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2

Abstract34

A circular non-uniform electric field strategy coupled with gel electrophoresis was proposed35

to control precise separation and efficient concentration of nano- and micro-particles. The circular36

non-uniform electric field has the feature of exponential increase in electric field intensity along37

the radius, working with three functional zones of migration, acceleration, and concentration.38

Distribution form of electric field lines is regulated in functional zones to control the migration39

behaviors of particles for separation and concentration by altering the relative position of the ring40

electrode (outside) and rodlike electrode (inner). The circular non-uniform electric field promotes41

the target-type and high-precision separation of nanoparticles based on the difference of42

charge-to-size. The concentration multiple of nanoparticles is also controlled randomly with the43

alternation of radius, taking advantage of vertical extrusion and concentric converging of the44

migration path. This work provides brand-new insight about simultaneous separation and45

concentration of particles and is perspective to develop a versatile tool for separation and46

preparation of various samples instead of conventional methods.47

48

Key words: non-uniform electric field, target-type, precise separation, concentration49
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Introduction50

Definitely, it’s greatly significant to efficiently separate, purify and concentrate51

micro/nanoscale objects in various fields,1-4 such as synthesis of micro/nano fabrication with an52

ultranarrow size distribution, early-stage diagnosis and therapy of diseases, accurate detection of53

biological samples, and cell screening.5-8 However, there are still some confronting problems of a54

complex matrix, low concentration of objects, poor size uniformity, resulting in difficulty of55

highly purified preparation and sensitive detection, not satisfy the practical requirements.9,10 So,56

it’s urgent to develop new techniques for precise separation and efficient concentration of57

micro/nanoscale objects.58

Precise separation is the premise to realize quality monitoring in various fields. The59

conventional batch separation techniques has been developed based on size, density, charge, and60

marker proteins modified on the surface, respectively, including size exclusion chromatography,1161

field-flow fractionation,12,13 pinched flow fractionation,14,15 density gradient centrifugation16 and62

immunoaffinity capture.17 Some sieving separation microfluidic methods as new methods have63

been developed for separation or isolation of micro/nanoscale objects from the complex matrix,64

including microfluidic filtration,18,19 micropillar array,20,21 nanowire capture technology,22 and65

deterministic lateral displacement sorting,23,24 inertial separation,25 etc. However, there are several66

inevitable drawbacks of the complex device, low throughput, tedious procedures, and negative67

effects on the downstream analysis for practical operations.1068

For the highly sensitive detection and preparation, some techniques come into sight for69

efficient concentration. As a typical label method, active-based magnetic bead is to capture the70

target objects by surface modification,26,27 not suitable for the following analysis. In contrast,71
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4

label-free strategies provide the insight of continuous flow concentration or point-focus.72

Microfluidic centrifugation28-30 can compel migration of the desired sample to the outer wall with73

the following concentration at outlet, and membrane electrophoresis could intercept big size of74

objects based on size effect for concentration.6,31 Besides, the acoustic-based platform uses the75

acoustic wave to sort and concentrate objects.32-34 Typically, dielectrophoresis is widely used with76

the functions of trapping and enrichment of cells or particles by employing the non-uniform77

electric fields.35-39 Although great efforts in concentration methods, some critical problems still78

exist to seriously prevent methods promotion, such as less variety of samples, time-consuming,79

hard to collect, and sample loss. Meanwhile, the unique technique is scarce to achieve80

simultaneous separation and concentration. Hence, it is of significant to provide a new way of81

developing the integrative and controlled device for precise separation and efficient concentration.82

In view of this, a circular-electric-gradient agarose gel electrophoresis was proposed to83

simultaneously separate and concentrate objects by one-step, which is spired by the target84

distribution of the Milky Way. The system is spired by the circle-gradient field and efficient85

separation of gel electrophoresis like chromatography. The common slab gel electrophoresis is86

carried out under the uniform electric field driving with drawbacks of lower separation resolution,87

more importantly, without concentration of objects.40-43 So the circular gel electrophoresis coupled88

with non-uniform electric field is put forward to replace traditional type. In this system, the89

electrodes are set at the center and edge of circular gel, and objects of different sizes distribute as90

concentric circles for separation in consistent with target-type gradient electric intensity. Not only91

that, the sample circle could continuously migrate until focused near the center for concentration92

because of contraction in terms of radius. The characteristics of circular-electric field were93
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5

presented by the numerical simulation, and the migration behaviors of objects were also94

investigated under various parameters, including the gel concentration, electrophoresis voltage and95

time, type of non-uniform electric field. To verify the technical feasibility, it was applied to96

separate and concentrate the gold nanoparticles.97

98

Materials and methods99

Materials and Reagents. 30 and 60 nm gold nanoparticles were obtained from BBI Life Science100

Co., Ltd (Shanghai, China). 5.0×TBE buffer (pH 8.0-8.6) was from Sangon Biotech Co., Ltd.101

(Shanghai, China) and stored at 4℃ . Sodium hydroxide (≥98%) was purchased from Macklin102

Biochemical Co., Ltd (Shanghai, China). Regular AGAROSE G-10 was obtained from Biowest103

(Beijing, China). The platinum wire (ID=0.22 mm) was purchased from Lucheng Metal104

Processing Factory (Tianjin, China). Ultrapure water was prepared by the water purifier (Milli-Q105

Integral, America).106

Instruments. A PowerPac Basic electrophoresis instrument was applied to support all107

electrophoresis experiments (Junyi, JY300C, China). The scanning electron microscope (SEM)108

images were obtained by a Hitachi Regulus 8100 scanning electron microscopy (Tokyo, Japan),109

and transmission electron microscopy (TEM) analysis was carried out on a Tecnai G2 F20 field110

emission transmission electron microscope (FEI, America). A 90Plus Zeta dynamic light scattering111

(DLS) was used to evaluate the size distribution of nanoparticles (Brookhaven, America). All the112

electric field simulation data were performed using the COMSOL 5.4 Multiphysics software.113

Preparation of special device for gel electrophoresis. The device is mainly composed of power114

supply system, separation system, collection system, circulation system, and cooling system115
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(Figure S1a). Among these, the cycloidal agarose gel as separation system (Figure S1b) was116

fabricated as follows: Generally, a certain amount of agarose was dissolved in 20 mL 1×TBE117

solution (obtained by diluting 10×storage solution) (pH=8.2) under microwave-assisted heating118

for 2 min and waiting for cooling at 55℃, after that the solution was immediately poured into the119

50×50×12 mm3 culture dish, and then the sample loading mould (Figure S1c, d for hole-type120

sampling, Figure S1e, f for ring-type sampling) was successively fixed into the agarose gel,121

followed by cooling to room temperature for 30 min. The transparent gel was subsequently122

transferred to electrophoresis chamber bath containing 1×TBE running buffer after removing the123

mould. Finally, the platinum wire (positive electrode) and the tin foil ring were placed in the124

center and edge of circular gel, respectively, as the internal and the external electrodes to build the125

non-uniform electric field. Particularly, the design of circulation and cooling system can126

effectively avoid the negative effect of circumstances varying on separation (Figure S2).127

Electrophoretic separation of 30 nm and 60 nm gold nanoparticles. The separation of gold128

nanoparticles was performed as the following procedure. The 30 and 60 nm nanoparticles were129

dispersed via ultrasound for 10 min before use to avoid the nanoparticles aggregation, the certain130

volume of mixture including 20 μL glycerol and 400 μL nanoparticles were loaded into the sample131

loop for investigating the separation under different parameters, such as electrophoresis time and132

voltage, concentration of agarose.133

134

Results and discussion135

As an example, 30 and 60 nm gold nanospheres are chosen to study electric field136

characteristics and migration behaviors under the circular non-uniform electric field, which are137
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named “30 nm AuNPs” and “60 nm AuNPs” in the following text. Transmission electron138

microscopy (TEM) images show most gold nanoparticles as spheres, a small number of particles139

as triangles, and the particle size is also inhomogeneous with wide distribution, but the percentage140

of nanoparticles close to 30 nm and 60 nm is highest to 23.3% and 22.8% calculated by TEM141

(Figure 1a, b). Dynamic light scattering (DLS) results also demonstrate the size distribution from142

20-58 nm for 30 nm AuNPs, 40-110 nm for 60 nm AuNPs, because of the nanoparticles143

aggregation (Figure 1c). 30 nm and 60 nm AuNPs are electronegative with zeta potential of144

-49.8±3.2 mV (mean±SD) and -30.1±2.1 mV in TBE buffer (pH=8.2), respectively (Figure 1d). 30145

nm AuNPs obviously have a higher charge-to-size ratio than 60 nm AuNPs (Figure 1e), indicated146

that under the circular-electric-gradient agarose gel electrophoresis, the electrophoretic mobility of147

30 nm AuNPs is higher than 60 nm AuNPs in the influence of non-uniform electric field effect and148

the size effect of gel medium, which is expected to achieve efficient and precise separation.149

150

Figure 1. Typical TEM images of AuNPs and size distribution calculated by corresponding TEM151

data: (a) 30 nm, (b) 60 nm, the total numbers of nanoparticles were analyzed by using the software152

ImageJ. Each sample showed more than 100 particles to provide a good representativeness of the153
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separation results. (c) Size distribution measured by DLS, (d) Zeta potential of AuNPs, (d)154

Comparison of size and zeta potential of 30 nm (blue) and 60 nm (red) AuNPs.155

156

The COMSOL simulation was applied to investigate the characteristics of the circular157

non-uniform electric field. When the positive electrode (rod-shape) in the center and a negative158

electrode (ring-shape) around the edge are set in parallel at the same height (Figure 2a), the159

electric intensity is strongest in the center with divergent reduction of gradient until to the weakest160

at the edge (defined as non-uniform field-1) (Figure 2b). The equipotential lines present the161

concentric circles with the density difference along radius, like target (Figure 2c). The integration162

of electric intensity and equipotential lines is shown in Figure 2d. In addition, the electric intensity163

is equivalent in the longitudinal section (Figure 2e). The movement of the micro-objects has a164

certain resistance (fˊ) under the action of electric field force (Fep) (Figure 2f). In the horizontal165

direction, the resultant force can be regarded as F=Feq-fˊ=qE-fˊ, in which fˊand q remain166

unchanged, F is proportional to E. Thus, the same micro-objects could be migrated in accordance167

with one circle of equipotential lines under the gradient voltage in the concentric electrophoresis168

device. If the q and fˊ are different under the same E, the nanoparticles are separated according to169

the concentric distribution of equipotential lines based on the difference in charge-to-size.170

Therefore, under the circular non-uniform electric field in horizontal, the nanoparticles would be171

driven by the stronger electrophoretic force (Fep) and separated with the target-type distribution on172

the base of the charge-to-size difference (Figure 2g).173
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174

Figure 2. (a) Scheme of relative position of negative and positive electrodes. COMSOL175

simulation of circular non-uniform field 1. (b) electric field intensity, (c) equipotential lines, (d)176

integration of electric intensity and equipotential line, (e) cross section, (f) Force analysis of177

nanoparticle under circular non-uniform field 1 (the voltage was set at 75 V). Fep represents the178

electrophoretic force and fˊ represents the viscous force. (g) Scheme of precise target-type179

distribution of nanoparticles with size difference under circular non-uniform field 1.180

181

According to the above COMSOL simulation discussed, the circular electrophoresis system182

provides a non-uniform gradient electric field with circle of equipotential lines, which will greatly183
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affect separation behavior of the object. Besides, the pore size is also one of the major factors184

affecting on the migration and separation behavior of objects in the electrophoresis technique. The185

concentration of agarose gel is related to pore size. The pore size of agarose gel decreases with the186

increase of gel concentration from 0.8% to 1.2% (Figure 3a). The electrophoretic separation is187

more significant with the bigger pore size (Figure 3b, 3c). The migration velocities of188

nanoparticles are slower on the higher concentration agarose gel, due to the overlying of the size189

exclusion effect. Significantly, the obvious difference of migration distances for 30 and 60 nm190

AuNPs is presented on the 0.8% agarose gel after 30 min electrophoresis (Figure 3c). Furthermore,191

it is interested that the migration velocity of AuNPs is greatly increasing close to the center,192

generating the rapid concentration effect, which is completely consistent with the gradient increase193

of electric field intensity from edge to center. The above experimental results demonstrate that the194

low electric field intensity (periphery) and the low concentration agarose gel (large pore size) are195

favorable for separation, and the high electric field region (center) are advantageous for rapid196

concentration in circular non-uniform electric field gel electrophoresis system.197
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198

Figure 3. Effect of agarose gel prepared by different concentrations on the migration of 30 and 60199

nm AuNPs. The applied voltage was set at 75V, the buffer solution was 1×TBE (pH=8.2). (a) SEM200

images for pore size of agarose gel, (b) Migration images of AuNPs with electrophoresis time on201

the circular agarose gel, (c) Comparison of migration distance of AuNPs with electrophoresis202

time.203

204

Based on the above experimental results, we focus on the relationship between electric field205

density and particle migration behavior under annular electric field. According to the curve of206

electric field intensity and radius from COMSOL simulation, the electric field intensity increases207

exponentially with the reduction of radius under the circular non-uniform electric field 1 (Figure208
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4a). The whole non-uniform electric field could be divided into migration zone, acceleration zone,209

and concentration zone based on the increasing degree in field intensity per unit distance.210

However, the concentration zone is near to the central electrode cell, so the regulation in the211

migration zone and acceleration zone determines the separation of nanoparticles. As expected, the212

electric field distribution of migration zone and acceleration zone is positive correlation with213

electric voltage (Figure 4b). Under the same voltage, the electrophoretic velocity of 30 nm AuNPs214

is larger than that of 60 nm AuNPs during the whole electrophoretic process and the gap in215

migration velocity enlarges progressively as increasing voltage for 30 and 60 nm AuNPs (Figure216

4c-e). The bigger voltage makes, the faster the migration velocity and the wider band of217

nanoparticles close to the central electrode, corresponding to the increase of the electric field218

gradient with the decrease of radius.219

In equilibrium theory of forces, Fep increases with the gradient enhancement of E, promoting220

the increase of the electrophoretic velocity, in which fˊ and q remain unchanged. It’s logical that221

30 nm AuNPs with bigger charge-to-size first migrated to the acceleration zone for separation222

under the same voltage. At 50 V, AuNPs passed through the migration zone with a slower223

migration velocity, resulting in the poor separation (Figure 4f). At 75 V, nanoparticles could224

migrate to the acceleration zone in turn (radius ≤ 1.25 cm). Because of the strong electric field in225

the acceleration zone, the 30 nm AuNPs is accelerated and enlarging the gap of migration velocity226

of AuNPs due to the time difference with different charge-to-size, and further realizing the227

accurate separation (Figure 4g). Although the bigger voltage is more favorable for the highly228

accurate separation based on the above analysis, the heating effect could cause deformation of229

agarose gel under high voltage (Figure 4h), so the voltage of 75 V was chosen for the following230
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separation.231

232

Figure 4. (a) Typical curve of electric field norm and radius from COMSOL simulation for the233

circular non-uniform electric field 1 in horizontal and longitudinal (75 V). (b) Comparison of234

curves of electric field norm and radius at different voltages from COMSOL simulation (50 V, 75235

V, 100 V). (c-e) Migration images of 30 nm and 60 nm AuNPs with electrophoresis time at236

different voltages. (f-h) Comparison of the electrophoretic velocity of 30 nm and 60 nm AuNPs at237

50, 75 and 100 V voltage, respectively. The experiment was performed under the 0.8% agarose gel238

and the 1×TBE (pH=8.2) buffer solution.239

240

In order to quantify the separation efficiency, the hole-type sampling method was applied.241
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The hole-type sampling mentioned above is more conventional to investigate the migration242

behavior of nanoparticles. The ring-type sampling is visual to present the target-type separation of243

nanoparticles under the circular non-uniform electric field. The two concentric bands were shaped244

with the difference of migration velocity for 30 nm and 60 nm AuNPs, and the bands broadened245

gradually with the extension of electrophoresis time (Figure S3a, b). It is due to the wide size246

distribution of the so-called standard sample and the sample was further separated subtly based on247

the tiny size difference in acceleration zones, which is demonstrated by the TEM and size248

distribution results of different fractions along horizontal lines (Figure S3c-f).249

Furthermore, the mixture of 30 and 60 nm AuNPs was applied to verify the feasibility of250

controlled and precise separation. After electrophoresis for 20 min, the two clear bands with251

concentric circle type appear in the migration zone, front-end for 30 nm particles and back-end for252

60 nm particles (Figure 5a). The TEM results of fractions from every sample band indicate253

precision separation with normal size distribution (Figure 5b) (The fraction sampling is the same254

as that shown in (Figure S3)), but the size overlap of 30 nm and 60 nm AuNPs still remains in255

accordance with the original size distribution of DLS detection (Figure 5c). Obviously, after256

electrophoresis for 30 min, in acceleration zone, the separation resolution improves with narrower257

size distribution of every fraction and the blank distribution tape between 30 nm and 60 nm258

AuNPs (Figure 5d-f). In addition, the AuNPs percentage of different sizes in the acceleration zone259

increase clearly compared with the original percentage (before electrophoresis), indicating the260

concentration effect because of center contraction of the circle. The above results show the261

potential to separate nanoparticles with high precision under the circular non-uniform electric field262

in horizontal.263
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264

Figure 5. Electrophoresis separation and analysis of 30 nm and 60 nm AuNPs in migration zone265

and acceleration zone under the circular non-uniform electric field in horizontal. The experiment266

was performed under the 0.8% agarose gel, voltage was 75 V and the buffer solution was 1×TBE267

(pH=8.2). (a, d) images of electrophoresis separation, (b, e) typical TEM images of AuNPs from268

different fractions of the corresponding electrophoresis bands, (c, f) size distributions of AuNPs269

from different fractions, calculated by TEM data. The total numbers of nanoparticles were270

analyzed by using the software ImageJ. Each sample showed more than 100 particles to provide a271

good representativeness of the separation results. In Figure f, ▲ represents the percentage of272

AuNPs after electrophoresis and ═ represents the percentage before electrophoresis.273

274

In all of the above experiments, two electrodes of equal length generate the non-uniform275

electric field with equivalent electric intensity and parallel equipotential lines in longitudinal. As a276

result, the nanoparticles pass through the migration zone, acceleration zone, and concentration277
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zone for highly precise separation along the equipotential lines without longitudinal focusing. In278

view of this, the trend of equipotential lines is controlled for simultaneous separation and279

concentration. As shown in Figure 6a, two parallel electrodes with difference in height produce the280

non-uniform electric field in both horizontal and vertical, presenting parabolic electric field lines281

(defined as non-uniform field 2). In horizontal, the electric intensity also gradually decreases282

along with the radius from center to edge with the concentric equipotential lines (Figure 6b, c),283

and the integration is shown in Figure 6d. In longitudinal, the electric intensity is unequal located284

at the top, middle, and bottom (Figure 6e). Therefore, the same nanoparticles are subject to the285

different forces in longitudinal under the same q and fˊ, except for the gradient force in horizontal.286

The nanoparticles would be driven by the stronger electrophoretic force (Fep) point to the positive287

electrode along the oblique electric field lines, contributing to concentration in both horizontal and288

longitudinal (Figure 6f). The circular non-uniform field would prompt the simultaneous289

target-type separation and concentration of different target nanoparticles, which would ultimately290

be collected one by one in the center of a circle (Figure 6g).291
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292

Figure 6 ． (a) Scheme of relative position of negative and positive electrodes. COMSOL293

simulation of circular non-uniform field 2. (b) electric intensity, (c) equipotential lines, (d)294

integration of electric intensity and equipotential line, (e) cross section, (f) Force analysis of295

nanoparticle in circular non-uniform field 2 (the voltage was set at 75 V). Fep represents296

electrophoretic force and fˊ represents viscous force. (g) Scheme of target-type concentration of297

nanoparticles with different sizes under circular non-uniform field 2.298

299

In addition to this, the curve of electric field intensity and radius from COMSOL simulation300

explicitly reveals the variation of electric field intensity in horizontal and longitudinal under the301

circular non-uniform electric field 2 (Figure 7). The electric field intensity is very small closer to302

zero at the bottom, and it increases exponentially with the reduction of radius at the top and303
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middle. The electric field intensity at the top is bigger than that at the middle in the migration zone304

and acceleration zone, so the relatively uniform electric field could drive nanoparticles lateral305

movement for separation (radius > 1.5 cm). Nevertheless, when the radius less than 0.6 cm306

belongs to the concentration zone, the electric field intensity at the middle is over at the top,307

promoting the longitudinal migration of nanoparticles towards the central electrode along the308

electric field lines. The nanoparticles tend to be gradually extruded in the concentration zone, that309

is, sample concentration. That is to say, the circular non-uniform electric field can control the310

trend of electric field line in migration zone, acceleration zone, and concentration zone to achieve311

the target-type, controlled, precise separation, and concentration.312

313

Figure 7. Typical curve of electric field norm and radius from simulation for the circular314

non-uniform electric field 2 in horizontal and longitudinal (The voltage was set at 75 V).315

316

As expected, the bands of 30 and 60 nm AuNPs are long, thin, and highlighted without band317
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dispersion in space due to the additional non-uniform electric field in longitudinal with extrusion318

effect for concentration (Figure 8). The discrepancies of migration velocities bring about319

separation of 30 and 60 nm AuNPs with two concentric circle bands in migration zone, the320

separation resolution and extrusion effect improve gradually in acceleration zone, which is321

consistent with the results of field simulation. Similar results are also obtained by comparing322

migration behaviors of nanoparticles under non-uniform fields 1 and 2 (Figure S4). Therefore, it’s323

available for simultaneous separation and concentration of nanoparticles via controlling electric324

field line type in different function zones of the circular non-uniform electric field.325

326

Figure 8. Electrophoresis migration and electrophoretic velocity analysis of 30 and 60 nm AuNPs327

under the circular non-uniform electric field 2. The experiment was performed under the 0.8％328

agarose gel, the buffer solution was 1×TBE (pH=8.2).329

330

The slab gel electrophoresis is a classical method to separate the biomacromolecule under331

uniform electric field, which has been attempted to sort nanoparticles, DNA, exosomes. Compared332

with the circular non-uniform electric field, the bands of AuNPs are dispersive without the clear333

boundary for separation without any concentration effect after the slab gel electrophoresis (Figure334
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S5). The slab-type uniform electric field shape generates the same electric field intensity with335

parallel electric field lines between positive and negative electrodes, resulting in one-dimensional336

migration of particles without any directional focusing. By contrast, the circular non-uniform337

electric field can provide synchronous dual actions of extrusion in longitudinal and concentric338

converging in horizontal, accompanied by separation effect of gradient electric field intensity. The339

concentration effect is distinct under the non-uniform electric field strategy, especially340

non-uniform electric field 2. Under non-uniform field 1, the concentration multiple is 1.7 times341

calculated by radius ratio, and even up to 19.8 times under non-uniform field 2 calculated by342

volume ratio (Figure S6). Through the further simple improvement of the equipment, the loading343

sample amount can be increased arbitrarily to improve the concentration multiple. Therefore, the344

concentric non-uniform field gel electrophoresis has the ability to achieve both separation and345

concentration of particles.346

347

Conclusion348

In this work, the target-type non-uniform field gel electrophoresis has been proposed for349

precise separation and efficient concentration by controlling types of electric field lines. Under the350

circular non-uniform electric field, the electric field intensity increases exponentially from outer351

edge to center with different functional zones of migration, acceleration, and concentration. The352

30 and 60 nm AuNPs are separated precisely with an average size difference of about 5 nm by353

controlling the parallel-type electric field line in longitudinal. Furthermore, the migration of 30354

and 60 nm AuNPs is controlled for simultaneous concentric-type separation and concentration by355

regulating parabolic electric field lines in longitudinal of the acceleration and concentration zone.356
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The concept of a target-type non-uniform field system has a great potential to attain separation and357

preparation of various biomacromolecules (e.g. DNA, RNA, exosomes, virus) for accurate therapy;358

and also apply in microplastics analysis in environment, high-throughput nano-bioreactor and359

assembly.360

361
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Figure S1. Device fabrication. Figure S2. The heating effect, temperature and pH value under the363
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497
A target-type non-uniform field gel electrophoresis methodology was developed to control the498
migration behaviors of nanoparticles for precise separation and concentration.499

500

Page 25 of 33 Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 1. Typical TEM images of AuNPs and size distribution calculated by corresponding TEM data: (a) 30 
nm, (b) 60 nm, the total numbers of nanoparticles were analyzed by using the software ImageJ. Each 

sample showed more than 100 particles to provide a good representativeness of the separation results. (c) 
Size distribution measured by DLS, (d) Zeta potential of AuNPs, (d) Comparison of size and zeta potential of 

30 nm (blue) and 60 nm (red) AuNPs. 
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Figure 2. (a) Scheme of relative position of negative and positive electrodes. COMSOL simulation of circular 
non-uniform field 1. (b) electric field intensity, (c) equipotential lines, (d) integration of electric intensity and 
equipotential line, (e) cross section, (f) Force analysis of nanoparticle under circular non-uniform field 1 (the 

voltage was set at 75 V). Fep represents the electrophoretic force and fˊ represents the viscous force. (g) 
Scheme of precise target-type distribution of nanoparticles with size difference under circular non-uniform 

field 1. 
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Figure 4. (a) Typical curve of electric field norm and radius from COMSOL simulation for the circular non-
uniform electric field 1 in horizontal and longitudinal (75 V). (b) Comparison of curves of electric field norm 
and radius at different voltages from COMSOL simulation (50 V, 75 V, 100 V). (c-e) Migration images of 30 

nm and 60 nm AuNPs with electrophoresis time at different voltages. (f-h) Comparison of the electrophoretic 
velocity of 30 nm and 60 nm AuNPs at 50, 75 and 100 V voltage, respectively. The experiment was 

performed under the 0.8% agarose gel and the 1×TBE (pH=8.2) buffer solution. 
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Figure 5. Electrophoresis separation and analysis of 30 nm and 60 nm AuNPs in migration zone and 
acceleration zone under the circular non-uniform electric field in horizontal. The experiment was performed 
under the 0.8% agarose gel, voltage was 75 V and the buffer solution was 1×TBE (pH=8.2). (a, d) images 

of electrophoresis separation, (b, e) typical TEM images of AuNPs from different fractions of the 
corresponding electrophoresis bands, (c, f) size distributions of AuNPs from different fractions, calculated by 

TEM data. The total numbers of nanoparticles were analyzed by using the software ImageJ. Each sample 
showed more than 100 particles to provide a good representativeness of the separation results. In Figure f, 

▲ represents the percentage of AuNPs after electrophoresis and ═ represents the percentage before
electrophoresis. 
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Figure 6．(a) Scheme of relative position of negative and positive electrodes. COMSOL simulation of circular 
non-uniform field 2. (b) electric intensity, (c) equipotential lines, (d) integration of electric intensity and 
equipotential line, (e) cross section, (f) Force analysis of nanoparticle in circular non-uniform field 2 (the 

voltage was set at 75 V). Fep represents electrophoretic force and fˊ represents viscous force. (g) Scheme of 
target-type concentration of nanoparticles with different sizes under circular non-uniform field 2. 
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Figure 7. Typical curve of electric field norm and radius from simulation for the circular non-uniform electric 
field 2 in horizontal and longitudinal (The voltage was set at 75 V). 
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Figure 8. Electrophoresis migration and electrophoretic velocity analysis of 30 and 60 nm AuNPs under the 
circular non-uniform electric field 2. The experiment was performed under the 0.8％ agarose gel, the buffer 

solution was 1×TBE (pH=8.2). 
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