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1 Introduction

The phenomenon of electrophoresis describes the motion 
of charged colloidal particles suspended in electrolyte 
solutions in response to external applied electric fields (Li 
2004; Masliyah and Bhattacharjee 2006) has long been 
applied to separate a mixture of charged particles or mole-
cules practically by using porous media, such as gels (Unlu 
et al. 1997). The development of nanofabrication tech-
niques today (Mijatovic et al. 2005; Xia et al. 2012; Duan 
et al. 2013) makes manipulation and transport of target 
molecules and particles in nanofluidic platforms possible. 
For example, stretching, separation and direct observation 
of DNAs (Napoli et al. 2010; Menard and Ramsey 2013; 
Yasui et al. 2013; Sackmann et al. 2014; Jeffet et al. 2016; 
Plesa et al. 2016) and proteins (Wang et al. 2005; Fu et al. 
2007), sizing and detection of nanoparticles (Zhou et al. 
2011; Davenport et al. 2012; Harms et al. 2015) by electro-
kinetically driven force in nanofluidics devices have been 
reported recently. However, to make full use of these tech-
niques with high performance and efficiency, it is crucial to 
fully understand the mechanism of electrokinetic motion of 
nanoparticles or molecules in the nanoscale spaces, such as 
in straight nanochannels.

A large number of numerical and analytical models 
have been developed to study the electrophoresis behavior 
since the last century, and these models are based on differ-
ent limiting assumptions and working conditions, such as 
domain boundary, particle shape and surface zeta potential, 
type of electrolyte solution and thickness of electric double 
layer (EDL). In the early years, Helmholtz–Smoluchowski 
and Debye–Huckel models for electrophoresis of particles 
in open boundaries assume particle motion in stationary 
liquids under the conditions of thin EDL (ka ≫ 1) and thick 
EDL (ka ≪ 1), respectively (Dukhin 1993; Delgado et al. 
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2007), where a is the radius of the particle, and k−1 is the 
Debye length. Two general formulas for the electrophoretic 
mobility of charged particles in concentrated electrolyte 
solutions and charged particles in extremely diluted elec-
trolyte solutions were derived (Masliyah and Bhattacharjee 
2006). These two formulas are bridged by Henry’s function 
valid for arbitrary ka (Henry 1931) and further improved by 
Ohshima (1994, 1996) and Swan and Furst (2012). Mod-
ern theories focusing on the other working parameters and 
conditions have also been developed. These conditions 
can be divided into two branches, including the above-
mentioned unbounded environment (Wiersema et al. 1966; 
Ohshima et al. 1983; Chen and Keh 1988) and the bonded 
domain which investigates the channel wall effects on the 
electrophoretic motion of particles. Particle motion near a 
flat plane (Keh and Anderson 1985; Keh and Chen 1988; 
Shugai and Carnie 1999), in rectangular channels (Mova-
hed and Li 2012; Liu et al. 2016), cylindrical channels 
(Keh and Chiou 1996; Hsu and Chen 2007) with the condi-
tions of thick EDL limit (Ennis and Anderson 1997; Hsu 
et al. 2004; Miloh and Boymelgreen 2014), thin EDL limit 
(O’Brien and Hunter 1981; Keh and Anderson 1985; Keh 
and Chen 1988; Hsu et al. 2012a) and arbitrary EDL thick-
ness (Keh and Hsieh 2008; Chen and Keh 2013; Liu et al. 
2014) has been studied. The thickness of EDL is dominated 
by the ionic concentration of the buffer solutions (Li 2004); 
however, pH values (Hsu et al. 2012b; Wang et al. 2013) 
and symmetry or asymmetry property of the ions (O’Brien 
and White 1978; Semenov et al. 2013; Nedelcu and Som-
mer 2014; Liu et al. 2016) also affect the electrophoretic 
behavior. For the cases of particle motion in cylindrical 
channels, generally, the particles move along the center-
lines of the channels (Keh and Chiou 1996; Shugai and 
Carnie 1999; Tseng et al. 2013); however, the off-centerline 
effect has also been investigated (Zhang et al. 2009; Lee 
and Keh 2014; Liu et al. 2014). Zeta potential of the parti-
cle surfaces is another key parameter in the electrophoresis. 
Besides the general low zeta potential assumption (Ennis 
and Anderson 1997; Shugai and Carnie 1999; Hsu et al. 
2004), particles with high zeta potential (Wiersema et al. 
1966; O’Brien and White 1978; Liu et al. 2016), arbitrary 
zeta potential (Keh and Hsieh 2008) and particles with non-
uniform zeta potential distribution (Qian et al. 2008; Wang 
and Keh 2009) have also been studied. In addition, elec-
trophoresis models involving neutral particles and dielec-
tric particles (Shugai and Carnie 1999; Miloh and Boymel-
green 2014) and particles made of soft materials (Ohshima 
1995a, b; Hsu et al. 2012a; Chen and Keh 2013; Tseng 
et al. 2013), porous media (Huang et al. 2012; Li and Keh 
2016) as well as air bubbles (Schnitzer et al. 2014) have 
been investigated. It is also a fact that in the practical appli-
cations, the shape of the particles is diverse. As a result, 
modeling of electrophoresis of spherical (Wiersema et al. 

1966; Keh and Anderson 1985; Keh and Chiou 1996; Ennis 
and Anderson 1997; Shugai and Carnie 1999; Miloh and 
Boymelgreen 2014; Liu et al. 2016), cylindrical (Hsu and 
Ku 2005; Hsu et al. 2012a), rectangular (Li and Daghighi 
2010; Movahed and Li 2012) or spheroidal (Yoon and Kim 
1989) particles has been conducted.

Experimental studies of electrokinetic motion of single 
particles provide fundamental understanding of electroki-
netic transport phenomena. For example, the channel wall 
effects on the electrokinetic motion of individual spherical 
microbeads in PDMS microchannels have been studied by 
Xuan et al. (2005, 2006). For transport of single nanoparti-
cles in nanochannels, several numerical models (Liu et al. 
2014; Hulings et al. 2015) were presented recently; how-
ever, systematic studies of electrokinetic motion of nano-
particles in nanopores or in straight nanochannels by exper-
iments are very limited (Napoli et al. 2011; Han et al. 2012; 
Harms et al. 2015; Weerakoon-Ratnayake et al. 2016). One 
possible reason is that the nanochannels used in these stud-
ies are made of silicon, glass (Napoli et al. 2011; Harms 
et al. 2015) or thermal plastics (Weerakoon-Ratnayake 
et al. 2016), and high-cost, sophisticated equipment and 
complicated procedures are required for the device fabrica-
tion. In addition, the nanochannels used in these works are 
nanoslits that have only one dimension in the nanometer 
scale, while other dimensions of these nanoslits are larger 
than 5 μm (Napoli et al. 2011; Weerakoon-Ratnayake et al. 
2016). Obviously, in these nanoslits, the nanoscale channel 
wall can influence the nanoparticle motion in one dimen-
sion. Furthermore, because of the micron size in other 
dimensions, such a nano-slit allows transport of multiple 
nanoparticles through the same cross section of the chan-
nel simultaneously, and the interactions between the nano-
particles may affect the electrophoretic mobility (Keh and 
Yang 1991; Keh and Chen 1993; Loewenberg and Davis 
1995; Shugai et al. 1997; Ding and Keh 2001). Also, the 
ionic concentration of the buffer solutions is limited in a 
small range in these works, which is not sufficient to study 
the ionic concentration effects on the electrokinetic motion 
of nanoparticles. Electrophoresis of spherical nanoparticles 
in nanochannels with particle-to-nanochannel size ratio 
larger than 0.67 (Weerakoon-Ratnayake et al. 2016) is still 
a mystery.

This work investigates electrokinetic motion of single 
polystyrene nanoparticles in single PDMS nanochannels 
systematically. A novel method to fabricate PDMS-glass 
micro/nanochannel chips with single nanochannels smaller 
than 70 nm deep is presented. All the nanochannels used 
in this study are in nanoscale in both the width and the 
depth dimensions. Electrokinetic motion of single fluores-
cent nanoparticles in LiBr aqueous solutions from 10−5 
to 10−2 M through single nanochannels is measured by a 
fluorescent particle tracking system. Concentration effects, 
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particle-to-channel size ratio effects, and electric field 
effects on the electrokinetic motion of single nanoparticles 
are investigated quantitatively. An extreme case of large 
size ratio (as large as 0.9) is also examined.

2  Experimental setup

2.1  Fabricating of micro/nanochannel chips

Reliable and reproducible micro-nanofluidic chips are 
essential to the experimental studies of electrokinetic 
motion of nanoparticles in nanochannels. The procedures 
for fabricating micro/nanochannel chips are as the follow-
ing. Firstly, a nanocrack with desirable location and size 
is generated on a polystyrene surface by solvent-induced 
method (Peng and Li 2015, 2016a). An artificial defect 
marked on the polystyrene surface is used to control the 
location of the nanocrack, and the location of the defect 
is controlled by the manipulation stage of a microhard-
ness testing system (Peng and Li 2016a), and the size of 
the nanocrack is adjusted by controlling the working 
parameters of the solvent-induced method, i.e., the volume 
of the reagent, the heating time, the heating temperature 
and so on (Peng and Li 2015). Then, the negative nanoc-
rack is replicated onto a piece of polymer slab (Smooth 
cast) surface by applying the nanoimprint method, and the 

optimal working parameters for this process can be found 
in the reference (Peng and Li 2016a). In the third step, a 
piece of PDMS slab with microchannel system composed 
of one pair of U-shaped negative microchannels is attached 
to another layer of flat PDMS slab. The PDMS slab with 
the microchannel system is replicated from a microchannel 
mold which is fabricated by the standard photolithography 
technique. The hollow microchannels are filled with liquid-
form pre-curing smooth cast first. Then, the flat PDMS slab 
is peeled off after 30 min, leaving the rubber-like smooth 
cast inside the microchannels. After that, the PDMS slab 
with microchannels is attached to the plasma-treated 
smooth cast nanochannel mold that is positioned to bridge 
the two U-shaped microchannels. The smooth cast micro-
channel will be bonded onto the nanochannel mold surface 
due to the plasma treatment. Finally, a smooth cast micro/
nanochannel mold is obtained by peeling off the PDMS 
microchannel. The smooth cast micro-nanofluidic chan-
nel mold is used to replicate the network of two U-shaped 
microchannels bridged by a nanochannel in a PDMS chip 
by applying the bilayer strategy, with one thin layer of 
x-PDMS supported by a thick layer of regular PDMS (Peng 
and Li 2016a). Finally, a nanofluidic chip is obtained by 
bonding the PDMS micro/nanochannel chip onto a piece 
of glass slide after plasma treatment. Figure 1a shows an 
example of the micro/nanochannel chips, and Fig. 1b is a 
zoomed-in view of the nanochannel section. Figure 1c, d 

Fig. 1  a An example of the 
PDMS-glass micro/nanochan-
nel chips, b a zoomed-in view 
of the micro/nanochannel 
conjunctions of the micro/
nanochannel chip, c a 3D image 
of the nanochannel and d three 
cross sections A, B and C of 
this nanochannel, separated by 
3 μm measured by the AFM. 
The nanochannel is about 
610 nm wide and 180 nm deep
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is a 3D image of the nanochannel and three cross sections 
of this nanochannel measured by an AFM (Multimode™ 
SPM, Digital Instruments), respectively.

2.2  Fluorescent nanoparticle tracking system

One direct way to determine the velocity of a fluores-
cent nanoparticle is to track the motion of the fluorescent 
nanoparticle by using a fluorescent microscope. Figure 2a 
shows a schematic diagram of the nanoparticle tracking 
system used in this study. This system is composed of a 
fluorescent microscope (Nikon Ti-E), a PDMS-glass micro-
nanofluidic chip, a DC power source and a computer with 
image processing software (NIS-Elements BR). The fluo-
rescent microscope is equipped with a 100× oil immer-
sion objective lens (Apo �, NA = 1.45), a blue laser source 
(� = 488 nm) and a CCD camera (Q-imaging, Retiga 
2000R). During the experiments, the micro/nanochan-
nel chip is located on the working stage of the microscope 
with the nanochannel section on the focal point of the oil 

lens. Nanoparticle samples are loaded into the microchan-
nels and the nanochannel through the channel wells. A 
DC power source (Keithley, 6517A) is employed to apply 
electrical field along the single nanochannel through two 
Platinum electrodes inserted in the wells at the end of the 
microchannels. In this way, nanoparticles are loaded into 
the nanochannel by electroosmotic flow. As the nanoparti-
cles move in the nanochannels under the electric fields, the 
CCD camera will record the motion of the nanoparticles 
and the software will calculate the apparent velocity of the 
particles. Figure 2b shows an example of the trajectory of 
a 140-nm particle in a 340-nm-deep nanochannel under an 
electric field of 2 kV/m. The nanoparticle is in 10−4 M LiBr 
solution, and the average apparent velocity of this nanopar-
ticle is 68.5 μm/s. A video of the particle motion can be 
found in the Electronic Supplementary Material.

In this work, in order to study the electrokinetic motion of 
single nanoparticles in single nanochannels, only one single 
nanoparticle was introduced into the nanochannel each time. 
However, for most cases, both the PDMS nanochannel wall 
and the nanoparticles are negatively charged. As a result, 
the nanoparticles can hardly flow into the nanochannel 
freely even an external electric field (for example, 2 kV/m 
in the experiments) was applied along the nanochannel due 
to electrostatic repulsion between the channel wall and the 
nanoparticles. However, nanoparticle will accumulate at the 
entrance of the nanochannel due to the electrostatic attrac-
tion force. To “push” the nanoparticles into the nanochannel, 
a very strong electric field pulse (duration of less than 0.5 s) 
was applied to the nanochannel; consequently, one or more 
nanoparticles were introduced into the nanochannel in a very 
short time due to the strong electrostatic force along the axis 
of the nanochannel. In the case of more than one nanoparti-
cles were loaded into the nanochannel, a weak electric field 
was applied on the nanochannel to release some of the par-
ticles, finally leaving only one inside the channel. It should 
be noted that, because the nanochannels are in nanoscale in 
both the depth and the width directions, the nanoparticles 
inside the nanochannel will line up automatically due to the 
above-mentioned electrostatic repulsion force between the 
channel wall and the nanoparticles. As a result, the releasing 
process can be controlled precisely. As only one nanoparticle 
was introduced into the channel, we switched the direction 
of the electric field of specific value back and forth to drive 
or manipulate the single nanoparticle and to measure the 
electrokinetic velocity, generally, for 10 time or more. After 
that, this particle was released, and another one was loaded, 
and so on and so forth.

2.3  Chemical reagents and experimental setup

The particle-solution samples were prepared by diluting 
green carboxylated polystyrene fluorescent nanoparticles 

Fig. 2  a Schematic of the fluorescent particle tracking system, and 
b an example of electrokinetic motion of a 140-nm particle in a 
340-nm-deep nanochannel under 20 V/cm electric field. The video 
was captured by a CCD camera (Q-imaging, Retiga 2000R) with an 
exposure time setting of 80 ms
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(Bangs Laboratories Inc.) into LiBr solutions. The par-
ticle concentration used in the experiments is diluted to 
about 109/mL. Three sizes of nanoparticles, 60, 83 and 
140 nm, are used in this study. The ionic concentrations 
of LiBr solutions used in this work include 10−5, 10−4, 
10−3 and 10−2 M. The buffer solutions were obtained by 
dissolving LiBr (Fisher Scientific) into pure water (Mini 
Q, Direct-Q3, 18.2 MΩ cm). The length of the nanochan-
nels is 300 μm. DC electric fields from 1 to 10 kV/m were 
applied over the 300-μm-long nanochannels. To study the 
particle-to-channel size ratio effects on the electrokinetic 
motion of nanoparticles, six nanochannels and two straight 
microchannels were fabricated. Table 1 gives the details of 
the channels. All the channels are measured by the micro-
scope or the AFM for at least five times. Chip conditioning 
is conducted by loading LiBr solutions into the fresh chan-
nels for 15 min before nanoparticle samples are loaded. It 
should be noted that the buffer solution used for the chip 
conditioning is the same as that of the nanoparticle sam-
ple solutions. For each working condition, i.e., one chan-
nel size, one particle size, one ionic concentration and one 
electric field, the experiments were repeated for at least 
three times on three independent fresh chips; and for each 
chip, the motion of the nanoparticles was tracked for at 
least ten times. The motion of the nanoparticles was cap-
tured by the CCD camera with an exposure time setting of 
80–150 ms. For large nanoparticles, for example, 140-nm 
nanoparticles, the fluorescent light intensity is high and the 
exposure time setting was relatively short, 80 ms; however, 
for smaller nanoparticles, for example, 60-nm nanoparti-
cles, the exposure time setting was longer (150 ms) to make 
sure the accuracy of the measurement. All the experiments 
were conducted at room temperature of about 25 °C. For 
all the cases, only the apparent velocity was measured. The 
apparent velocity is the combined result of the electropho-
resis velocity of the particle and the velocity of the elec-
troosmotic flow inside the channel and is more useful for 
the practical applications.

3  Results and discussion

3.1  Ionic concentration effects

Nanoparticles of 60 and 140 nm in diameter in 10−2, 
10−3, 10−4 and 10−5 M LiBr solutions were tested in two 
nanochannels with cross sections of 340 × 501 nm and 
157 × 460 nm, respectively, as well as in a microchan-
nel with a cross section of 25 × 50 μm, with an applied 
electric field of 2 kV/m. The apparent velocity of the 60- 
and 140-nm nanoparticles is showing in Fig. 3, in which 
a is the diameter of the nanoparticles and b is the depth of 
the channels. From Fig. 3 one can see that in the micro-
channel, the apparent velocity of 140-nm nanoparticles 
increases with the decreasing ionic concentration from 45 
to 110 μm/s, which is consistent with the dependence of 
the electroosmotic flow on the ionic concentration (Peng 
and Li 2016b). The increase in the electroosmotic flow is 
due to the increase in zeta potential of the microchannel 
wall surfaces. However, the zeta potential of the nanoparti-
cles also increases with the decreasing ionic concentration. 
From the results one can conclude that the influence of the 
increase in particle zeta poetical is minor and the apparent 
velocity of the nanoparticles is dominated by the electroos-
motic flow in the channel.

Table 1  Sizes of the PDMS-glass microchannels and the PDMS-
glass nanochannels

Channel no. Width (w) Depth (b)

1 50 μm 25 μm

2 10 μm 5 μm

3 501 ± 24 nm 340 ± 17 nm

4 460 ± 15 nm 157 ± 13.5 nm

5 436 ± 18 nm 102 ± 5.6 nm

6 596 ± 11 nm 91 ± 5 nm

7 450 ± 25 nm 83 ± 6.5 nm

8 507 ± 11 nm 67 ± 3 nm

Fig. 3  Concentration effects on the electrokinetic velocity of sin-
gle nanoparticles in single nanochannels. Apparent velocity of 
60-nm particles and 140-nm nanoparticles in single nanochannels of 
340 × 501 nm cross section and, 157 × 460 nm cross section, and in 
a microchannel of 25 × 50 μm was measured by the particle tracking 
system. For all the cases, the electric field applied over the nanochan-
nels and the microchannel is 2 kV/m and the ionic concentrations of 
the LiBr solution are 10−2, 10−3, 10−4 and 10−5 M, and for each data 
point, the experiments were repeated for at least 30 times. Here, a is 
the diameter of the nanoparticles, and b is the depth of channels
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In the two nanochannels, the apparent velocity of both 
60- and 140-nm nanoparticles increases as the ionic con-
centration decreases from 10−2 to 10−3 M. However, as the 
ionic concentration decreases further, the velocity of both 
the 60- and 140-nm nanoparticles experiences a decreas-
ing trend, which is opposite to that in the microchannel. 
Obviously, for the cases of 10−2 and 10−3 M solutions in 
nanochannels, the thickness of the EDL is very thin, about 
10 and 40 nm, respectively; as a result, there is no over-
lap of EDLs in these two nanochannels, the electroosmotic 
flow in these two nanochannels is the same as that in the 
microchannel, increasing with the decrease in ionic con-
centration, similar to that in the microchannel as mentioned 
above. By contrast, as the ionic concentration decreases 
further, to 10−4 and 10−5 M, the thickness of the EDL adja-
cent to the channel walls increases dramatically, to about 
120 and 400 nm respectively; as a consequence, EDLs are 
overlapped in the two nanochannels, resulting in a decreas-
ing electroosmotic flow inside the nanochannels. The 
effects of overlap of EDLs on the electroosmotic flow in 
nanochannels can be found in the literature (Peng and Li 
2016b). In addition, as the ionic concentration decreases, 
the increase in zeta potential of the polystyrene nanopar-
ticles will also give rise to larger electrophoretic mobility 
values of the nanoparticles, but in the opposite direction of 
the electroosmotic flow. As a result, the apparent velocity 
decreases further, to about 38 and 55 μm/s for the cases of 
60-nm particles in the 157-nm-deep and 340-nm-deep nan-
ochannels with 10−5 M ionic concentration environment.

Interactions between the EDLs of the nanochannels and 
the nanoparticles affect the apparent velocity of the nano-
particles. As the ionic concentration decreases, the thickness 
of EDL near both the nanochannel walls and the nanopar-
ticle surface increases and EDLs may overlap in the gaps 
between the nanochannel walls and the nanoparticles easily, 
especially for the cases of large particle-to-channel size ratio 
systems. For example, in the case of 157-nm nanochan-
nel loaded with 60-nm nanoparticles in 10−3 M LiBr solu-
tion, no overlap of EDL of the opposite nanochannel walls, 
because the thickness of the EDL is about 40 nm which is 
much smaller than the half depth of the nanochannel, about 
80 nm. However, if a 60-nm nanoparticle was loaded in this 
nanochannel, the gap between the nanoparticle surface and 
the channel wall should be around 50 nm, assuming that the 
nanoparticle is located in the middle of the nanochannel due 
to EDL repulsion (Liu et al. 2014). Consequently, the thick-
ness of the EDL, 40 nm, is larger than the half length of the 
gap, 25 nm, which means EDLs get overlapped between the 
nanoparticle and the nanochannel walls. As seen in Fig. 3, 
the apparent velocity of the 60-nm nanoparticle is smaller 
than that in the microchannel. For the cases of particle 
motion in an overlap EDL, it is hard to find an analytical 
solution for the nanoparticle transport behavior due to the 

sophisticated interactions between the particle and the chan-
nel wall. However, compared with the cases without overlap 
of EDL mentioned above, the zeta potential changes are the 
same, and only the overlap EDL matters. Consequently, we 
can predict that the electrokinetic motion of nanoparticles 
in nanochannels filling with diluted ionic solutions is domi-
nated by the overlap EDL and also the overlapping of EDLs 
between the nanoparticle and the nanochannel walls under 
the condition of low ionic concentration contributes to a 
smaller apparent velocity.

3.2  Effects of particle‑to‑channel size ratio

Figure 4 depicts the channel size effects on the electroki-
netic motion of 60-nm nanoparticles in nanochannels of 
340, 157, 102, 91 and 84 nm in depth as well as in micro-
channels of 25 and 5 μm in depth with 10−2 and 10−5 M 
LiBr solution environment. The applied electric field is 
2 kV/m for all the cases. In Fig. 4, the size ratio a/b is plot-
ted as the x-axis, where a is the diameter of the nanopar-
ticle and b is the depth of the channels. It is obvious that 
the apparent velocity of the nanoparticles decreases with 
the size ratio for both concentration values. For instance, 
for the 10−2 M cases, the apparent velocity of 60-nm nano-
particles in the microchannels (a/b ≈ 0) and large nano-
channels (340-nm-deep nanochannel, a/b = 0.18) is about 
50 μm/s; however, as the channel size decreases to 84 nm 
deep (a/b = 0.71), the apparent velocity decreases gradu-
ally to about 22 μm/s.

Fig. 4  Particle-to-channel size ratio effects on the apparent veloc-
ity of 60-nm nanoparticle in nanochannels of 340, 157, 102, 91 and 
84 nm in depth as well as in microchannels of 25 and 5 μm in depth 
with 10−2 and 10−5 M LiBr solution, where a is the diameter of the 
nanoparticles and b is the depth of the channels. The applied electric 
field is 2 kV/m m for all the cases, and for each case, the experiments 
were repeated for at least 30 times
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Similarly, for the cases of 10−5 M ionic concentration, 
the velocity of 60-nm nanoparticles in the microchannels is 
about 110 μm/s; however, when the channel size decreases 
down to nanometer scale (a/b > 0.18 in Fig. 4), the appar-
ent velocity of the nanoparticles decreases dramatically due 
to interactions between EDLs, because the thickness of the 
EDL for the 10−5 M case is very large, is about 400 nm, 
and EDLs are overlapped between nanochannel walls and 
also between the nanochannel walls and the nanoparticles. 
When EDLs get overlapped, the electroosmotic flow in the 
nanochannel will decrease, and the interactions between the 
nanoparticles and the channel walls become stronger; con-
sequently, the apparent velocity decreases rapidly with the 
channel size. For example, the velocity of the 60-nm nano-
particles is about 55 μm/s in the 340-nm-deep nanochannel 
(a/b = 0.18), and this value decreases to about 20 μm/s as 
the channel size decreases to 91 nm (a/b = 0.66), in which 
EDLs get overlapped strongly. It can be concluded that, as 
channel size becomes smaller and the size ratio becomes 
larger, interactions between the EDLs will dominate the 
electrokinetic motion of the nanoparticles, resulting in a 
decrement of the apparent velocity.

It should be noted, under the condition of strong EDL 
interactions, for example, for the case of 60-nm nanopar-
ticles in an 84-nm-deep nanochannel (a/b = 0.71) filled 
with 10−5 M LiBr solution, the nanoparticles can hardly 
move under low electric fields. Aggregation occurs in the 
nanochannel due to the strong particle–nanochannel elec-
trostatic interactions. An example of 60-nm nanoparticles 
trapped in an 84-nm-deep nanochannel is shown in Fig. 
S1a of the Electronic Supplementary Material. The nano-
particles can only be removed with very high electric field 
(106 V/m or higher). Trapping of DNAs inside nanopo-
res under the condition of low electric field has also been 
reported (Ai et al. 2010). Attempt of transporting 60-nm 
nanoparticles in a 67-nm-deep nanochannel (a/b ≈ 0.9) 
indicates that it is extremely hard to load 60-nm nanoparti-
cles into such a small nanochannel by electroosmotic flow 
due to strong DEP (dielectrophoresis) force at the channel 
entrance (Dongqing Li 2008) or the electrostatic repul-
sion force between the nanoparticles and the channel wall 
surfaces. Generally, 60-nm nanoparticles are stuck at the 
entrance of the 67-nm nanochannel, as shown in Fig. S1b.

3.3  Electric field effects

Figure 5 depicts the electric field effects on the apparent 
velocity of 60-nm nanoparticles in a 157-nm-deep nano-
channel filled with 10−2 M buffer solution, 140-nm par-
ticles in a 25-μm-deep microchannel filled with 10−2 M 
buffer solution and 140-nm particles in a 340-nm-deep 
nanochannel loaded with 10−3 M LiBr solution, respec-
tively. The electric field ranges from 1 to 10 kV/m. It is 

obvious that the apparent velocity of the nanoparticles 
increases almost linearly with the applied electric field for 
all the cases. The slopes of these curves indicate the mobil-
ity values of these particles. From Fig. 5 one can see that 
in 10−2 M LiBr solution, the motion of 60-nm nanopar-
ticles in the nanochannel of 157 nm deep is smaller than 
that of 140-nm particles in the 25-μm-deep microchannel 
due to the interactions of the overlapped EDLs as men-
tioned above. In addition, electrokinetic motion of 140-nm 
nanoparticles in the 25-μm-deep microchannel filled with 
10−2 M LiBr solution is smaller than that in the 340-nm-
deep nanochannel filled with 10−3 M LiBr solution. This 
is because the electroosmotic flow in the channel is much 
weaker in the high ionic concentration (10−2 M) solution. 
In Fig. 5, under the condition of higher electric fields, the 
error bars of the measured velocity are larger compared 
with that of the low electric field cases due to the limitation 
of the fluorescent tracking system. Under the condition of a 
high electric field, the velocity of the fluorescent particles 
is high and a sufficient exposure time is needed to clearly 
observe the nanoparticles. However, a longer exposure 
time makes the trajectories of the nanoparticles blurring 
and results in larger errors during the velocity calculation. 
“Stick/slip” motion of the nanoparticles under the condi-
tions of low electric field and large size ratio has also been 
observed during the experiments, as shown in Fig. S1a. The 
“stick/slip” motion was previously observed in the experi-
mental studies of translocation of DNAs through nano-
channels probably due to strong electrostatic interactions 

Fig. 5  Electric field effects on the apparent velocity of 60-nm nano-
particles in a 157-nm-deep nanochannel filled with 10−2 M LiBr solu-
tion, and 140-nm nanoparticles in a 25-μm-deep microchannel filled 
with 10−2 M LiBr solution and in a 340-nm-deep nanochannel loaded 
with 10−3 M LiBr solution. The applied electric field ranges from 1 
to 10 kV/m, and for each case, the experiments were repeated for at 
least 30 times
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between the negatively charged DNAs and the positively 
charged channel wall (Uba et al. 2015). However, in this 
case, both the nanochannel wall and the nanoparticles 
are negatively charged, the “stick/slip” behavior may due 
to strong inhomogeneous electric field inside the channel 
caused by the surface roughness of the nanochannel wall.

4  Conclusions

This paper presents a systematical experimental study of 
electrokinetic motion of single nanoparticles in single nano-
channels. PDMS-glass micro/nanochannel chips with single 
nanochannels are developed. The effects of ionic concentra-
tion, particle-to-channel size ratio (a/b) and electric field on 
the apparent velocity of electrophoretic motion fluorescent 
nanoparticles in six nanochannels and two microchannels 
by particle tracking method are investigated. The results 
show that the electrokinetic velocity of nanoparticles in 
small single nanochannels increases with the ionic concen-
tration in diluted solutions (<10−3 M) and decreases with 
the ionic concentration in concentrated solutions (>10−3 M). 
The apparent velocity of single nanoparticles in single nano-
channels decreases with increasing particle-to-channel size 
ratio (a/b) due to the interactions of the overlapped EDLs 
inside the nanochannels. Under the condition of a proper 
electric field range, the apparent velocity increases with the 
applied electric field linearly. “Stick–slip” motion and stuck 
of nanoparticles in single nanochannels under the condi-
tions of large size ratio and low electric field have also been 
observed. The experimental study presented in this article 
provides improved understanding of electrokinetic motion 
of nanoparticles in nanospaces and is potentially valuable 
for the future applications nanofluidics.
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