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substrate permeability through
the bilayer of large unilamellar vesicles of DOPC. A
kinetic study

Maria Alejandra Luna, Juana J. Silber, Leonides Sereno, N. Mariano Correa*
and Fernando Moyano*

In this work we determine the permeability of 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC)

vesicles in the presence of different cholesterol (Cho) contents, by using the enzymatic hydrolysis of N-

benzoyl-L-tyrosine p-nitroanilide (Bz-Try-pNA) catalyzed by a-chymotrypsin (a-CT). The reaction was

first studied in homogeneous media in a 4% p/p ethanol–water mixture and then in DOPC vesicles at

different Cho content. In homogenous media, ethanol helps to solubilize the substrate, which is almost

insoluble in water and therefore increases the effective concentrations. In DOPC vesicles, ethanol does

not destroy the bilayer. In both cases, the enzymatic hydrolysis can be followed by UV-visible

spectroscopy. The hydrolysis of Bz-Try-pNA catalyzed by a-CT follows the Michaelis–Menten

mechanism and the kinetic parameters: kcat, KM and kcat/KM were evaluated in both systems at the same

solvent mixture compositions. To obtain the kinetic parameters and the permeability of the reactant in

DOPC : Cho vesicles, we use a simple mathematical model and dynamic light scattering (DLS)

measurements. The results show that the hydrolysis reaction takes place in the water entrapped in the

interior of the DOPC vesicles and, that the enzyme encapsulated inside the vesicles, despite the

significant differences in the permeability values of Bz-Try-pNA, has similar catalytic effects

independently on the Cho composition used.
Introduction

Vesicles or liposomes can be considered as large cooperative
units with very different characteristics from the individual
structural units which constitute them.1 They are spherical
aggregates formed by some amphiphilic compounds called
surfactants. There are a wide kind of surfactants (anionic,
cationic, nonionic and zwitterionic) that form vesicles and,
probably the most frequently used are the phospholipids,
especially the phosphatidylcholine2 since they are the funda-
mental matrix of natural membranes and, represent the envi-
ronment in which many substrates, like proteins and enzymes,
can go through the membranes displaying their activity.1–5 This
is why one of the many physicochemical studies6–9 on vesicles is
about the permeability of different substrates through their
bilayers structures. The capacity of the bilayer to permeate
different types of solutes has been of great interest to biophys-
icists, especially for phospholipid-based membranes. One of
the reasons for such an interest is that vesicles are regarded as
drug delivery systems, e.g., vectors for gene transfer,10,11 in the
diagnostic imaging of tumors,12 or as cosmetic agents for the
delivery of moisturizers and anti-inammatory agents to the
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skin.13 There are a variety of methods to measure permeability
in vesicles, such as: radioactivity counting using radioactive
tracers,14 spectrophotometry15–17 and photochemical18 using
enzymes, the surface selective technique based on second
harmonic generation,19,20 and the measures of electrical resis-
tance or electrical capacitance of ion.21

In relation to different components that can contain the
phospholipid-based membranes, we can name to sterols.
Cholesterol (Cho) is one of many sterols present in membranes
and, some effects on its properties are known.22,23 For example,
Cho will abolish the gel phase in saturated phospholipid bila-
yers (decrease acyl chain order or increase uidity) but, in
unsaturated phospholipid bilayers, the effect of Cho is just the
opposite: the acyl chain order increases and decreases the
uidity of the bilayer.24 However, it is complicated to determine
the value of the permeability in the presence of Cho on
membranes due to specic and nonspecic interactions.22–26

The aim of this study is to determine the permeability coeffi-
cient across different bilayers varying the Cho content, in 1,2-
dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) large uni-
lamellar vesicles (LUVs), of the substrate N-benzoyl-L-tyrosine p-
nitroanilide, (Bz-Try-pNA) by using an enzymatic reaction. The
experimental data allows us to propose a mathematical model to
obtain the kinetic parameters and the permeability coefficient.
The model was suggested by Sato et al.18 which calculated the
This journal is © The Royal Society of Chemistry 2016
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permeability (P) of a solute through a single bilayer of LUVs, by
using the Fick's rst law, and the Michaelis–Menten mechanism.
This model is very attractive, among others, since it determines,
jointly, substrate permeability across the bilayer and the kinetics
parameters. The P values obtained with our model have a very
good agreement with other values obtained in bilayers by using
different techniques. Furthermore, we demonstrate that the Cho
content considerably modies the permeability value of the
substrate without changing the kinetic parameters, which are
comparable with the values obtained in pure homogenousmedia.

Methods
General

a-Chymotrypsin, (a-CT), MW 24800, from bovine pancreas
(Sigma), N-benzoyl-L-tyrosine p-nitroanilide, (Bz-Try-pNA) (Sigma)
and cholesterol (Cho) (Sigma), were used as received. Absolute
ethanol (Merck HPLC quality) was used as received and, ultra-
pure water was obtained from a Labonco equipment model
90901-01. The pH of the bulk water solution has beenmaintained
at 8.7 by using a 20 mM phosphate buffer (Na2HPO4/NaH2PO4).

The absorption spectra were measured by using a Hewlett-
Packard, UV-visible 8453 spectrophotometer equipment at 25
� 0.1 �Cwith a thermostated cell (3 mL of volume and 1 cm path
length). To subtract the background contribution of the
absorption spectra, samples of the same concentrations of
phospholipids were prepared.

The diameters of the LUVs were determined by dynamic light
scattering (DLS, Malvern 4700 with a goniometer and 7132
correlators) with an argon-ion laser operating at 488 nm.
Multiple samples of each size were made, and thirty indepen-
dent size measurements were made for each individual sample
at the scattering angle of 90�. The instrument was calibrated
before and during the course of experiments by using several
different size standards. Thus, we are condent that the
magnitudes obtained by DLS measurements can be statistically
signicant for all the systems investigated. The DLS experiments
show that the polydispersity of the LUV size is less than 5%.

OriginPro 8.0 program was used for edit equations, analysis,
and calculations of data.

Reactions in homogeneous media

Scheme 1 shows the hydrolysis reaction of Bz-Try-pNA catalyzed
by a-CT in ethanol–buffer at 4% p/p. The reactions were
Scheme 1 Bz-Try-pNA hydrolysis reaction catalyzed by a-CT.
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followed by measuring the increases at the maximum absorp-
tion band of the product p-nitroaniline, (pNA) at l¼ 386 nm (3¼
12 500 M�1 cm�1) and 25.0 � 0.1 �C. The UV-visible spectro-
scopic analysis shows that the hydrolysis reaction of Bz-Try-pNA
catalyzed by a-CT in ethanol–buffer at 4% p/p (Scheme 1),
produces pNA in quantitative yields.

The experimental reaction was conducted as follows: a ther-
mostated stock solution of Bz-Try-pNA 0.01 M in ethanol was
prepared and it was set at 25.0 � 0.1 �C. To start a kinetic run in
homogeneousmedia, 3mL of the thermostated a-CT in ethanol–
buffer solution at 4% p/p (20mMphosphate buffer at pH 8.7 and
[a-CT] ¼ 1 � 10�6 M) was introduced in the thermostated cell at
25.0 �C. Then, the enzymatic reaction was initiated by addition
of different mL of the stock ethanol solution of Bz-Try-pNA in
order to have 3 mL of solution with the desired [Bz-Try-pNA]. For
example, for [Bz-Try-pNA] ¼ 1 � 10�5 M, 3 mL of the ethanol
stock solution was added to the cell. The concentrations of Bz-
Try-pNA were varied between 10�5 M and 10�4 M.
Reactions in DOPC : Cho vesicles

The LUVs were formed, at 25� 0.1 �C by using the phospholipid
1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC Tc ¼
�17.3 �C (ref. 27)). The stock solution of DOPC in chloroform
was obtained from Avanti Polar Lipids, Inc. (Alabaster Al, USA).

The vesicles with Cho were typically obtained as follows:
solutions were prepared by mixing the appropriate amount of
Cho (by weight) and DOPC in chloroform (Sintorgan HPLC) to
obtain the desired mole fraction (XDOPC ¼ 1, XDOPC ¼ 0.90, and
XDOPC ¼ 0.80); [DOPC] ¼ 1.27 � 10�3 M. Aer the solvent was
evaporated and the lm was dried under reduced pressure.
Large multilamellar vesicles (MLV) were obtained by hydrating
the dry lipid lm with an ethanol–buffer solution at 4% p/p that
contains a-CT (20 mM phosphate buffer at pH 8.7 and [a-CT] ¼
1 � 10�6 M), through mixing (Vortex – 2-Genie) for about 5
minutes at room temperature. The resulting solutions of MLVs
have the desired DOPC : Cho concentrations with the enzyme
encapsulated. To prepare LUVs, the MLVs solutions were
extruded ten times (Extruder, Lipex biomembranes) through
two stacked polycarbonate lters of pore size 200 nm under
nitrogen pressure up to 3.4 atm. The LUVs with enzyme incor-
porated were separated from the free enzyme by gel chroma-
tography as it is described below.

To prepare the gel ltration column, we added 2 or 3 g of
Sephadex G-50 (Sigma, Aldrich) to 30 mL of ethanol–buffer (4%
RSC Adv., 2016, 6, 62594–62601 | 62595
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p/p) solution at 70 �C and we allowed it to swell for 20 minutes.
The well-mixed gel suspension was poured into the column (1.0
� 30 cm) and this was calibrated over its entire length using
vesicles previous characterized.28 The ethanol–buffer mixture at
4% p/p with the presence of 100 mM of bovine pancreatic typsin
inhibitor (BPTI, from FLUKA) was used as the mobile phase.
This was made in order to be condent that, any enzyme that is
not trapped by the LUV media is not reactive. The amount of
LUVs that were seed was 2 mL. Then, the fractions that con-
tained LUVs with the enzyme entrapped were determined by
DLS and absorption spectrophotometry. It is necessary to clarify
that the enzyme is hydrolytic and it does not cross the hydro-
phobic bilayer. All samples were used immediately aer
preparation.

Finally, the enzymatic reaction started with the addition of
different mL of the stock ethanol solution of Bz-Try-pNA to the
samples, in order to have a nal volume of 3 mL with the
desired [Bz-Try-pNA] as described above. The concentrations of
Bz-Try-pNA was around 10�5 M.
Kinetic equations and model used

The hydrolysis of Bz-Try-pNA catalyzed by a-CT, in the ethanol–
water mixture follows the Michaelis–Menten mechanism
depicted by:

Eþ S ) *
k1

k�1

E� S �����!kcat
Eþ P (1)

Applying the steady state approximation to (E � S), the rate
law was given as:

v0 ¼ kcat½E�½S�
ðKM þ ½S�Þ (2)

where v0 is the initial reaction rate (M s�1), [E] and [S] are the
analytical enzyme and substrate concentration, respectively; kcat
is the catalytic rate constant and, KM is the Michaelis–Menten
constant dened by:

KM ¼ (k�1 + kcat)/k1 (3)

Then, kcat and KM in homogenous media were determined by
tting the experimental data according to the mechanism using
OriginPro 8.0 and, the catalytic efficiency (kcat/KM) was calcu-
lated. The pooled standard deviation of the kinetic data, using
different samples, was less than 5%.

When the kinetics is performed in the vesicle media, the
enzyme is entrapped inside the LUV media and, the substrate
should pass through the vesicles bilayer in order to start the
chemical reaction. Scheme 2 depicts a schematic representation
of the DOPC vesicle, its radius (Rv), thickness (d), a-CT entrap-
ped, the processes of the substrate (S) permeability and, the
evolution of the reaction.

Eqn (4) shows the permeability (P) through one single bilayer
of DOPC vesicles considering that the ux of substrate through
bilayer obeys the Fick's rst law.29 At time t different of zero, the
substrate is present inside and outside of the bilayer named as
62596 | RSC Adv., 2016, 6, 62594–62601
Sin(t) and Sout(t), which represent the molar concentration of
substrate inside and outside the vesicle system, respectively;
where Vout represents the volume of the outer phase. The value
of Av denotes the sum of the outer and inner surface area of the
vesicles.

VoutdSoutðtÞ ¼ AvP

2

�
SinðtÞ � SoutðtÞ

�
dt; (4)

The substrate distribution in time (t) is obtained by taking
into account the mass balance, (eqn (5)) and taken into
consideration that Vin is much smaller than Vout of medium eqn
(6) is obtained

VtotalStotal ¼ VoutSout(t) + VinSin(t) (5)

SinðtÞ ¼ Vout

Vin

�
Stotal � SoutðtÞ

�
(6)

Then, combining eqn (4), (6) aer rearranged the differential
equation is obtained

d

�
SoutðtÞ
Stotal

�

dt
¼ AvP

2Vin

�
1� SoutðtÞ

Stotal

�
(7)

The solution of this differential equation is a single expo-
nential relaxation:

Sout(t) ¼ Stotal + [Sout(0) � Stotal]e
�t/s (8)

where s is the characteristic time of the substrate to pass
through the vesicle given by

s ¼ 2Vin

AvP
(9)

In the case of a spherical vesicle of outer-radius Rv and wall-
thickness d, the geometrical factor (sphere) in eqn (9) is given by
the following equation

Vin

Av

¼ 1

3

½Rv � d�3
Rv

2 þ ½Rv � d�2 (10)

which leads, in the limit where d� Rv, to a characteristic time of
leakage expressed for unilamellar vesicles as

s ¼ R

3P
(11)

By using the Michaelis–Menten equation (eqn (2)), the
solution of the differential equation (eqn (8)) and considering
that [S]out(t) � KM, the following eqn (12) is obtained. This
consideration is possible to do when KM value is, at least 10
times greater than the substrate concentrations.36

vðtÞ ¼ kcat½E�t
KM

�
Stotal þ

�
Soutð0Þ � Stotal

�
e�t=s

�
(12)
This journal is © The Royal Society of Chemistry 2016



Scheme 2 Representation of the processes occurring in the enzymatic hydrolysis in DOPC vesicles.
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Results
Reactions in homogeneous media

In previous work,30 we studied the hydrolysis reaction of Bz-Try-
pNA catalyzed by a-CT in dimethyl-sulfoxide (DMSO)–water
mixtures by UV-visible spectroscopic. DMSO was necessary
because the substrate solubility in water is very low but, unfor-
tunately, herein we could not use this solvent because it destroys
the vesicles. Thus, we choose to perform the reaction in a mixed
ethanol–buffer solution. The choice of this mixture is because it
does not destroy the vesicle structure as the DLS experiments
show (results not shown) and, the substrate solubility is
enhanced in comparison with pure water. Similar behavior was
observed for DOPC vesicles in glycerol–water mixtures.31

Fig. 1A shows typical absorption spectra for the Bz-Try-pNA
hydrolysis, at different reaction times, in the ethanol–buffer
mixture at 4% p/p. We observed that the reaction was completed
in 450 seconds and, the absorption spectra follows the same
prole that in the DMSO–water mixture.30 The absorption
spectra taken at different times of reaction shows an increase in
the absorbance at lmax ¼ 386 nm which indicates the formation
of the product (pNA). Furthermore, the clear isosbestic point
observed at l¼ 345 nm evidences the lack of intermediates and/
or product decomposition.32,33

The best mechanism found that explains the experimental
data obtained at different Bz-Try-pNA concentrations, is the
Michaelis–Menten discussed above. Fig. 1B shows typical
results obtained by treating the data according to with the
Michaelis–Menten mechanism (eqn (2)), which are consistent
with the Michaelis–Menten mechanism.

The kcat and KM values were determined by tting the
experimental data to eqn (2) and, the catalytic efficiency (kcat/
KM) was calculated. The values obtained are well-matched with
those obtained by other authors34,35 andmake us condent that,
in our experimental conditions the reaction follows the same
mechanism.
Fig. 1 (A) Representative absorbance spectra at different times for the
hydrolysis of Bz-Try-pNA catalyzed by [a-CT] in ethanol–water at 4%
p/p. Time (s): (a) 0, (b) 30, (c) 60, (d) 90, (e) 120, (f) 150, (g) 180, (h) 210,
(i) 240, (j) 270, (k) 300, (l) 330, (m) 360, (n) 390, (o) 420, (p) 450. [a-CT]
¼ 1 � 10�6 M. [Bz-Try-pNA] ¼ 9 � 10�5 M; pH ¼ 8.7. (B) Effect of Bz-
Try-pNA concentration on the Michaelis–Menten plot for the a-CT
catalyzed hydrolysis of Bz-Try-pNA in ethanol–water. [a-CT] ¼ 1 �
10�6 M. pH ¼ 8.7. The experimental data were fitted according to eqn
(2), (–) solid lines.
Reactions in DOPC vesicles

A model for solutes permeability through one single bilayer of
LUVs has been proposed by Sato et al.,18 which was applied
successfully to different solutes.36–38 In the Experimental
section, we described the principal concepts and equations that
we will use in this work for the analysis of the data. In addition,
we know that it is necessary to determine the vesicles sizes in
This journal is © The Royal Society of Chemistry 2016
order to calculate the permeability of the substrate used (eqn
(11)). The size of DOPC vesicles, in presence and absence of the
enzyme and Cho, were determined by using DLS technique to
evaluate if the encapsulated enzyme and Cho would alter and/or
modify the size of the vesicles (see Table 1).

We observe that the size of the vesicles decreases when the
Cho content increases, results that we will discuss later. Herein,
RSC Adv., 2016, 6, 62594–62601 | 62597



Fig. 2 (A) Representative absorbance spectra at different times for the
hydrolysis of Bz-Try-pNA catalyzed by [a-CT] in DOPC vesicles in
ethanol–water at 4% p/p. Time (s): (a) 15, (b) 180, (c) 360, (d) 540, (e)
720, (f) 900, (g) 1080, (h) 1260, (i) 1440, (j) 1620, (k) 1800, (l) 1980, (m)
2160, (n) 2340. [a-CT]¼ 1� 10�6 M. [DOPC]¼ 1.27� 10�3 M. [Bz-Try-
pNA]¼ 1� 10�4 M; pH ¼ 8.7. (B) The time rate of hydrolysis of Bz-Try-
pNA catalyzed by a-CT hydrolysis inside of DOPC vesicles in ethanol–
water 4% p/p. [a-CT] ¼ 1 � 10�6 M. [Bz-Try-pNA] ¼ 1 � 10�4 M.
[DOPC] ¼ 1.27 � 10�3 M. pH ¼ 8.7. The experimental data were fitted
according to eqn (12), (–) solid lines.
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we will focus on the results found for vesicles without Cho
content.

The independence of Rv values on the presence of a-CT has
to be considered only as an indirect proof that the enzyme
probably does not alter the bilayer properties.

However, there are two regions where the enzyme, a-CT,
could be located: (a) in the water entrapped core of vesicles, far
from the bilayer, environment which similar properties to pure
water39 or (b) near to the interface were the specic interactions
could modify the activity of the enzyme.32,40

In systems where the size of the droplets are around 5–15
nm, such as reverse micelles (RMs), the specic interactions
and the connement of a-CT play a fundamental role in the
catalytic efficiency (kcat/KM) value of the enzyme. We demon-
strated30,32 that the catalytic efficiency values obtained in RMs
systems, are higher than the value reported in water. Evenmore,
there is a remarkable increase in the a-CT efficiency in the
cationic RMs in comparison with the anionic RMs believable
due to the unique water properties found inside these conned
media.32 The cationic RM forms a net of hydrogen bonds
around the enzyme reduce the conformational mobility, which
leads to an increase of the enzyme stability and activity.32

However, the vesicles sizes (Table 1) are bigger than those for
RMs and the hydrolytic enzyme is far away from the bilayer
interface.

To elucidate which could be the regions of the DOPC vesicles
where the enzyme can be located, we perform a spectroscopic
study. Fig. 2A shows typical absorption spectra for the Bz-Try-
pNA hydrolysis at different reaction times in DOPC vesicles, at
the same conditions studied in homogeneous media. As
described above, we detect spectrophotometrically the product
of the reaction at lmax ¼ 386 nm and, we observe that the
absorption spectra of pNA shows similar prole than in
homogeneous media, however, there are important differences
in the reaction times. In DOPC vesicles, the reaction needs
longer times to complete. It is necessary to remark that the
increase in the time of reaction is related to the permeability
value of Bz-Try-pNA through the bilayer because the substrate
has to be in contact with the enzyme in so as to the hydrolysis
reaction occurs.

Fig. 2B shows typical results obtained treating the data
according to the model described before and tted to eqn (12).
The results show that the model proposed is valid for a-CT in all
the concentrations of Bz-Try-pNA studied (1.5� 10�5 M to 2.4 �
10�4 M). Moreover, the kinetic parameters (kcat and KM) and the
characteristic time of the substrate that pass through of bilayer
Table 1 Shows the hydrodynamic radius (Rv) of DOPC : Cho vesicles
in presence and absence of the enzyme at different mole fraction
studies. [DOPC] ¼ 1.27 � 10�3 M

DOPC : Cho
vesicles XDOPC

Rv in presence
of a-CT (nm)

Rv without
a-CT (nm) Polydispersity

1 101.3 101.0 0.11
0.90 95.0 95.1 0.10
0.80 86.5 86.2 0.11

62598 | RSC Adv., 2016, 6, 62594–62601
(s) were obtained and gathered in Table 2. Furthermore, by
using the vesicles radius (Rv) determined with DLS (Table 1) and
eqn (11), we calculate the permeability (P) values which are
shown also in Table 2.

It is interesting to comment that Walde et al.39 determine
the permeability coefficient for the same substrate (Bz-Try-
pNA) in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) vesicles using another model and simulation
dynamics. They obtained a P value of 2.45 � 10�7 cm s�1 for
a bilayer of a thickness of 3.7 nm and amean POPC head group
area of 0.72 nm2. The value that we obtained for the DOPC
vesicle (Table 2) is of the same order but lower than for POPC
(Table 2). This fact might indicate a different interaction of the
substrate with saturated and unsaturated carbon chains.
These conrm that the model is validated and, it can be used
in order to determine the inuence of the addition of Cho in
the DOPC bilayer lipid.
This journal is © The Royal Society of Chemistry 2016



Table 2 Summary of experimental kinetics parameters of the enzymatic reactions in homogeneous media and in DOPC vesicles with and
without cholesterol

Parameters Water
DOPC vesicles
XDOPC ¼ 1

DOPC : Cho
vesicles XDOPC ¼ 0.90

DOPC : Cho
vesicles XDOPC ¼ 0.80

kcat (s
�1) � 10�2 36 33 40 37

(KM) (M) � 10�4 1 1 1.2 1.1
(kcat/KM) (M

�1 s�1) 3600 3300 3332 3363
s (s�1) — 13.5 4.5 � 102 3.7 � 102

P (cm s�1) — 1.7 � 10�7 7.1 � 10�9 7.8 � 10�9
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Mechanism of the hydrolysis of Bz-Try-pNA catalyzed by a-CT
in DOPC : Cho vesicles

We present the study of the membrane by using the model
proposed above to investigate the effect that the Cho has on the
permeability values of the substrate in the DOPC vesicles.

Previously, the sizes of the DOPC : Cho vesicles, in the
presence and absence of the enzyme, were studied using DLS
(see Table 1). The data obtained show that the sizes of the
vesicles decrease when the Cho content increases. One possible
explanation is that the decrease in the sizes of the vesicles are
due to the fact that the Cho molecules are oriented in a way that
its hydroxyl group points outward of the bilayer, while its
hydrophobic ring system is within the bilayer, with the fatty acid
tails of phospholipid, as shown in Scheme 3. Furthermore, the
fatty acid heads of the phospholipids can form hydrogen bonds
with the hydroxyl group of Cho and, this interaction reduces the
mobility of the hydrocarbon tails.

In other words, Cho helps the phospholipids to pack in the
membranes,41 decreases the sizes of the vesicles and hence
could decrease the uidity across the bilayer.

Fig. 3A shows typical absorption spectra for the Bz-Try-pNA
hydrolysis at different reaction time in DOPC : Cho vesicles with
XDOPC ¼ 0.80. We observed the clear isosbestic point at l ¼ 345
nm evidencing that the lack of intermediates and/or product
decomposition. Fig. 3B shows typical results obtained treating
the data according to with eqn (12). The data was treated as
described before and, the values of kcat, KM, s and, the
Scheme 3 Schematic representation of the region occupied by cholest

This journal is © The Royal Society of Chemistry 2016
permeability obtained are gathered in Table 2. An interesting
interpretation can be obtained.

There are not signicant differences in the kcat and KM values
found in DOPC vesicles (with and without Cho). For example,
the catalytic efficiency (kcat/KM) in the DOPC vesicles is 3300M�1

s�1 and, 3363 M�1 s�1 for DOPC : Cho vesicles with XDOPC ¼
0.80; in comparison with the value found in homogeneous
media: 3600 M�1 s�1. The similar values found in different
systems conrms that the a-CT is localized in the water core of
the vesicles. It seems that the presence the Cho does not affect
the kinetic parameters values.

On the other hand, it is very interesting the fact that the
DOPC bilayer permeability change by two the order of magni-
tude even at 10% of presence of Cho. The value of the perme-
ability in the DOPC vesicles without Cho is 1.7 � 10�7 cm s�1

and, 7.1 � 10�9 cm s�1 and 7.8 � 10�9 cm s�1 for DOPC : Cho
vesicles with XDOPC ¼ 0.90 and XDOPC ¼ 0.80, respectively. As
discussed before, the data of permeability obtained is of the
same order of magnitude than that found by Walde et al.39 in
different vesicles validate themodel used. Evenmore, the values
found are in agreement with results obtained for another
substrate in different bilayers of vesicles. For example, Faure
et al.36 investigated the glucose permeability in phosphatidyl-
choline vesicles by an enzymatic reaction and the method
proposed by Sato et al.18 The value found was 8.3 � 10�9 cm s�1

and comparable to a value obtained by Lidgard et al.37 (7.5 �
10�8 cm s�1) and Wood et al.38 (5 � 10�8 cm s�1) when bilayer
was prepared from egg phosphatidylcholine–cholesterol
erol in DOPC vesicles.

RSC Adv., 2016, 6, 62594–62601 | 62599



Fig. 3 (A) Representative absorbance spectra at different time for the
hydrolysis of Bz-Try-pNA catalyzed by [a-CT] in DOPC : Cho vesicles
with XDOPC ¼ 0.80. The mixer ethanol–water at 4% p/p was used as
dispersantmedia. Time (s): (a) 30, (b) 90, (c) 150, (d) 210, (e) 270, (f) 330,
(g) 450, (h) 510, (i) 570, (j) 630, (k) 690, (l) 750, (m) 810, (n) 870, (o) 930,
(p) 990, (q) 1050, (r) 1110, (s) 1170. [a-CT] ¼ 1 � 10�6 M. [DOPC] ¼ 1.27
� 10�3 M. [Bz-Try-pNA] ¼ 5 � 10�5 M; pH ¼ 8.7. (B) The time rate of
hydrolysis of Bz-Try-pNA catalyzed by a-CT hydrolysis inside of
DOPC : Cho vesicles with XDOPC ¼ 0.80. The mixer ethanol–water at
4% p/p was used as dispersant media. [a-CT] ¼ 1 � 10�6 M. [Bz-Try-
pNA] ¼ 5 � 10�5 M. [DOPC] ¼ 1.27 � 10�3 M. pH ¼ 8.7. The experi-
mental data were fitted according to eqn (12), (–) solid lines.
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mixtures and from phospholipids extracts of human red cells,
respectively. The differences found on the values of the
permeability were assigned to the different capacity of the
surfactants to alter the structural organization of the lipids,
which is directly related to the bilayer uidity and perme-
ability.36 Thus, we attribute that the presence of Cho decreases
the uidity across to bilayer dramatically to a different lipid
organization in the presence of the sterol, which makes more
propitious the interaction of Bz-Try-pNa with the carbon chain.

Conclusion

The results show that reactions hydrolysis of Bz-Try-pNA cata-
lyzed by a-CT follows theMichaelis–Mentenmechanism in both
system studied, homogenous media and DOPC : Cho vesicles.
The value of the catalytic efficiency is around 3300 M�1 s�1 in all
62600 | RSC Adv., 2016, 6, 62594–62601
systems and, these indicate that the cholesterol is not modi-
fying the kinetic parameters of the reaction, changing dramat-
ically the permeability values of the substrate.

Here, we demonstrated that, using a simple mathematical
model, it is possible to determine the values of the permeability
of Bz-Try-pNA through the vesicle bilayer. The permeability
value found for DOPC vesicles was 1.7 � 10�7 cm s�1 while, in
the presence of Cho the value found was around 7.0 � 10�9 cm
s�1. Thus, there is a notable decrease in the permeability values
even at low Cho content. This was attributed to a different lipid
organization in the presence of the sterol, which makes more
propitious the interaction of Bz-Try-pNa with the carbon chain.

We highlight that using an enzymatic hydrolysis reaction
inside DOPC vesicles and, a simple mathematical model, it is
possible to determine jointly the kinetics parameters and the
permeability of the bilayer to the Bz-Try-pNa.
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