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A B S T R A C T

In this contribution a new electrochemical label system formed by DOPC/palmitic acid/cholesterol/sucrose large
unilamellar vesicles (LUVs) with K4(Fe(CN)6) encapsulated is described and, characterized by using electro-
chemical techniques, dynamic light scattering (DLS) and transmission electron microscopy (TEM). Results in-
dicates that incorporation of cholesterol to the membrane promote a meaningful reduction in the loss of the
encapsulated electroactive molecu1le. On the other hand, the addition of sucrose allows a successful lyophili-
zation process, and confers stability to the system over long periods of time, remaining unchanged even for ten
months after being formed. These properties make this system a very stable label that could be linked to an
antibody, antigen or DNA strain; after the specific interaction with the analyte, LUVs rupture can be induced and
the electroactive molecule encapsulated can be released and electrochemically detected by using square wave
voltammetry. These characteristics make this new system into a signal amplifier that can be used to replace
traditional enzyme-labels in electrochemical biosensors design.

1. Introduction

In recent years, vesicles have acquired interest in the development
of biosensors as labels, because of its ability to carry different molecules
in their aqueous cavity [1–4]. Vesicles are spherical aggregates com-
posed of one or multiple lipid bilayers of surfactants. Most of the mo-
lecules that form these aggregates are amphiphilic type with low so-
lubility in water. Dissolved in water, they form bilayer self-assemblies
type (membrane) in such manner that the polar zones are oriented
outwards (aqueous external region), while the hydrophobic zone makes
it towards the interior of the bilayer due to the non-specific interactions
of the surfactants. The transformation of bilayer to vesicles is thermo-
dynamically favored when energy is applied to the system by ultra-
sound or pressure differences. These systems are non-toxic, biode-
gradable and biocompatible which makes them an excellent alternative
in their use as nanocarriers [5,6]. Vesicles have been widely used in
detection assays as marker carriers to amplify the detection signal
[4,7–11].

In the immunosensors design, the interaction between the capture
antibody (immobilized) and the antigen, cannot be directly monitored.
For this reason quantification of the analyte requires an extra labelling
step where an appropriate compound (label molecule) produces a de-
tectable response (e.g. absorbance, fluorescence, current). The

magnitude of which is proportional or inversely proportional to the
concentration of the analyte in competitive formats [12]. A large
number of label systems used in immunosensors have been developed.
Some of them are based on electrochemical substances, [13–16] bio-
luminescence [17,18], enzymes encapsulated [11], decorated vesicles
with Au nanoparticles [19] electrogenerated chemiluminescence [20],
to mention some of them. However, these systems have disadvantages
related to their physical and chemical instability in aqueous solutions
(such as hydrolysis and oxidation of phospholipids, aggregation be-
tween vesicles and loss of the encapsulated component) [21].

In this regard, different methods have been investigated for vesicle
stabilization, such as lyophilization, freezing, spray drying and super-
critical fluid technology [22–24]. Among them, the lyophilization is the
main method used to prolong the life of the vesicles. This method
consists in the elimination of water in frozen state under vacuum. This
process is normally used to dry heat-labile products that cannot be
dried at high temperatures.

However, it is known that the lyophilization process can greatly
affect the structure of the vesicles [25,26]. The contraction of the bi-
layers after freezing can damage the membranes, the dehydration can
generate the fusion or aggregation of vesicles, and a phase transition
can occur when the system is rehydrated [27]. Currently, in order to
avoid these problems, various lyoprotectants, such as carbohydrates,
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are being used to preserve the system [28,29]. In this sense, different
measures have been studied that tend to protect the integrity of the
membrane during lyophilization. There are many factors that can be
considered in order to avoid membrane damage, such as the selection of
lyoprotectants, composition of the lipid bilayer of the vesicle and the
protocols of the lyophilization process [30,31].

Many sugars have been used as protectors during the lyophilization
process, including monosaccharides, disaccharides, polysaccharides
and synthetic saccharides. Disaccharides, particularly trehalose [32]
and sucrose [33], are accumulated in a variety of organisms that sur-
vive osmotic stress or dehydration for long periods. These are effective
in protecting the integrity of the membrane, which makes them good
lyoprotective substances during the lyophilization of the vesicles. The
lyoprotectant effect has been attributed to the ability of these sugars to
replace the water surrounding the bilayers by the interaction with the
polar region of the surfactant molecules. On the other hand, the for-
mation of a more rigid layer of the lyoprotectant around the bilayer,
with a high viscosity and low mobility, prevents the fusion of vesicles,
the phase transition and the rupture of the bilayers by the formation of
ice crystals [28]. In addition, many techniques have been used to de-
monstrate these hypotheses, including differential scanning calorimetry
(DSC), nuclear magnetic resonance (NMR), infrared spectroscopy
(FTIR), scanning electron microscopy (SEM) and dynamic light scat-
tering (DLS) [34–36]. The protective effect of lyoprotectants on lipid
bilayers during lyophilization can be characterized by different para-
meters such as vesicle size (by DLS) and retention or loss of en-
capsulated solute [28].

On the other hand, cholesterol is also an essential constituent of
membranes, one of its main functions being the modulation of the
physicochemical properties of the lipid bilayer, controlling the perme-
ability of the membrane by reducing its fluidity [37–39]. Addition of
cholesterol to the vesicles formulation can decrease the rate of solute
loss after freezing and thawing the vesicles. The presence of cholesterol
reduces interactions between carbon chains of phospholipids, pre-
venting aggregation, or increases the interaction between sugars and
phospholipids [40,41]. In a study of cholesterol role in the lipid
membrane undergoing the drying process, Ohtake et al. observed that
the cholesterol addition could alter the gel-to-crystalline phase transi-
tion temperature of the lipid membrane which had been lyophilized
using trehalose as protector [36]. On the other hand, vesicles that do
not contain cholesterol in their lipid bilayer result being more sensitive
to degradation in long-term stability studies compared to those con-
taining cholesterol [42].

Luna et al. [43] determined the permeability of 1,2-dioleoyl-sn-
glycero-3-phosphatidylcholine (DOPC) LUVs in the presence of dif-
ferent cholesterol contents, by using the enzymatic hydrolysis of N-
benzoyl-L-tyrosine p-nitroanilide catalyzed by α-chymotrypsin. They
found that cholesterol decreases dramatically the permeability values of
the substrate.

Although the use of large unilamellar vesicles (LUVs) in the elec-
trochemical signal amplification has acquired interest in the last years,
there are few studies related to the system characterization, regarding
the reproducibility of the encapsulation of electroactive molecules, the
possible loss of them by permeation when LUVs are in solution, the
stability in time, to mention some important issues. To the best of our
knowledge, there are very few studies related to the characterization of
this type of label system regarding to the amount of electroactive probe
encapsulated from different preparations, and the permeation of the
molecule through in the membrane, which allows its usefulness as a
label in the development of a biosensor.

In this work a new electrochemical label system formed by DOPC/
palmitic acid/cholesterol/sucrose LUVs with K4(Fe(CN)6) encapsulated
is described and characterized by using electrochemical techniques,

DLS and transmission electron microscopy (TEM). This label system
allows its lyophilisation which makes it very stable for a long time.
These characteristics make this new system into a signal amplifier that
can be used as a label in electrochemical biosensors. This label system
could be linked to an antibody, antigen or DNA strain, and after the
specific interaction with the analyte, LUVs rupture is induced and
electroactive molecule is released to be electrochemically detected,
venue that we are currently investigating.

2. Experimental section

2.1. Materials and methods

The reagents used for the LUVs synthesis were: dioleoyl phospha-
tidyl choline (DOPC) from Avanti Polar Lipids, palmitic acid and cho-
lesterol, both with purity grade 99% (Sigma-Aldrich), 1-decanethiol
purity grade 98% (Sigma-Aldrich), chloroform RA (ACS) (Anhedra),
sucrose (Biopack), and Triton X-100 surfactant (TX-100) (Sigma-
Aldrich).

Potassium ferrocyanide (K4(Fe(CN)6)) (Mallinckrodt), glycine 99%
purity (Sigma-Aldrich), hydrochloric acid (HCl) pro-analysis (Biopack),
lithium perchlorate (LiClO4) (Frederick Smith Chemical Company), and
sulfuric acid (H2SO4) 95–98% purity (Cicarelli), were used for elec-
trochemically measurements.

The voltammograms were taken with an AUTOLAB PGSTAT30 po-
tentiostat, controlled by GPES 4.8 software by using cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS) and square wave
voltammetry (SWV). The cyclic voltammograms were obtained at
scanning rates between 50 and 100mV/s. The parameters used in the
SWV were: the square wave amplitude (ΔESW) of 0.05 V, the staircase
step height (ΔES) of 0.01 V and a frequency (f) of 20 Hz. For all mea-
surements a three electrode cell was used.

The working electrodes used were Au disk (area= 0.126 cm2). They
were polished, sonicated, copiously rinsed with distilled water. With
the purpose of obtaining good response the electrodes were cycling
several times in the H2SO4 0.5M solutions prior to use. The counter
electrode was a Pt foil of large area (2 cm2). A freshly prepared Ag/
AgCl, KCl (3M) reference electrode was used. In all measurements
LiClO4 solutions (0.1 M) and glycine solutions adjusted to pH 2 with
HCl were used as supporting electrolytes. The pH values were measured
with pH-meter Orion 720A calibrated with different buffer solutions.

The diameter of the vesicles was obtained in a Delsa™ Nano
Submicron Particle Size and Zeta Potential dynamic light scattering
(DLS) equipment C (A53878) model. The determinations were per-
formed at 25 ± 0.1 °C with a laser of λ=658 nm and detector at 165°.
For each sample the equipment performed 150 readings and yielded 3
average values of diameter and polydispersity. To perform LUVs solu-
tion measurements, 3 times ultrapure water was first filtered using
Varian Nylon-66 pore size filters 0.46 μm (Sigma-Aldrich) in order to
remove any particles that caused error in the measurement, then it was
placed in a quartz cell with 1 cm optical path and about 10 μL of LUVs
solution was added.

Transmission electron microscopy (TEM) images were taken using a
Jeol model 1220 microscope. To carry out this experiment a drop of
LUV solution was suspended onto carbon coated copper grid using
phosphotungstic acid 0.1% as contrast colorant.

Lyophilization of LUVs was carried out in a Labconco Freezone 6
freeze dryer at −35 °C, under vacuum (10−3 mbar).

2.1.1. Preparation of LUVs and procedures
2.1.1.1. LUVs preparation. DOPC LUVs were prepared by using an
extrusion method [43]. Scheme 1A shows the different synthesis steps
of LUVs. A stock solution was prepared by measuring an amount of
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DOPC (5mg/mL), palmitic acid (1: 1000M ratio to DOPC) or
cholesterol (0.01M), or 1-decanethiol (1: 3M ratio to DOPC) in
chloroform according to the experience to be realized. Palmitic acid
was added in the appropriate amount to accomplish that every vesicle
had, at least one molecule of acid in the bilayer. This incorporation will
allow subsequent labelling of different proteins with the vesicle,
through the formation of an amide group between the carboxyl group
of palmitic acid and the amino terminal of the protein (antibody or
DNA) [44]. On the other hand, cholesterol and sucrose were added as
lyoprotectants to increase the stability of the bilayer and, to maintain its
integrity during the lyophilization and rehydration process. 1-
decanethiol was added to proceed with the covalent immobilization
of the LUVs on the Au surface. The solutes were dissolved in chloroform
and were transferred to a balloon coupled to a rotary evaporator under
reduced pressure, where it was dried for 1 h.

After drying the reagent mixture, an aqueous 0.3M solution of po-
tassium ferrocyanide (K4(Fe(CN)6)) and/or sucrose solution (2%) was
added according to the experience to be realized. The resulting solution
was vortexed (Vortex Genie 2) for 5min at room temperature to pro-
mote the formation of multilamellar vesicles (LMVs). LMVs suspension
was extruded ten times (Extruder, Lipex biomembranes) through two
stacked polycarbonate filters of pore size 200 nm under nitrogen pres-
sure up to 3.4 atm to obtain LUVs solution [43]. After this, free K4(Fe
(CN)6) (not incorporated in LUVs) was removed by size exclusion
chromatography using a sephadex column. To prepare the gel filtration
column, we added 2 or 3 g of Sephadex G-50 (Sigma, Aldrich) to 30mL
of ethanol–buffer (4%p/p) solution at 70 °C and we allowed it to swell
for 20min. The LUVs solution was poured into the column
(1.0× 30 cm) and aqueous solution was used as the mobile phase. To
the extract obtained from the column, an aqueous solution is added,

Scheme 1. (A) Squematic illustration of the DOPC/Palmitic acid/Cholesterol/Undecanethiol LUVs formation with K4(Fe(CN)6) encapsulated and (B) electrochemical
measurement of LUVs and lyophilized LUVs after LUVs rupture.
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until a volume of 1mL is reached. From this stock solution of LUVs, the
different dilutions used in the experimental measurements are pre-
pared.

Finally, LUVs solutions were frozen in vials, with the precaution
that solution occupies less than 1/3 of the total volume of the container,
to avoid loss of sample during lyophilisation. Later, for comparative
purposes, a final volume of 1mL is reached when rehidrated to obtain
the same concentration of lyophilized and non-lyophilized LUVs of the
stock solution.

2.1.1.2. Electrochemical measurements. In some experiments, according
to the particular aim, electrochemical measurements were carried out
immediately after LUVs preparation. In other cases electrochemical
detection were realized after of the lyophilisation and subsequent
rehydration in an aqueous solution (see Scheme 1B).

For electrochemical measurements, an aliquot of LUVs solution was
added to the glycine solution at pH 2 and, square wave voltammograms
were performed to determine the peak current (ip) corresponding to
non-altered LUVs with K4(Fe(CN)6) encapsulated. Then, TX-100 (8% v/
v) was added to the cell containing glycine solution at pH 2 and LUVs
with the purpose of provoking the rupture of the LUVs and, the con-
sequent release of K4(Fe(CN)6) molecules than can be electrochemically
detected. Detection was carried out at different times after LUVs rup-
ture.

For studies referred to find the optimal time of immobilization of
LUVs on a surface of gold, an Au disk electrode was used. This electrode
was immersed in three aqueous dilutions LUVs with K4(Fe(CN)6) en-
capsulated (1:10, 1:5, 1:2) at different modification times. For each
time, Au electrode was removed, rinsed and placed in the electro-
chemical cell containing an aqueous solution of 1mMK4(Fe(CN)6) in
0.1 M LiClO4, where SWV and electrochemical impedance spectroscopy
(EIS) measurements were performed.

For electrochemical measurements of immobilized LUVs on the gold
disk, with and without K4(Fe(CN)6) encapsulated (labelled and un-
labelled, respectively), solutions composed for different quantities of
labelled and unlabelled LUVs were previously immobilized on the Au
disk during 15min. Then, the disk was transferred to the electro-
chemical cell containing 1mL of glycine solution pH 2. TX-100 was
added and after 15min the SW voltammogram was recorded by using
other Au disk electrode for the detection.

3. Results and discussions

3.1. Studies performed with LUVs not immobilized

The electrochemical studies were performed by using SWV. The
solution was prepared adding 300 μL of DOPC/palmitic acid/K4(Fe
(CN)6) encapsulated LUVs solution to final volume of 5mL pH 2 buffer
solution. Fig. 1Ai shows the electrochemical response of LUVs in buffer
solution at pH 2. Subsequently, TX-100 is added to this solution in order
to produce the rupture of the LUVs, and square wave voltammograms
are recorded at different times (Fig. 1ii–vi). After 2min a signal around
0.2 V that increases with time until reaching maximum value at 15min
can be appreciated. This response would indicate that at this time a
complete rupture of LUVs has occurred and all the encapsulated K4(Fe
(CN)6) has been released. As can be seen, the peak current (ip) that
appears in the Fig. 1Ai is negligible with respect to the one observed
after the rupture, indicating that most of K4(Fe(CN)6) is encapsulated in
the aqueous interior of the LUVs.

In order to verify if the amount of K4(Fe(CN)6) encapsulated is si-
milar for different LUVs preparations, SW voltammograms were re-
corded after addition of TX-100 for ten different LUVs samples. Fig. 1B
shows the peak currents obtained in the voltammograms for the

different samples. It can be seen that the peak current value practically
does not change, so it can be concluded that the preparation process of
K4(Fe(CN)6) encapsulated in LUVs is highly reproducible so different
preparations contain the same amount of electroactive molecule.

3.1.1. Studies of permeability
As discussed previously, one of the disadvantages of these systems is

the possibility of losing the encapsulated molecule by permeation
through the bilayer over time. Fig. 2A shows recorded voltammograms
at different times for a solution containing DOPC/palmitic acid/K4(Fe
(CN)6) encapsulated LUVs without the addition of TX-100. As can be
seen at 60min (Fig. 2Aii) the peak current corresponding to K4(Fe
(CN)6) discharge appears due to the loss of the electroactive compound
from inside the LUVs to the external aqueous phase. This signal in-
creases with time (Fig. 2Aiii–iv). Fig. 2B shows the percentage loss of

Fig. 1. A) SWV registered when 300 μL of DOPC/palmitic acid/K4(Fe(CN)6)
encapsulated LUVs stock solution are added to 5mL final volume of glycine
solution pH=2 before (i) and after LUVs rupture with TX-100 at ii) 2 min, iii)
5 min, iv) 15min and v) 20min. B) net peak current SWV obtained for ten
samples from different preparations of LUVs after rupture with TX-100.
ΔESW=0.05 V, ΔES= 0.01 V, f= 20Hz.
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K4(Fe(CN)6) over time which, at 22 h reaches the value of 22%. Based
on these results, we decided to incorporate cholesterol in the LUVs
formulation in order to reduce the membrane fluidity [37] and conse-
quently the permeability of electroactive molecule. Besides, previous
work has reported that DOPC vesicles containing cholesterol are less
permeable to certain substrates, compared with those containing only
DOPC [43,45]. Fig. 3A shows the SW voltammograms obtained when
different dilutions of LUVs, containing cholesterol, are prepared and,
then proceeds to break them. Fig. 3B shows a plot of ip vs LUVs volume
(μL) obtained from the SW voltammograms shown in Fig. 3A, where the
ip is proportional to the volume of LUVs added. Parameters of the linear
regression analysis were: slope= (1.38 ± 0.04)× 10−8 A μL−1; in-
tercept= (1.2 ± 0.5)× 10−7 A and correlation coefficient, r=0.993.
The results obtained with containing cholesterol LUVs, showed that
until 8 h there was no loss of K4(Fe(CN)6), after this time a progressive
loss of the electroactive molecule is observed, and at 48 h it reaches a
loss of 15%.

3.1.2. Studies of stability
3.1.2.1. DLS and TEM measurements. Taking into account the obtained
results and considering the potential application of this system for
biosensors design, the possibility of lyophilize the vesicles and
rehydrate them before their use was also studied with the purpose of
increase durability of the system once formed. It is well known that
lyophilization processes allow different samples to remain unchanged
for months [32,33]. Sucrose was incorporated into the preparation of
LUVs, with the aim of protect the integrity of the membrane during the
lyophilization process. Then, once they were rehydrated in aqueous
solution, LUVs were characterized by different techniques such as DLS
and TEM. The sizes were determined by DLS before and after
lyophilization at different rehydration times. Table 1 shows the
results obtained in each experiment. As can be observed, immediately
after rehydration the sizes are larger than those obtained for non-
lyophilized LUVs, probably because lyophilized LUVs may undergo
some aggregation process. Subsequently, over time, the sizes of the
vesicles decrease until reaching a similar size to non-lyophilized LUVs,
after 12 h. It should be noted that the size of LUVs lyophilized for

Fig. 2. A) SWV registered with the time, for 300 μL of DOPC/palmitic acid/
K4(CN)6Fe encapsulated LUVs stock solution added to 5mL final volume of
glycine solution pH=2 without the addition of TX-100. i) 0 h ii) 1 h, iii) 7 h, iv)
14 h. B) Percentage loss of K4(Fe(CN)6) encapsulated over time. ΔESW=0.05 V,
ΔES= 0.01 V, f= 20Hz.

Fig. 3. A) SWV for different aliquots of DOPC/palmitic acid/cholesterol/K4(Fe
(CN)6) LUVs stock solution added to different aqueous solution of glycine pH 2
with a final volume of 5 mL, after rupture with TX-100. i) 100 μL, ii) 150 μL, iii)
200 μL, iv) 300 μL, v) 350 μL, vi) 400 μL, vi) 475 μL. B) Dependence of ip on
quantity of LUVs. ΔESW=0.05 V, ΔES= 0.01 V, f= 20 Hz.
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10months and then rehydrated for 12 h does not change (see the last
row of Table 1), which shows the increase in stability of the lyophilised
vesicles.

Fig. 4 shows the TEM images for LUVs without lyophilization
(Fig. 4A), lyophilized LUVs after 2 h (Fig. 4B) and at 12 h of rehydration
(Fig. 4C). As can be seen, in Fig. 4B shows a larger dispersion of sizes
and aggregation of LUVs. But, after 12 h (Fig. 4C), the aggregation are
no longer observed. The images corroborate the results obtained by
DLS.

3.1.2.2. Electrochemical measurements. Electrochemical measurements
were performed using lyophilized LUVs composed of DOPC/palmitic
acid/cholesterol/sucrose/K4(Fe(CN)6) encapsulated and rehydrated
12 h prior to electrochemical experiments. Fig. 5A shows the
electrochemical response for different concentrations of rehydrated
lyophilized LUVs after the rupture with TX-100. From these
voltammograms the ip values were obtained. Fig. 5B shows a graph of
ip vs volume (μL) LUVs added. As can be observed, the peak current
increases linearly with the amount of LUVs added. Parameters of the

Fig. 4. TEM images taken for LUVs of DOPC/palmitic acid/cholesterol/su-
crose/K4(Fe(CN)6) encapsulated. (a) LUVs without lyophilization (b) LUVs
lyophilized and rehydrated for 2 h (c) LUVs lyophilized and rehydrated for 12 h.

Fig. 5. A) SWV for different solutions prepared from different aliquots of
DOPC/palmitic acid/cholesterol/sucrose/K4(Fe(CN)6) lyophilized LUVs after
12 h of rehydration and subsequent rupture with TX-100, in glycine pH 2. i)
100 μL, ii) 150 μL, iii) 200 μL, iv) 250 μL, v) 350 μL, vi) 400 μL. B) Dependence
of ip on quantity of LUVs. ΔESW=0.05 V, ΔES=0.01 V, f= 20Hz. The dif-
ferent solutions are taken to a final volume of 5mL with solution of glycine
pH 2.

Table 1
Determination of hydrodynamic diameter (Dh) of DOPC/palmitic acid/choles-
terol/sucrose/K4(Fe(CN)6) encapsulated lyophilized LUVs by using DLS mea-
surements at different experimental conditions.

Procedure Dh (nm) Polydispersity

LUVs without lyophilized 193 ± 1 0.1
Lyophilized LUVs and measured immediately after

rehydration
381 ± 1 0.2

Lyophilized LUVs and measured 6 h after rehydration 233 ± 4 0.2
Lyophilized LUVs and measured 12 h after rehydration 197 ± 2 0.1
10months lyophilized LUVs and measured 12 h after

rehydration
190 ± 2 0.1
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linear regression analysis were: slope= (1.62 ± 0.04)× 10−8 A μL−1;
intercept= (−1.5 ± 0.5)× 10−7 A and correlation coefficient,
r=0.993. Similar electrochemical studies were performed with
10months lyophilized LUVs and the variation in the ip value detected
after rupture was found to be less than 5%. These results are very
promising for the use of these LUVs as labels for electrochemical
biosensors, besides that their response and stability is the same over
long periods of time. These characteristics make this particular system a
very useful tool for the design of electrochemical sensors.

3.2. Studies of LUVs immobilized on the gold surface

In the design of biosensor the label system is usually linked to the
antigen (immunosensor) or DNA strand (genosensor) and it is im-
mobilized on a surface [46–48]. Because our vesicles are proposed for
biosensor designs, it is mandatory to evaluate the electrochemical be-
haviour when LUVs are immobilized on a surface. For this reason, LUVs
with K4(Fe(CN)6) encapsulated were immobilized on a gold disk surface
in order to study its electrochemical response after the rupture.

For the studies performed with LUVs immobilized on the gold sur-
face, 1-decanethiol was added to the bilayer (see Experimental section).
It is well known that the thiols adsorb spontaneously on the gold sur-
face to form very stable bonds [49]. First, in order to find the optimum
time at which the surface of the gold disk is covered with the im-
mobilized LUVs, the adsorption of LUVs onto gold electrode surface was
studied over time. For this purpose, the Au disk was used and immersed
in an aqueous solution of LUVs for different time periods. The disk was
then removed, rinsed and placed in the electrochemical cell containing
an aqueous solution of K4(Fe(CN)6) in 0.1 M LiClO4 and, where the SWV
and EIS measurements were carried out. Fig. 6A shows the peak current
by using modified electrodes at different times for three LUVs solutions
(1:10, 1:5, and 1:2 of thiol:DOPC). It can be seen that the peak current
decreases with modification time. This decrease in current is due to the
fact that the modified electrode surface disrupts the charge transfer of
the K4(Fe(CN)6) in solution, which is due to the presence of adsorbed
LUVs, and depends on the modification time. For the most diluted LUVs
solution (Fig. 6Ai) the current does not reach the plateau until 40min of
modification, while for concentrated LUVs solutions the current value
becomes constant at 15min of modification. For practical purposes, it
was chosen for further modifications to use a solution of 1:5 thiol:-
DOPC. In addition, the modification of the gold surface is also followed
by electrochemical impedance spectroscopy (EIS).

Fig. 6B shows a Nyquist plot (Z″= imaginary impedance part,
Z′=real impedance part) [50]. According to the results shown in
Fig. 6B, the charge transfer resistance (Rct) measured by EIS strongly
correlates with the processes occurring at the electrode surface. In EIS
technique, the semicircle of the plot defines Rct of the redox reaction
while, the straight line represents charge diffusion at the electrode
surface based on the Randles equivalent circuit. Interestingly, the Rct
value increases considerably after the accumulation of LUVs at the
surface over time. This indicates that, the gradual modification of the
surface inhibits the access of the electroactive molecules to the elec-
trode surface acting as a barrier. From 15min of modification the
semicircles are equals, which indicates that longer times of modifica-
tion does not change surface coverage and these results are in agree-
ment with those obtained in Fig. 6Aii. Therefore, a modification time of
15min is chosen.

Then, the electrode was modified with different ratios of the stock
solutions of LUVs, with K4(Fe(CN)6) encapsulated (labelled) and LUVs
without K4(Fe(CN)6) (unlabelled) during 15min. This procedure was
performed to simulate a competitive format between labelled and
unlabelled molecules. The modified gold disk was then rinsed and
taken to the electrochemical cell where voltammograms were

recorded after the rupture of the immobilized LUVs with TX-100. A
gold auxiliary working electrode was used for these measurements
post-rupture. The respective voltammograms are shown in Fig. 7A. As
can be seen, the current values increases as the labelled vesicles ad-
sorbed on the surface increases. Fig. 7B shows that the peak current
obtained from the voltammograms shown in Fig. 7A, have a linear
dependence up to 90% of K4(CN)6Fe-labelled LUVs. Parameters of the
linear regression analysis were: slope= (8.1 ± 0.1)× 10−8 A μL−1;
intercept= (−6.0 ± 0.1)× 10−8 A and correlation coefficient,
r=0.997. These results confirm that this system can be used as a label
in the design of electrochemical biosensors.

Fig. 6. A) Dependence of the ip with the time of modification of the electrode
with three thiol:DOPC ratio for DOPC/palmitic acid/cholesterol/sucrose/1-
decanethiol/K4(Fe(CN)6) DOPC LUVs: 1:10 i), 1:5 ii) 1:2 iii). ΔESW=0.05 V,
ΔES= 0.01 V, f= 20 Hz. B) EIS spectra for bare Au i), and modified electrode
with DOPC/palmitic acid/cholesterol/sucrose/1-decanethiol/K4(Fe(CN)6)
DOPC LUVs at ii) 5 min, iii) 10min, iv) 15min, v) 20min. AC amplitude: 5mV;
frequency range: 0.1 Hz to 100 KHz. The work potential is 0.18 V. SW vol-
tammograms and EIS spectres were recorded in a solution of K4(Fe(CN)6) in
0.1M LiClO4 M.
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4. Conclusions

In this work we characterized a new electrochemical label system
formed by DOPC/palmitic acid/cholesterol/sucrose LUVs with K4(Fe
(CN)6) encapsulated by using electrochemical techniques, DLS and
transmission electron microscopy (TEM).

The composition of this system allowed a successful lyophilization
process, which shows electrochemical signals proportional to the
quantity of encapsulated electroactive molecule. In addition, the system
presents a stability even up to ten months after being prepared, which
results in an advantage over other labels.

Additionally, immobilization of label system on a gold surface was
optimized. The results show that, after rupture, current signal is pro-
portional to encapsulated electroactive molecule of labelled LUVs,
when both (labelled and not labelled) LUVs are adsorbed. This is an

important issue, that makes this system appropriated for its use as an
effective signal amplifier in electrochemical biosensor design of com-
petitive type format and an attractive tool to replace traditional en-
zyme-labels in analytical research.
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