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Abstract

:

Water is a basic necessity critical to the survival of all living beings. However, many people around the world do not have consistent access to uncontaminated drinking water. Traditional water treatment methods, such as filtration and disinfection, require physical or chemical disinfectants and are prone to fouling. Dielectrophoresis (DEP) enables a system whereby polarized bioparticles exhibit lateral movement under the influence of applied, non-uniform electric fields. A single-stage, continuous flow, millimeter-sized DEP device was designed and fabricated to remove Escherichia coli K12 from contaminated tap water. Glass beads were used to alter the electric field distribution and create zones of high electric field to trap bacterial cells. The effect of varied voltages, flow rates and bead sizes on the removal efficiency was studied. The highest removal efficiency of E. coli K12 was 99.9%, with the device set at 60 V, a flow rate of 1.0 mL/min and a 200 µm bead size. Higher applied voltages, slower flow rates, and smaller bead sizes led to an increased reduction in bacteria. An optimized macro-scale system—with multiple stages of DEP—could be suitable for commercial use and would be an effective method of removing pathogens from polluted tap water.
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1. Introduction


Clean drinking water is believed to be a fundamental human right and a critical necessity for maintaining the health and sustainability of all life on Earth [1]. According to the 2017 estimate by the World Health Organization and UNICEF [2], 844 million people worldwide are water insecure and do not have access to even a basic drinking water supply. Grey and Sadoff [3] define water security as the accessibility of acceptable quality and quantity of water required for physical, ecological and economic sustainability coupled with the assurance of adequate levels of safety when considering potential water-related risks and impacts. Unfortunately, freshwater natural resources are being threatened in many parts of the world due to human activities such as urbanization and industrialization. Climate change and population growth are also contributing factors to water insecurity [4,5]. Proper water treatment technology development and maintenance are key in reducing waterborne illnesses, decreasing poverty, encouraging economic growth and improving water security in developing countries [6].



E. coli O157:H7—a typical example of a foodborne pathogenic microorganism—can be transmitted through recreational and drinking means, namely by swimming in a contaminated body of water or drinking from an unchlorinated municipal water supply [7]. Wang and Doyle [8] sought to determine the survival characteristics of E. coli O175:H7 in water by placing strains in sterilized municipal water, reservoir water and lake water used for swimming for 91 days at different temperatures. Their results showed that E. coli O157:H7 had persisted in the water and caused serious illnesses due to its high survivability in water and low infectious dose.



Conventional water treatment techniques, such as disinfection, desalinization and decontamination, are challenging to manage and require the addition of a considerable amount of chemicals and energy [9]. Often, these techniques call for significant amounts of engineering knowledge, capital, and infrastructure development, making such technology unattainable and unrealistic for most developing countries [10]. Although drinking water disinfection is critical for killing the pathogens that cause waterborne illnesses, chemical disinfectants are known to form disinfection by-products (DBPs) that can have serious adverse health effects [11]. Chlorine, a common disinfectant, reacts with natural organic matter (NOM) to form trihalomethanes (THMs), such as chloroform, bromodichloromethane, chlorodibromomethane, and bromoform, which have been linked to bladder, colon, and rectal cancers, as well as reproductive harm [12].



In recent years, membrane filtration technology has been used to render water safe to drink, either as a phase in conventional water treatment processes or at the immediate point of consumption. Such pressure-driven liquid membrane processes as ultrafiltration, microfiltration, nanofiltration, and reverse osmosis are often used to remove particulates from drinking water through size exclusion [13]. Membranes are fine films composed of synthetic organic or inorganic materials that selectively isolate an array of matter from a liquid by trapping particulates on its surface or within its matrix [14]. This trapping mechanism often leads to membrane fouling, caused by pore blockages and cake formation, which is considered to be its most detrimental side effect. Fouling results in reduced membrane particulate capacity due to the accumulation of biological, chemical, and physical impurities naturally present in water [15]. Once irreversibly fouled, the total cost to operate the system goes up due to maintenance downtime, increased labor, and the purchase of replacement units. Membrane filtration is also the most energy-intensive water disinfection method since a high operating pressure must be applied to overcome the reduced membrane permeability caused by fouling over time [16,17].



Dielectrophoresis (DEP) is a well-established phenomenon that can serve as an effective and non-destructive electrokinetic transport mechanism for an array of bioparticles [18]. DEP occurs when an uncharged, neutral particle is exposed to a non-uniform electric field, and the particle becomes polarized. The polarized particle, also known as a dipole, has Coulomb forces of different magnitudes acting on each of its sides, resulting in a net translational force, referred to as FDEP. The generated dipole may either be in alignment with or directed against the electric field, based on whether the particle’s permittivity is greater or less than the permittivity of the suspending medium, respectively [19]. Particles that experience positive-DEP move in the direction of the electric field gradient (see Figure 1a), whereas particles that experience negative-DEP move in the opposite direction, away from the field gradient (see Figure 1b) [20]. The dielectrophoretic force experienced by a particle is directly dependent on its “electrical phenotype,” which includes the particle’s size, shape, permittivity and conductivity [21].



DEP is often used to sort and concentrate cells, bacteria and viruses within a microfluidic device. Microfluidics has emerged as a distinct new field of research with numerous applications in biological analysis [23]. However, DEP is often restricted due to the use of traditional planar DEP electrodes for significant reasons. First and foremost, the gradient—and therefore also DEP forces—is mostly normal to the direction of flow. Instead, DEP forces must be aligned so as to counter Stokes drag for effective trapping. Additionally, the E field gradient does not sufficiently nor effectively penetrate the electrode gap. When a quicker flow rate is applied, the removal efficiency of traditional DEP devices is severely limited [24]. Traditional DEP typically uses nonparallel metal electrodes which come into direct contact with the liquid medium. The embedded electrode systems often encounter issues with Joule heating produced by direct or alternating current in the areas near the electrode tips. The resulting thermal convection may interrupt cell migration [25]. Other limitations to these types of electrodes include electrode fouling, bubble formation, a complex fabrication process and electrochemical reactions on the electrode surface [26]. Many DEP studies have also utilized thin metal electrodes that are fabricated using relatively complicated photolithographic techniques.



Another challenge associated with DEP is the estimation of the appropriate channel width and size to facilitate effective particle manipulation. Electric fields of high magnitude are only generated in the narrow electrode gap directly near the edges of the electrodes, and it is often recognized that the magnitude of DEP force is greatly reduced as the distance from the electrodes increases [27]. As a result, bioparticles only experience significant dielectrophoretic forces while close to the electrode surface. Bioparticles located farther away from electrodes are not at all influenced by DEP forces. Consequently, devices with channel sizes exceeding approximately 400 µm in width are inappropriate for DEP trapping and filtering due to inadequate FDEP strength [27].



An insulator-based DEP (iDEP) system is a possible alternative to overcome many of the hurdles experienced with traditional DEP [28]. iDEP, also known as electrodeless DEP, is a technique in which voltage is applied to an array of insulating obstacles with two remote electrodes that span the complete width of the dielectric array. The spatial non-uniformities in the electric field are created by positioning the insulating obstacles inside the device channel and then passing a remotely applied voltage across that channel [28]. When the electric field is applied in an iDEP format, the electric field lines are bent between each insulating obstacle, resulting in the crucial non-uniform electric field necessary to facilitate DEP forces [29]. The insulating structures are chemically inert and relatively strong while also less prone to fouling than traditional embedded electrodes [26]. Moreover, the fabricated iDEP devices can be simply and inexpensively made using insulating materials such as plastics and are ideal for large-volume and high-throughput purposes [30].



The concept of iDEP was first explained by Masuda, Itagaki and Kosakada [31], who aimed to detect very fine nanoparticles. Afterward, Cummings and Singh [32] successfully used DC dielectrophoretic concentration to trap particles with a uniform array of circular insulating posts fabricated using isotropic glass etching. More recently, Chou et al. [33] used insulating quartz instead of metal electrodes to concentrate double- and single-stranded DNA. Zhou, Imamura, Suehiro and Hara [34] used a device full of insulating glass beads to eliminate yeast cells from water. McGraw, Davalos, Brazzle, Hachman and Hunter [35] were able to selectively concentrate, trap and release bacteria and inert particles using iDEP within a polymeric microfluidic device. The device consisted of microfluidic channels and arrays of internally located insulating posts made using standard wet-etch techniques in glass. [35]. Their device was also applied to the detection of waterborne pathogens. Lapizco-Encinas, Simmons, Cummings and Fintschenko [36] aimed to selectively trap Gram-negative E. coli from three Gram-positive Bacillus species using a DC voltage applied across a glass microchannel with insulating posts. Since E. coli had a greater negative DEP mobility than the Bacillus species, their iDEP separation method proved successful. The same research group also trapped live E. coli cells from a mixture of dead E. coli and inert polystyrene beads based on their dielectrophoretic mobility [37].



Dielectric glass beads have low electrical conductivity (10−11~10−15 S/m) with electrically insulating properties. When the glass beads are placed in the gap between two parallel plate electrodes and then subject to a non-uniform electric field, they can alter their surrounding field distributions; therefore, zones of high electric field are generated on each bead’s surface. Thus, with iDEP, numerous spots of high field span the insulating array; this differs from traditional DEP, where a high field gradient only exists near the electrodes. Additionally, to increase the areas of high field, extra insulating glass beads can simply be packed inside the device. By applying a voltage to the electrodes, a positive DEP force can attract suspended bioparticles that flow through the gaps in between the beads (Figure 2a). If the strengths of Stokes drag forces are less than that of the net DEP force acting on the bioparticle, that particle can adhere to the surface of the bead [34]. Since the size of the gap between each insulating bead far exceeds that of the particle size, the possibility for fouling or clogging, which is a major disadvantage with membrane filters, is effectively removed. Additionally, by removing the AC signal—and hence the electrodes’ voltage—the particles detach and flow past the glass beads without attaching to the surface (Figure 2b). This electrically controlled function serves as a simple cleaning method whereby the particles can be removed from the device by cutting the power supply and running fluid through the channel [38].



This study presents the design and evaluation of an electrostatic iDEP filter used to remove E. coli K12 from contaminated tap water. E. coli K12 was chosen for this study because it is a commonly used surrogate for E. coli O157:H7, a serious emerging pathogen and an indicator of fecal microbiological contamination in water. The aim of this DEP retention device was to overcome the many critical hurdles encountered when using traditional planar electrodes: low field gradient penetration depth and strength, low flow throughput and small channel size. Additionally, since the metal electrodes are remotely located outside of the channel and do not come into direct contact with the liquid medium, Joule heating and fouling issues are not of significant concern. Design considerations—including the compatibility of the different materials used, pressure tolerance, price, sturdiness and ease-of-use—were considered when designing the iDEP device.




2. Materials and Methods


2.1. Device Design and Fabrication


Each component of the iDEP device, including the channel body, ventilation cap, channel insert, and inlet and outlet cap, was designed with Solidworks (Dassault Systèmes SolidWorks Corporation, Waltham, MA, USA). The rectangular channel was 1 cm × 1 cm × 6.5 cm to give a total holding capacity volume of 6.5 mL. The mold components were then printed on a Form 2 desktop stereolithography (SLA) 3D printer (Formlabs, Inc., Somerville, MA, USA) using photosensitive resin. After printing, each piece was washed in isopropyl alcohol to remove any uncured resin still attached to the surface and then cured with ultraviolet (UV) light for 60 min at 62 °C.



Figure 3a shows that the inner walls of the channel body were covered with a very porous pattern; this allowed the PDMS to adhere to the inside of the channel tightly. The channel insert was secured to the bottom of the DEP channel body with four machine screws. The prepared PDMS was poured into the channel body and around the insert to create a one cm-thick layer of the silicone just around the channel walls. The ventilation cap was attached to the top of the body to hold the insert in the channel’s center and encourage even heating throughout (Figure 3b). The device was baked for 12 h at 62 °C and allowed to sit at room temperature for 48 h.



Once the PDMS was dried, the ventilation cap and channel insert were removed from the body. 100-micron stainless steel meshes were placed at both the inlet and the outlet of the channel body and then sealed in place with PDMS to prevent any glass beads from escaping. Rubber gaskets were placed at each end to avoid leakages, and the inlet and outlet caps were secured with screws (Figure 4). The total volume of glass beads and empty space within the device was approximately 3.4 mL and 3.1 mL, respectively.



For the electrodes, 0.5 mm-thick stainless steel was cut into two 5 cm × 2.5 cm pieces and attached to the sides of the channel (Figure 4). Flexible tubing (Saint-Gobain Performance Plastics, Akron, OH, USA) was connected to the inlet and outlet caps to allow sample water to flow in and out of the device. A polypropylene female Luer lug (Nordson Medical, Fort Collins, CO, USA) was placed on one end of the tubing to allow attachment to the syringe pump system for collection.




2.2. Experimental Set-Up


The DEP device was placed on a leveled platform to ensure that it was level without the employment of inclined gravity throughout the duration of the experiments. A syringe pump (Model: Fusion 100, Chemyx Inc., Stafford, TX, USA) was used to pull the E. coli sample through the device at a constant flow rate, as shown in Figure 5. After the contaminated tap water was passed through the DEP device, the resulting suspension at the outlets was collected with syringes and used for microbial analysis. A frequency generator (Model: 33210A, Keysight Technologies, Santa Rosa, CA, USA) attached to a voltage amplifier (Model: HA-205, Pintek Electronics, TW, USA) was used to generate the voltage that was applied to the electrodes and control the frequency. The applied frequencies and voltages were carefully monitored throughout each experiment using an oscilloscope (Model: TDS 2014, Tektronix Inc., Beaverton, OR, USA).




2.3. Microbial Preparation


The procedure used to prepare the E. coli sample follows the method described by Cebricos et al. [39]. Frozen E. coli K12 stock was obtained from the Food Microbiology Laboratory, a Biosafety Level II lab at the University of Hawaii in Manoa. Precisely 100 µm of frozen E. coli K12 stock was inoculated into 10 mL of tryptic soy broth (TSB) and incubated at 37 °C for 24 h. After incubation, several microcentrifuge tubes (1.7 mL) were each filled with 1 mL of the incubated E. coli K12 solution. The microcentrifuge tubes were placed in a centrifuge for 10 min at 6000× g (8000 rpm). After centrifugation, the supernatant was removed and replaced with 1 mL of phosphate-buffered saline (PBS). The cells were resuspended in the PBS and vortexed until mixed. This washing procedure with PBS was repeated three more times to reduce the conductivity. After the last wash, the supernatant was removed, and 1 mL of sterilized tap water was mixed with each of the cell pellets in the microcentrifuge tubes. The contents were added into the glass sample bottle to generate a starting bacterial cell concentration of 1 × 105 CFU/mL and vortexed gently until thoroughly mixed.




2.4. Experimental Design and Quantification of Removal Efficiency


In order to observe the effects of different experimental parameters on the percent reduction in E. coli K12, varying combinations of several voltages, flow rates and bead sizes were tested. Three different voltages—20 V, 40 V and 60 V—were applied to the electrodes while the frequency was held constant at 1 MHz for all experiments. The upper limit of input voltage, 60 V, was selected to prevent cell lysis preemptively. At higher potentials, cells may lyse due to strong electric fields; additionally, Joule heating may burn cells inside the channel. Three different flow rates (1.0 mL/min, 1.5 mL/min and 2.0 mL/min) were chosen based on a work by Cebricos et al. [37]. Three specific bead sizes (200 µm, 300 µm and 500 µm) were available for purchase from a commercial vendor (Sigma Aldrich, St. Louis, MO, USA). Tap water samples were collected at the device outlet every 10 min for a total of 120 min per trial. The samples were serially diluted using peptone water and plated using the spread plate method on BD BBLTM MacConkey Agar (Becton, Dickinson and Company, Sparks, MD, USA). The plates were then incubated at 37 °C for 24 h before being analyzed and counted.



The performance of the glass bead DEP device was measured based on its removal (or trapping) efficiency. This removal efficiency was determined by comparing the concentration of E. coli K12 cells before and after treatment with the device, as defined using the following equation, where n is the number of bacteria cells (CFU/mL):


  Removal   Efficiency =    (   n  Inlet   −  n  Outlet    )     n  Inlet     × 100 %  



(1)







In addition, the log reduction in bacterial cells was also calculated using the equation below:


   Log   Reduction  =  (    log   10    n  I n l e t   −   log   10    n  O u t l e t    )   



(2)







The data were analyzed via one-way ANOVA tests using the Statistical Analysis System software (SAS Institute, Cary, NC, USA). All experiments were conducted in triplicate, with data expressed as the mean added with the standard deviation. Additionally, the separation of means was tested by Duncan’s multiple range test at a probability level of p < 0.05.





3. Results and Discussion


3.1. Effects of Voltage on Removal Efficiency


The effects of applied voltages on the removal efficiency of the iDEP device were tested by applying three different voltages: 20 V, 40 V and 60 V for 120 min (Figure 6). The glass bead size and flow rate were kept constant for all experiments at 200 µm and 1.0 mL/min, respectively. The highest removal efficiency recorded during the 120 min period was 99.9% at 60 V, followed by 87.4% at 40 V and 65.4% at 20 V (Figure 7). There was a 2.9-log reduction for 60 V, while the log reduction for 20 V and 40 V remained below 1 log. The removal efficiency was greatest at the highest applied voltage, and all three voltages were significantly different from one another. Additionally, the standard deviation for the lower voltages was greater than the standard deviation at the higher applied voltages.



Research by Wang et al. [40] used a microchip with a DEP selective filter to determine the effect of applied voltage on the sorting efficiency of yeast cells. They found that removal efficiency increased with increasing applied voltages from 60% at 5V to 90% at 20V. Additionally, Abidin, Baik, Hafifudin, and Markx [41] studied the dielectrophoretic separation of yeast cells using a high-gradient electric field system comprised of glass beads sandwiched between two cylindrical electrodes. At 20V, they achieved a removal efficiency of 56%, but at 60 V, this number was increased to 80%. Since the dielectrophoretic force is dependent on the electric field intensity, ∇ǀEǀ2, the magnitude of the DEP force experienced by cells increases when the voltage is increased. The higher applied voltages are necessary to overcome the Stokes drag forces through the device channel so that the cells may be trapped and removed from the stream of water [42]. Additionally, when the voltage is higher, the particle velocity is sped up, resulting in a quicker separation process. This phenomenon is due to the intensification of the electroosmotic flow under strong electric fields [43]. However, an upper limit for the voltage must be considered since cells may lyse due to strong electric fields created by the higher potential difference. Joule heating may also occur and burn the cells inside the channel.




3.2. Effects of Flow Rate on Removal Efficiency


Then, the effect of flow rate variation was tested using three different flow rates: 1.0 mL/min, 1.5 mL/min, and 2.0 mL/min. Figure 8 shows the removal efficiency of E. coli K12 as a function of flow rate, at an applied voltage of 60 V, frequency of 1 MHz and 200 µm bead size. The highest removal efficiency achieved was 99.9% at 1.0 mL/min, the slowest flow rate tested, followed by 80.5% and 67.4% for the flow rates of 1.5 mL/min and 2.0 mL/min, respectively. There was a 2.9-log reduction for 1.0 mL/min and a less than 1-log reduction for the two faster flow rates (Figure 9). The standard deviation was greatest at 2.0 mL/min, and there was a significant difference among all three flow rates.



Low trapping efficiencies at higher flow rates are thought to result from the loss of captured cells caused by viscous drag forces [40]. Dielectrophoretic separation is often described as a balance of competing forces that gives rise to a net force that dictates the movement of the cell. Suppose the forces (i.e., viscous drag, diffusional and lift forces) that work to move the bacteria away from the regions of strong electric fields are greater than the forces (i.e., DEP, dipole, gravitational) holding them in place at the matrix. In that case, the bacteria will escape from the DEP channel [44]. High flow rates increase the drag force, which consequently washes the bacteria from the bead’s surface.




3.3. Effects of Bead Size on Removal Efficiency


Figure 10 shows the effect of bead sizes on the trapping of E. coli K12 by testing three different bead sizes for 120 min. The voltage was kept at 60 V, and the flow rate was maintained at 1.0 mL/min. There was a 99.9% removal of bacteria when the iDEP device was packed with 200 µm dielectric glass beads, followed by a 76.2% reduction for 300 µm beads and a 47.6% reduction for 500 µm glass beads. The log reduction for the 300 µm and 500 µm glass beads were both well below 1 log, while the 200 µm glass beads facilitated a 2.9-log reduction in bacteria (Figure 11). The 500 µm beads had the largest standard deviation, and there was a significant difference between all three bead sizes.



Since glass beads have a relative permittivity of 4.5, they must create distortions in electric field patterns [41]. Strong electric fields are generated on the surface of each insulating glass bead and at each of its contact points. For this reason, the total surface area of the beads and the number of beads present would directly correlate with the number of bacteria that could adhere to the beads’ surfaces. For the 200 µm, 300 µm and 500 µm glass beads, the total bead surface area is approximately 0.102 m2, 0.068 m2 and 0.041 m2, respectively. The 200 µm bead size has the greatest total surface area and beads contained within the device and, therefore, the highest bacteria trapping capacity.





4. Conclusions


This study has demonstrated that an iDEP device filled with glass beads can continuously and effectively trap live E. coli K12 from contaminated tap water. The highest removal efficiency achieved was 99.9%, with 60 V supplied to the electrodes, a 1.0 mL/min flow rate, and 200 µm bead sizes. Higher applied voltages, slower flow rates, and smaller bead sizes seemed to lead to larger reductions in the bacteria in water. A non-uniform electric field was generated by applying an AC electric field across the millimeter-sized channel packed with insulating glass beads. Regions of high electric field intensity were generated on the beads’ exteriors so that E. coli would experience positive-DEP forces and adhere to these surfaces. This device displayed DEP retention, a separation method in which positive-DEP forces are used to compete with the drag forces caused by fluid flow. Since particles subject to strong positive-DEP forces are trapped at their minimum DEP potential energy positions, they are secured in place and do not get swept away with the suspending fluid [45]. The use of electrical forces to manipulate bioparticles continues to show great potential in many areas of research. iDEP, which uses insulating hurdles, protrusions, or obstacles to create spatial non-uniformities within the device channel, is a promising alternative to traditional microfluidic DEP devices. Some of the major drawbacks associated with conventional DEP, such as low throughput, contamination, fouling, bubbling near the electrode surface, and expensive and laborious fabrication, can be remedied by using iDEP in its place [46].



Unlike membrane filtration, an iDEP filter does not result in costly fouling issues that require frequent maintenance and replacement. Since the bacteria can be detached from the glass by simply turning off the AC power supply to the electrodes, cleaning the device is straightforward and economical. iDEP can also serve as one step in a multi-barrier approach for water treatment. It may act as a pretreatment step to membrane filtration to reduce the adverse effects of membrane fouling and reduce the costs associated with replacing the membrane apparatus. Additionally, DEP provides an alternative to conventional water treatment technologies that are not energy efficient and require the addition of hazardous chemicals.



Although the effects of DEP have been studied extensively for many years using various bioparticles, only a handful of studies have been geared towards water safety applications. iDEP can be used for more than just microfluidic applications. The 6.5 mL device fabricated and tested in this study serves as a proof-of-concept for the use of glass beads in an iDEP device with a larger liquid throughput and removal efficiency than previously designed devices. The 99.9% E. coli removal efficiency surpasses the less than 1-log reductions seen with previous devices. iDEP filters can be made with cost-effective insulating materials that are simple to assemble and do not require laborious manufacturing techniques. Further research must be completed in the future to determine the feasibility and practicality of a macroscale glass bead iDEP device to process large quantities of drinking water. Additionally, other waterborne pathogens must be tested to observe their behaviors within the iDEP device.
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Figure 1. Direction of the cell translation based on its DEP response: (a) positive-DEP cell movement; and (b) negative-DEP cell movement (adapted from [22]). 
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Figure 2. Basic principles behind the dielectric glass bead DEP device: (a) with voltage supplied to the electrodes, the cells attach to the surface of the electrodes when subject to positive-DEP forces; (b) without voltage supplied to the electrodes, the cells flow past the glass beads through the gap spaces and do not adhere to the beads (adapted from [38]). 
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Figure 3. The coating of the inner channel walls with PDMS: (a) Rigid and porous structure created to hold the PDMS inside the channel, and (b) Insert placed inside the channel for molding the PDMS around the walls of the channel. 
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Figure 4. The layer-by-layer iDEP device assembly. 
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Figure 5. The iDEP device was placed on a leveled platform with a syringe pump attached to ensure a continuous flow of the sample through the device. 
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Figure 6. The effects of three different voltages on removal efficiency over a 120 min period (bead size = 200 µm, flow rate = 1.0 mL/min). 
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Figure 7. Comparison of the average removal efficiency and log reduction when three different voltages are applied. Different letters indicate significant differences among the applied voltages (p < 0.05). 
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Figure 8. The effects of three different flow rates on removal efficiency over a 120 min period (bead size = 200 µm, voltage = 60 V). 
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Figure 9. Comparison of the average removal efficiency and log reduction among three different flow rates. Different letters indicate significant differences among the different flow rates (p < 0.05). 
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Figure 10. The effects of three different bead sizes on removal efficiency over a 120 min period (voltage = 60 V; flow rate = 1.0 mL/min). 
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Figure 11. Comparison of the average removal efficiency and log reduction among three different bead sizes. Different letters indicate significant differences among the different bead sizes (p < 0.05). 






Figure 11. Comparison of the average removal efficiency and log reduction among three different bead sizes. Different letters indicate significant differences among the different bead sizes (p < 0.05).



[image: Water 13 01678 g011]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
100

Removal Efficiency (%)

EIRemoval Efficiency ==@mmLog Reduction

207

aov
Applied Voltage

60V





media/file4.png
Trapped Cells
/|

(@)
Electrode

Glass beads

Suspended Cells

Electrode

CRX X

/\ /\

Electrode

Water flow





media/file18.png
Removal Efficiency (%)

100
90
80
70
60
50
40
30
20
10

Removal Efficiency ==gmm| og Reduction

1.0 mL/min 1.5 mL/min 2.0 mL/min
Flow Rate

Log Reduction (CFU/mL)





media/file21.jpg
E=3Removal Efficiency

(1w/n40) uononpay 807

8R8R8888=<

(%) Aouarouy3 jenoway

500 um

300 um

200 um

Glass Bead Size





media/file3.jpg
Trapped Cells

Electrode
X X 1)

Electrode

Water flow





media/file22.png
Removal Efficiency

(Tw/N4D) uodnpay 807

1 1 1
N N i i o

(%) Adusidiyy3 |leroway

Glass Bead Size





media/file19.jpg
(%) Aouaiiy3 enoway

++@ ¢+ 300 um

=-0=-500um

60 80 100 120
Time (min)

40

20





media/file7.jpg





media/file10.png
2 A %2

Leveling |
Platform |






media/file14.png
Removal Efficiency «=@=m| 0g Reduction

(Tw/N4D) uondnpay 807

L0 L0
~ ~ — —

0.5

100

o
)]

o O O O O O O
0 N~ O N < on N

(%) Adusidly3 [lenoway

40V
Applied Voltage





media/file11.jpg
100

%
_ &0
ER) - r 1
% 60 *hf-f-~'\‘°~
;E: 50
é 40 ——-20V
& 30 cee@ee 4OV

20 ——c0V

10

0

0 20 40 60 80 100 120

Time (min)






media/file6.png





media/file15.jpg
Removal Efficiency (%)

100

90

80

70

60

50

40

30

20

10

20

40

60
Time (min)

80

—e— 1.0 mL/min

1.5 mL/min

= e==2.0 ml/min

100

120






nav.xhtml


  water-13-01678


  
    		
      water-13-01678
    


  




  





media/file16.png
Removal Efficiency (%)

100

90

80

70

60

50

40

30

20

10

60

Time (min)

80

\'}‘“}

@ 1.0 mL/min

cee@ee 1.5 mL/min

- a@= o) 0 mL/min

100

120






media/file2.png
@]
Positive-DEP

Increasing E strength






media/file20.png
Removal Efficiency (%)

100

90

80

70

60

50

40

30

20

10

et .

--.*\ .

Sy S~
@200 um -
ooo‘oo 300 Hm
- «@= = 500 um

20 40 60 80

Time (min)

100

120






media/file5.jpg





media/file1.jpg
Positive-DEP

©)

oo 28 5 I






media/file12.png
Removal Efficiency (%)

100

90

80

70

60

50

40

30

20

10

VN PN VN V. PN PN
- - - - - -

" 5-

l % + 7 - ‘-

]

]

!

]
-a@=e )0V
ceoo@eooe 4OV
@ () \/

0 20 40 60 80 100 120

Time (min)






media/file9.jpg
Syringe
Pump

Leveling
Platform






media/file0.png





media/file8.png
Gasket

Screen

1]
;

Inlet

?éf:%t{-: " 3‘;

wg radoc
‘Electrodes






media/file17.jpg
Removal Efficiency (%)

100
%0
EY
70
60
50
40
30
20
10

E=mRemoval Efficiency ememsLog Reduction

1.0 mi/min

15 mi/min
Flow Rate

20mt/min

Log Reduction (CFU/mL)





