182 

predictor of bacterial deposition in solutions of high ionic strength (I =0.1−0.3 M)36,37.  183 

For the calculations, we assumed spheres of identical-sized sand particles (average diameter: 184 

0.1 mm) in their closest packing and identical effective bacterial radius (1 μm) of the bacteria. 185 

The bacterial collision efficiency αt is used to quantify bacterial deposition and transport 186 

according to the clean-bed filtration theory38. It can be quantified according to the unit collector 187 

efficiency ηt and the transport of particles from bulk solution to the collector surface ηtrans.  188 

The ηtrans can be quantified by the contributions of convection, diffusion, van der Waals 189 

attraction, and sedimentation24, according to eqs. S1-S3.  190 

The ηt can be quantified by fitting the data of influent and effluent cell densities obtained from 191 

column experiments, according to eq. 1.39  192 
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𝐶𝐶 = 𝐶𝐶0exp(3(1−𝜀𝜀)
4𝑎𝑎s

𝜂𝜂t𝐿𝐿)       (1) 193 

where C is the effluent cell density, C0 is the influent cell density, ɛ is the porosity of the packed 194 

porous media, as is the radius of the sand particles, L is the length of the column. 195 

The collision efficiency αt is calculated by ηt and ηtrans, according to eq. 2.35 196 

𝛼𝛼𝑡𝑡 = 𝜂𝜂𝑡𝑡
𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

         (2) 197 

QCMD Analyses of Bacterial Transport QCMD is an acoustic method that reflects the amount 198 

and viscoelastic properties of an adhering mass by changes in the resonance frequency (Δf) and 199 

energy dissipation (ΔD) of an oscillating crystal-coated sensor surface.40–42 The shift in 200 

resonance frequency, Δf, can be described by the Sauerbrey equation (eq. S6).43 The Δf/ΔD 201 

ratio indicates changes in energy dissipation per coupled unit mass and indicates the rigidity 202 

and attachment strength of bacterial adhesion.44–46 Typically, bacterial adhesion leads to a 203 

reduction in frequency and an increment in dissipation. Thus, a less negative Δf/ΔD value 204 

indicates the buildup of a dissipative soft and fluid film on the QCMD sensor. In contrast, more 205 

negative values of Δf/ΔD indicate a more rigid layer. 206 

Quantification of Electrokinetic Forces Electroosmosis and electrophoresis are the key 207 

electrokinetics driving bacterial transport through porous media, which are related to the zeta 208 

potential of porous media and bacteria, respectively. Both of their velocities are related to the 209 

liquid viscosity and dielectric constant, the detailed calculations are described in Section S3 in 210 

the Supporting Information.  211 

3. Results and Discussion 212 

3.1 Thermal Enhanced Bacterial Transport through Porous Media 213 

Bacterial transport was quantified by the breakthrough curves depicted by the normalized 214 

effluent cell density (C/C0) over time represented by pore volume (PV) under temperatures T 215 
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= 20-50˚C and electric field strengths E = 0-3 V cm-1, resp. (Fig. 1). The external DC field 216 

induced current was 15 mA under 1 V cm-1, producing 0.1˚C temperature increment of water 217 

(cf. Section S6 in supporting information), which is hence neglectable in the following 218 

discussion. C/C0 exhibited two stages over time, at the initial stage (the first 2 PV) C/C0 219 

increased sharply, while in the final stage (last 2 PV), C/C0 was quasi-steady. Due to the 220 

significance of final stage in practical bacterial transport, the average C/C0 at the final stage 221 

was adopted to compare the effects. 222 

At higher temperatures, an increase in C/C0 was observed, indicating reduced bacterial 223 

deposition (Figs. 1A, C, and E). With the absence of electrokinetics, heating from 20 to 50°C 224 

increased C/C0 from 0.16 to 0.72 (ca. 348%). With the presence of 1, 2, and 3 V cm-1 225 

electrokinetics, heating increased C/C0 by 275%, 222%, and 150%, resp. In summary, thermal 226 

effects enhanced electrokinetic bacterial transport by ≥1.5 folds, and the enhancement 227 

decreased with increasing DC field strength.  228 

At 20˚C, electrokinetics increased C/C0 by 0.15 (0.16 to 0.33, at 3 h) (Fig. 1A), and by 0.08, 229 

0.13, 0.13, at 30-50˚C (Figs. 1B-D), resp. This indicated reduced bacterial retention and 230 

enhanced transport. Electrokinetic enhancement of P. LP6a transport was observed across all 231 

temperatures, this enhancement increased with rising DC field strengths and decreased with 232 

rising temperatures. 233 

It is notable that temperature increment from 20-30˚C, and 30-40˚C, heating significantly 234 

enhanced bacterial transport, C/C0 increased from 0.16 to 0.46, and from 0.46 to 0.71, resp. at 235 

No DC). While from 40-50˚C, C/C0 was barely increased (0.71-0.72). That is, thermal 236 

enhancement has achieved 54.5% efficiency at 30˚C, and the highest efficiency at 40˚C. 237 

Meanwhile, flow cytometry viability experiments showed that at 50˚C, 53.79% of bacterial 238 

cells were PI stained, compared to 4.35-12.64% at 20-40˚C (Fig. S2). The bacterial viability 239 
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has been significantly reduced from 40 to 50˚C. In the context of long-term field application, 240 

the temperature range between the soil environment and 30˚C is conducive to the survival and 241 

activity of bacterial cells and thus holds more practical significance. Furthermore, the trade-off 242 

between the target transport rate and heating consumption within this specific temperature 243 

range demands further in-depth investigation. 244 
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 245 

Figure 1. The relative effluent cell density (A, C, E & G) and collision efficiency (B, D, F & H) 246 

of P. LP6a at T=20 (A&B), 30 (C&D), 40 (E&F), and 50˚C (G&H), under electric field 247 

strength E = 0 (black), 1 (blue), 2 (purple), and 3 V cm-1 (red), resp. 248 
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Based on the breakthrough curves, bacterial collision efficiency in porous media was evaluated 249 

using eqs. 1-2 (Figs. 1B, D, F&H). Deposition efficiency at the final stage (αt) was quantified 250 

from the average of the collision efficiency across 10 data points at the plateau (Table 1, Figs. 251 

1&S3).  252 

With temperature increment, both αt and ƞt decreased, while ƞtrans increased, indicating that 253 

factor i) ƞt was the driving factor in the collision efficiency variations under thermal effects. 254 

With heating from 20-50˚C, ƞtrans increased from 1.9% to 2.7%. ƞt and bacterial coverage on 255 

the sand surface decreased with temperature and DC field strength increment (Fig. S4). 256 

Increasing DC fields from 0-2 V cm-1 decreased αt from 5.4 to 3.3 at 20˚C, while thermal effects 257 

of 20-40˚C decreased αt from 5.4 to 1.0. Electrokinetics and heating lead to collision efficiency 258 

reduction of 38.9% and 81.5%, resp. That is, a temperature increment of 20˚C leads to 42.6% 259 

higher enhancement than the electrokinetic (Fig. S4, Table 1).  260 
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Table 1. Thermal electrokinetic effects on liquid viscosity, electroosmotic flow velocity (vEOF), electrophoretic velocity (vEP), hydraulic flow velocity 261 

(vHF), the net velocity (vnet) at the secondary minimum distance of DLVO, and the derived bacterial collision efficiency (αt). 262 

X 
(V cm-1) 

 T  
(˚C) 

 viscosity dielectric  vEOF vEP  FEOF FEP FDLVO FHF Fnet  αt 

  (mPa s) constant  (10-7 m s-1) (10-7 m s-1)  (pN) (pN) (pN) (pN) (pN)  (×10-2) 

0 

 20  1 80.4  0.0  0.0   0.0  0.0  1.2 0.2 1.4   5.4 
 30  0.8 76.8  0.0  0.0   0.0  0.0  1.3 0.2 1.5   2.3 
 40  0.7 73.3  0.0  0.0   0.0  0.0  1.4 0.2 1.6   1.0 
 50  0.6 69.9  0.0  0.0   0.0  0.0  1.5 0.2 2.7   1.0 

1 

 20  1 80.4  5.1  -27.4   1.4  -4.6  1.2 0.2 0.3   4.8 
 30  0.8 76.8  6.3  -34.3   1.8  -5.7  1.3 0.2 0.6   2.2 
 40  0.7 73.3  7.8  -42.2   2.2  -7.1  1.4 0.2 0.7   0.9 
 50  0.6 69.9  9.2  -49.9   2.6  -8.3  1.5 0.2 1.0   0.8 

2 

 20  1 80.4  10.1  -54.9   2.9  -9.2  1.2 0.2 -4.9   4.2 
 30  0.8 76.8  12.7  -68.6   3.6  -11.5  1.3 0.2 -6.3   2.0 
 40  0.7 73.3  15.6  -84.4   4.4  -14.1  1.4 0.2 -8.1   0.7 
 50  0.6 69.9  18.4  -99.8   5.2  -16.7  1.5 0.2 -9.8   0.7 

3 

 20  1 80.4  15.2  -82.3   4.3  -13.8  1.2 0.2 -8.0   3.3 
 30  0.8 76.8  19.0  -102.9   5.4  -17.2  1.3 0.2 -10.3   1.8 
 40  0.7 73.3  23.4  -126.6   6.6  -21.2  1.4 0.2 -12.9   0.5 
 50  0.6 69.9  27.6  -149.7   7.8  -25.0  1.5 0.2 -15.5   0.5 

263 
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3.2 Correlation of thermal-dependent net force and collision efficiency 264 

Thermal effects on the physicochemical parameters 265 

According to eqs. S7-S10, parameters including i) liquid viscosity η, ii) dielectric constant εr, 266 

iii) the zeta potentials of bacteria (ζb) and solid surface (ζs) are key to the DLVO attraction and 267 

electrokinetics23. As an important environmental parameter, heating from 20°C to 50°C 268 

decreases the water viscosity η from 1.00 to 0.55 mPa S, and water dielectric constant εr from 269 

80.36 to 69.94.20,21 The zeta potentials become more negative in higher temperatures following 270 

the Smoluchowski equation22. 271 

Thermal-effect modification on the net force  272 

To further explore the driving mechanisms behind the observed thermal effects on 273 

electrokinetic transport, we focused on the quantitative relationship between the net force on 274 

the bacterium and its effects on αt. The net force acting on bacterial cells was quantified by 275 

integrating the matrix attraction and electrokinetic forces. The matrix attraction was quantified 276 

adopting Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. The DLVO energy (GDLVO) 277 

between the bacterium and sand surface at different temperatures was depicted with van der 278 

Waals attractive energy and electrostatic repulsive energy, based on measured zeta potential 279 

and contact angle properties (Table S1). The attractive energy at the secondary minimal 280 

distance (Fig. S5) represents the maximal attractive energy of reversible adhesion. Therefore, 281 

the DLVO force (FDLVO) and its interaction with electrokinetic forces were all calculated at the 282 

secondary minimal distance.  283 

The net force acting on bacterium (Fnet) was quantified according to 284 

𝐹𝐹𝑛𝑛𝑛𝑛𝑛𝑛(𝑇𝑇) = 𝐹𝐹DLVO(𝑇𝑇) + 𝐹𝐹EOF(𝑇𝑇) + 𝐹𝐹EP(𝑇𝑇) + 𝐹𝐹HF(𝑇𝑇)      (3) 285 
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The detailed equation was deduced to eq. S20, by integrating the DLVO force FDLVO, 286 

electroosmotic shear force FEOF, electrophoretic force FEP, and hydraulic shear force FHF, 287 

according to eqs. S12-S19. 288 

Electroosmotic flow shear force (FEOF) and electrophoretic force (FEP) were quantified 289 

according to eqs. S18-S19. The forces are enhanced by the liquid viscosity and dielectric 290 

constant decrement (Fig. 2B, Table 1). At 2 V cm-1, heating increased vEOF from 19.9 to 291 

36.2×10-7 m s-1, and increased vEP from -33.3 to -60.6×10-7 m s-1, with the ‘-’ sign indicating 292 

opposite directions of vEOF and vEP. Heating increased DLVO attractive energy from 5.85×10-293 

21 J to 6.4×10-21 J (Fig. S5), increased FEOF from 0.8 to 1.6 pN per V cm-1, and FEP from -2.17 294 

to -6.0 pN per V cm-1 (Table 1). 295 

The quantified variables were normalized by the data at the temperature of 20˚C to describe 296 

their variations. Increasing temperature reduces ƞ linerally to 96% from 20 to 30˚C, while 297 

reducing εr to 80%. Zeta potentials of bacterium and sand are more negative (i.e., more charged) 298 

of up to 79% and 76% (Fig. 2A), which may increase the velocities and forces of electroosmotic 299 

flow and electrophoresis.  300 

The variations of the physical environment (i.e, ‘direct variables’) hence may vary the profiles 301 

of DLVO (Fig. S5), and the ‘indirect variables’ GDLVO, hs, FDLVO, and Fnet, further controlling 302 

bacterial collision efficiency48. Fnet reflects the net force acting on a bacterium located at the 303 

secondary minimal distance, which determines the bacterial collision efficiency, it has a 304 

significant variation (up to 20%) and a similar trend as the FDLVO. Meanwhile, heating elevates 305 

the kinetic energy of bacterial cells Ekin following the Maxwell-Boltzmann distribution49–51. 306 

The mean value of Ekin varied up to 2% (Fig. 2B). From 20-50℃, the mean Ekin increased from 307 

6.07×10-21 J to 6.69×10-2 J. Therefore, ‘direct variables’ ζb, ζs, and η, significantly contribute 308 

to the variation of ‘indirect variables’ FDLVO and Fnet to drive the bacterial collision efficiency. 309 



18 
 

Temperature (K)

292 294 296 298 300 302 304

No
rm

al
iz

ed
 d

ire
ct

 d
ep

en
de

nt
-v

ar
ia

bl
es

 

0.75

0.80

0.85

0.90

0.95

1.00

1.05

η 
εr 

ζb 
ζs 

Temperature (K)

292 294 296 298 300 302 304

No
rm

al
iz

ed
 in

di
re

ct
 d

ep
en

de
nt

-v
ar

ia
bl

es
 

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

Ekin 

GDLVO 

hs 

FDLVO 

Fnet 

A B

 310 

Figure 2. Temperature effects on the direct (A) and indirect (B) dependent variables 311 

determining bacterial collision efficiency. 312 

The variations of these direct and indirect dependent variables showed that the thermal effects 313 

on electrokinetic bacterial transport are more likely determined by the variations in the DLVO 314 

interaction energy than that of kinetic energy.  315 

Net force correlation to collision efficiency  316 

Following the previously established framework28 that interlinked deposition efficiencies 317 

(which has included the effects on ηt and ηtrans) with the net forces (Fnet) combining the 318 

hydraulic flow, electroosmosis, and electrophoresis, we here compared the thermal effects on 319 

the Fnet-αt correlations at the final stage (Fig. S6).  320 

Under temperatures 20-40˚C, the Fnet at E = 0, 1, 2 V cm-1, and 3 V cm-1 was found to be 321 

linearly correlated to the collision efficiency αt with all R2 ≥ 0.97 (Fig. S6), which confirmed 322 

the Fnet-αt framework in our previous work28. While at 50˚C, the R2 =0.87, indicating weaker 323 

linear correlation. This may originate from the 53.79% high cell death at 50˚C. The slopes stand 324 

for the rate of Fnet effects on the collision efficiency (collision efficiency variation per unit net 325 

force in pN), it decreased from -0.20 to -0.03 with temperature increment from 20-40˚C (Fig. 326 
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S6), indicating that temperature has a significant effect on electrokinetic regulated bacterial 327 

deposition.  328 

3.3 QCMD Validation of Thermal Effect Mechanisms 329 

QCMD experiments recorded frequency shifts and dissipation shifts at overtones 1, 3, 5, 7, 9, 330 

11, and 13 throughout the 120-min bacterial deposition at 20-30˚C. Overtones are the higher-331 

order resonant frequencies that are integer multiples of the fundamental resonant frequency of 332 

the quartz crystal. Frequency shift at overtones reveals mass loading changes on the crystal 333 

surface and dissipation shift gives insights into energy-dissipating mechanisms within the 334 

adsorbed layer, helping characterize its mechanical properties. The signals showed similar 335 

trends in the overtones. Overtone 1 was poorly stable and excessively sensitive, all the other 336 

overtones showed relatively stable and similar trends (Fig. S7). Subsequently, we focus our 337 

analysis on overtone 5 as the representative signal, using the reference of frequency and 338 

dissipation baselines of cell-free PB to calculate the frequency and dissipation shifts.  339 

Figure 2A illustrates Δf5 and ΔD5 shifts across temperatures of 20-30˚C and electric field 340 

strengths from 0-2 V cm-1 of our previous research32. Here, pumping bacteria over the sensor 341 

surface resulted in a reduction in frequency and an increase in dissipation; Δf5 and ΔD5 varied 342 

under different experimental conditions (Fig. 3). The shifts of Δf5 and ΔD5, exhibited a linear 343 

correlation achieving coefficients of determination R2 > 0.95. Therefore, the Δf5/ΔD5 ratio as 344 

an indicator of adhesion rigidity was derived from the slope values (Fig. 3A). Fig. 3B 345 

summarizes Δf5, ΔD5, and Δf5/ΔD5 ratios at temperatures 20-30 ˚C. Thermal effects from 20 to 346 

30˚C increased Δf5 from -27.8 Hz to -11.5 Hz while ΔD5 increased from 2.4 ppm to 4.8 ppm 347 

(Fig. 3B). These shifts led to a reduction in the Δf5/ΔD5 from -11.6 to -2.4 (i.e., adhesion rigidity 348 

reduced 79.3%). On the other hand, with the increment of electric field strengths from 0-2 V 349 

cm-1, Δf5, ΔD5, and Δf5/ΔD5 ratios increased (Fig. S8). Δf5 increased from -12.4 Hz to -3.14 Hz, 350 

indicating a 74.7% reduction of bacterial deposition. ΔD5 increased from 1.89 ppm to 2.34 ppm 351 
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indicating a 23.8% less rigid adhesion. The variations of Δf5 and ΔD5 resulted in an increment 352 

of Δf5/ΔD5 from -6.56 to -1.34 MHz, that is, the adhesion rigidity was reduced by 79.6%.  353 

  354 

Figure 3. Thermal (A) and electrokinetic (B) effects on the frequency and dissipation shifts 355 

regarding bacterial deposition in the QCMD system, equations and R2 present the fitting 356 

results under temperatures of 22.5˚C (black), 25˚C (blue), 27.5˚C (purple), and 30˚C (red). 357 

3.4 Primary Contributors of Thermal Effects to the Net Force 358 

Overlaying our previous research on the effects of electric field strength and electrolyte 359 

concentration on electrokinetic bacterial transport, the correlations were analyzed with a matrix 360 

heatmap (Fig. 4).  361 

The effects of electric field strength and electrophoretic force (FEP) with a relatively high 362 

correlation of 0.44 and 0.40, resp. This indicates that the contribution of per unit (V cm-1) 363 

electric field is rather higher than per unit temperature (˚C), and the electrokinetic force plays 364 

a crucial role in bacterial transport. Electrolyte concentration has dominant effects on the zeta 365 

potentials (ζb and ζs) and double layer thickness κ-1, with correlations > 0.96, temperature has 366 

dominant effects on the dielectric constant εr, liquid viscosity η, cell kinetic energy Ekin, with 367 

correlations reach 1.00. This indicates that temperature determines bacterial adhesion rigidity 368 

(Δf5/ΔD5) mainly via dielectric constant εr, liquid viscosity η. Temperature varied the primary 369 
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contributors dielectric constant εr and liquid viscosity η, driving the variations of electrokinetic 370 

forces FEOF and FEP, hence determining the adhesion rigidity and transport rate.  371 

 372 

Figure 4. Correlation between electric field strength (E), temperature (T), buffer concentration 373 

(c), intermediate physiochemical properties, and bacterial adhesion rigidity, red colors represent 374 

the extent of positive correlations, while blue colors represent the extent of negative correlations. 375 

3.5 Prediction of Thermal Enhanced Electrokinetic Bacterial Transport 376 

Column transport experiments and QCMD characterization revealed the mechanisms of the 377 

thermal enhancement of bacterial transport. In practical applications, the quick prediction of 378 

the bacterial transport rate is crucial for the engineering design. Based on previous theory 379 

analysis, two approaches interlinking DC field strength-temperature-transport enhancement 380 

(Fig. 5A), and net force-temperature-transport enhancement (Fig. 5B) were established for 381 
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prediction. The warm colors indicate lower collision efficiency, i.e., stronger enhancement of 382 

bacterial mobilization, while cold colors indicate higher collision efficiency and weaker 383 

enhancement of transport. For porous media with similar physical environment to the 384 

experimental system, such as sandy soil, a quick estimation of thermal electrokinetic transport 385 

may be achieved with the approach of Fig. 5A. Adapting these approaches in a practical 386 

physical environment, measuring the hydrophobicity and zeta potential properties allows the 387 

calculation of the net force and prediction of thermal electrokinetic transport in an ideal system. 388 

Based on the screened primary contributors of net force, the characterization of physical 389 

parameters dielectric constant εr and liquid viscosity η, and their variations according to thermal 390 

effects may allow for a quick estimation of bacterial transport.  391 

 392 

Figure 5. Temperature-electric field strength (A) and temperature-net force (Fnet) effects (B) 393 

on bacterial collision efficiency, the cold colors indicate higher collision efficiency, while 394 

warm colors indicate lower collision efficiency, with data labeled on the boundaries. 395 

4. Environmental Implications 396 

In this work, the thermal enhancement on electrokinetic bacterial transport has been 397 

investigated. The thermal-dependent net force driving mechanisms on electrokinetic bacterial 398 

transport have been illustrated. Thermal variations in physical environmental parameters liquid 399 
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viscosity, and dielectric constant were the primary contributors of net force shift. An approach 400 

interlinking electric field-temperature-efficiency has been established to predict bacterial 401 

transport. These findings have been verified by the adhesion behavior in the QCMD system at 402 

the microscale.  403 

Based on these principles, the thermal electrokinetic approach may be optimized to enhance 404 

bacterial transport in the applications of natural and manmade ecosystems. Thermal 405 

electrokinetic approaches enhance the transport of functional bacteria to targeted zones in 406 

critical processes more efficiently, e.g., facilitating bacterial colonization, fertilization, etc.52 407 

Based on the screened primary parameters liquid viscosity, and dielectric constant, the net force 408 

can be quickly quantified to predict the transport efficiency. In addition, adopting thermophilic 409 

bacterial strains53 in processes e.g., heating desorption soil remediation, allows deriving 410 

additional benefits at temperatures up to 60˚C. Knowledge of thermally enhanced electrokinetic 411 

effects also allows for improving the management of electrokinetic bacterial dispersal in 412 

subsurface porous media e.g. to manipulate microbial community structures and functions in 413 

disturbed ecosystems.54,55  414 

Together with the previous findings on the thermal electrokinetic transport of chemicals56,57, 415 

the approach may selectively improve specific functions of ecosystems. Besides delivering 416 

functional bacterial strains to the target contaminated site, thermal electrokinetic transport also 417 

facilitates their accessibility to nutrients facilitating colonization.58,59 In practice, by adjusting 418 

the locations of electrodes and controlling the environmental physiochemical properties, the 419 

functional strains may be designed to be located on specified colonizing sites. It should be 420 

noted that in practical applications, environmental parameters and technical stability 421 

significantly influence bacterial transport. For instance, the tolerance of the applied bio-422 

degrader to DC fields and heating, environmental parameters such as the soil composition 423 
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(humic acids, metal nanoparticles, ferric oxide, etc.)60,61, technical fluctuations, etc. should be 424 

investigated. In addition, a comprehensive analysis of the simultaneous transport of nutrients 425 

and competing bacteria, which potentially affect the survival of bio-degraders, should be 426 

investigated. With overall consideration of the calculated energy consumption of heating and 427 

external DC fields (cf. Section S6), and the predicted thermal and electrokinetic effects, the 428 

design of temperature adjusting may be optimized to achieve the transport target in practical 429 

application. This approach provides new prospects for improving specific functions of 430 

ecosystems. 431 
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