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The current study describes development and characterization of carbopol based bigels for the
iontophoretic delivery of antimicrobials. The bigels were prepared by mixing carbopol aquagel and
sorbitan monostearate (SMS)-sesame oil based oleogels. The molecular characterization of the gels
was done by Fourier Transform Infrared (FTIR) spectroscopy and reflectance spectroscopy. The
electrical properties were investigated by impedance spectroscopy. Metronidazole (model
antimicrobial) loaded bigels were evaluated for their iontophoretic delivery application. FTIR spectra
suggested formation of intra/intermolecular hydrogen bonding amongst the gel components.
Reflectance spectroscopy showed higher depth of absorption in the bigels containing higher amount of
aquagel. The bigels were electro-conductive in nature. The gels containing higher oleogel composition,
showed higher bulk resistance and lower drug release. The iontophoretic delivery study showed 13-
38% increase in the release of metronidazole under the influence of constant current source. The drug
release study of the gels suggested that the gels can be used as matrices for iontophoretic drug delivery
applications.

Keywords: bigels, aquagel, oleogel, impedance spectroscopy, iontophoretic delivery.

1. INTRODUCTION

lontophoresis is a noninvasive technique which employs electric current as stimuli to enhance
the penetration of the bioactive agent into the systemic circulation. It enables a targeted delivery of the
medicament for the treatment of local conditions (dermatological, ophthalmic or cosmeceuticals) by
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topical application. The drug molecule diffuses from the formulations at a faster rate compared to the
normal drug delivery due to the synergistic effect of electric current. The rate of release of the drug can
be modulated /controlled by altering the applied electric field.

lontophoresis possess various advantages over the conventional drug delivery system, like
reduced systemic side effects and the increased drug penetration directly into the desired site. Hence
iontophoresis is getting extensive clinical use in the field of transdermal (local anesthetics, antibiotics)
and ocular application (antibacterial, antiviral, and antifungal) of several pharmaceuticals.

Generally, the increased rate of drug release from iontophoresis can be explained by the
following mechanisms: (a) enhanced movement of ionic species by the applied electric field, (b)
electroosmotic transport of both neutral and charged solute flux within the membrane, (c)
electrophoretic transport of solute flux within the membrane and (d) increase in the effective pore
radius and permeability by electrically induced swelling of the membrane. Gratieri et al. (2013)
investigated the iontophoretic delivery kinetics of ketorolac for the treatment of localized inflammation
and pain [1].

Bigels are novel gels consisting both aqueous gel and oleogel together in different proportions.
As the name suggests, agueous gels consists of a polar phase as continuous phase whereas the oleogel
possess oil continuum phase. Bigels are not emulsions as they do not require emulsifying agent to
stabilize the structure [2]. The stability of the bigels is better than those of aqueous gels and oleogels
due to the formation of extra-fine dispersion. In recent years, bigels have been the preferred choice of
many scientists for pharmaceutical and cosmetic applications.

Carbopol 934 [prop-2-enoic acid, (C3H40,)x] is a mucoadhesive, biodegradable and
environmentally responsive cross-linked acrylic acid polymer [3]. It provides excellent stability and is
used to produce opaque gels, emulsions, creams and suspensions for topical application. Sorbitan
monostearate [(2R)-2-[(2R,3R,4S)-3,4-dihydroxyoxolan-2-yl]-2-hydroxyethyl octadecanoate,
C24H4606] is an ester of natural fatty acid (stearic acid) and the sugar alcohol sorbitol [4]. It is
popularly used as an emulsifying agent and solubiliser in many pharmaceutical and cosmetic products
[5].

In this study, iontophoresis was used to deliver the antimicrobials from the bigel system. The
bigels were characterized by FTIR spectroscopy, reflectance spectroscopy and impedance
spectroscopy. Metronidazole [2-Methyl-5-nitroimidazole-1-ethanol, CsHgN3O3] is a commonly used
nitroimidazole derivative with antibacterial property [6]. Metronidazole loaded bigels were evaluated
for their iontophoretic delivery application.

2. MATERIALS AND METHODS

2.1. Materials

Carbopol 934 used for the preparation carbopol aquagel and SMS used for the preparation of
oleogel were procured from Loba Chemie Pvt. Ltd., Mumbai, India. Food grade sesame oil (Tilsona®)
was purchased from Recon Oil Industries Pvt. Ltd., Mumbai, India which was used as the organic



Int. J. Electrochem. Sci., Vol. 9, 2014 5051

phase to prepare the oleogel. Metronidazole (model antimicrobial drug) used to evaluate the
iontophoretic drug delivery was provided in-kind by Aarti drugs, Mumbai, India. Double distilled
water was used throughout the experiments.

2.2. Methods

2.2.1. Preparation of bigels

Carbopol aquagel was prepared by dissolving required quantities of carbopol (1% w/w) in
warm water maintained at 60 °C which was kept on stirring at 500 rpm. The stirring was continued
until a homogenous mixture was obtained.

SMS-sesame oil oleogel was prepared by dissolving accurately weighed SMS (15% w/w) in
sesame oil maintained at 60 °C, which was kept on stirring at 500 rpm. The hot mixture was
subsequently cooled to room-temperature (25 °C).

The bigels were prepared by mixing the oleogel and aquagel maintained at 60 °C. The specified
quantities of molten oleogel were added drop-wise in the hot carbopol aquagel (60 °C, 500 rpm) (Table
1). The stirring was continued for 30 min at the same experimental conditions. The hot mixture was
cooled down to room temperature. Metronidazole (model antimicrobial drugs) was loaded in the
oleogel. The method of preparation remained same except that the sufficient amount of metronidazole
was uniformly dispersed in sesame oil before adding SMS. The loading amount of metronidazole was
kept constant (1 % w/w) in all the bigels.

2.2.2. Molecular properties

The molecular properties of the prepared bigels were studied using Fourier Transform Infrared
(FTIR) spectroscopy and reflectance spectroscopy. FTIR spectroscopy was performed using Bruker
ALPHA-E FTIR spectrophotometer (USA) being operated in the Attenuated Total Reflectance (ATR)
mode in the wavenumber range of 4000 to 500 cm™ [7].

The absorbance behavior of the developed bigels in the UV-visible region was studied using
UV/Vis spectrophotometer (Lambda 35 UV/Vis spectrophotometer, Perkin Elmer, USA) [8].

2.2.3. Electrochemical impedance spectroscopy

The electrical properties of the bigels were studied using computer controlled impedance
analyzer (Phase sensitive multimeter, PSM1735, Numetriq, Japan) The impedance parameters such as
impedance, phase angle, capacitance and loss tangent were measured using copper electrodes [9].
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2.2.4. lontophoretic drug delivery

lontophoretic drug delivery is based on the principle of drug release under the influence of
electric current. The in vitro drug release studies (active and passive form) were performed using an in-
house developed ionotophoretic drug delivery setup. Accurately weighed (~2.15 g) metronidazole
loaded gels were kept in the donor compartment, and a previously activated dialysis membrane (MW
cut-off - 60 kDa, Himedia, Mumbai) was tied at one end. The receptor compartment contained 25 ml
distilled water which was kept on stirring at 100 rpm maintained at 37 °C to simulate the physiological
conditions. Stainless steel electrodes (diameter 1.4 cm) were connected to the donor and the receptor
chambers. The study was conducted using an a.c. current of 32.13 pA (Irms), Which provided a current
density of 20.88 pA/cm? The voltage controlled constant current source was developed using a
standard signal generator which generated a sinusoidal voltage of 0.707 V (Vims). 3 ml of the releasate
was collected at regular intervals (0.25, 0.5, 0.75, 1, 1.5 and 2h). 3 ml of fresh water was subsequently
added to the receptor compartment to maintain the volume of the dissolution media to 25 ml. The
absorbances of the releasate were noted using a UV-vis spectrophotometer (UV 3200 double beam,
Labindia) at 321 nm and the cumulative percent drug release was calculated [10-11].

3. RESULTS AND DISCUSSION

3.1. Preparation of bigels

The carbopol aquagel was homogenous and yellowish white in color. The SMS-sesame oil
oleogel was smooth, slightly yellowish clear hot mixture which turned into turbid gel when cooled
down to room temperature. The formation of gel was confirmed by inverting the container in which the
gels were prepared. The oleogel was smooth in texture and oily to touch. When SMS-sesame oil
oleogel was added in the carbopol aquagel dropwise, a milky white homogenous viscous mixture was
obtained. The homogenous mixture at room-temperature was converted into gel (Table 1). The bigels
had a smooth texture and were milky white in color. F1 and F2 were easy spreading and were less
sticky in nature. F3 and F4 showed better spreadability and were very sticky in nature. The
consistency, smoothness and stickiness of the bigels increased linearly with increase in oleogel
content. The bigels containing higher oleogel content showed quicker gel formation.

Table 1. Compositions of bigel formulations (% w/w)

Formulations Carbopol aquagel Oleogel Metronidazole
F1 88.89 11.11 -
F1IM 88.89 10.11 1
F2 80 20 R
F2M 80 19 1
F3 72.73 27.27 -
F3M 72.73 26.27 1
F4 66.67 33.33 -
FAM 66.67 32.33 1
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3.2. Molecular properties

The molecular integrity, compatibility and interactions amongst the gel components (polymers,
oil, SMS and drug) were evaluated with the help of FTIR spectroscopy (Figure 1a). The absorption
peak at ~3300 cm ™' was associated to the O-H stretching vibration (carbopol, SMS and sesame oil)
[12]. The peaks at ~2800 cm™ was due to the C-H stretching vibration of alkanes (SMS and sesame
oil). The absorption peak at ~1758 cm™ was due to C=0O stretching vibration (carbopol, SMS and
sesame oil) [13]. The absorption band at ~1650 cm™ (carbopol) and at ~1465 cm™ (carbopol, SMS and
sesame oil) was due to (O-C-O) asymmetric and symmetric stretching vibrations, respectively [14]. A
prominent peak at ~1160 cm™ represented a stretching vibration of C-O-C ethereal group (carbopol)
[15]. The peak at ~1100 cm™ was due to the stretching of the C-F group (carbopol) [16]. All the
principle peaks of the raw materials (carbopol, SMS and sesame oil) were present in the blank as well
as the metronidazole loaded bigels. This suggested that the formulation components were compatible
with each other and did not chemically interact amongst themselves. The FTIR spectra of the bigels
showed prominent band at ~3300 cm™, which is assigned to O-H stretching vibrations due to the
presence of strong intramolecular/ intermolecular hydrogen bonding. FTIR bands are sharp in case of
intramolecular hydrogen bonding, whereas the bands are broad in intermolecular hydrogen bonding
[17]. The presence of broad FTIR band suggested formation of intermolecular hydrogen bonding. The
extent of intermolecular hydrogen bonding was quantified by calculating the area under the peak (3700
— 2950 cm™) (Table 2) [18]. The results suggested that the formulations have shown almost similar
extent of hydrogen bonding and addition of metronidazole did not affect it significantly. The peaks
associated with metronidazole were not observed in the bigels due to very low concentrations of
metronidazole.

Table 2. AUC for the peak at ~3300 cm™ (3700 — 2950 cm™)

F1 1194.41
FIM 1169.49
F2 1159.2

F2M 1163.14
F3 1176.41
F3M 1191.76
F4 1182.02
F4M 1065.67

Diffuse reflectance is a non-linear process, associated with the drop in reflection at certain
points in the spectrum. The drop in the spectrum is due to the absorbed light by electrons. A typical
reflectance spectrum of the developed bigels is shown in Figure 1b where the percent reflectance is
plotted as a function of wavelength. The points of appearance of dips are characteristic of certain ions,
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molecules, and minerals. The apparent depth (D) of absorption, relative to the surrounding continuum
in a reflectance spectrum is given by equation:

D=1-Ry/R¢ Q)

where R, and R, are the reflectance at the bottom of the band and the reflectance of the
continuum at the same wavelength as Ry, [19].

The depth of absorption band was in the order F1> F2> F3> F4> C934 (Figure 1b inset). The
results correlate to the droplet size as determined from the bright field microscopy not reported here.
The decrease in the droplet size of the dispersed globules showed more scattering causing a decrease in
the strength of all the absorptions, thus, decreasing the spectral sensitivity to carbopol 934 content in
the formulations.
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Figure 1. Molecular properties of the bigels (a) FTIR spectroscopy and (b) Diffuse reflectance
spectroscopy.

3.3. Electrical properties

The impedance spectroscopy study was performed to study the electrical transport behavior of
the bigels. In order to observe the effect of smallest capacitance and the largest resistance, itis
necessary to plot impedance (Z") and modulus (M”") spectroscopic plots versus frequency
simultaneously [20]. Figure 2a shows the impedance (Z") and modulus (M") spectroscopic plots at
room-temperature. Two peaks were observed for all the bigels, one corresponding to the grain (high
frequency) and another to the grain boundary (low frequency) [21]. The peaks were well resolved and
indicated the presence of both the grain and interface relaxation phenomena in the bigels. The peaks
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were broadened in the low frequency region whereas these were sharp in the higher frequency region.
The asymmetric peak broadening is related to the spread of relaxation times. The sharp peaks in high
frequency region suggested shorter relaxation times and higher conductivity. The peak positions of Z”
and M"” in spectroscopic plots were slightly separated from each other suggesting a non-Debye
behavior and justify the presence of a constant phase element (CPE) in the equivalent circuit diagram.
The mismatch of peak positions can be attributed to the presence of localized movement of the charge
carriers.

Complex impedance spectra (Nyquist plot, -Z" vs. Z') of the bigels have been shown in Figure
2b. The plots exhibited two well-defined regions, namely, a high frequency region semicircle and a
non-vertical spike at lower frequency. The formation of high frequency semicircle can be attributed to
the bulk effect of electrolytes whereas the non-vertical spike is associated to the roughness of the
electrode-electrolyte interface [22].

The bulk resistance (Rp) of the formulations was obtained from the intersection of the high
frequency impedance semicircle with the real axis (Z'). The bulk resistance of the formulations was
higher in formulations with higher proportions of oleogels. Since oleogels are non-conducting, the
impedance of the bigels was mainly due to the oleogels. The formation of electrical double layer can
be explained by the CPE which varies based on the microstructure of the bigels. Hence the information
about the microstructure can be gathered using the CPE element.

The complete analysis of the electrical property of the bigels was done by modelling an
electrical equivalent circuit. The bulk resistance and the bulk capacitance, obtained from the Nyquist
plot, are connected in parallel and the spike is represented by a double-layer capacitance which is
connected in series [22]. The inhomogeneity of the system is compensated by adding a CPE element in
the equivalent circuit. Two constant phase elements have been introduced in the equivalent circuit
named as CPE1 and CPE2. CPEL1 represents the double-layer capacitance between the electrode—bigels
interface whereas the bulk effects are represented by CPE2. The semicircle obtained in high-frequency
region was due to the parallel combination of bulk resistance, bulk capacitance and CPE2, whereas the
non-vertical spike can be explained with CPEL. The impedance spectrum was fitted by the above
equivalent circuit, using commercially available computer software Z SimpWin. The fitted lines are
shown in red (Figure 2b), indicating a good fit. The impedance data was fitted to the equivalent circuit
and parameters such as bulk resistance and bulk capacitance were tabulated in Table 3.

Figure 2c shows the variation in the conductivity (64c) Of the bigels as a function of frequency.
The conductivity profile showed three zones; a low frequency dependent dispersion region, an
intermediate frequency plateau region and a high frequency dispersion region [23]. The low frequency
dispersion region is attributed to space charge polarization at the material electrode interface [24]. The
frequency independent plateau region is associated with the bulk conductivity of the bigels, whereas
the high frequency dispersion region is due to the a.c. conductivity of the materials.

The frequency dependence of the conductivity can be best expressed by Jonscher power law
given by the following equation.

Oac = 00 + A®® (2)

where, o, IS a.Cc. conductivity; oy Is d.c. conductivity; A is a pre-exponential constant; w = 2nf
is angular frequency and s is power law exponent, where 0 <s < 1 [18].
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The conductivity of the bigels was in the order of F1> F2> F3> F4. The conductivity of the
gels decreased monotonically with increased proportion of the oleogel in the bigels. The increase in the
non-conducting element (oleogel) resulted in the decrease in conductivity of the bigels. The d.c.
conductivity of the bigels was calculated using the formula:

oo = (L/Ru)* (I/A) ©)

Where, | is the thickness and A is the area of the sample. The d.c. conductivity of the gels was
in the same order as the a.c. conductivity (F1> F2> F3> F4) (Table 3).

Table 3. Electrical properties of the bigels

Formulations Ry (10°) Cp (107 Bdc

F1 5.562 4.54 0.229
F2 8.707 5.50 0.146
F3 15.1 4.90 0.084
F4 19.7 4.92 0.064
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Figure 2. Electrical properties of the bigels (a) impedance (Z") and modulus (M") spectroscopic plots,
(b) Nyquist plot and (c) a.c. conductivity.
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3.4. lontophoretic drug delivery

The bigels showed highly conductive nature as observed in impedance spectroscopy. The
conductive nature of the gels should help in improving the release rate of the drugs from the
formulations. Keeping these facts in the mind, the metronidazole loaded bigels were tested as possible
matrices for their iontophoretic drug delivery applications. The drug release using iontophoresis
involves release of the drug based on application of an electric field onto the charged drug molecules
[25-26]. The preliminary experimentations showed the release of metronidazole from the bigels was in
the order F1> F2> F3> F4 in both active and passive conditions (Figure 3 a-b). The amount of water
present in the gels played a major role. The gels containing higher water concentrations showed higher
release of metronidazole from the gel matrix. The rate of release of drug was higher in active condition
compared to the passive conditions which suggested that the presence of electrical field increased the
release rate of the drug.

The percent increase in the released drug was highest in F1M (~38) and was lowest in F4M
(~13.5) over a period of 2 h (Figure 3c). The gels containing higher aqueous component showed higher
increase in percent drug release. It was in the order F1> F2> F3> F4. Metronidazole showed higher
partitioning from the gels into the dissolution medium (water) when the concentration of water was
higher in FIM. A significant increase in percent drug release was observed in all the bigels in the
presence of externally applied electrical field. The bigels containing higher aqueous proportion showed
higher increase in percent drug release. Hence it can be concluded that the developed bigels can be
used as carriers for iontophoretic drug delivery [27].
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Figure 3. In-vitro drug release, Cumulative percent drug release (a) active release (b) passive release
(c) Percent increase in drug release.
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The release kinetics of the drug release was studied by applying various kinetic models. The
results showed that the release of metronidazole from the bigels followed zero-order kinetics thereby
suggesting concentration independent release behavior (Figure 4a). Korsmeyer-Peppas model was
fitted to check the diffusion coefficient (n) value (Figure 4b). The n-value was found to be in between
0.85 and 1.16 for all the bigels suggesting non-Fickian diffusion of metronidazole [28]. In general,
non-Fickian diffusion is followed when the release mechanism is not well known or when more than
one mechanisms are involved. The possible mechanism may be swelling and diffusion mediated
release [29].
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Figure 4. Drug release kinetic (a) zero order fitting and (b) KP model fitting.

Table 4. Drug release study of the developed bigels

CPDR

Active 99.97+4.22 97.46+3.65 88.44+2.84 69.42+2.61
Passive 96.62+4.37 79.86+3.62 72.49+3.73 61.15+2.78
Drug release kinetics

Zero order

Adj.R-Square 0.976 0.999 0.994 0.999

KP Model

Adj. R-Square 0.990 0.997 0.999 0.999
n-value 1.16 0.99 0.86 0.93

The n-value was found to be < 1 for all the bigels except F1M, suggesting case-Il diffusion
transport mechanism. Case-11 transport mechanism has been associated with the zero order release
[28]. The n-value obtained in F1IM was 1.16, which indicated super case-11 transport of drug from the
gel. In super case-1l transport mechanism, two kinds of fluxes exist simultaneously during the drug
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delivery [30]. During the first flux, the drug diffuses at the polymer interface by polymer relaxation.
During the second flux, drug diffuses away from the interface.

4. CONCLUSION

The study successfully explained the development of carbopol 934 based bigels which can be
used as matrices for iontophoretic drug delivery. The method of preparation was easy and economical.
The bigels were smooth and easily spreadable. Metronidazole (model antimicrobial) loaded bigels
were evaluated for their iontophoretic delivery application. The bigels showed good conductivity
which was dependent on the oleogel concentration. The conductivity and percent metronidazole
release from the bigel showed linear decrease with increase in oleogel content. A considerable percent
increase in the release of metronidazole was observed when drug release was conducted under a
constant current source. The observed properties render the developed bigels as promising matrices for
iontophoretic drug delivery applications. The release of the drug can be modulated/controlled in a
predictable manner by altering the composition of the bigel.
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