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Section 1: Determination of uptake time and the slope of normalized intensity (I/Io) vs. time 
during uptake of DNA by the GUV 

In figure 2 (e) of the main text, apart from the final translocation efficiency (I/Io)f, the time for DNA 
uptake (𝑡!"#$%&), and the slope of the curve (I/Io) vs. time (s) during the application of electric field pulses 
were extracted. Before showing the time of DNA uptake and the slope corresponding to each DNA size, 
the process of calculating these quantities is explained below for a representative experiment 
corresponding to a DNA size of 100 bp (bp=base pairs). 

Figure 2 (e) in the main text is re-plotted below in Figure S1 (a) to describe how the step increment and 
time were calculated during DNA uptake. The black dotted line represents the normalized mean 
fluorescence intensity of DNA molecules (I/Io). The mean intensity of DNA molecules inside the GUV is 
I and the mean intensity of DNA molecules outside the GUV is Io. The filled blue points connected by a 
solid red line represents the smoothed data of (I/Io). The difference in normalized mean fluorescence 
intensity was calculated as ∆(𝐼/𝐼!)! = (𝐼/𝐼!)! − (𝐼/𝐼!)!!∆!, for each time step using the smoothed data, 
and is plotted in figure S1 (b) as filled black points. A Gaussian curve shown as a solid red line was fitted 
to this data. The fitted function was ∆(𝐼/𝐼!)! = 𝐴𝑒𝑥𝑝(−0.5 𝑡 − 𝑡! !/𝜎!), where A, to, and σ are the 
fitting parameters. σ represents the standard deviation of the Gaussian, and the time of DNA uptake is 
estimated to be 𝑡!"#$%&   ~  3𝜎. The full width at half maximum (FWHM), was calculated as 𝐹𝑊𝐻𝑀 =
2 2 ln 2 𝜎. The times when the Gaussian curve attains a value of ∆(𝐼/𝐼!)!"#/2, where  ∆(𝐼/𝐼!)!"# is 
the maximum of Gaussian is shown as t1 and t2, such that 𝐹𝑊𝐻𝑀 = 𝑡! − 𝑡!.The smoothed data of (I/Io) 
of Figure S1 (a) is plotted again in Figure S1 (c) from times t1 to t2. A straight line is fitted through this 
curve in order to find the slope of the curve (I/Io) vs. time (s). The fitted function was (𝐼/𝐼!) = 𝑚𝑡 + 𝑐, 
where m represents the slope and c represents the intercept. 

	  
Figure S1: Process of calculating the time of DNA uptake and the slope of DNA uptake curve (DNA size = 100 bp). 
(a) Dashed line represents the normalized meant intensity (𝐼/𝐼!) of DNA molecules inside the GUV as a function of 
time. This is the same as shown in Figure 2 (e) of the main text. Filled blue circles connected by a solid red line 
representing the smoothed data. Consecutive normalized mean intensities are marked as (𝐼/𝐼𝑜)! and (𝐼/𝐼𝑜)!!∆! 
where ∆𝑡 is the time between consecutive measurements or frames. (b) ∆(𝐼/𝐼!)! as a function of time (s). ∆(𝐼/𝐼!)! is 
calculated as ∆(𝐼/𝐼!)! = (𝐼/𝐼!)! − (𝐼/𝐼!)!!∆! from the smoothed data in (a). Shown in red is the fitted Gaussian 
curve ∆(𝐼/𝐼!)! = 𝐴𝑒𝑥𝑝(−0.5 𝑡 − 𝑡! !/𝜎!), where A, to and σ are the fitting parameters and σ represents the 
standard deviation of the gaussian. The values of the parameters are A=0.025, to=13.98 s and σ=10.06. The standard 
error for A, to and σ are 0.0020, 0.86 and 1.02 respectively, as obtained from the best fit. t1 and t2 represent the times 
when ∆(𝐼/𝐼!)!attains a value of ∆(𝐼/𝐼!)!"#/2 where ∆(𝐼/𝐼!)!"# is the maximum of the gaussian. 𝑡! − 𝑡! 
represents the full width at half maximum (FWHM). (c) (𝐼/𝐼!) vs. time (s) as shown in (a), however for times 
between t1 and t2 only. A straight line (𝐼/𝐼!) = 𝑚𝑡 + 𝑐 is fitted through the data, where m (slope) and c (intercept) 
are the fitting parameters. m=0.014 s-1 and c=-0.010 with standard errors of 2.08x10-4 s-1 and 0.003 respectively. 



The time during which DNA uptake was observed 𝑡!"#$%&~  3𝜎, as shown in Figure S1 (b), was 
calculated for each experiment and for each DNA size and is plotted in Figure S2 (a) as a scatter. On the 
same curve, a solid red line is plotted representing the time during which electric field pulses were 
applied. Since 10 pulses were applied, each of 5 ms duration and at a frequency 0.33 Hz, therefore this 
line is plotted at t = 30.05 s.  

Similarly, the slope of the curve, 𝑚 = 𝑑(𝐼/𝐼!)/𝑑𝑡, was calculated for each experiment and for each DNA 
size and is plotted in Figure S2 (b) as a scatter.   

	  

Figure S2: (a) Time during which DNA uptake was observed (tuptake) potted as a scatter for each DNA size. Each 
data point (filled black circles) corresponds to a single experiment. Solid red line shown represents the time during 
which pulses were applied. 10 pulses were applied, each of 5 ms duration and at a frequency of 0.33 Hz, hence the 
solid line is drawn at t=30.05 s. (b) Slope 𝑚 = 𝑑(𝐼/𝐼!)/𝑑𝑡, as shown in Figure S1 (c) plotted for each DNA size. 
Each data point (filled black circles) corresponds to a single experiment. 

  



Section 2: Electrophoretic mobilities in different buffers 

To calculate the theoretical prediction plotted in Figure 3 (b) of the main text corresponding to Tris-
acetate EDTA (TAE) buffer, the electrophoretic mobilities of DNA molecules (µ) used in equation 1 of 
main text, were obtained from Stellwagen et al. (1997) [1]. These values are listed in table ST1 below.	  

Table ST1: Electrophoretic mobility of DNA molecules of different sizes in TAE buffer [1]. 

DNA Size (bp) Electrophoretic Mobility (µ) (m2s-1V-1) 

25 3.36 x 10-8 

100 3.67 x 10-8 

500 3.75 x 10-8 

1000 3.75 x 10-8 

10000 3.75 x 10-8 

15000 3.75 x 10-8 

20000 3.75 x 10-8 

   

For low conductive buffers, the electrophoretic mobility of dsA5 (20 bp) DNA molecule was estimated to 
be µ= 4.60 x 10-8 m2s-1V-1 [2]. Considering this to be the value of electrophoretic mobility for a 25 bp 
DNA molecule in a low conductive buffer, this corresponds to an increase of 1.24 x 10-8 m2s-1V-1 in the 
electrophoretic mobility from TAE buffers (Table S1). A similar increase in in electrophoretic mobility 
was observed for both dsA5 (20 bp) and pUC19 (2686 bp) DNA molecules upon reducing the 
conductivity of the buffer [3]. Therefore, considering the same increase in the electrophoretic mobility of 
DNA molecules of all sizes used in this work, the electrophoretic mobilities corresponding to low 
conductive glucose/sucrose buffers are listed in Table ST2 below.  

Table ST2: Electrophoretic mobilities of DNA molecules in low conductive glucose/sucrose buffers. 

DNA Size (bp) Electrophoretic Mobility (m2s-1V-1) 

25 4.60 x 10-8 

100 4.91 x 10-8 

500 5.99 x 10-8 

1000 5.99 x 10-8 

10000 5.99 x 10-8 

15000 5.99 x 10-8 

20000 5.99 x 10-8 

  



Section 3: COMSOL Simulations of electric field through the electro-pore 

To estimate the electric flux through a pore on a giant unilamellar vesicle (GUV) placed in an electric 
field, Eapp, finite element numerical calculations were carried out using COMSOL Multiphysics. The 
numerical calculations were carried out in two dimensions assuming the system is axisymmetric. The 
GUV is modelled as a spherical shell of radius R as seen in Figure S3. The electrical conductivity of 
aqueous solution inside the GUV is σi. The GUV is placed in an aqueous solution of electrical 
conductivity σe represented as a rectangle of dimensions 100 µm × 50 µm. It is assumed that aqueous 
solution inside the GUV and the external medium mix after the formation of the pore and hence σi and σe 

are equal. The size of electro-pore is parameterized as a spherical cap of angle θ on the membrane on the 
sides facing both anode and the cathode.	  	  

 

Figure S3 (a) Geometry of the domain used for finite element numerical calculations. The GUV is modelled as the 
semicircle enveloped by the membrane and the pore is modelled as the spherical cap of angle θ on the membrane. 
The external medium is modelled as the rectangle of dimensions 100 µm × 50 µm. The top and bottom sides of the 
rectangle are modelled as electrodes such that an electric field Eapp exists between the two sides. The axis of 
symmetry is labelled on the figure. (b) The mesh that is used for numerical calculation of electric potential. The 
domain is discretized in to approximately 70000 elements through free triangulated meshing in COMSOL 
Multiphysics. The minimum mesh size is close to the edges of the pores with a mesh size of 5x10-11 m. The 
maximum mesh size is 1x10-9 m.	  

To compute the electric potential distribution in the system, Laplace’s equation SEQ 1 (shown below) for 
the electric potential is solved numerically using the Electric currents(ec) module. 

           𝛁. σ𝛁𝑉 = 0              (SEQ 1) 

The GUV membrane is modelled as a thin high resistance region using contact impedance boundary 
condition [4].	  

𝒏. 𝑱𝟏 =   
!!
!!
(𝑉! − 𝑉!)         (SEQ 2) 

𝒏. 𝑱𝟐 =   
!!
!!
(𝑉! − 𝑉!)         (SEQ 3) 



Here, n is the unit normal vector to the boundary surface, J is the electric current density, V1 is the electric 
potential inside the GUV and V2 is the electric potential on the exterior of the GUV, 𝜎! is the membrane 
conductivity and 𝑑! is the thickness of the membrane.  

After the values of electric potential is obtained, the electric field E is determined by: - 

𝑬 = −𝛁𝑉       (SEQ 4) 

Table ST3: Model parameters used for numerical calculations. 

Symbol Parameter Value 
R Vesicle radius 15 µm 
dm Membrane thickness 4 nm 
σe External conductivity 1.5 × 10-4 S/m 
σi Internal conductivity 1.5 × 10-4 S/m 
σm Membrane conductivity 1 × 10-9 S/m 

Eapp Applied electric field 45 kV/m 
 

 
Figure S4: (a) Electric field distribution in the geometry show in Figure S3. The applied electric field is 45 kV/m 
and the radius of the GUV is 15 µm. (b), (c), (d) The electric field distributions in a small region enveloping the 
GUV for angle of electropore, θ=3°, 6°, 9°. The electric field is higher at the pores and low inside the GUV.   

The electric flux through the pore is then calculated numerically by integrating the electric field on the 
surface of the electro-pore ( 𝑬 ⋅ 𝒅𝑺 = 𝒇(𝜽) = 𝒇! 𝟎 𝜽). The electric flux is then calculated as a function 
of the angle θ.  



 

Figure S5: Electric flux across the electropore (𝑓 𝜃 = 𝑓! 0 𝜃) given as a function of angle of electropore, θ. The 
internal and external conductivities are equal and are equal to 0.15 mS/cm [5]. The conductivity of membrane is 
equal to 1 × 10-8 mS/cm [6]. The applied electric field across two electrodes is equal to 45 kV/m and the radius of 
the vesicle is equal to 15 µm.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝒇!(𝟎) = Slope = 3 rad-1 



Section 4: Radius of gyration 

The contour length of DNA (L) can be estimated as 𝐿 = 𝑛𝑜. 𝑜𝑓  𝑏𝑎𝑠𝑒  𝑝𝑎𝑖𝑟𝑠 ×0.34  𝑛𝑚, since the inter 
bp distance is ~ 0.34 nm [7]. The persistence length (lp) of DNA in physiological salt conditions is 
𝑙!~  50  𝑛𝑚 (150 bp), however it increases with decreasing salt concentrations to 𝑙!~  150  𝑛𝑚 (~450 bp) 
[8]. Therefore, DNA molecules of size 25 bp and 100 bp behave as rod-like molecules (lp>L), and DNA 
molecules of size 1000 bp, 10000 bp, 150000 bp and 20000 bp behave as coil-like molecules (L>lp). The 
DNA molecules of size 500 bp have are assumed to behave either as coil-like molecules if 𝑙!~  150  𝑏𝑝, or 
rod-like molecules if 𝑙!~  450  𝑏𝑝. 

In order to calculate the radius of gyration (Rg,rod) for rod-like molecules (lp>L), the following equation 
(SEQ 5) was used [9]. 

𝑅!,!"# =
!!

!"
      (SEQ 5) 

In order to calculate the radius of gyration (Rg,coil) for coil like molecules (L>lp), the following equation 
(SEQ 6) was used (end-to-end length for the Kratky-Porod model) [10].	  

𝑅!,!"#$ = 2𝑙!𝐿 − 2𝑙!! 1− 𝑒𝑥𝑝 − !
!!

    (SEQ 6) 

The radius of gyration according is estimated according to the above equations (SEQ 5 and SEQ 6) and is 
shown in Table ST4 below. For rod-like DNA molecules (25 bp, 100 bp), equation SEQ5 was used to 
estimate Rg. For coil-like DNA molecules (1000 bp, 10000 bp, 15000 bp and 20000 bp), 3 different 
values of persistence length lp= 50 nm, 100 nm and 150 nm were used to estimate Rg according to 
equation SEQ 6. To estimate radius of gyration for DNA molecules of size 500 bp, both equations (SEQ 5 
and SEQ6) were used.  

Table ST4: Radius of gyration (Rg) values for different DNA sizes used. 

DNA Size 
(bp) 

Contour 
Length (L) 

(nm) 
Equation 𝑹𝒈,𝒓𝒐𝒅 (nm) 𝑹𝒈,𝒄𝒐𝒊𝒍 (nm) 

lp= 50 nm 
𝑹𝒈,𝒄𝒐𝒊𝒍 (nm) 
lp= 100 nm 

𝑹𝒈,𝒄𝒐𝒊𝒍 (nm) 
lp= 150 nm 

25 8.5 SEQ 5 2.4       
100 34 SEQ 5 9.8       
500 170 SEQ 5/6  49.1 110.3 132.9 143.1 

1000 340 SEQ 6   170.3 220.6 248.3 
10000 3400 SEQ 6   578.8 812.4 987.4 
15000 5100 SEQ 6   710.6 1000.0 1218.6 
20000 6800 SEQ 6   821.6 1157.6 1412.4 
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