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INTRODUCTION

Bilayer phospholipid membrane systems mimic cell
membranes and could be used for studying interaction between
drug molecules and cell membranes by forming lipid bilayer
architecture of the cell membranes such as lipid vesicles, bilayer
lipid membranes, supported bilayer lipid membranes etc. [1-4].
The bilayer phospholipid membranes are extensively used for
studying drug-membrane interaction [5,6]. Benzodiazepines
are a class of drugs used as pre-medicant to reduce anxiety that
produce sedation and amnesia in conscious patients. Compared
to other anesthetic agents, benzodiazepines are extraordinarily
safe in many ways. They have high therapeutic indices (ratio
of lethal to therapeutic dosage).

Benzodiazepine drugs are weak organic bases with the
most basic nitrogen being the N4 and form salts with strong
acids. Unfortunately, such strong acid salts are unstable and
readily undergo sequential hydrolyses, first at the imine bond
and then at the amide to yield inactive products. The first hydro-
lysis reaction is reversible; however, amide hydrolysis eliminates
GABA receptor activity [7,8]. Lorazepam is a short-acting
benzodiazepine, which is used in severe anxiety disorders and
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insomnia, in convulsions, as a premedicant and sedative for
surgical and other procedures. Dependency may develop after
regular use of the drug. Withdrawal symptoms may be parti-
cularly severe. Drowsiness, sedation and ataxia are the most
frequent adverse effects [9]. Lorazepam may be administered
by oral, intravenous or intramuscular route. Benzodiazepine
is highly effective drug but, it has a slow onset and relatively
long duration of action that are often inconvenient in anesthesia
practice. Often, it is rated as a short-acting drug; because it
has no pharmacologically active metabolites. The duration of
action of lorazepam appears to be determined by receptor
binding kinetics rather than plasma pharmacokinetics.

Only a few studies have been conducted on the nonspecific
interaction of benzodiazepines with model membranes [10-
12] and little work has been done on lorazepam-bilayer lipid
membrane interaction. Benzodiazepines bind to specific
receptors, but also interact nonspecifically with the lipid part
of the membrane. Benzodiazepines bind to specific receptors,
but also interact nonspecifically with the lipid part of the
membrane. Lorazepam was found to localize at the polar region
of the bilayer [10,13]. The extent of interaction and localization
of benzodiazepines at the lipid-water interface depends on the



nature of the medium, the membrane composition and the
chemical structure of the drug [11,13]. On the other hand,
benzodiazepines were shown to localize at the hydrocarbon
core of the membrane [12,13]. The two results give two diffe-
rent views on the interaction of benzodiazepines with model
membranes and the implication of these results will be discu-
ssed. It is well known that the black lipid membranes used as
a model membrane in our studies can be very well charac-
terized using electrochemical impedance spectroscopy (EIS)
[14-21]. Moreover, the impedance technique has provided a
non-invasive means of characterizing the electrical properties
of many systems [14,21]. This paper describes the real time
characterization of lorazepam-bilayer membrane interactions
using electrochemical impedance spectroscopy and develop-
ment of an impedimetric sensor for its detection.

EXPERIMENTAL

Potassium chloride (KCl) used is of analytical grade and
is purchased from Merck, Germany. 99 % of L-α-Phospha-
tidylcholine was purchased from Sigma Aldrich. Stock solution
of L-α-phosphatidylcholine (50 mg/mL) was prepared by
using Analytical Grade chloroform. Bilayer lipid membrane
(BLM) forming dispersions were prepared in n-decane (Merck,
Germany). All the aqueous solutions used in our studies were
prepared using Milli-Q water (R > 18 MΩ cm–1). Lorazepam
was extracted from commercially available calmese tablets,
using 90 % ethanol solution, in its hydrochloride form. It is
precipitated by adding excess water to the 90 % ethanol solu-
tion. The precipitate was separated by filtration, dried and used
for studies.

Bilayer lipid membrane chamber: Interaction of lorazepam
with planar lipid membranes was studied using indigenously
constructed BLM chambers. Two 24 mm diameter cavities,
each of 5mL capacity were drilled in a polished PMMA block
of dimension 85 mm × 60 mm × 22 mm. The cavities are exactly
aligned and almost touch each other. The cavities were drilled
in a computerized numerical control lathe. At the meeting point
of the cavities the block was cut into two halves. A hole of
diameter 1.34 mm was drilled in a 1 mm thick PMMA sheet
and chamfered using a 1.25 mm drill bit from both sides to
equal depths to form the membrane-supporting aperture. The
aperture was examined through a travelling microscope with
a magnification of 10x and its diameter was measured. The
septum having perfect circular aperture with minimum boun-
dary ripples was used for the studies. This septum was inserted
between the two halves of the chamber blocks such that the
aperture is at one-third distance from the bottom of the cavity
and glued with utmost care.

Fabrication of electrodes and faraday cage: A two-elec-
trode setup was used for studying the interaction of lorazepam
with planar or black lipid membrane. The silver-silver chloride
electrodes were fabricated by following standard procedures.
Silver wire of 1mm diameter was anodized in 0.1 M KCl solu-
tion to form the AgCl coating over the wire [22,23]. In AC measu-
rements the two electrodes used are Ag/AgCl electrodes. The
electrical connectivity between the electrolytic solution in the
cavities and electrode immersed solutions was given by U
shaped salt bridges made of glass filled with 1.5 % agar-agar

gel and saturated with KCl. The currents involved in the BLM
experiments are extremely low, which are of the order 10-12
A. Any stray current pick-up will greatly affect the readings.
Hence, the BLM set-up (the chamber electrode, stirring units
etc.) was placed in a metal cage called Faraday [24,25] and
the cage was grounded. Utmost care was taken to avoid stray-
current leakage between the two aqueous chambers due to
cracks in the septum in the case of black lipid membrane studies.

Preparation of BLM forming dispersion and formation
of planar BLM: 100 µL of chloroform stock solution of the
L-α-phosphatidylcholine (50 mg/mL) was taken in a screw-
cap bottle and nitrogen gas was purged forcibly into the tube
in order to form a dry thin film of phospholipids and to evapo-
rate chloroform. The phospholipids film was then immediately
dispersed in 200 µL of n-decane and used as the BLM forming
dispersion. About 1 mL of the lipid dispersion in n-decane
was applied on the septum aperture as a preconditioning step
[2] and dried. Then required bathing solutions were taken in
both compartments of the BLM chamber. Salt bridges were
placed on both the sides. After placing the block on a stand
electrical connections were made. Approximately 5 µL of the
BLM forming lipid dispersion was taken in a microlitre syringe.
The tip of the syringe was immersed in the bath solution and
held touching the aperture. The lipid dispersion was then deli-
vered directly over the aperture. The dispersion spreads and
sticks to the aperture as a lens and then slowly thins down. The
solvent molecules were slowly excluded and phospholipids
molecules self assemble into a bilayer to form planar or black
lipid membrane.

RESULTS AND DISCUSSION

Electrical characterization of interaction of lorazepam
with BLM: The Nyquist plots recorded for bare and lorazepam
partitioned planar BLMs in the frequency range 10 mHz to 1
MHz in 1 M, 0.1 M and 0.01 M KCl bath solutions are shown
in Figs. 1-3, respectively.

In general, a biomimetic membrane is considered to have
dielectric slabs with different dielectric properties [26]. The
flow of ions across each slab gives rise to an ionic current and
the accumulation of ions at the boundaries between the slabs
gives rise to capacitive current under combination of a resistor
and a capacitor, namely by an RC mesh, for ionic and capacitive
currents, respectively AC conditions [13,27]. Therefore, each
slab in the membrane is simulated by a parallel. A commonly
accepted -R(RC)(RC)- model [28] was used to obtain the electro-
chemical impedance parameters by fitting the experimental
impedance data, where P and H stands for polar groups and
hydrocarbon tails of the bilayer phospholipid membranes,
respectively. The electrochemical impedance parameters obtained
using the equivalent circuits are shown in Table-1.

From the equivalent circuit it can be seen that there are
two time constants. The first RC couple represents membrane
- solution interface and the RC couple represents bilayer lipid
membrane phase. Each RC couple should have a semicircle
in the Nyquist plot, accordingly the first representing the BLM
surface bath solution interface semicircle must be at the highest
frequencies. The second semicircle should represent the memb-
rane phase formed by the bilayer arrangement of lipid molecules,

1170  Sivakumar et al. Asian J. Chem.



4.5×10
9

4.0×10
9

3.5×10
9

3.0×10
9

2.5×10
9

2.0×10
9

1.5×10
9

1.0×10
9

5.0×10
8

0

1.0×10
7

9.0×10
6

8.0×10
6

7.0×10
6

6.0×10
6

5.0×10
6

4.0×10
6

3.0×10
6

2.0×10
6

1.0×10
6

0

–Z
 (

O
h

m
)

Im
ag

–Z
 (

O
h

m
)

Im
a

g

Z  (Ohm)real Z  (Ohm)real

0  1.0×10  2.0×10  3.0×10  4.0×10  5.0×10
9 9 9 9 9

0  2.0×10  4.0×10  6.0×10  8.0×10  1.0×10  1.2×10
6 6 6 6 7 7

1.0 M KCl
10 nm
20 nm
40 nm
60 nm
80 nm
100 nm
200 nm
400 nm
600 nm
800 nm
1000 nm

1200 nm
1400 nm
1600 nm

Fig. 1. Impedance spectra recorded for neat and lorazepam doped BLM in 1.0 M KCl bath
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Fig. 2. Impedance spectra recorded for neat and lorazepam doped BLM in 0.1 M KCl bath

TABLE-1 
ELECTROCHEMICAL IMPEDANCE PARAMETERS FOR LORAZEPAM-BLM  

INTERACTION IN DIFFERENT KCl BATH CONCENTRATION 

1.0 M KCl 0.1 M KCl 0.01 M KCl Conc. of 
lorazepam 

(nM) 
CP 

(pF) 
RP 

(KΩ) 
CM 

(nF) RM (GΩ) 
CP 

(pF) 
RP 

(KΩ) 
CM 

(nF) RM (GΩ) 
CP 

(pF) 
RP 

(KΩ) 
CM 

(nF) 
RM 

(GΩ) 
0 225 1.118 1.142 8.350 203 1.338 1.009 6.150 192 2.012 0.917 2.890 
10 229 1.125 1.147 8.250 212 1.345 1.016 5.980 198 2.036 0.922 2.750 
20 232 1.133 1.148 8.190 216 1.351 1.019 5.810 206 2.098 0.926 2.640 
40 219 1.105 1.152 8.050 221 1.359 1.028 5.620 215 2.112 0.933 2.410 
60 202 1.093 1.158 7.910 227 1.366 1.036 5.590 226 2.123 0.942 2.190 
80 189 1.088 1.166 7.730 194 1.207 1.042 5.520 231 2.142 0.948 1.950 

100 178 1.014 1.171 7.610 185 1.161 1.052 5.300 239 2.165 0.963 1.730 
200 165 0.975 1.178 6.920 178 1.066 1.063 4.610 165 2.041 0.964 0.610 
400 161 0.813 1.181 5.560 169 1.002 1.074 3.100 141 1.982 0.963 0.0562 
600 158 0.749 1.181 4.160 156 0.981 1.075 1.610 122 1.836 0.964 0.00825 
800 154 0.611 1.182 2.790 151 0.922 1.074 0.00732 – – – – 

1000 147 0.530 1.181 1.380 148 0.895 1.074 0.042 – – – – 
1200 139 0.458 1.181 0.00112 139 0.803 1.074 0.00000062 – – – – 
1400 122 0.320 1.182 0.0321 – – – – – – – – 
1600 118 0.317 1.180 0.000000598 – – – – – – – – 
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which starts from mid range frequencies and extend up to lower
frequencies.

These two semicircles can be explained as follows. Due
to excess negative charge on the membrane surface, it attracts
oppositely charged ions from the solution and forms a double
layer, which is represented by first RC couple. From the impe-
dance plots it is seen that the diameters of the semicircles
decrease with lorazepam concentration in the bath solution.
This indicates that the decrease in membrane resistance or
increase in membrane conductance with lorazepam concen-
tration is a characteristic property of the membrane to become
much leakier to smaller cations like Na+, K+ due to fluidization
of the membrane in the presence of lorazepam. Since the curves
are double semicircle in nature, the lipid bilayers are dielectric
layers and have leakage [19].

The membrane capacitance (Cm) and its thickness are
related by a well known expression [13,29]:

Cm = εoεA/d  (1)

where εo is the permittivity of free space (εo = 8.854 × 10-14 F
cm–1), ε is the dielectric constant of the lipid bilayer (ε = 2.05)
and A is surface area of BLM [13,29].

The calculated values of thickness of the BLM formed in
1.0 M, 0.1 M and 0.01 M NaCl bath solutions are 4.5, 5.3 and
5.5 nm, respectively, which are very close to twice the thickness
of the lecithin monolayer (2.5 nm) [5,13,30]. Thus, the lipid
membrane formed is considered as bilayer membrane.

The bilayer lipid membrane is electrically represented by
an equivalent circuit shown in Fig. 4. To find out the electrical
component showing more contribution to the net impedance
at a particular frequency domain the following rule is applied.
If the impedance values of two circuit elements differ greatly,
the overall impedance measured at a frequency has more con-
tribution from the circuit element having higher impedance,
when they are connected in series. When the circuit elements

RS

CP

RP RH

CH

Fig. 4. Equivalent circuit for planar BLM-lorazepam interaction in KCl
bath solutions

are connected in parallel the overall impedance has more
contribution from the circuit element of lower impedance
[13,26].

Two RC meshes are connected in series in the accepted
model for black lipid membrane. The first RC mesh represents
aqueous solution- membrane interface [26]. The second one
represents the BLM phase [13,26]. These circuit elements have
appreciably different impedance values and the overall impe-
dance at any frequency depends on the circuit having higher
impedance, in turn the more contribution from that circuit
comes from a circuit element having lower impedance by
above mentioned rule.

The dispersion of membrane capacitance (Cm) and
conductance (Gm) with frequency are related to the dispersion
of conductance (G) and capacitance (C) of polar (P) and hydro-
carbon (H) regions of the bilayer phase as follows [31]:

2
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Fig. 3. Impedance spectra recorded for neat and lorazepam doped BLM in 0.01 M KCl bath
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In each RC mesh the impedance of the capacitive element
moves towards the resistance of the resistor with decreasing
frequency and becomes close to that of resistor at lower freque-
ncies but still less than resistance of the resistor in the RC
mesh.

The bode plots for the variation of total impedance of the
membrane and the phase angle of |Z| against the frequency of
the applied AC signal in 1 M, 0.1 M and 0.01 M KCl bath
solutions are shown in Figs. 5-7, respectively.
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Fig. 5. Bode phase angle and IZI diagrams for planar BLM formed in 1.0 M
KCl bath

10 Gohm

1 Gohm

100 Mohm

10 Mohm

1 Mohm

100 kohm

10 kohm

1 kohm

100 ohm

Z
m

od

10 mHz 100 mHz 1 Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 10 MHz
log frequency

0

-20

-40

-60

-80

-100

Y
2-Z

ph
z (°)

Fig. 6. Bode phase angle and IZI diagrams for planar BLM formed in 0.1 M
KCl bath
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Fig. 7. Bode phase angle and IZI diagrams for planar BLM formed in
0.01 M KCl bath

At the highest range of frequencies, the overall impedance
|Z| of the bilayer membrane system is determined by the resis-
tance of the bath solution (Rs). Because at the highest range of
frequencies the resistance of the bath solution is greater than
1/ω Cp and 1/ω CH. With further decrease in frequency 1/ω CH

is comparable with RH and the bode plot tends to become
independent of applied frequencies. This corresponds to
complete control of total impedance of bilayer lipid membrane
by RH or membrane resistance Rm.

From Table-1, it is seen that the capacitance of polar region
(CP) initially increases and then decreases when the lorazepam

penetration caused a drastic change in the electrical properties
of BLM. At higher concentration of lorazepam its fluidization
effect will be large and increases the permeability of smaller
ions across the BLM phase, before which the more number of
charged species cross the solution – membrane interface and
show higher capacitance value due to accumulation of ions.
The variation of capacitance of BLM phase with cholesterol
concentration in KCl bath solutions is shown in Fig. 8.
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Fig. 8. Variation membrane capacitance with lorazepam concentration

It is seen (Fig. 8) that the capacitance of BLM phase
increases gradually with cholesterol concentration and then
showed a sudden jump. The initial increase in capacitance is
due to penetration of lorazepam into the BLM phase, due to
which the tightly bound phospholipid molecules are separated
and the area of BLM increases.

The total membrane capacitance (Cm), which has the
contribution from both the bilayer hydrophobic domain (CH)
and the two electrical double layers at the two membrane solu-
tion interfaces (CP), increases with drug dose, which can be
explained based on discussions of Movileanu et al. [19] on
the interaction of flavonoid quercetin with planar BLM as
follows:

Since two capacitors CP and CH are in series

m H P

1 1 2

C C C
= + (4)

Accordingly

H P
m

P H

C C
C

C 2C
=

+ (5)

The capacitance of the hydrophobic domain is associated
with the thickness and the dielectric coefficient of the phospho-
lipids hydrocarbon chain as

o H
H

H

( )
C

d

ε ε= (6)

where εH and dH are relative permittivity and thickness of the
hydrocarbon core of the membrane, respectively. When the
lorazepam molecules are inserted within the hydrophobic core
of the lipid bilayer, the capacitance of the membrane system
changes due to change in the capacitance of hydrophobic
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domain. Therefore, when the lorazepam molecules are inserted
into the lipid bilayer, eqn. 5 changes as

Lor P H Lor
m

P H Lor

C (C C )
C

C 2(C C )

+=
+ + (7)

Cm
Lor can be expressed as a function which depends on the

capacitance of the membrane in the absence of lorazepam, as
follows

Lor P Lor P H
m m

P H P H Lor

C C C 2C
C C

C C C 2C 2C

   += + ×  + + +   
(8)

where

o Lor
Lor

Lor Lor

C
N V

ε ε= (9)

NLor = average number of lorazepam molecules per unit area
of the bilayer, VLor = the molecular volume of lorazepam, εLor

= the dielectric coefficient of lorazepam.
The CLor will be smaller than the other two components

(CH) and (CP) even at very high concentrations of lorazepam,
because the cross sectional area of phospholipid occupied
domain is much higher than the cross-sectional area of the
lorazepam occupied domain.

In this condition,

P H

P H Lor

C 2C
1

C 2C 2C

+ ≈
+ + (10)

and

Lor P Lor
m m

P H

C C
C C

C C

 
= + + 

(11)

Hence Cm increases with lorazepam concentration. A sudden
jump in capacitance is due to replacement of large number of
phospholipid molecules by lorazepam molecules.

Impedimetric sensor for lorazepam: The variation mem-
brane resistance (RM) with the concentration of lorazepam in
1.0 M, 0.1 M and 0.01 M KCl bath solutions is shown in Fig. 9.

It is clear that the membrane resistance follows a linear
relationship with lorazepam concentration up to 1200, 800 and
200 nM in 1.0, 0.1 and 0.01 M KCl bath solutions, respectively.
The detection concentration range of lorazepam decreases with
decrease in KCl concentration in bath solution. As explained
above with increase in KCl concentration the binding of Cl–

ions on the surface of BLM increases. The binding of Cl– ions
imparts a tightening effect on either side of BLM and makes it
more stable and less permeable to ions. Due to same effect the

thickness of BLM decreases with KCl concentration in the
bath solution, which is attributed to the calculated capacitance
values using eqn. 4.1. Hence a relatively more stable membrane
formed in 1.0 M KCl bath solution withstand against
fluidization effect of lorazepam and shows a linear relationship
between membrane resistance and concentration of lorazepam.

Conclusion

Interaction of lorazepam with artificial planar bilayer
phospholipid membrane was studied using electrochemical
impedance spectroscopy. Lorazepam shows fluidization effect
in the BLM and increases ionic conductance across BLM. The
capacitance of BLM increases with lorazepam concentration.
An impedimetric sensor was developed for the quantification
of lorazepam in solution and detection level of lorazepam
depends on bath concentration.
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