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Under electric field, the complexes formed by DNA and polylysine exhibit novel features, such as selective merging of particles,  
ejecting of daughter vehicles, and differentiation of particles of varying mobility. The mobility of the complex could be three times faster 
than that of free DNA.  
 

Introduction 10 

The main assumption about the origin of life on earth is that life 
originated from inanimate matter through a spontaneous and 
gradual increase of molecular complexity.1 It is also proposed 
that the compartmentalization is responsible for the transition 
from non-living to living matter.2-3 Many protometabolic 15 

reactions, such as transcription,4 self-replication,5 growth and 
division,6 have been conducted within the lipid vesicles with 
varying degree of success. However, Mann and coworkers 
demonstrated that the micro-droplet formed by complex of 
polypeptide and mononucleotide can also functioned as a 20 

protocell model,7-8 implying that the membrane was not needed 
for effective compartmentalization. Trevors and Pollack9 
proposed that a hydrogel environment was a prerequisite for the 
assembly of the first cell. The lipid bilayer was developed later 
on.     25 

    The current study on protocell, with or without membrane, is 
based on the static assembly of molecules, in which the process is 
controlled by equlibirum. However, life is dynamic: every life 
activity occurs under a flux of energy. The cell dies if the energy 
flux is stopped.10 The hydrogel environment and the 30 

compartmentalization  repsonsible for the origin of life should be 
maintained under energized and non-equlibrium conditions. The 
main energy form in life is chemical energy. However, electric 
field, which exists extracellularly and intracellularly11-12 and can 
be as high as 107 V/cm,13-14 is essential in regulating appropriate 35 

cell behaviors during tissue morphogenesis and regeneration.12, 15 
It is also the key to the constituents of nucleic acids, proteins, and 
membrane bilayers in prebiotic conditions.16  

    The basic units of life, including DNA, RNA, and proteins, 
contain charged or chargible groups. They belong to the category 40 

of polyelectrolytes.17 The conformation and the movement of 
polyelectrolytes, as well as their interactions, are sensitive to 
electric filed.18-19 On the other hand, the functions of biopolymers 
are generally activated by interacting with each other to form 
certain assembled structures. The complexation of different 45 

biopolymers is also responsible for the formation of hydrogel 
envirment, such as extracellular matrix. Therefore, the assembly 
of the biopolymers under electric field, i.e., dynamic assembly,10 

is crucial to the orgin of life under non-equilibrium conditions. 

     Herein, we choose negatively charged salmon testes DNA 50 

(2000 bp) and positively charged poly-l-lysine (PLL, 200 

repeating units) as the model molecules, and studied their 
behaviour of forming complex (or droplet) in the presence of 
electric field. Microfluidic chips are employed as the platform to 
monitor the whole complexation process. 80 μm wide and 25 μm 55 

height micro channel with double-cross layout is etched on a 
glass chip, as schematically shown in Figure 1A. Double gate-
injection20 protocol is used to drive DNA and PLL into the 
channels simultaneously as short plugs by applying designed 
voltages at the desirable positions (Figure S1).  To optimize the 60 

conditions for injection, DNA and PLL are tagged with 
UltrapowerTM dye and FITC fluorescence probes, respectively. 
Both of the labelled molecuels can be observed under the 
illumination of blue laser. The +/- charge ratio can be tuned by 
the injected plug length. It is fixed at 3 in this study. 65 

Results and discussion 

Without electric field, DNA and PLL can coacervate into a large 
droplet, and eventually form precipitate in a vial or in the 
microchannel (Figure S2). The situation is quite different under 
electric field. Figure 1B and 1C compares the snapshots of the 70 

complex formed at 250 V/cm and 125 V/cm, respectively. To 
minimize the effect of dye molecules, only PLL is labelled. The 
movies are included in the supporting information. At 125 V/cm, 
a bright borderline, indicating the formation of DNA and PLL 
complex, is observed when the two plugs encounter (Figure 1C 75 

and Movie 1). The front moves in the same direction as free DNA 
under electric field, suggesting that the complex is negatively 
charged. The amount and size of the complex increase as the 
reaction proceeds. Merging, splitting, and differentiation are 
observed at this stage. In about 30 s, PLL consumes up. The 80 

differentiation becomes heavier and results in three different 
morphologies: fully neutralized droplet with zero mobility 
(formed at about 52s), large particles with slow mobility, and 
very small particle with high mobility. These small and fast 
moving particles are originally released from those larger 85 

particles, instead of being formed from fresh DNA and PLL. The 
size of these small particles (excluding those large particles 
trapped in the channel), after collected from the outlet and imaged 
by AFM, is uniform and in the order of 30-50 nm (Figure S3). 
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Figure  1.  (A)  drawing  of  the  double‐cross  glass microchip  for 
electrophoresis,  with  B,  BW,  and  SW  refer  to  buffer,  buffer 
waste, and sample waste, respectively. Panels  (B) and  (C) show 
the snapshots of the complex in micro‐channel at 250 V/cm and 5 

125  V/cm,  respectively.  Charge  ratio  +/‐  =  3.  FITC‐PLL  is 
monitored in the laser channel.  

    At 250 V/cm, a large amount of small particles are quickly 
generated in the encounter zone (Figure 1B and Movie 2) until all 
the PLLs consume up. These particles migrate in the same 10 

direction as free DNA at a relatively fast rate. Merging of the 
particles with different speed occurs when they collide with each 
other. Splitting is not prominent probably because the size is 
small. Differentiation also generates particles of different size and 
mobility. As shown in Figure 2A, a large droplet with zero 15 

mobility is able to selectively capture the negatively charged 
particle to desirable position when it is passing by. The merging 
results in a conformation adjustment, followed by a release of 
tiny messenger vehicles (Figure 2B). This implies that the formed 
droplet is also internally dynamic under electric filed. The release 20 

of daughter particles is phenomenally similar to the release of the 
exosomes from melanoma cells before tumour metastasis. 21 

With further increasing the electric field to 375 V/cm (Movie 3) 
or 495 V/cm (Movie 4), the formed particles are even smaller, as 
demonstrated by the reduced fluorescence intensity. The degree 25 

of mergering and differentiation is heavily suppressed at elevated 
electric field. Moreover, no trapped particle is observed in the 
channel. 

 

 30 

Figure 2: Capture of a pasing by vehicle   (A) and   the release of 
messagers  (B)  after  conformation  adjustment.  A  small  particle 
merged  into  the droplet at 27.75  s, and  the droplet  started  to 
release messagers at 40.00 s.   

 35 

    To quantitativley compare the spacial distribution of the 
particles at different electric fields, we set a virtual detection 
window about 1000 μm away from the point where the 
interaction begins, and transform the snapshot at the timepoint 
when the first particle hits the window into an electropherogram. 40 

For free DNA and PLL, the fluorescence intensity is uniform in 
the plug. However, the complex particle, as shown in Figure 3, 
exhibit a sharp peak due to the crowding of lableled PLL. Since 
the fluoresence intensity is roughly proportional to the 
concentration of the dyes at the studied conditions (No 45 

photobleaching), the area of the peak represents the degree of 
aggregation. At 125 V/cm,  the number of the formed partilces is 
small, but the size is huge (Figure 3A). The splitting of the peak 
suggests that the particles is not uniform, in agreement with the 
observings that the large particle is merged from small ones. With 50 

increasing electric field strength, the size of the particles becomes 
smaller, but the number increases. At 495 V/cm, the intensity of 
the particle is not prominent, as shown in the inset in panel D. 

 

Figure  3.  Electropherograms  of  DNA/PLL  particles  at  different 55 

electric  field  strength.  The  snapshot  in  each  panel  is  the 
corresponding time point for the electropherogram. The inset in 
Panel D is the magnification of the signals. 

    The complex particle differentiates with time under electric 
fields. The trend can be described by the changes in the mobility 60 

of the particle. Figure 4A compares the front mobility at different 
electric fields.  It can be divided into two stages: moving inside 
the PLL zone in the early stage and the migration after passing 
the zone. The mobility of the front particles is dependent on the 
electric field while migrating inside the PLL zone. It decreases 65 

with time (< 25 s) at 125 V/cm, is almost constant (< 8 s) at 250 
V/cm, and increases (< 4 s) at 375 V/cm (Figure 4A, Figure S4).  
However, the mobility always increases when migrating outside 
the PLL zone. The calculation on the mobility becomes difficult 
at 495 V/cm due to the small size and fast movement of the front 70 

particle. It is also hard to tell when the front particle migrate out 
of the PLL zone. But it is clear that the mobility increases with 
time under the electric field.  

The mobility of free DNA determined in our experiment (Figure 
S5) is 2.2×10-4 cm2/(V.s), similar to the value reported in 75 

literature.22 However, the maximum mobility of the front particle 
increases to 4.5×10-4 cm2/(V.s) in 10 s at 495 V/cm. This value is 
twice the mobility of free DNA. It is surprising since the 
neutralization of the charges on DNA should reduce its mobility. 

To reveal the portion of the particles migrating faster than free 80 

DNA, we analysed the mobility of all the particles. Figure 4B 
shows the time dependence of the mobility distribution at 125 
V/cm. Clearly, the particles gain their speed mainly at later stage 

Page 2 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

(60 s, Panel d) when no free PLL molecules are around. The 
heavy differentiation at this stage (Movie 1) results in a broad 
mobility distribution, as well as the mobility (of the small 
particle) higher than that of free DNA. Note that the fastest 
particle is not necessarily the originally formed front particle. The 5 

degree of differentiation is dependent on electric field. In 10 s at 
495 V/cm, most of the particles have the mobility higher than that 
of free DNA (Figure 4C). The maximum value is about three 
times higher. The differentiation under electric field is 
responsible for the particles with broad distribution of mobility.   10 
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Figure  4.  (A)  Time  dependence  of  the  front  particle  mobility 
under  different  electric  field.  (B)  the  mobility  distribution  at 
different  time  points  at  125  V/cm  with  the  corresponding 15 

snapshot shown as the  inset. (C) The mobility distribution at 10 
second at 495V/cm.  

    The complex particle formed by DNA and PLL can be 
described as a physical microgel with unneutralized segments 
inside the core and dangling on the surface.23 The particle is 20 

permeable to the solvents, and the permeability is related to the 
heterogeneous distribution of unneutralized segments.  Duval and 
Ohshima proposed a model24-25 to describe the mobility of the 
soft particles, including microgels, bacteria, and viruses, under 
electric field. According to their model, the mobility change of 25 

the particle in a fixed solvent is caused not only by the space 
charge density 0 and the softness parameter (reflects the extent 
of hydrodynamic flow penetration within the particle),25 but also 
by the radial density distribution f(r)of the charged segments.24 It 
is very difficult to determine the 0 , , and f(r) of each complex 30 

particle under electric field because they changes with time. A 
practical approach is to treat each particle before differentiation 
as an entity and evaluate the evolutional change of mobility 
without quantitatively separating the contribution from each 
parameter. 35 

    We choose the complex particles before differentiation and 
calculated their mobility. For a better comparison, the mobility is 
normalized by the slowest value at the same electric field. As 
shown in Figure 5, the inverse of the mobility decreases 
exponentially with time and can be fitted by the equation 40 

               1
/ exps

tu u A 
                 (1) 

with A being a constant. The characteristic time τ shows the 
evolutional rate under electric field.  The fitting results indicate 
that the characteristic time τ is 20s, 7.6s, and 5.7s at 125 V/cm, 
250 V/cm, and 375 V/cm, respectively. They decrease with 45 

increasing electric field strength (Figure S6), indicating that the 
electric field not only affects the morphology of the complex 
particle, but also accelerates the evolutional rate. 
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Figure 5. Time dependence of the inverse mobility normalized by 50 

that of the slowest particle.  

It is established in literature that the polyelectrolyte complex is 
subject to a disproportionation process to generate particles close 
to neutralization and particles far from neutralization.23, 26 The 
relaxation rate of polyelectrolyte is a key to the 55 

disproportionation process. DNA and PLL migrate in opposite 
directions and the dragging force is proportional to the strength of 
electric field. On one hand, the electric field constrains the 
particle to a certain size by reducing the interaction time between 
DNA and PLL, with higher electric field strength yielding smaller 60 

size complex. On the other hand, the elecric field mediated the 
disproportionation rate of the complex by accelerating the 
relaxation of the polyelectrolyte chains. The relaxation rate of 
DNA or PLL is proportional to the strength of electric field. DNA 
is much more rigid and longer than PLL, and its charge density is 65 

also doubled. We speculate that the disporportionation favours 
the complex particle containing larger amount of DNA. This is 
the reason that all the observed complex particle migrating in the 
same direction as free DNA.  

 70 

Figure 6. Schematically showing the polarization of the complex 
and the release of the daughter particle. 

    As schematically shown in the Figure 6, the relaxation of DNA 
and PLL in opposite directions globally polarized the complex 
particle along the electric field, even though the local distribution 75 

of charges is heterogeneous. The increase in the mobility could 
result from the release of free PLL to increase0, the shrinkage 
and orientation of the particle along the electric field to decrease 
, or a preferred f(r).24 Since the mobility of certain particles 
increases by a factor of five with time (Figure 4A, 495V/cm), and 80 

no prominent change in morphology is observed, we attribute the 
enhancement on mobility to the cooperative effect from all these 
variables. As the polarization reaches certain degree, the domain 
in rich of DNA, whose charge density is much higher than that of 
the periphery, suffers from a repulsion force from the 85 

environment and a stronger dragging force from the electric field. 
This domain will eject from the mother particle once the 
attachment and entanglement interaction is overcome. The 
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mobility of the daughter particle could be much higher than that 
of free DNA, because most of the counterions on DNA have been 
released upon forming complex. The condensation of the 
counterions back to the complex particle is hindered in electric 
field, especially when the electric field is high. Note that the 5 

Bjerrum length is 0.7 nm in water at 25oC, indicating that over ¾ 
the counterions on free DNA are condensed. The higher 0 and 
decreased softness  renders the complex particle a mobility 
higher than that of free DNA under electric field.  

   10 

Conclusions 

The complex formed by oppositely charged polyelectrolyte, such 
as DNA and PLL, should be able to mimic the environment of 
life forms. In the presence of electric field, it exhibits some 
interesting features, such as merging, splitting, and 15 

differentiation, all of which are dependent on the stregnth of 
electric field. We attributed these live features to energy mediated 
disproportionation process, which generates particles or domains 
of different charge density, softness, and density distribtuions. 
The dynamic assembly of oppositely charged biopolymers in the 20 

electric field could offer a platform to explore the emergence of 
life and the mechanism of life processes at molecular level. 
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