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INTRODUCTION

Biomembranes are important components of all living
organisms forming a boundary between or within cells and
cell organelles [1]. The phospholipid molecules, self assembled
into a bilayer, serve as a major component of a biomembrane
and a basic matrix for other constituents of biomembranes,
namely, protein and carbohydrate [1]. In order to understand
various biological processes taking place at the membrane-
electrolyte interface and across the biomembrane some model
membrane systems have been developed. The model membrane
systems have played an important role in identifying and under-
standing the properties of biomembranes [2]. The biomimetic
membrane systems include vesicles [3], bilayer lipid membranes
(BLMs) [4] and solid supported bilayer lipid membranes (s-
BLMs) [5]. s-BLMs are more robust and stable than planar
bilayer lipid membranes and can be easily deposited on a variety
of hydrophilic surfaces such as oxidized glassy carbon electrode
[6]. The solid supported bilayer lipid membranes have many
advantages in addition to above, such as ease and reproducibility
of preparation, long-term stability, electrochemical detective
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ability [7]. This type of membrane systems can be extensively
used for studying the interaction of some biomolecules and drug
molecules with supported bilayer lipid membranes [8-10].

Benzodiazepines are a group of neuroactive drugs widely
used for their hypnotic, muscle relaxant, anxiolytic and anti-
convulsant properties [11-13]. The pharmarcological actions
of benzodiazepines are due to their binding to the specific sites
in membrane bound proteins and the lipid background is consi-
dered to play a more passive role [14-16]. Midazolam, belongs
to benzodiazepine, is used as a short-acting sleep inducing agent
for sedation for short procedures, induction of an anesthesia
and prolonged sedation in intensive care units [13]. Being lipo-
philic, midazolam also interacts non-specifically with biomem-
branes and reach concentrations one order of magnitude higher
than that in surrounding medium [17,18], affecting membrane
structural properties [19-21]. This type of non-specific inter-
actions may mediate several effects of midazolam observed at
global concentrations above its affinity for specific receptors,
such as some anticonvulsant actions [22,23] and inhibitor action
for calcium-calmodulin dependent protein kinase [24], voltage
sensitive Ca2+ channels [25] and Na+ channels [26].
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Few analytical methods have been reported for the assay
of midazolam in pharmaceutical formulations and biological
matrices [13]. Polarographic and voltammetric methods have
also been developed for the determination of midazolam in
pharmaceutical formulation in organic solvents [27-29].
Literature survey reveals that only one electroanalytical method
was reported for assay of midazolam using surfactants [1].
However, the fact that at pH > 4, an additional ring in midazolam
undergoes ring opening was not considered and the voltam-
metric responses were misinterpreted and the research works
on the detection of midazolam at lower concentrations is almost
scanty. Hence, the present study aimed to study the interaction
of midazolam with solid supported bilayer lipid membrane
(s-BLM) and to develop an electrochemical sensor using ferri/
ferrocyanide marker ions.

EXPERIMENTAL

The hydrochloride salt of midazolam (MDZH+Cl-) obtained
from Neon Laboratories Ltd., India was used for the studies. A
stock solution of egg lecithin containing greater than or equal
to 99% L-α-phosphatidylcholine (Sigma-Aldrich) was prepared
by disso-lving (5 mg/mL) in chloroform. The bilayer lipid
membrane (BLM) forming dispersion was prepared by evapora-
ting 100 µL of the stock solution in a 2 mL screw-cap tube
under nitrogen atmosphere and dissolving the resulting lipid
film in 200 µL of n-decane (Merck, Germany).

All other reagents (K4[Fe(CN)6], K3[Fe(CN)6], NaHCO3,
NaCl, chloroform, n-decane, etc.) were of analytical grade and
water used for preparation of solutions was purified by ion
exchangers and filtered by a Millipore Milli-Q-system (R >
18 MΩ cm–1 at 25 ºC).

The glassy carbon electrode of diameter 2 mm was used
as a solid support for bilayer lipid membrane. Before membrane
formation the electrode surface was polished with alumina
slurry using polishing kit, washed with double distilled water
and activated electrochemically by cyclic voltammetric method
using the procedure described by Devadas et al. [30]. All
electrochemical experiments were performed with a potentio-
stat, GAMRY REFERENCE 600, using a three electrode set
up. The BLM coated GCE electrode served as working electrode,
Ag/AgCl electrode served as reference electrode and a Pt foil
was used as counter electrode. The electrochemical studies
were carried out at room temperature (25 ± 1 ºC). Stirring device,
vibration isolated platform, Faraday cage and Ag/AgCl electrodes
were fabricated following standard procedures [31-35]. The
formation of BLM on GCE surface, its electrochemical charact-
erization, subsequent interaction with midazolam in 1.0 M,
0.1 M and 0.01 M NaCl bath solutions containing 1 mM
Fe(CN)6

3-/4- had been done using electrochemical impedance
spectroscopic and cyclic voltammetric methods. The electro-
chemical impedance spectra were recorded at open circuit
potential by superimposing a sinusoidal AC signal of small
amplitude 25 mV in the frequency range 1 MHz to 10 mHz.
Analysis of the impedance data was done using Gamry Echem
Analyst software. The pH of the bath solutions was maintained
7 using Britton-Robinson (B-R) buffer, prepared by mixing
after every drug dose, a stabilization period of 30 min was

allowed for the drug to equilibrate between the two phases. A
lipid solution in n-decane (3 µL) was applied on the electro-
chemically activated surface of GCE and allowed to dry under
nitrogen atmosphere. Again, 3 µL of lipid solution was applied
and immersed in 3.5 mL NaCl bath solution for 30 min, where
the L-α-phosphatidylcholine molecules underwent self assembly
to form the lipid bilayer and the electrical impedance |z| and
phase angle remained almost stable for 38 h in most of the
experiments. The experiments were carried out five times to
check the reproducibility and the relative difference between
replica experiments was found to be less than 3% at room
temperature, which shows good reproducibility.

RESULTS AND DISCUSSION

Electrochemical activation of GCE and formation of
BLM on GCE surface: The surface of GCE was activated in
0.1 M NaHCO3 solution by using cyclic voltammetric technique.
The well polished glassy carbon electrode was taken in 0.1 M
NaHCO3 solution, after placing Ag/AgCl (reference electrode)
and a Pt foil (counter electrode), the cyclic voltammograms
were recorded in the potential range −0.8 to 1.6 V at the scan
rate 100 mV/s. The cyclic voltammograms of GCE activation
is shown in Fig. 1. The formation of highly porous, highly
reactive oxygen containing functional groups and oxidized
carbon on the GCE surface is related to the anodic peak observed
around 1 V [36]. This anodic peak current doesn’t increase
significantly up to 10 cycles and starts to increase from 10th

cycle, reaching a maximum current at 21st cycle (inset Fig. 1).
Hence, before applying BLM forming solution on GCE, it was
electrochemically activated by cyclic voltammetry (minimum
20 cycles). The surface of GCE was highly porous, rough and
highly electrochemically active compared to that of bare GCE.
3 µL of L-α-Phosphatidylcholine in n-decane was applied on
dry electrochemically activated GCE surface using a micro
syringe and immediately immersed in the NaCl bath solution,
whereupon, the bilayer lipid membrane formed spontaneously.
The electrical properties of s-BLM are stable after 30 min,
indicating a stable membrane was formed on GCE surface.
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Fig. 1. Electrochemical activation of GCE

Electrochemical impedance studies (EIS): The formation
of s-BLM on the surface of electrochemically activated GCE
was monitored by EIS. After applying 3 µL of L-α-phosphati-
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dylcholine in n-decane on the dry surface of electrochemically
activated GCE, the GCE was immediately immersed in the
respective NaCl bath solutions at neutral pH (B-R buffer) for
30 min. Fig. 2 shows the Nyquist plots of BLM coated GCE
in 1.0 M, 0.1 M and 0.01 M NaCl bath solutions, respectively.
The Nyquist plots obtained are not straight-forward and anal-
ysis of the impedance spectra is done using an equivalent circuit
[37]. An equivalent circuit is constructed using resistors, capa-
citor and Warburg impedance to represent the dominant com-
ponents of biomimetic membrane. The experimental curves
obtained fit well with the equivalent circuit [37] shown in Fig. 3,
where Rs is solution resistance, CM is membrane capacitance,
RM is membrane resistance and W is Warburg resistance which
represents mass transfer.
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Under AC conditions, the frequency domains in which
these circuit elements, corresponding to different parts of mem-
brane, dominate can be identified when their resistances differ
too. The rule is such that when the circuit elements are in series,
the total resistance of the circuit is determined by the circuit
element with the highest resistance and by the lowest resistance
of the circuit element when they are connected parallel [38,39].
The contribution from a pure resistor to the total impedance is
independent of AC frequency, while the contribution of pure
capacitor to the total impedance is frequency dependent and
is given as:

C

1 1
X

C 2 C
= =

ω πf
(1)

where, f is AC frequency and C is capacitance of a capacitor.
At the highest frequencies 1/ωCM is smaller than both RS

and RM, hence from the above mentioned rule the overall impe-
dance |Z| is determined by the solution resistance Rs. With
decrease in frequency the value of 1/ωCM increases and becomes
greater than Rs, but still smaller than RM. Now in these frequen-
cies the overall impedance is determined by 1/ωCM. This is
characterized by a straight line with a slope −1 in the plot of
|Z| vs. log f (Fig. 4). With further decrease in frequency 1/ωCM

increases and becomes greater than RM, now the overall imped-
ance is dominated by RM, which is shown by a parallel line to
frequency axis. The formation of BLM on electrochemically
activated GCE was confirmed by calculating thickness of BLM
employing the equation:

0

M

A
d

C

εε= (2)

where A is area of BLM, ε is dielectric constant of lipid bilayer,
which is 2.05 [40]; ε0 is permittivity of free space (ε0 = 8.854
× 10-12 Fcm-1); CM is capacitance of lipid bilayer phase.
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Fig. 4. Bode impedance plots of BLM formed on electrochemically
activated GCE surface

The thickness of BLM formed on GCE was calculated to
be 4.9, 5.3 and 5.92 nm, respectively in 1.0 M, 0.1 M and 0.01
M NaCl bath solutions. These values are very close to twice the
thickness of monolecithin layer (2.5 nm) [39-42]. The electro-
chemical parameters derived using the equivalent circuit are
represented in Table-1. It is clear that the thickness of s-BLM
increases and capacitance decreases with decrease in NaCl
concentration in the bath solution.

TABLE-1 
VARIATION OF CAPACITANCE AND THICKNESS OF BLM 

WITH THE CHANGE IN BATH CONCENTRATION 

Concentration of 
NaCl in the bath 

solution (M) 

Capacitance of lipid 
bilayer (CM) × 10-9 F 

Resistance of lipid 
bilayer membrane 

(RM) kΩ 
1.00 2.93 471 
0.10 2. 71 39.2 
0.01 2.43 32.5 

 
The surface positive charge (due to nitrogen bases) on

the BLM was mostly neutralized by Cl– ions from the bath
solution and the surface is negatively charged due to unneutral-
ized negative charges (phosphate group). These negative charges
are partially neutralized by adsorption of Na+ ions from bath
solution [38,43]. When the NaCl concentration increases in
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the bath solution, the adsorption of both Na+ and Cl– ions on
the BLM surface increases. The adsorbed ions show tightening
effect on the BLM surface and reduce its thickness, which is
inversely proportional to its capacitance. Hence, membrane
capacitance increases with increase in NaCl concentration in
the bath solution. From Table-1, it can also be seen that the
membrane resistance decreases with decrease in NaCl concen-
tration in the bath solution. Though BLM is impermeable to
most of the ions and larger molecules, it is leaky to smaller
ions such as Na+ and K+ through the minute pores [44].

When the positive charges on the BLM surface are mostly
neutralized by Cl– ions, most of the pores on the BLM surface
are highly covered and there is more resistance for flow of
smaller ions across lipid bilayer. Hence, BLM resistance incre-
ases with increase in extent of Cl– ion adsorption i.e. NaCl
concentration in the bath solution. With decrease in NaCl
concentration, the sizes of pores on the BLM surface increases
and membrane resistance decreases. The deviation of phase
angle from 90º and decrease in frequency domain nearly at
90º, corresponding to capacitive region (Fig. 5) shows increase
in size of pores in the BLM surface [45].
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After forming BLM on electrochemically activated GCE
surface, the s-BLM was immersed in respective NaCl bath
solutions containing 1:1 ratio 1 mM Fe(CN)6

3-/4- ions. The impe-
dance spectra for bare and drug doped s-BLMs are shown in
Fig. 6a-c. From these plots, it is clear that in the presence of
Fe(CN)6

3-/4- ions, the membrane resistance increases with
decrease in NaCl concentration in the bath solution, which is
an opposite trend observed in the absence of Fe(CN)6

3-/4- ions.
Moreover, the deviation of phase angle from 90º (Fig. 7) with
NaCl concentration in the bath solution followed same trend
as observed in the absence of Fe(CN)6

3-/4- ions. This indicates
that in presence of Fe(CN)6

3-/4- ions in the NaCl bath solutions,
the pore sizes are not greatly affected. The decreasing trend of
membrane resistance with decrease in NaCl concentration in
the bath solution is retained when s-BLM is again placed in
respective NaCl bath solutions (in absence of Fe(CN)6

3-/4- ions)
in 30 min and the electrical properties measured again are very
close to the values measured initially formed in the NaCl bath
solutions.

Recent research works [46-48] on biosensor applications
of s-BLM indicated that Fe(CN)6

3-/4- ions can enter into lipid
bilayer phase and reach the GCE surface. When Fe(CN)6

3-/4-
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ions pass through the lipid bilayer phase, there will be an electro-
static attractive force between Fe(CN)6

3-/4- and Na+ ions passing
through the membrane, which will reduce the mobility of Na+

ions across lipid bilayer phase and increases the membrane
resistance. When the size of pores on the BLM surface increases
the penetration of Fe(CN)6

3-/4- ions into the BLM phase also
increases and the extent of electrostatic interaction between
Na+ ions and Fe(CN)6

3-/4- ions also increases. This electrostatic
attraction greatly reduce the mobility of Na+ ions in the BLM
phase and thereby increases its resistance. This could be reason
for increase in membrane resistance with decrease in NaCl concen-
tration in the bath solution in the presence of Fe(CN)6

3-/4- ions.
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The Nyquist plots obtained for bare and drug doped s-BLMs
in the presence of marker ions Fe(CN)6

3-/4- in the NaCl bath
solutions fitted well with the equivalent circuit shown in Fig. 3.
The corresponding electrochemical impedance parameters are
shown in Table-2. From Table-2, it is clear that the membrane
resistance increases initially and then starts to decrease beyond
certain concentration in the NaCl bath solutions. In solution
midazolam exists neutral, ionized and ion pair forms. The equil-
ibrium between different species in solution can be represented
by the following equation [38,49]:

MDZH+Cl–
(solution) MDZH+

(aq) + Cl–(aq)

[MDZH+..Cl–](ion-pair)

(3)

The extent of these forms in solution is strongly influenced
by NaCl concentration. Due to common ion effect of Cl– ion
the ionized form will exist in lower proportion in 1.0 M NaCl
bath solution than in 0.1 M and 0.01 M NaCl bath solutions.
The ionized form exists in larger amount in 0.01 M NaCl bath
solutions. The positively charged (MDZH+) species obtained
from ionization of midazolam gets attached to the unneutra-
lized negative charges on the BLM surface BLM electrostati-
cally [38]. The extent of this interaction is larger in 0.01 M
NaCl bath solution than that in 1.0 M and 0.1 M NaCl bath
solutions, due to more negative charge on BLM surface as
explained earlier and large amount of ionized form of mida-
zolam in 0.01 M NaCl bath solution. The electrostatic interaction
of ionized form of midazolam with BLM surface further reduces
the pore sizes and thereby offers more resistance for the flow
of Na+ ions and hence the membrane resistance increases.
Midazolam starts to get partitioned into the membrane when
neutral and ion pair forms are formed in the bath solution.
The partition of midazolam into the BLM fluidizes it and makes
the BLM much leakier to smaller ions like Na+ and K+.

The variation of membrane capacitance with drug dose
(Fig. 8) shows that the membrane capacitance (CM) increases
with drug dose and is biphasic in nature. The initial increase in
membrane capacitance is due to the tightening the effect shown
by ionized midazolam and the second phase increase in capaci-
tance is due to the partition of midazolam into the membrane
[38], which increases the membrane area.
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Voltammetric studies: Fig. 9a-c show the cyclic voltam-
mograms electrochemically activated bare GCE and BLM
coated GCE in 1.0 M, 0.1 M and 0.01 M NaCl bath solutions
respectively in the presence of 1:1 ratio 1 mM Fe(CN)6

3-/4- ions.
Before studying cyclic voltammograms, the BLM forming
solution was applied on the GCE surface and immersed in the
respective NaCl bath solutions for 30 min, where the self
assembly of L-α-phosphatidylcholine molecules into a bilayer
on GCE surface will be complete. Then the BLM coated GCE
was transferred into respective NaCl bath solutions containing
1:1 ratio of 1 mM Fe(CN)6

3-/4- ions and the cyclic voltammo-
grams were recorded. From the cyclic voltammograms, it is
clear that when GCE was coated with BLM, a decrease of peak
current and a slight increase of peak to peak-to-peak separation
between cathodic and anodic waves was observed. Thus, it
could be concluded that the electronic communication of
Fe(CN)6

3-/4- ions to the GCE surface had been inhibited by
BLM to a certain degree [7]. This indicated the formation of
s-BLM on GCE surface. The peak-to-peak separation increases
with decrease in NaCl concentration in the bath solution and
is very large in 0.01 M NaCl bath solution. Further, both anodic

TABLE-2 
ELECTROCHEMICAL IMPEDANCE PARAMETERS OF BLM FORMED ON  

ELECTROCHEMICALLY ACTIVATED GCE SURFACE IN NaCl BATH SOLUTIONS 

1.0 M NaCl Bath solution 0.1 M NaCl Bath solution 0.01 M NaCl Bath solution Concentration of 
MDZ (µM) CM × 10-9 F RM MΩ CM × 10-9 F RM MΩ CM × 10-9 F RM MΩ 

0 3.030 52.15 2.550 16.35 2.490 24.17 
10 3.050 53.02 2.560 19.27 2.520 29.41 
20 3.060 53.22 2.580 22.16 2.540 34.20 
40 3.180 5.030 2.604 28.37 2.558 38.16 
60 3.182 4.81 2.620 34.04 2.592 41.01 
80 3.184 3.11 2.911 14.32 2.610 43.44 
100 3.183 2.71 2.920 11.21 2.638 46.61 
200 3.186 1.33 2.919 7.23 2.647 52.84 
400 3.184 1.27 2.922 1.58 2.653 59.61 
600 3.185 1.09 2.922 0.988 2.659 65.26 
800 3.184 0.965 2.919 0.813 2.885 26.22 

1000 3.186 0.849 2.921 0.571 2.886 14.86 
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and cathodic peaks are shifted in the negative direction with
decrease in NaCl concentration in the bath solution. While
running cyclic voltammogram NaCl electrolyte acts as suppor-
ting electrolyte and when its concentration decreases the contri-
bution from double layer charging current increases, where
most of the ions arrange parallel to the charged electrode surface
rather than undergoing redox reactions.

Cyclic voltammetry studies: Cyclic voltammograms were
recorded in the presence and absence of midazolam at various
doses in 1.0 M, 0.1 M and 0.01 M NaCl bath solutions containing
1:1 ratio of 1 mM Fe(CN)6

3-/4- ions. It was observed that the
cyclic voltammetry responses for the electrochemical redox
reactions do not show a continuous increase in peak current in
1.0 M NaCl bath solution with drug dose. In this bath solution,
the surface coverage by Cl– ions is relatively larger than that
in 0.1 M and 0.01 M NaCl bath solutions and hence the pore
size on the BLM surface is relatively smaller as discussed earlier.
Therefore, the penetration of Fe(CN)6

3-/4- ions into s-BLM is
difficult. In 0.01 M NaCl bath solution, the contribution from
charging current is larger and cyclic voltammetric responses
didn’t show a definite trend in peak currents in the presence
of midazolam. However, in 0.1 M NaCl bath solution the peak
current increased with drug dose is shown in Fig. 10. The
variation of redox peak currents of Fe(CN)6

3-/4- ions with drug
dose in 0.1 M NaCl bath solution at s-BLM surface shows the
variation of redox peak currents with drug dose is biphasic
(Fig. 11). This is similar to the results obtained for interaction
of surfactin with supported s-BLM [7].

The initial increase in peak currents, which is linear with
drug dose upto 60 µM, is due to the interaction of ionized
form of midazolam, which gets attached to the s-BLM surface
and offers some resistance to the penetration of Fe(CN)6

3-/4- ions.
A second phase increase in peak currents was observed from
80 µM midazolam concentration, i.e. when midazolam is parti-
tioned into the s-BLM. The second phase increase in peak
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currents also showed linearity with drug dose upto 600 µM
from 80 µM. When the concentration midazolam increased
further there is no change in peak currents.

When midazolam is partitioned into s-BLM, it might have
introduced some more pores or increased the pore size for the
penetration of marker ions, due to which Fe(CN)6

3-/4- ions can
reach the GCE surface and show enhanced peak currents for
electrochemical redox electron transfer reactions with drug dose.
When the midazolam concentration becomes very high in the
core of s-BLM, the pore formation or increase of pore size may
be stopped due to which the peak currents in the cyclic voltam-
mograms become almost constant with further increase in mida-
zolam concentration beyond 600 µM. Thus, using Fe(CN)6

3-/4-

marker ions midazolam can be detected in solutions upto 600
µM.

Conclusion

Bilayer lipid membrane (BLM) was successfully formed
on the electrochemically activated GCE surface in NaCl bath
solutions. The concentration of NaCl affects the membrane
capacitance (CM) and membrane resistance (RM). With decrease
in NaCl concentration in the bath solution the membrane capaci-
tance and membrane resistance decreases. An opposite trend
was observed in membrane resistance in the presence of ferri/
ferrocyanide marker ions. Cyclic voltammetric studies show
midazolam can be detected in solution upto 600 µM using ferri/
ferrocyanide marker ions.
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