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by passing three times through a non-uniform electric field. 
The biological findings demonstrated that the DEP-treated 
polyplexes still possessed the ability to enter HUVEC 
cells and that the gene transfection efficiency was raised 
to 15 %, as opposed to the control group’s 4 % where the 
polyplexes had no DEP treatment. The quantitative com-
parison was done by counting the number of cells produced 
via positive EPFG expression. These hydrodynamic and 
electrodynamic techniques provide an integrated microflu-
idic platform for fabricating and screening nanoscale drugs.

Keywords  Droplet · Dielectrophoresis · Polymeric 
nanoparticle · Gene delivery · Particle separation ·  
Lab-on-chip

Abbreviations
H	� Height of flow channel
W	� Width of flow channel
Frandom	� Random force
Fdeterministic	� Deterministic force
H1	� Polymer vector, designed for drug/gene 

delivery
Lassembling	� Length of assembling channel
Qblue	� Volume flow rate of blue liquid
Qoil	� Volume flow rate of mineral oil
Qred	� Volume flow rate of red liquid
Vdroplet	� Droplet velocity
Vpp	� Peak-to-peak voltage
FA	� Folic acid
CyD	� Cyclodextrins
DEP	� Dielectrophoresis
PEI	� Polyethylenimine
PCR	� Polymerase chain reaction
EGFP	� Enhanced green fluorescent protein
HUVEC	� Human umbilical vein endothelial cell

Abstract  In this article, we present the design, fabri-
cation, and experimental verification of a droplet-based 
microfluidic device for effective on-chip fabrication and 
separation of polymer-based nanoparticles using dielec-
trophoresis (DEP) effect. The separated polyplexes nano-
particles were used in cells for improved gene transfection 
efficiency. By adjusting the flow rate of PEI600-CyD-FA 
(H1) and DNA plasmids, polyplexes products can be mixed 
and self-assembled inside droplets within approximately a 
nanoliter volume. This procedure ensures synthesized par-
ticles to have a narrow size distribution. In addition, a new 
microchannel design was developed to automatically coa-
lesce two moving aqueous droplets and to directly extract 
aqueous polyplex products from oil. Finally, the H1-DNA 
polyplexes of ~116 nm diameter were separated via nega-
tive DEP force under 8 Vpeak–peak and 20 MHz conditions 
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1  Introduction

Gene therapy, defined as the treatment of human disease 
by transferring genetic material into specific cells of the 
patient, has been researched extensively over the past two 
decades (Mulligan 1993; Pack et  al. 2005). It has been 
used to treat numerous illnesses, e.g. cardiovascular (Wil-
liams and Kingston 2011; Dzau et  al. 2003), neurologi-
cal (Simonato et al. 2013; Burton et al. 2003), cancer and 
various infectious diseases by delivering specific genes to 
promote protein synthesis so as to modify existing gene 
expression and produce pro-drug-activating enzymes and 
cytotoxic proteins to kill tumour cells (Bunnell and Morgan 
1998; Vile et al. 2000). However, its practical applications 
in a clinical setting are still limited due to many safety con-
siderations and the lack of efficient gene delivery methods 
(Pack et al. 2005; Liu and Muruve 2003; Lehrman 1999). 
The design of the gene structure to be delivered, and more 
importantly, the gene delivery vehicles, together will deter-
mine the effectiveness of the gene therapy.

Previously, our group reported a PEI-based polymer vec-
tor, named H1, which is composed of low molecular weight 
PEI (600 Da), cross-linked with CyD molecules and folic 
acid, PEI600-CyD-FA. H1 is a promising biodegradable 
polymer vector for gene delivery that exhibits high trans-
fection efficiency and low cytotoxicity in various tumour 
cell lines. (Yao et al. 2009). The structure of H1 is shown 
in Fig. 1. (Note that a vector is a gene delivery vehicle that 
many different DNA drugs can be attached to for treating 
various diseases.) Traditionally, polyplex nanoparticles 
(H1  +  DNA) are prepared manually—a time-consuming 
procedure without precise process control. Added to this, 
the complex particles structure (Fig.  1) and the nature of 
the polymer-based products all lead to a lack of uniform 
size distribution of nanoparticles. Common polymeric nan-
oparticle size distribution is around 50–1,000 nm with tra-
ditional biological synthesis procedures.

To enhance the overall performance of H1, we developed 
a microfluidic device to improve nanoparticle uniformity 
by on-chip fabrication and sorting. This is because particle 
size plays a critical role in treating various tumour types 
and in enhancing the stability of nanoparticles by prevent-
ing aggregation and reducing the toxicity level (Merdan 
et al. 2002; Midoux et al. 2008). For example, liver tumour 
endothelial cells have a membrane gap of approximately 
100 nm, but that of pancreatic tumour cells is only 40 nm. 
The gap distances between tight endothelial junctions of 
normal/healthy cells are on the order of 5–10  nm (Rubin 
and Casarett 1996; Shubik 1982). For liver tumour, nano-
particles of 100  nm in size leak from the tumour vessel, 
but not from normal vessels. Therefore, nanoparticles leak-
ing from the blood vessels may have extended retention 
time in the tumour interstation. This feature is termed “the 
enhanced permeability and retention effect”, which favours 
tumour interstitial drug accumulation (Sledge and Miller 
2003). To date, there have been few effective approaches 
reported in the literature for precisely controlling the sizes 
of polymeric nanoparticles for cancer-targeting treatment.

The microfluidic platform, due to its excellent con-
trol and manipulating capability for liquid and particles at 
the microscale, has been the favoured method for chemi-
cal and biological applications in recent years (Mark et al. 
2010). Among many microfluidic techniques, droplet-based 
microfluidics and the dielectrophoresis (DEP) phenomena 
have the potential to separate specific nanoparticle sizes to 
increase gene delivery efficiency. Droplet-based microflu-
idics generates discrete volumes via the use of immiscible 
fluid components (Song et  al. 2003). In general, aqueous 
reagents are injected as discrete droplets, encapsulated by 
a carrier fluid that wets the microchannel. Droplet methods 
offer the advantages of improved mixing efficiency and 
reduced reagent dispersion, and well-controlled concentra-
tions of reagents. These features do not manifest easily in 
continuous flow-based microfluidics, where fluid mixing 

Fig. 1   Structure of PEI600-
CyD-FA (H1) (Yao et al. 2009)
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is limited by diffusion (Hung et  al. 2006; Duraiswamy 
and Khan 2009). Numerous review articles have been 
published on the subject of synthesis of polymer particles 
within microdroplet, including Janus particles, porous par-
ticles, microgels, vesicles, nanocrystals, and protein crys-
tals (Song et al. 2006; Park et al. 2010; Wang et al. 2011; 
Teh et  al. 2008). Because of the advantages of its high 
throughput, we employed a droplet-based platform to mix 
and assemble polymer-based nanoparticles (H1) and DNA 
plasmids in this work.

Dielectrophoresis is an active technique commonly used 
in microfluidic systems to manipulate and screen micro/nano-
particles (Kuzyk 2011; Çetin and Li 2011; Pethig 2010). 
Many articles have reported DEP applications, such as par-
ticle sorting trapping/assembling (Pommer et al. 2008; Sriv-
astava et al. 2008; Suehiro et al. 2008; Tomkins et al. 2008), 
and purification for organic and inorganic samples in a broad 
range of environmental (Chen et  al. 2006; Liu et  al. 2006), 
biological and clinical applications (Kuzyk 2011; Çetin and 
Li 2011; Pethig 2010). As an active manipulating method, 
DEP has the potential to be applied in separating polymer-
based nanoparticles composed of H1 and DNA plasmids.

In this article, we report a droplet-based microfluidic 
platform with integrated DEP electrodes for fabricating and 
sorting polymer-based nanoparticles. Our new microfluidic 
system integrates the functions of droplet formation and 
oil/droplet separation in order to extract products directly; 
the drug delivery vehicle (H1) and DNA plasmids were 
assembled in droplets of nanoliter volumes. Metal elec-
trodes were fabricated and integrated in the path of moving 
drug products inside the microfluidic channel to generate 
a non-uniform electric field for collecting nanoparticles 
of specific sizes. In the end, the fluorescence images of 
HUVEC cells proved that the DEP-treated drug polyplexes 
not only maintain the functions of gene transfection capa-
bility but also generate higher transfection efficiency than 
the reference sample. In these experiments, we have shown 
that the microfluidic devices can be a reliable platform for 
fabricating polymer-based nanoparticles for tumour treat-
ment applications.

2 � Materials and methods

2.1 � Assembling of H1 and DNA

Our drug delivery vehicles, H1, consist of PEI600-CyD and 
folate. The details of the synthesis and fabrication proce-
dure of H1 can be found in Yao et al. (2009) and Tang et al. 
(2006). Here, we describe how H1 and DNA are prepared 
and assembled: first, DNA encoded with the enhanced 
green fluorescent protein (EGFP) was obtained through 
polymerase chain reaction (PCR) using the pEGFP-N1 

plasmid (BD Biosciences, San Jose, CA, USA) as tem-
plates. The sequences of the PCR products were confirmed 
by DNA sequencing. The pEGFP plasmid was transformed 
into competent DH5 cells, propagated in LB broth sup-
plemented with 100  μg/mL ampicillin and purified with 
PureLink™ Hipure Plasmid Maxiprep kit (Invitrogen). 
The quantity and quality of the purified plasmid DNA were 
assessed by measuring its optical density at 260–280 nm.

Various N/P ratios (N is the amount of nitrogen in PEI 
and P is the amount of phosphate in 1 mg DNA) and poly-
plex diameters were obtained in the packaged droplets by 
tuning the flow rate and reagent concentration, respectively. 
After optimization, N/P ratio of 20:1 with a final DNA con-
centration of 10 μg/mL was used for later experiments in 
this work. The hydrodynamic particle size and zeta poten-
tials of the polyplexes were measured at 25 °C by dynamic 
light scattering using Zetasizer 3000 (Malvern Instruments, 
Worcestershire, UK) (Yao et al. 2009).

2.2 � Droplet‑based system

Based on the lab-on-a-chip concept, we developed a micro-
fluidic device that automates five critical steps in the nano-
particle fabrication process: (1) formation of H1 and DNA 
droplets, (2) H1 and DNA mixing, (3) H1 and DNA self-
assembling, (4) H1-DNA product extraction, i.e. oil/water 
separation, and (5) DEP selection for specific particle sizes. 
Figure 2a shows the schematic of the microfluidic device, 
where regions labelled from 1 to 5 (with the dash-line) cor-
respond to steps 1–5 described above, respectively. In all 
experiments, syringe pumps were used to inject the sam-
ples, i.e. H1, DNA and oil, to the microfluidic device.

We first packaged H1 and DNA into a droplet for bet-
ter mixing and assembling as opposed to the conventional 
off-chip method. In our design, the T-junction configura-
tion was adopted and optimized to generate steady droplets 
(Seemann et al. 2012; Garstecki et al. 2006). As shown in 
Fig.  2b, the droplet formation process was demonstrated 
with blue and red dye, whereas in real experiments, the rea-
gents of H1 and DNA were transparent. The relative quanti-
ties of H1 and DNA inside the droplet were controlled by 
adjusting the flow rates from inlet 1 and inlet 2. Mineral oil 
(M5904, Sigma-Aldrich) with 5 % v/v Span 80 surfactant 
was continuously injected from the left of the T-junction to 
separate the aqueous flow from the upper channel and to 
package H1 and DNA reagents into a nanoliter scale slug.

To induce and accelerate mixing for the reagents (H1 and 
DNA) packaged in the moving droplet in a low Reynolds 
number flow field, a total of sixteen right-angled turns in 
the microchannel were designed, Fig. 2c. By this method, 
H1 and DNA reagents packaged inside the droplet could 
be mixed rapidly by shear-induced local vortices in a short 
distance of travel.
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After proper mixing, the H1 and DNA still need time 
to self-assemble themselves as effective nanomedicine. 
Accordingly, a “self-assembly” region comprising a long 
microchannel, Lassembling, was introduced after the reagent 
mixing region, Fig. 2b. The velocity of the moving droplet 

can be determined as Vdroplet =  (Qred + Qblue + Qoil)/WH, 
where the numerator was the combined flow rates 
from the three inlet ports and W and H were the chan-
nel width (200  μm) and height (100  μm), respec-
tively. The time, t, needed for a moving droplet to pass 

Fig. 2   a Schematic diagram of 
the microfluidic chip integrated 
with droplet-based microfluidic 
channels and DEP traps via 
interdigitated metal electrodes. 
Five regions serve different 
functions: droplet formation, H1 
and DNA mixing and assem-
bling, product extraction, and 
particle separation. b Image of 
the droplet generator, reagent 
mixing, and nanoparticles 
assembly region on the device. 
c Sixteen right-angled corners, 
indicated by red arrows, were 
designed to generate chaotic 
advection for rapid reagent 
mixing. d Schematic diagram of 
the passive droplet-oil separa-
tor. The expanding channel 
width and a series of triangular 
structures assist in reducing the 
droplet velocity and effective 
droplet merging. The oil com-
ponent is automatically expelled 
to the side microchannels by the 
compression of two converging 
droplet surfaces
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through the self-assembly region can be calculated as 
t  =  Lassembling/Vdroplet. In our design, the flow velocity in 
this region was approximately 1,000 µm/s and the droplets 
passed through the assembling region for tens of seconds. 
Since mixing in a nanoliter sized droplet is more efficient, 
we significantly reduced the mixing/assembling time to 
within 1  min with our device. Compared with off-chip 
method which requires 10 min of assembling time, on-chip 
design provides a more efficient method to synthesize H1-
DNA and the results are in the following section.

A direct method of separating oil and aqueous compo-
nents into different collecting ports was developed on our 
integrated chip. More importantly, this design, combining 
droplet system and DEP operation, avoids sample pollution 
and consumption as against conventional methods which 
require static resting of the mixture for several minutes in 
order to separate oil and water. As to the mineral oil con-
tained between droplets, we can separate it in a passive way 
by taking the following two steps: (1) slow down the veloc-
ity of the first droplet and (2) remove the oil between the 
previous and the next droplet. Figure  2d shows the sche-
matic diagram of this passive separation process, where the 
expanding channel widths (D1 = 200 μm; D2 = 280 μm) 
assist in slowing down and merging the droplets. The tri-
angular flow-restriction structures further ensure effective 
merging by repeated flow acceleration and deceleration. 
When two droplets make contact, the oil is compressed 
between the surfaces and is forced into the side channels. 
Accordingly, only the aqueous component product is left 
to be transported to the DEP separation region downstream 
and then collected at the drug outlet port.

2.3 � DEP operation

A nanoparticle moving in a microfluidic channel experi-
ences random force (Frandom) and deterministic force (Fde-

terministic). The random force is due to the Brownian motion 
which can be observed on any nanoscale particles in steady 
liquid state. The deterministic force is the sum of the gravi-
tational, hydrodynamic, and dielectrophoretic forces (Green 
and Morgan 1997). In our design, the DEP force plays a 
dominant role in separating specific-sized particles than 
the other two effects. This is later validated in the experi-
ments, where the size distribution of polyplexes before 
and after DEP treatment is considerably different. During 
a DEP operation, a non-uniform electric field completely 
filled the microchannel, where stronger electric fields were 
located near the bottom electrodes. When the nanomedi-
cine of various sizes flowed through the electrodes, larger 
particles experienced more positive DEP force and were 
attracted to the electrode in the bottom of the microchan-
nel, Fig. 3a, b. We used a commercial finite element soft-
ware, CFD-ACE+ (CFDRC, Huntsville, AL, USA), to 

simulate the steady-state electric field. Figure 3c shows the 
simulated results for the root mean square of an AC electric 
field (E square) distribution inside the microchannel. The 
nanomedicine with negative DEP force passed through the 
electrodes and was collected at the outlet port for the next 
step of drug delivery efficiency testing.

3 � Results and discussion

3.1 � Control of concentration in droplets

In this work, the flow rate ratio of aqueous liquid to oil, 
R = (Qred + Qblue)/Qoil, controlled the properties of droplet 
formation. For example, when R = 2 with the constant oil 
flow rate of Qoil = 5 nL/s, the length of droplet was around 
1,500 μm. As the value of R increased to 3 and 4, the drop-
let length reduced to 620 and 420 mm, respectively. These 

Fig. 3   Design of DEP electrodes for particle separation: a image 
of metal electrodes with a microfluidic channel filled with red dye. 
b Schematic diagram of DEP separation. Nanoparticles are driven 
by fluidic forces and passed three times through the DEP working 
regions, indicated by dotted lines. c Side view of the flow channel 
above the electrodes, plotted with the non-uniform AC electric field. 
Note that the polyplexes of larger sizes are attracted to the bottom 
electrodes
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results demonstrated that the droplet volume can be con-
trolled by adjusting the R value or the flow rates of red and 
blue dyes and oil, Fig. 4a.

For packaging different mixing ratios of reagents in 
identical droplet volumes, the total flow rate of the red 
and blue streams was kept constant by changing the ratio 
of Qred to Qblue under fixed R value condition. Figure  4c 
shows the relationship between the red concentration and 
red/blue dye ratio, Qred/(Qred + Qblue). The normalized red 
concentration in a constant droplet volume was found pro-
portional to the red dye flow rate, i.e. Qred, by analysing 
the proportion of red in a single mixed droplet. This result 
is important as it indicates that our chip can control rea-
gent mixing ratios by tuning the flow rates of the injected 
liquids. In other words, by adjusting the ratio of H1 and 
DNA, we can produce different polyplexes according to 

appropriate N/P ratios. Conventional methods of produc-
ing polyplexes involved preparing initial concentrations 
of H1 and DNA and mixing them in Eppendorf. Often, 
they produce polyplexes with a wide size distribution. 
The technique of the on-chip droplet generator can sig-
nificantly simplify the preparation of complex reagents for 
synthesizing polyplexes as it precisely controls the droplet 
volume and packages reagents in different ratios by simply 
tuning the flow rate of the injected aqueous components. 
Due to the precise mixing ratio and effective mixing in 
small droplets, we expect the resulting polyplexes to have 
a more uniform size distribution (experimental results are 
in the next section).

Figure 4b illustrates the separation mechanism of oil and 
aqueous components, using internal geometry designed to 
slow and coalesce moving droplets as well as to expel oil. 
Based on our experiments and observation, a better separa-
tion of oil and aqueous component can be achieved when 
the droplet length falls between 1.5 and 2 times the channel 
width.

3.2 � Determination of polyplexes size distribution

To validate the effectiveness of the droplet-based DEP 
microdevice, we examine the size distributions of poly-
plexes under three conditions: (1) manual mixing in Eppen-
dorf, (2) mixing in droplets (on-chip) without DEP, and (3) 
mixing in droplets with DEP. The size distribution of nan-
oparticles was characterized by the Delsa™ Nano, which 
utilizes photon correlation spectroscopy to determine parti-
cle size in a fluid, as shown in Fig. 5a–c.

For the control group, (i.e. manual mixing), 1 c.c. of H1 
and 1 c.c. of DNA solution were mixed in Eppendorf, fol-
lowed by 10 min of static resting for particles assembling, 
shown in Fig. 5a. For the on-chip method without DEP, the 
H1 and DNA solutions were injected from the inlet ports 
for self-assembly with a processing time of 1 min, shown 
in Fig. 5b. Comparing Fig. 5a and b, the results show that 
the size of polyplexes assembled in nanoliter volume had a 
narrower distribution. The peak polyplex diameters in the 
control group and droplet-based device group were 185.9 
and 137.2 nm, respectively. These results showed that the 
mixing efficiency of our droplet-based platform in nano-
scale volumes is high (ten times faster) and that the prod-
ucts are more uniform.

Under condition (3), 8 Vpp at 20 MHz was applied to the 
electrodes for DEP treatment in the bottom of the micro-
channel after the polyplexes passed through the water–oil 
separation region. (The DEP parameters were experimen-
tally determined to allow best cell transfection efficiency, 
discussed in Sects.  3.3 and 3.4.) Polyplexes polarized by 
positive DEP effect were then attracted to the glass sub-
strate, where the electric field was strong. Nanoparticles 

Fig. 4   a Packaging of two reagents into various droplet volumes 
was achieved by adjusting the flow rates of aqueous and oil compo-
nents in the T-junction design. The droplet-based device provided an 
effective method of mixing the drug delivery vehicle (H1) and DNA 
within a nanoliter volume. b Oil expulsion and aqueous coalescing in 
the microchannel with properly sized droplets and droplet distances. 
The polyplex products can be directly collected at the output port. 
The scale bar is 400 μm. c A plot illustrating red concentration inside 
a constant droplet volume with different red/blue flow rates. The 
analysis demonstrated that on-chip droplet-based mixing of H1 and 
DNA reagents, adjusted by the pumping velocity, was reliable when 
the flow rate fell between 0.5 and 20  nL/s. The channel width was 
200 μm
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that experienced negative DEP force passed through three 
DEP regions and were collected at the outlet port. The 
results of the DEP treatment are plotted in Fig. 5c, show-
ing an even narrower size distribution that peaked around 
116.3 nm and the majority of the larger particles was effec-
tively trapped by the electrodes.

It is worth to note that, in Fig.  5c, polyplexes with a 
size less than ~80 nm were also removed by the DEP treat-
ment. We believe the small polyplexes were trapped to the 
electrodes due to the surface charges they carried (since 
DNA is negatively charged). In other words, for small 
polyplexes, the electrostatic forces become dominant over 
the drag force in flow. Since the charges on the polyplexes 
were difficult to quantify, we did not include them in our 
simulations in Sect. 2.3.

3.3 � Transfection ability after DEP treatment

Experiments were devised to verify and quantify the level 
of enhancement for gene transfection with DEP-treated 
H1-DNA polyplexes. First, we need to validate that the 
polyplexes still possess the ability to enter cells for gene 
transfection. A direct method to verify this is to identify 
the locations of the fluorescence labelled particles inside a 
HUVEC cell. Figure 6 presents three images obtained from 
a custom-developed confocal system (Zhang et  al. 2013), 
where the blue region shows the cell body and the green 
dots indicate the locations of the polyplexes. These images 
were obtained through a serial top-down z-scanning pro-
cess and reconstructed using ImageJ. The result validates 
that the polyplexes had entered the HUVEC cell after 8 h 
of interaction.

Fig. 5   Size distribution for H1-DNA polyplexes: a manual mix-
ing in Eppendorf. b On-chip mixing in droplets without DEP. c On-
chip mixing in droplets with DEP. The results suggest droplet-based 
method produces more uniform polyplexes and DEP may be used for 
precise nanomedicine fabrication

Fig. 6   Confocal cross-sectional images of the HUVEC cell. The blue 
region represents HUVEC cell, and the green dots indicate the loca-
tions of DEP-treated polyplexes. These images verified that the DEP-
treated polyplexes still have the gene transfection ability. The scale 
bar is 10 μm
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3.4 � Transfection efficiency on HUVEC cells

Enhanced green fluorescent protein (EGFP) expression 
analysis was used to evaluate the transfection efficiency in 
vitro. Specifically, we examined the transfection efficiency 
of H1 in HUVEC cells and the percentage of EGFP posi-
tive cells was counted over ten randomly selected fields. 
HUVEC cell was chosen for the experiment as it typi-
cally has low cell transfection efficiency. After DEP treat-
ment, large polymer particles were removed, and nanopar-
ticles sized around 116.3  nm were collected in the outlet 
of chip. In order to compare the drug effect between the 
control group (off-chip synthesis without DEP treatment) 
and our on-chip droplet-based method with DEP treatment, 
the collected polyplexes concentration was both adjusted to 

the same N/P ratio level, and the culture medium was both 
replaced at 37 °C. After a 4-h cell culture, the transfection 
medium was replaced with fresh growth medium and incu-
bated in two batches for 24 and 48 h, respectively. Figure 7 
shows four representative positive EGFP expression images 
of the DEP-treated cells and those of the control group 
after 24- and 48-h incubation. When the cells were cultured 
for 48 h, the percentage of EGFP positive cells in the DEP-
treated polyplexes and the control group were approxi-
mately 15 and 4 %, respectively. We found that, compared 
with the polyplexes obtained via conventional protocol, the 
DEP-treated H1 had superior transfection ability. Such dis-
tinction shows that the transfection efficiency of polyplexes 
is improved by a factor of 3.8 times after the DEP treat-
ment. Note that since larger polyplexes in the control group 
cannot enter the cells, it is expected that the DEP-treated 
H1 would result in better transfection efficiency at the same 
concentration level. In addition, larger polyplexes mean a 
DNA can be simultaneously bound to multiple polymer 
vectors, which prevents the DNA to be effectively released 
from the vector carrier (H1). As a result, larger polyplexes, 
even when they enter the cells, will generate less effect than 
small polyplexes. This experiment indirectly validated that 
the smaller-sized polyplexes were effectively collected after 
the DEP treatment. The biological results strongly indicate 
that our microfluidic design and the concept of DEP parti-
cle sorting have potential applications in gene therapy and 
nanomedicine fabrication. Note that all results reported in 
this article have been repeated many times over a period of 
2 years with various DEP processing parameters, proving 
the good reproducibility of the droplet-based platform.

4 � Conclusions

In this work, we demonstrated the integration of a droplet-
based platform and DEP treatment for the fabrication of 
H1-DNA polyplexes, a kind of nanomedicine for tumour-
targeted gene therapy. The droplet-based platform realizes 
the concept of “lab-on-a-chip” by performing multiple 
time-consuming laboratory tasks in one single chip with 
significantly improved transfection efficiency (15 vs. 4 %) 
and reduced time (1 vs. 10 min). These functions, includ-
ing droplet formation, mixing, self-assembling, extraction, 
and particle sorting, are all integrated on a single chip with 
sub-sections to perform individual functions. The device is 
made by PDMS microchannels bonded to a glass slide with 
patterned DEP metal electrodes. The experimental results 
verified that our microdevice can effectively fabricate 
nanoscale polymer-based particles (H1-DNA) for improved 
gene transfection. The resulting nanomedicine is used to 
treat and study mice with hepatocellular carcinoma and will 
be reported in a separate article. We expect improved drug 

Fig. 7   Cell count of positive EPFG expression showed that the 
transfection efficiency of DEP-treated polyplexes was significantly 
increased: a, b 24-h control group, c, d 48-h control group, e, f 24-h 
DEP-treated group, g, h 48-h DEP-treated group, b, d, f, h were 
merged images of fluorescent and bright field images. The transfec-
tion percentages of DEP-treated and non-DEP-treated polyplexes 
in HUVEC cells were 15 and 4  %, respectively. The scale bar is 
200 μm
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efficacy and reduced toxicity in the animal experiments due 
to the precisely controlled particle sizes.
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