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H I G H L I G H T S

• Electroformation of GUVs at different
potential, frequency and temperature.

• Prediction of GUVs diameter using
response surface methodology.

• Understanding the influence of each
parameter on GUVs size.

• Providing a 3D plot as guidance to
produce suitable GUVs.
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A B S T R A C T

The production of giant unilamellar vesicles (GUVs) with specific size and structure has been a challenge on the
design of quantitative biological assays in cell-mimetic micro-compartments. In this study, the effect of elec-
troformation parameters (electric potential, frequency, and temperature) on the size of GUVs was investigated.
Using response surface methodology based on Box-Behnken design, GUVs from neutral, positive and negative
charges were formulated. The average diameter of GUVs was determined for each formulation. The acquired
data of these GUVs were successfully fitted with quadratic regression models. These models were applied to
visualize the parameters for ideal GUVs with wanted diameters by the obtained phase diagrams. These results
show that response surface methodology can be used to estimate the electroformation parameters for specifically
sized GUVs.

1. Introduction

Giant unilamellar vesicles (GUVs) played important roles to study
cell structures and functions due to their similarity with biological cells
[1]. In last decades, an ever-increasing number of reports have focused
on the GUVs. Their large diameter (Usually between 1 and 50 μm)
makes them easy for the observation by a microscope. These cell-sized

vesicles are widely used as membrane and cellular models [2], mi-
micking some biological phenomena such as cells deformation [3], cells
adhesion [4], cells fusion [5], cells fission [6] and cells function studies
[7]. GUVs encapsulating biologically active compounds have been used
as drug delivery vehicles [8–10], platforms for synthetic biological
systems [11], and microreactors [12,13]. Several preparation methods
were carried out to form GUVs, such as hydration [14], emulsion
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transfer method [15], pulse jet method [16], and electroformation [17].
Electroformation technique is widely used for the formation of con-
trollable GUVs with high yield, high unilamellarity, and few defect
structure [18]. The method is based on the application of an AC electric
voltage using two electrodes at given temperature [18–20].

The variation of the different parameters such as the applied electric
voltage, frequency, and temperature, had significant influence on the
size of the formed vesicles [18,21]. The investigation of the dependency
of GUVs size on the electroformation parameters using a mathematical
models capable to estimate the GUVs size will be beneficial for: 1) the
selection of the optimum parameters in order to obtain the adequate
size of GUVs for each application, 2) minimization of energy cost by
choosing the minimum temperature and electric voltage, 3) minimizing
the experiment runs in order to get the suitable size. Response Surface
Methodology (RSM) is a collection of statistical and mathematical
techniques to build empirical models [22,23]. This method is used to
estimate, observe, and optimize a response (output) influenced by
several independent variables (inputs) [24,25]. The optimum size for
cell mimicking, GUVs with size higher than 12 μm is favorable in order
to be visualized under fluorescence microscopy.

In this work, the effect of parameters (electric potential, frequency,
and temperature) on GUV diameter was investigated using RSM.
Quadratic polynomial equations are obtained to estimate the average
size of GUVs from different lipids by the variation of the independent
parameters of different lipids. The given model well matched the ex-
perimental measurements.

2. Materials

1,2-dioleoyl-sn-glycero-3-phosphocholine(DOPC), 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC), 1,2-dioleoyl-sn-glycero-3-phos-
pholserine, sodium salt (DOPS), 1,2-dioleoyl-3-trimethylammonium-
propane, chloride salt(DOTAP) were obtained from Avanti Polar Lipids
(USA). Fluorescence-labeled1,2-dioleoyl-sn-glycero-3-phosphoethano-
lamine-N-(7-nitro-2− 1,3 benzoxadiazol-4-yl) (NBD PE) was obtained
from Invitrogen (China). Chloroform were purchased from Sigma
(China). ITO electrodes (Indium tin oxide, sheet resistance ≈8–12Ω,
thickness ≈ 160 nm) were purchased from Hangzhou Yuhong tech-
nology Co. Ltd. (China). High purity Ethanol (> 99.5%) was purchased
from FuYu Chemicals (China). Millipore Milli-Q water with a resistivity
of 18.0 mΩ cm have been used for solution preparation in the elec-
troformation experiment.

3. Experimental setups

The ITO electrodes (20× 30mm) were sonicated in water and
ethanol for 15min, dried by N2, and plasma cleaned for 1min. The flat-
coating method is used to prepare a lipid thin films on the ITO elec-
trodes [26]. Different lipids solution (DOPC /NBD PE and DMPC/NBD
PE) with mass fraction of 98:2 and (DOTAP, DLPC, NBD PE, and DOPS,
DLPC, NBD PE) with mass ratio 28:70:2 were dissolved in chloroform.
The mass concentration of the prepared lipid was 5.0mg/mL. For the
preparation of lipid films, 5 μL of lipid solution was deposited on the
glass surface by spreading carefully back and forth using a needle and
dried under vacuum for 5min. The coated glass slide was separated by a
frame spacer with a thickness of 13mm. The electroformation process
was realized in distillated water for one hour. AC electric field is ap-
plied using a signal generator (TGA12104, England). The electroformed
GUVs were observed under a fluorescence microscope (Nikon 80i,
Japan). NIS element software was used for diameter measurement. The
diameter was determined by fitting circles on randomly selected 300
GUVs. Each experiment was repeated 3 times, and for each measure-
ment 300 GUVs were randomly selected, making sure that the squeezed
GUVs were excluded from the diameter analysis. The effect of electric
potential, frequency, and temperature on the lamellarity of GUVs and
membrane defects was not considered in this study.

4. Results and discussion

4.1. Validation of electroformation of GUVs under different parameters

After drying the DOPC lipid film deposited on the ITO electrode
surface for five minutes under vacuum, the electroformation chamber
was gently filled with distilled water. An AC electric field was applied
for one hour at different parameters. The vesicle diameters were mea-
sured. Another important characterization known as the polydispersity
index (PDI) is the representation of the distribution of size populations
within a given sample, which indicates the degree of non- uniformity of
vesicles. The PDI of GUVs can be calculated by the eq. (1) [27]:

=PDI
D

2

(1)

where D is the average diameter of GUVs and σ is the standard
deviation. For perfect uniform sample, PDI is equal to 0. However, a
value of 0.05 or below are mainly seen with highly mono disperse
standard, meanwhile a value of 0.3 or below is considered to be ac-
ceptable and indicates a homogenous population of phospholipid ve-
sicles [28].

As shown in Fig. 1, the electroformation of GUVs were formed for
one hour at a fixed frequency (10 Hz), temperature (25 °C) and varied
electric potential (1 V, 5 V, and 10 V) with the average diameter of
16.08 μm (1 V), 21.57 μm (5 V) and 17.48 μm (10 V) respectively. The
PDI is 0.013, 0.052, and 0.048 respectively. The variation of vesicle size
at different potentials confirms that the electric potential influences the
size of GUVs.

To visualize the effect of frequency on the vesicles size, electro-
formation of GUVs for one hour at fixed electric potential (10 V),
temperature (25 °C), and varied frequency (1 Hz, 102 Hz, 104 Hz) was
carried out, as shown in Fig. 2. The average diameter was 18.45 μm,
17.34 μm and 8.88 μm respectively, the corresponding PDI is 0.028,
0.033, and 0.019 respectively. The average size dissimilarity confirms
that the frequency influences on the GUVs size.

Another important parameter was also carried out. As shown in
Fig. 3, electroformation of GUVs was also realized for one hour at a
fixed electric potential (10 V), frequency (10 Hz), and varied tempera-
ture (25 °C, 35 °C, 45 °C) with the average size of the vesicles of
17.48 μm, 19.04 μm, and 23.01 μm respectively. The corresponding PDI
is 0.023, 0.067 and 0.059 respectively. The dissimilarity of GUVs size
shows the influence of temperature.

The electric voltage, frequency and temperature have an effect on
the size of the formed GUVs. The size of GUVs has direct effect on their
deformability, which means that the GUVs with bigger diameter has
higher possibility to deform under flow, as shown in Fig. 3 a and 3c or
Fig. 2a and c. These results are in accordance with Peterlin's [29]. He
found a mathematical relationship between GUVs size and deform-
ability.

In the following contexts, the influence of electric potential, fre-
quency, and temperature on the size of GUVs will be visualized math-
ematically (Fig. 4).

4.2. Matrix design and models building

Three fundamental parameters (electric potential, frequency, and
temperature) have an influence on the GUVs size. The maximum and
the minimum level of each parameter for each lipid are determined
experimentally. Inside this interval, the yield of GUVs was high, whilst
outside the interval, no yield or low yield of vesicles was observed. The
given parameters are accompanied with three-level Box Behnken design
as shown in Table 1. In this work, Box Behnken design is developed for
the estimation of response surfaces and constructs a second order
polynomial model, which helps in the estimation and the prediction of
GUVs size mathematically using a limited number of experimental runs.
It is convenient to present the theoretical results in normalized units, so
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we define the variable x1, x2, x3 and the response d as the normalized
value of the electric potential (X1), frequency (X2), temperature (X3),
and the vesicles average diameter (D) respectively. They can be re-
presented by the following Eqs. [23]:

=x X X
Xi

i i

i

0

(2)

= +X X X
2i

i i
0

min max
(3)

=X X X
2i

i imax min
(4)

=d D
I (5)

where Xi is the given parameter at its real value, xi is the normalized
parameter, Xi0, Ximax and Ximin are the middle, the maximum and the
minimum value of each parameter, I is the unit diameter and equal to
1 μm. As a result, for each normalized parameter xi, its value varies from
−1 to 1.

The relation between the GUVs diameter and the given variables

Fig. 1. DOPC GUVs formed by electroformation method. The temperature and frequency was fixed at 25 °C, and 10Hz. The electric potential was: (a)= 1 V,
(b)= 5 V, (c)= 10 V. The average diameter (D) was 16.08 μm, 22.67 μm, and 17.48 μm with PDI of 0.048, 0.032, and 0.019 respectively. (c), (d) and (f) are the
histograms and size distribution of the GUVs given in a, b, and c respectively. For each experiment 300 GUVs were measured. The scale bars are 15 μm.

Fig. 2. DOPC GUVs formed by electroformation method. The amplitude and temperature was fixed at 10 V and 25 °C respectively. The frequency was: (a)= 1Hz,
(b)= 102 Hz, (c)= 104 Hz. The average diameter (D) was 18.45, 17.34, and 8.88with PDI of 0.029, 0.018, and 0.065 respectively. (c), (d) and (f) are the histograms
and size distribution of the GUVs given in a, b, and c respectively. For each experiment 300 GUVs were measured. The scale bars are 15 μm.
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Fig. 3. DOPC GUVs formed by electroformation method, the amplitude and frequency was fixed at 10 V and 10Hz respectively. The temperature was: (a)= 25 °C,
(b)= 35 °C, (c)= 45 °C. The average diameter (D) was 17.48, 19.04, and 23.01 μm with PDI of 0.023, 0.016, and 0.039 respectively. (c), (d) and (f) are the
histograms and size distribution of the GUVs given in a, b, and c respectively. For each experiment 300 GUVs were measured. The scale bars are 15 μm.

Fig. 4. (a) Comparison between experimental values given by Table 2 and the predicted values given by the models. (b) Variations of GUVs size as a function of
electric potential with the frequency and temperature to be kept at the middle level for each lipid. (c) Variations of GUVs size as a function of frequency with the
electric potential and temperature to be kept at the middle level for each lipid. (d) Variations of GUVs size as a function of temperature with the electric potential and
frequency to be kept at the middle level. The continuous lines are obtained from the proposed models, while the dots were the experimental data.
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can be expressed by the following Eq. [23]:

= + + + +
= = = + =

d a a x a x x a x
i

k

i i
i

k

j i

k

ij i j
i

k

ii i0
1 1

1

1 1

2

(5)

where, k is the number of variables, for 3 independent variable
k=3, a0 is the constant effect, a1, a2, and a3 is the linear effect, aij, is
the interaction effect between the parameters, aii is the quadratic effect.
ε is the error between the real and the estimated diameter. For three
independent variables, the eq. (5) could be simplified to be:

= + + + + + + + +
+

d
a a x a x a x a x x a x x a x x a x a
x a x

0 1 1 2 2 3 3 12 1 2 13 1 3 23 2 3 11 1
2

22

2
2

33 3
2 (6)

The model's effects ai, aij, and aii are calculated from the eq. (7):

=A X X X D( )t t1 (7)

where A is the effect matrix, X is the associated model matrix, and Xt

is transposed of the associated model matrix, D is the output matrix, the
definition of A, X, and D is given in the supporting information.

To calculate the effects, a multiple regression analysis is performed,
which can be used to predict the response (d). The operating conditions
of amplitude, frequency and temperature using different lipids, are
regrouped in Table 2 showing their normalized values.

The results in Table 2 confirm an effective electroformation of GUVs
from different lipids at different conditions of electric potential, fre-
quency, and temperature. Moreover, the PDI was smaller than 0.1,
which indicate the good homogeneity of the formed vesicles.

In this work, the response surface methodology was carried out to
evaluate the different effects of the three main independent parameters
(electric potential, frequency, and temperature) on the size of GUVs.
Based on the results obtained in Table 2, an empirical relationship
between the vesicles diameter and the independent parameters was
obtained. The following quadratic polynomial equations for each lipid
solution are reflected in Table 3:

We note that the obtained models are valid only for the same ma-
terials and experimental conditions mentioned in the Section 2, and any

change in the electrolyte composition, lipid type, ITO coating resistance
or electrode distance can also effect on the size of GUVs.

4.3. Models validation

The analysis of variance (ANOVA) of the empiric quadratic models
is reflected in Table 4. To assure the reliability of the obtained models,
the correlation factor R2 for each model was expressed by plotting the
predicted responses cross the observed ones as shown in Fig. 4a. The
estimated value of R2 was 0.985, 0.981, 0.994 and 0.991 for DOPC,
DMPC, DLPC+DOPS, and DLPC+DOTAP models respectively, which
indicates a good agreement between the experiment and the predicted
values. The adjusted R2 (Adj-R2) was also calculated for correction of
the determination coefficient R2. It was found to be 0.982, 0.976, 0.986
and 0.982 for DOPC, DMPC, DLPC+DOPS, and DLPC+DOTAP models
respectively, which was in accordance with R2 value. The Fisher var-
iation ratio F-value is defined as the ratio between the mean square of
the model and the residual error. It indicates how well the factors de-
scribe the data variation around its mean [30]. If the model gives a
good prediction of the experimental results, the F-value must be greater
than the critical value Fc at a given level of significance α (α=5%). In
our case F-value was 194.19, 117.33, 433.49, and 209.94 which was
greater than the critical value Fc (Fc= 4.77 [25]), this confirms that
the quadratic models were very adequate and significant.

4.4. Effect of individual parameters on the formation of GUVs

The effect of electric potential on the GUVs size is reflected in
Fig. 4b. For low electric potential (< 6 V), the vesicle diameter in-
creases with increasing of the electric potential, which could be ex-
plained by the increase of the electroosmotic flow related to the electric
field [31]. However, for high electric potential (> 6 V), the vesicle
diameter decreases with increasing of electric potential. It could be
explained by the oxidation of lipid molecules which lead to the rupture
of the lipid bilayer and the formation of small GUVs [32].

The effect of frequency is reflected in Fig. 4c. At low frequency
(< 103 Hz) the vesicles size didn't have an important variation.
However, at high frequency (> 103 Hz), the vesicle size decreases with

Table 1
Range and levels of the independent parameters X1, X2 and X3 for each lipid.

Variable Lowest value (Ximin) Middle value (Xi0) Highest value (Ximax)

DOPC DMPC DOPS + DLPC DOTAP + DLPC DOPC DMPC DOPS + DLPC DOTAP + DLPC DOPC DMPC DOPS + DLPC DOTAP + DLPC

X1 (V) 1 2 1 1 5.5 6 5.5 5.5 10 10 10 10
X2 (Hz) 1 10 10 10 5000.5 5005 5005 5005 104 104 104 104

X3 (°C) 25 35 25 25 35 45 35 35 45 55 45 45

Table 2
Box-Behnken Matrix design in normalized units along with the measured responses.

Experimental run x1 x2 x3 DOPC DMPC DOPS+DLPC DOTAP+DLPC

d PDI d PDI d PDI d PDI

1 −1 −1 0 17.14 0.044 16.49 0.028 13.67 0.039 11.38 0.022
2 1 −1 0 18.23 0.036 17.56 0.041 14.32 0.045 12.47 0.036
3 −1 1 0 14.41 0.048 14.04 0.034 9.98 0.052 8.12 0.054
4 1 1 0 10.87 0.035 11.21 0.038 7.02 0.062 5.23 0.042
5 −1 0 −1 13.43 0.055 13.02 0.029 9.64 0.036 7.48 0.032
6 1 0 −1 12.35 0.027 11.95 0.041 7.88 0.043 6.01 0.051
7 −1 0 1 18.04 0.056 17.56 0.049 13.78 0.055 11.36 0.083
8 1 0 1 19.56 0.047 18.46 0.055 14.34 0.078 12.21 0.046
9 0 −1 −1 21.15 0.065 21.75 0.078 17.45 0.088 14.20 0.069
10 0 1 −1 16.37 0.036 16.54 0.043 11.91 0.063 9.87 0.072
11 0 -1 1 28.01 0.068 27.36 0.062 23.42 0.056 20.98 0.041
12 0 1 1 22.87 0.051 21.93 0.055 17.67 0.048 15.14 0.055
13 0 0 0 19.33 0.044 16.98 0.038 15.12 0.056 13.43 0.037
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increasing of frequency. This observation was in accordance with others
[33]. the size decrease can be explained by the decrease of the pulling
force which decreases at high frequencies [34].

The effect of temperature on the diameters of GUVs is reflected in
Fig. 4d. The GUVs diameter increases with increasing of temperature. It
can be explained by the decreasing of the bending modulus which in-
crease the fluidity during the electroformation process [35].

For each given parameters, the size of GUVs differs from one lipid to

other. The size of DOPC GUVs was the biggest, followed by DMPC,
DOPS+DLPC, and DOTAP+DLPC GUVs. This size difference may be
explained by the different transition temperature of each lipid. A lower
phase transition temperature may help the bilayer to separate and bend.
This observation was in accordance with our previous result [19]. The
RSM leads to contour plots in order to investigate the GUVs diameters
varied with two factors and keeping the third at its central level, as
shown in Fig. 5.

Fig. 5a shows the phase diagram of electric potential (x1)-frequency
(x2) for a fixed temperature of 35 °C. The biggest GUVs size observed
was at low frequency and middle amplitude (d≈30 μm). Whereas the
minimum diameter was obtained at low or high values of amplitude
and high frequency (d≈ 11 μm).

The Fig. 5b illustrates the phase diagram of frequency (x2) and
temperature (x3) at a fixed electric potential (5.5 V). It indicates the
high level of temperature accompanied with a low level of frequency
allowed the formation of GUVs with a diameter no<27 μm. By de-
creasing the temperature and increasing the frequency, the GUVs

Table 3
the quadratic models predicting the variation of GUVs diameter, as a function of normalized parameters.

Lipid Quadratic model

DOPC = + +
+ +

d x x x x x x x x
x x x x
19.2933 0.2513 2.5006 3.1469 1.1575 0.6500 0.0913

5.1935 1.0627 1.7452
1 2 3 1 2 2 3 1

3 1
2

2
2

3
2

DMPC = + +
+ +

d x x x x x x x
x x x x x

18.87 0.2412 2.4306 2.7563 0.975 0.4929
0.055 5.3462 1.313 1.7238

1 2 3 1 2 2 3

1 3 1
2

2
2

3
2

DOPS+DLPC = + +
+ +

d x x x x x x x
x x x x x

15.0167 0.4388 2.7850 2.7913 0.9025 0.5800
0.0525 4.9858 1.2167 1.3792

1 2 3 1 2 2 3

1 3 1
2

2
2

3
2

DOTAP+DLPC = + +
+ +

d x x x x x x x
x x x x x

13.3167 0.3025 2.5838 2.6763 0.9950 0.5800
0.3775 4.8996 0.8829 0.8479

1 2 3 1 2 2 3

1 3 1
2

2
2

3
2

Table 4
Analysis of variance (ANOVA) of the quadratic models based on Box-Behnken
design.

Lipid model F-value Fc Adj-R2

DOPC 194.19 4.77 [25] 0.982
DMPC 117.33 0.976
DLPC+DOPS 433.49 0.986
DLPC+DOTAP 209.94 0.982

Fig. 5. 3D plots with projections of the DOPC GUVs size influenced by varying two of parameters (electric potential, frequency and Temperature) while keeping a
fixed temperature (T=35 °C; x3= 0.) (a), fixed electric potential (A=5.5 V; x1= 0) (b), and fixed frequency (F= 5000.5 Hz; x2= 0) (c).
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diameter could be decreased to<15 μm.
The Fig. 5c represents the phase diagram of the electric potential

and temperature at a fixed frequency. For minimum temperature, the
minimum diameter of GUVs was found at low and high electric po-
tential regions (< 10 μm). For maximum temperature, a maximum
diameter (around 22 μm) was observed approaching to the central
value of electric potential (5.5 V).

5. Conclusion

In this paper, electroformation method was performed for the for-
mation of GUVs using an AC electric field. GUVs with different size
have been obtained using different parameters of electric potential,
frequency, and temperature. To estimate the size dependency of GUVs
at different parameters, a quadratic regression was performed for dif-
ferent lipids. These models are based on Box-Behnken of RSM. A
quadratic polynomial has been successfully used to estimate the dia-
meter of the formed GUVs. The validations of models were confirmed
by the high correlation coefficients R2 and estimated adjusted adj-R2.
The obtained 3D plots are the guidance on the parameters to produce
the suitable GUVs.
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