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ABSTRACT: The study has been designed to develop and evaluate the in vitro sustained-release capability of sorbitan monopalmitate

(SMP) and castor oil (CO) based organogels. Organogels were prepared by heating the mixture of SMP-CO at 60�C either with or

without using distilled water (DW). The heated mixture was subsequently cooled to room-temperature to allow the formation of a

gelled structure. Characterization of organogels was carried out by microscopy (light, fluorescent, electron, and atomic force), Fourier

transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), differential scanning calorimetry (DSC), rheological study, pH, im-

pedance spectroscopy, hemocompatibility, and antimicrobial studies. The properties and stability of the gels was dependent on the

composition of the organogels. FTIR studies indicated the presence of strong intramolecular/intermolecular hydrogen bonding

amongst the gel components. XRD studies suggested amorphous behavior of the gels. The gels showed a shear thinning behavior.

Metronidazole (MZ) loaded gels showed good antimicrobial property to be used as an antimicrobial formulation. VC 2013 Wiley Periodi-

cals, Inc. J. Appl. Polym. Sci. 130: 1503–1515, 2013
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INTRODUCTION

Semisolids formulations have often been used to develop topical

body products (e.g., ointments, creams, gels, suppositories,

pastes, and pessaries), which when applied to the skin or mu-

cous membranes tend to improve or treat pathological condi-

tions and/or offer protection against injuries.1,2 Gels have been

defined as semi-solid formulations/products which are com-

posed of gelator molecules (usually having concentration

<15%) and a solvent phase. The gelators may self-assemble, ei-

ther by physical or chemical interactions, to form a mesh net-

work. The network helps immobilizing the solvent phase and

do not allow the flow of the solvent out of the network. This

has been attributed to the surface active phenomena amongst

the gelator network and the solvent.3–6 The composition of the

gels may be tailored to contain drugs (e.g., ciprofloxacin and

metronidazole), solvents (e.g., alcohol, propylene glycol, sun-

flower oil, mustard oil, and soybean oil), preservatives (e.g.,

methyl paraben, propyl paraben, and chlorhexidine gluconate)

and/or stabilizers (e.g., edetate disodium).7–11 Depending on the

composition of the gels, the physical and chemical interactions

among the gel components may vary and hence their

physicochemical properties.12,13 The gels may be categorized ei-

ther as hydrogel or organogel. Hydrogels may be defined as

semi-solid formulation which contains polar solvent. On the

other hand, organogel contain apolar solvent within its 3D

structure.14 The organogels may further be categorized either as

fluid-filled fiber matrix and solid-fiber matrix organogels.15

With the advancements in the pharmaceutical, food, nutraceuti-

cal, and cosmetics industries, various organogel-based products

are being developed for human consumption.3,16

Sorbitan monopalmitate (SMP), an ester of sorbitan (a sorbitol

derivative) and stearic acid, has often been referred to as a syn-

thetic wax. It is commonly used as an emulsifier to formulate

emulsions.17 It is a non-ionic surfactant composed of natural fatty

acid (palmitic acid) and the sugar alcohol (sorbitol) within its

chemical structure. SMP forms a film at the interface of the oil

and water thereby reducing the interfacial tension amongst the

emulsion components. SMP have been used extensively as a sur-

factant to develop various pharmaceutical and cosmetic prod-

ucts.9,18–20

Castor oil (CO) is an unsaturated fatty acid (rich in ricinoleic

acid) extracted from the seeds of castor plant (Ricinus communis).21

Additional Supporting Information may be found in the online version of this article.
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It is pale yellow in color and exhibits anti-inflammatory and

anti-oxidant properties.22 It has been used since long in the for-

mulation of various pharmaceutical products (e.g., contraceptive

creams, synthetic flower scents, formulation of bland

emollient for curing skin disease, and for inducing labor in preg-

nancy).23–25 CO-based derivatives have been used to develop

synthetic detergents with antimicrobial properties.2

In this study, attempts were made to develop and characterize

CO-based organogels, using SMP as the organogelator, for

probable applications in controlled drug delivery. Metronidazole

(MZ) was used as a model drug. The release kinetics of the

drug from the CO-based organogels has been studied in details.

Further attempts were also made to analyze the antimicrobial

properties of the gels.

MATERIALS AND METHODS

Materials

SMP and MZ were purchased from Loba Chemie Pvt., Mumbai,

India and Aarti drugs, Mumbai, India, respectively. Nutrient

agar and dialysis tubing (MW cutoff: 60 kDa) were purchased

from Himedia, Mumbai, India. Microbial cultures of Bacillus

subtilis (NCIM 2699) and Escherichia coli (NCIM 2563) were

obtained from NCIM, Pune, India. CO was purchased from

Loba Chemie Pvt., Mumbai, India. Double distilled water (DW)

was used for all experimental studies.

Methods

Preparation of Organogel. Accurately weighed SMP was dis-

solved in CO, kept on stirring at 60�C at 500 rpm to form a

hot solution of SMP in CO. The hot solution, so formed, was

transparent. The solution was cooled down to the room-tem-

perature (RT). As the temperature was reduced, the transparent

solution formed a turbid suspension. The turbid suspension,

upon further standing, either remained as a suspension or

formed a stable gel. The concentration of SMP was varied from

1% (w/w) to 30% (w/w) to figure out the critical gelator con-

centration (CGC).26 The gel sample at CGC was regarded as G.

The samples were regarded as organogel, if the sample failed to

flow on inversion of vial.27,28

The property of the G gel was modulated by incorporating water

into the gel structure. The method of preparation of water-con-

taining gels was similar to the method described above. In short,

specified amount of DW, maintained at 60�C, was added to the

hot solution of SMP in CO, kept on stirring at 60�C at 500 rpm.

The rest of the procedure was same. Depending on the propor-

tions of the SMP–GNO–DW mixture, a gel formulation or an

emulsion was obtained upon cooling the mixture to RT.29 The

gels containing water was regarded as GW.

MZ, a model antimicrobial drug, was incorporated to the gels

so as to have a drug concentration of 1% (w/w) in the formula-

tion. The drug was dispersed in the hot solution of SMP in CO.

The dispersion was used for the preparation of the organogel.30

Organoleptic Evaluation. Organogels were evaluated for their

color, odor, texture, appearance, and taste.31

Accelerated Stability Test. Freshly prepared organogels were

subjected to alternate freeze–thaw (FT) cycles. Each cycle of

freeze–thaw consisted of 15 min of cooling at 25 6 1�C and 15

min of thawing at 70 6 1�C. The experiment was continued for

five cycles. The gel samples were analyzed for any destabilization

at regular intervals. The effect of thermocycling on the struc-

tural integrity of the gels was also studied by microscopic study.

A sample may be regarded as stable if it can withstand for at

least 5five cycles of thermocycling.16

Long-Term Stability Study. The gels found to be stable under

accelerated conditions, were subjected to long-term stability

test. The gels were incubated at 25 6 2�C and 60% RH 6 5%

RH for 12 months as per the ICH guidelines. The color or con-

sistency of the product was checked at regular intervals of time

for any signs of destabilization.32

Microscopic Studies. The microstructures of the gels were stud-

ied by optical microscopy (OM), fluorescence microscopy (FM)

and scanning electron microscopy (SEM), and atomic force mi-

croscopy (AFM).

An upright optical microscope, Lieca DM 750 equipped with

ICC50HD camera was used to analyze microstructure of the

organogels. The mechanism of the organogel formation of the

gels was studied.33 The droplet size diameters of the dispersed

phase of water containing gel samples were determined using

NI Vision Assistant-2010 as per the reported literature.30

The xerogels of both G and GW were analyzed under scanning

electron microscope (SEM) (Jeol JSM-6480LV, Japan). The xero-

gels were prepared as per the method reported elsewhere.9 The

xerogels were sputter-coated with platinum before analysis.

FTIR Spectroscopy. The raw materials and the gels were ana-

lyzed using AlphaE ATR-FTIR, Bruker. The samples were ana-

lyzed in the range 500–4000 cm21. The instrument was working

in the attenuated total reflectance (ATR) mode.34

X-ray Diffraction Study. The position, intensity, width, and

shape of diffraction peaks of the gels were studied by X-ray Dif-

fraction (XRD) to have an understanding on the crystallinity of

the formulations.35 SMP, MZ, CO, blank gels, and gels loaded

with MZ were subjected to XRD analysis using Philips, XRD-

PW 1700, Rockville. Monochromatized Cu Ka was used as the

X-ray source and was operating at 30 kV. The current flow in

the tube was at 20 mA. Samples were scanned in the diffraction

angle range of 5–50� 2h at a scan rate of 2� 2h per min.36

Impedance Spectroscopy. The electrical behavior of the gels

was studied using a computer-controlled impedance analyzer

(NEWTONS 4th LTD: PSM 1735, UK). An ac voltage of 100

mV was applied across the copper electrodes. Complex imped-

ance parameters (e.g., impedance, dielectric permittivity, and

tangent loss parameters) were studied in the frequency range of

0.1 Hz to 1 MHz at RT. The ac conductivity (rac) was evaluated

from the dielectric measurements.37 The real (Z0) and imaginary

(Z00) parts of impedance were calculated.38

Viscosity Analysis. Viscosity measurements of the freshly pre-

pared gels were carried out at a controlled temperature of

25 6 0.1�C using a cone-and-plate viscometer (Bohlin visco 88,

Malvern, UK). The cone was having a cone angle of 5.4� and a

diameter 30 mm. The gap between the cone and the plate was
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set at 0.15 mm. The induced response (strain) was measured

when a sinusoidal stress was applied to the gels. The viscosity

(g) and stress (r) of the sample were obtained from the steady-

shear measurement when the shear rate was varied from 10–100

s21 and 100–10 s21 using steady-state flow model.39

Texture Analysis. The mechanical behaviors (e.g., stress relaxa-

tion and spreadability) of the developed gels was studied by

TAHD Plus Texture Analyzer (Stable Microsystems, TA-HDplus,

UK). The tests were conducted using a 45� perspex cone. The

samples were kept in a matching female cone. The stress relaxa-

tion test was carried out by penetrating the conical probe up to

a target distance of 5 mm (after a trigger force of 3 g) at a rate

of 0.5 mm/s to induce a stress in the samples. The probe was

held at the target distance for a period of 30 s and the corre-

sponding changes in the stress were recorded.40,41 The spread-

ability of the samples was also carried out in the same fixture.

The male cone was allowed to penetrate the female cone at a

rate of 2 mm/s keeping a clearance of 2 mm from the base of

the female cone. Subsequently, male cone was retracted back to

the starting position at the same rate.42

pH Measurement

The pHs of the gels were measured as per the method reported

earlier.43 A digital ATC pH meter (EI instruments, model no-

132E) was used for the purpose. pH of the topical formulations

provide an idea whether the formulation will be irritant to the

skin.9

Gel–Sol Transition Study

The gel–sol transition temperatures of the gels were determined

as per the reported literature.44 In short, the gels were incubated

in a precision-temperature water-bath whose temperature was

varied from 30�C to 50�C. An increment of 5�C was made after

every 5 min of incubation at the previous temperature. Samples

were analyzed by inverting vials after each incubation period.

The temperature at which sample started to flow under gravity

was recorded as gel–sol transition temperature (Tg).45

Melting Point Determination

The melting point (Tm) of gel samples was determined by the

drop-ball method32 using EI melting point apparatus 931 as

reported previously.46 The gels were taken in 5 mL test-tubes

having a diameter of 10 mm. A stainless steel ball (0.1 g, 1.0

mm) was kept on to the surface of the solidified gel. The test-

tube was subsequently placed in the sample-holder of the melt-

ing-point determination apparatus. The temperature of the

sample holder was maintained by using a silicone oil-bath. The

heating rate of the sample was 1�C/min. With the increase in

the temperature, the structural integrity of the gels was compro-

mised and the ball started to sink. The temperature at which

the ball reached the bottom of the tube was taken as the Tm of

the gels.

Thermal Analysis. Differential scanning calorimeter (DSC

200F3 Maia, Netzsch, Germany) was used to study the thermal

properties of the developed gels. Aluminium pans, whose lids

have been pierced, were used for the study. The study was con-

ducted under nitrogen environment. The nitrogen gas was

purged at a flow-rate of 40 mL/min. The gels were analyzed in

the temperature range of 30 and 120�C, at a heating-rate of

2�C/min.47–49 Effect of incorporation of the drug, MZ, on ther-

mal behavior of the formulations was also studied.

Gel Disintegration Test. The disintegration properties of the

gels were studied using the U.S.P. tablet-disintegration apparatus

(Electronics, Model 901, Mumbai, India). Accurately weighed

�1.0 g of the gels were molded into tablet shaped (diameter 5

1.2 cm, thickness 5 0.7 cm) discs. The molded gels were placed

in each tube of the disintegration apparatus. Water was used as

the disintegrating media. The temperature of the disintegrating

media was maintained at 37 6 2�C. The frequency of the up

and down movement of the basket was set at 30 6 2 cycles/min.

The times required by the gel to completely disintegrate, charac-

terized by absence of any gel fraction over the mesh screen of

the apparatus, was noted.

Antimicrobial Evaluation. Bacillus subtilis (gram positive bacte-

ria) and Escherichia coli (gram negative bacteria) were used as

model microbes to analyze antimicrobial efficacy of the drug

loaded gels. Solid nutrient agar was used as the culture media.

About 100 mL of the inoculum (containing 1026 to 1027 cfu/

mL) was spread on the solidified agar plates with a sterilized L-

shaped spreader. Wells of 5 mm diameter were created with a

borer. The wells were filled with the drug loaded gels. Blank gel

served as the negative control while powdered drug served as

the positive control. The petri-plates were subsequently incu-

bated at 37�C, for 24 h. The zone of inhibition was measured

after 24 h of incubation.16

Hemocompatibility test

The hemocompatibility test was conducted as per the reported

method.50,51 The test was designed to figure out the extent of

hemolysis in the presence of organogel leachants. Accurately

weighed 1.0 g of gels was put into the dialysis bags (cellophane

membrane, MW cut-off: 60 kDa). The gel-containing dialysis

bags were subsequently immersed in 50 mL of saline solution

for 30 min. About 0.5 mL of the aliquot was used for the test.

Eight milliliters of the citrated goat blood was diluted with 10

mL of normal saline. About 0.5 mL of the diluted blood was

taken in a centrifuge tube followed by the addition of the 0.5

mL of the test solution. Final volume was made up to 10 mL

by adding normal saline in the centrifuge tube. About 0.5 mL

of hydrochloric acid (0.1N) and 0.5 mL of normal saline was

used as the positive and negative controls, respectively. The

tubes were incubated at 37�C for 1 h and were subsequently

centrifuged at 3000 rpm for 10 min. The optical density (OD)

of the supernatant was determined at 545 nm using a UV–VIS

spectrophotometer (UV 3200 double beam, Labindia). The per-

centage hemolysis was calculated by the following formula.52

% Hemolysis 5
ODTest2ODNegative

ODPositive2ODNegative

3 100 (1)

In Vitro Drug Release. In vitro release of MZ from the gel for-

mulations were carried out using a two-compartment modified

Franz’s diffusion cell.53 In short, accurately weighed (�1.0 g)

MZ-containing gels was taken in the donor compartment. The

receptor compartment contained 50 mL of DW, kept on stirring
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at 100 rpm and the temperature was maintained at 37 6 1�C.

Previously activated dialysis membrane (MW cut-off: 60 kDa,

Himedia, Mumbai) served as a semi-permeable membrane,

which separated the donor compartment from the receptor. At

regular intervals (15 min for the first 1 h, 30 min for the next 3

h, and 60 min for the next 8 h) of time, 50 mL of the receptor

fluid was completely replaced with fresh 50 mL of DW. The

replaced fluid was analyzed using UV–visible spectrophotometer

at 321 nm. The drug release kinetics from the gels was studied.

RESULTS AND DISCUSSION

Preparation of Organogel

The dissolution of SMP in CO at 60�C resulted in the forma-

tion of a transparent homogenous solution. As the temperature

of the hot solution was lowered below 60�C, the gelator (SMP)

molecules started to precipitate out of the CO and formed a

cloudy suspension of acicular crystals of gelator molecules. This

may be accounted to the change in the solubility parameter of

the gelator molecules. Upon further standing, the cloudy

suspension formed a gel (if the concentration of the gelator is

above the CGC), confirmed by the tube-inversion method (Fig-

ure 1 and Table I).

The formation of gel may be attributed to the growth of the acic-

ular crystals into long fibers to form a 3D network structure.54

The CGC for the SMP–CO organogels was found to be 25%

(w/w). The organogel with 25% of the SMP was regarded as G10.

The physical properties of G10 organogel were modulated by add-

ing various proportions of DW (Figure 2). The proportion of

water was varied from 0 % to 100 % (w/w) (Table II). With the

increase in the proportions of water, there was a subsequent

improvement of the texture of the gels (Supporting Information

Figure S1). The apparent viscosity and the consistency of the gels

were found to be higher in gels with higher proportions of DW.

Organoleptic Evaluation

G10 gel was yellowish-white in color. The gel was oily and gritty

to touch. The gels containing water were milky white in color.

There was an increase in the degree of whiteness of the gels as

the proportion of water was increased. The gels, GW1, GW2,

and GW3, were non-homogenous and gritty in nature whereas

the rest of the gels were found to be homogenous and had a

smooth texture (Supporting Information Figure S1). The gels

were found to be stable after 24 h, when kept at room-

temperature (RT, 25�C).

Accelerated Stability Test

The mechanism of destabilization of the gels may be studied

under extreme temperature conditions. Any alterations in the

physicochemical properties of the components of the gels may

result in the destruction of the network structure and may ulti-

mately result in the destabilization of the gels.55 The results of

accelerated stability test after five freeze–thaw (FT) cycles of the

gels have been tabulated in Table II and shown in Supporting

Information Figure S2. The results suggested that only GW5

and GW6 gels were stable among the water-containing gels.

GW5 was chosen as the representative water-containing organo-

gel for further studies. The resulting gels obtained after the sta-

bility test was regarded as G10FT and GW5FT.

Table I. Composition of the Organogel for Determination of CGC

S. No. Formulations
SMP
(% w/w)

CO
(% w/w) Remarks

1 G1 1 99 No gel formation

2 G2 5 95 No gel formation

3 G3 10 90 No gel formation

4 G4 15 85 No gel formation

5 G5 20 80 No gel formation

6 G6 21 79 No gel formation

7 G7 22 78 No gel formation

8 G8 23 77 Gel formation with
slight flow

9 G9 24 76 Gel formation
with slight flow

10 G10 25 75 Gel formation

11 G11 30 70 Gel formation

Figure 1. Mechanism of gel formation of CO-SMP organogels. [Color fig-

ure can be viewed in the online issue, which is available at wileyonline

library.com.]

Figure 2. Mechanism of gel formation of water-containing CO–SMP orga-

nogels. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Long-Term Stability Study

The optimized gels were also found to be stable when incubated

at 30�C 6 2�C and 75% 6 5% RH for 12 months. This suggested

that the optimized gels were stable for long periods and hence

may be used for developing formulations for commercial use.

Microscopic Studies

The microstructures of the G10 and GW5 gels have been shown

in Figure 3(a,b). The micrograph of G10 gel showed small fibers

which formed an interconnecting network structure. The

microstructure of GW5 showed uniformly distributed spherical

globules throughout the continuous phase [Figure 3(b)].

There was not much difference in the microstructure of the

G10 gel after the accelerated stability test. The micrograph sug-

gested that the small fibers were uniformly present throughout

the gel matrix [Supporting Information Figure S3(a)]. On the

other hand, the internal phase droplets of GW5 gel showed an

increase in the sizes of dispersed phase globules with a subse-

quent decrease in the number of globules with a consequent

Figure 3. Micrographs obtained under bright field microscopy (a) G10 (b) GW5 and scanning electron microscopy (c) G10 and (d) GW5.

Table II. Composition and Organoleptic Evaluation of CO–SMP Based Organogels

S. No. Formulations

DW
(%w/w
of CGC)

DW
(%w/w
actual)

SMP
(%w/w
actual)

Observations/comments

Freshly prepared gel samples
Gels after accelerated stability
test

1 G10 00 00.00 25.00 Homogenous and smooth gel,
Slightly yellowish

Homogenous and smooth gel

2 GW1 20 16.66 20.83 Non homogenous and inconsistent
gel, no flow

Phase separation and flow on
inversion

3 GW2 40 28.50 17.85 Non homogenous and inconsistent
gel, no flow

Phase separation and flow on
inversion

4 GW3 60 37.50 15.62 Non homogenous and inconsistent
gel, no flow

Homogeneity and consistency of
the gel was lost, very slight
flow

5 GW4 80 44.50 13.88 Homogenous and smooth gel,
milky white

Homogeneity and consistency of
the gel
was lost, very slight flow

6 GW5 90 47.36 13.15 Homogenous and smooth gel,
milky white

Homogenous and smooth gel

7 GW6 100 50.00 12.50 Homogenous and smooth gel,
milky white

Homogenous and smooth gel
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increase in the inter-particular distance amongst the droplets af-

ter the accelerated stability test. In addition to this, some of the

droplets became distorted [Supporting Information Figure

S3(b)]. This may be associated with the agglomeration internal

droplet phase which may ultimately lead to the separation of

the internal phase.56 However, since the formulation has been

found to withstand five cycles of thermo-cycling, the gel may be

expected to be stable for a long period of time.57

The sizes of the droplets of the internal phase of the GW5 gel

were determined using NI Vision Assistant 2010 image process-

ing software (Supporting Information Figure S4).

The size distribution of the droplets showed an exponential

decrease in percent particles. The maximum number of droplets

were having a size of �10 mm (33%) followed by droplets of

size �25 mm (25%). The cumulative droplet size distribution

suggested 50% of the droplets were having droplet size of �15

mm. The internal phase droplet size distribution of the GW5FT

(GW5 gel after the accelerated stability test) gels was similar to

that of the GW5 gel. Most of the droplets were having the

droplet size of �10 mm (33%). A small hump in the range of

150–250 mm suggested <5% of the droplets have undergone

coagulation. There was no significant change in the size of the

internal phase having 50% of the droplets. The analysis of the

micrographs of the GW5 and GW5FT gels suggested that

there was no significant change in the droplet size distribution

after the accelerated stability testing. This gave an indication

that the GW5 gels may be considered as stable gel, though there

was an indication of droplet coalescence (Supporting Informa-

tion Figure S5).58,59 Fluorescent microscopic results suggested

that the GW5 gel was an organogel and not a hydrogel (Sup-

porting Information Figure S6).

The internal structure of the organogels were analyzed under

scanning electron microscope by converting the gels into xero-

gels (gel devoid of the external continuum phase).60 The

micrographs of the xerogels have been shown in Figure 10. The

micrographs of G10 gel demonstrated the presence of fiber-like

inter-woven network structures. The microstructure of the GW5

gel has shown fiber-like structure in addition to the globular

structures. The fibrous structures showed branches of fibers.

The branching of the fibrous structures was more in the G10

gel as compared to the GW5 gel. The GW5 gel contained DW

within the cores of the vesicular spherical and tubular struc-

tures.9 Though the results are exciting, there might be some

polymorphic transitions during solvent removal or breakage of

network junction zones when the xerogels were formed.61 Also,

there are chances of collapse of network onto itself during the

extraction of the CO.62 These factors might have altered the

structural properties of the xerogels and hence the SEM micro-

graphs might not represent the actual structure of the organo-

gels. These results were also supported by the AFM studies

(Supporting Information Figure S7).

FTIR Spectroscopy

The FTIR spectroscopy was used to study the molecular interac-

tions amongst the components of the gels. The FTIR spectro-

grams of the gel components, blank gels, and MZ-loaded gels

(G10M and GW5M) have been shown in Figure 4(a). CO

showed absorption peaks at �1730 cm21 and �1460 cm21,

which may be associated with the carbonyl group of ester and

CH bending vibrations, respectively.63 The absorption peaks at

�2930 cm21 and �2837 cm21 in CO may be attributed to the

C–H stretching vibrations in CH3 and CH2 due to the alkane

backbone of the fatty acids.64,65 The absorption peaks at

�1474 cm21 and �1373 cm21 was due to the CH2 and CH3

scissoring vibrations.66 The peak at �1743 cm21 may be associ-

ated with the stretching vibration of carbonyl group of the tri-

glycerides present in CO.67 SMP showed a broad peak at

�3398 cm21 which may be due to the presence of intramolecu-

lar hydrogen bonding amongst the SMP molecules.9 The

Figure 4. Physico-chemical properties of the optimized gels (a) FTIR Spectra and (b) XRD diffractograms.
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absorption peaks at �2930 cm21 and �2850 cm21 may be

associated to the C–H stretch in CH2 and CH3 present in the

alkanes. An absorption peak at �3220 cm21 in MZ was due to

O–H stretching while the peak at �3100 cm21 may be associ-

ated with C–H stretching. The peak in the range of 1400–

1535 cm21 was due to the imidazole ring.68 The peak at

1348 cm21 may be associated with the N5O symmetrical

stretching in the imidazole ring. The absorption peak at

�1732 cm21wa due to the presence of C5C double bond.69 All

the absorption peaks of the gel components were preserved in

the developed organogels. The presence of broad peak at

�3400 cm21 suggested the presence of strong intramolecular/

intermolecular hydrogen bonding among the gel components in

the blank and MZ-loaded gels. The increase in the intensity of

the absorption peaks as compared to the raw materials indi-

cated an increase in the hydrogen bonding amongst the gel

components.

XRD Analysis

The XRD diffractograms of the gel components and the gels

have been shown in Figure 4(b). Presence of a sharp peak at

21� 2h, corresponding to a Bragg distance (d-spacing) of 4.154

Å, indicated the crystalline nature of SMP. The diffractogram of

MZ suggested crystalline nature of MZ due to the presence of a

sharp peak at 12� 2h and low intensity sharp peaks at 24.67�,
27.87�, and 29.30� 2h. The XRD profile of the gels showed a

broad peak at �21.3h 2h suggested predominantly amorphous

nature of the gels. The amorphous nature of the gels may be

Table III. FWHM and AUC Values of the Gels

Formulations FWHM 6 SD (cm) Area 6 SD (cm2)

G10 6.14 60.15 3019.18 6 38

G10M 6.26 6 0.21 3345.11 6 25

GW5 10.12 6 0.22 4933.76 6 66

GW5M 11.12 6 0.17 5575.17 6 46

Figure 5. Impedance spectroscopy (a) Nyquist plot of different gel formulations. (b) Variation of imaginary part of permittivity (e00) with frequency for

different gel formulations. (c) Frequency dependent dielectric loss (tan d) for different gel formulations. (d) Frequency dependent ac conductivity (,ac)

of different gel formulations. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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related to the absence of solid-fibrillar networks.10 The lower

crystalline fraction may be associated with the presence of the

inverse micellar structures, evident from the SEM micrographs

of the gels.70 Absence of any peak corresponding to the MZ

explained the complete solubilization of MZ in the apolar phase

of the gels.71–73 No significant difference was observed in the

full width at half maximum (FWHM) and area under the curve

(AUC; calculated by the software Fityk) parameters amongst the

gels and their drug-containing counterpart (Table III).74

Impedance Spectroscopy

Figure 5(a) represents the complex impedance spectrum/Nyquist

plot (Z00 vs. Z0) of the gels at RT. The absence of water in G10

resulted in very high impedance of the gels. Due to this reason,

the gel system acted as an open circuit and no meaningful result

was obtained. The complex impedance spectra of GW5 and

Metrogyl showed comprises of a broadened semicircle.23 The

results suggested resisto-capacitive equivalent circuit. The inter-

cept of the semicircle on the real axis (Z0) gives the bulk resist-

ance (Rb) of the gels.37,75 The presence of MZ decreased the

diameter of the semi-circle due to an increase in the conductiv-

ity of the gels associated with increased amorphosity. The resis-

tive component of the gels was reduced after the accelerated

stability test and may be associated with the structural changes

within the gels.

The dielectric relaxation provides information about the relaxa-

tion response of a dielectric medium to an external electric field

of varying frequencies [Figure 5(b)]. The dielectric loss occurs

due to the reorientation of the dipoles within the polymer chains

and is indicated by dielectric permittivity (e00) spectra.37 The

decrease in the e00 in the low frequency region may be attributed

to the movement of the charged molecules within the gelled

structures while the appearance of peak in higher frequency

region have been attributed to the relaxation phenomena of

polymer.75 The GW5FT did not show any significant difference

in the behavior of e00. Two relaxation peaks were observed in the

formulations containing MZ. The relaxation peak in higher fre-

quency region may be associated with the internal structure of

the gel. The presence of relaxation peak in the lower frequency

region of both Metrogyl
VR

and the MZ containing organogels

may be associated with the presence of MZ.76,77

There was no significant difference in the tan d of the FT and

drug containing gels as compared to the GW5 gel [Figure 5(c)].

Metrogyl showed tangent loss in the higher frequency side. The

peak shift in higher frequency region indicated decrease in the

relaxation time associated with the faster relaxation of the net-

work structure of the Metrogyl gel. This may be due to its more

amorphous nature as compared to the developed gels.78

Figure 5(d) shows the variations in the ac conductivity (,ac) of

different formulations with frequency at RT. The low frequency

dispersion was observed due to space charge polarization and

material electrode interface.37 All the developed formulations

showed a near overlapping ac conductivity (,ac) profile suggest-

ing approximately similar ac conductivity of the gels. The low

frequency dispersion was observed due to space charge polariza-

tion and material electrode interface.37 There was no significant

difference in dc conductivity (Table IV) after FT and incorpora-

tion of MZ into the developed gels.79 Metrogyl showed very

high conductivity due to the presence of water as the contin-

uum phase.80

Viscosity Analysis

An exponential decrease in the viscosity of the gels was

observed as the shear rate was increased and vice-versa [Figure

6(a)]. This suggested shear-thinning in the gels and indicated a

non-Newtonian pseudoplastic flow behavior.81 This suggests

that the stability of the formulations improves when the viscos-

ity is higher at lower shear rates as during storage conditions.82

At the same time, a lower viscosity during the application of

Table IV. DC Conductivity (,dc) of Various Gels

Formulations DC conductivity (,dc) (31024) (Scm21)

GW5 0.89 6 0.02

GW5FT 0.97 6 0.05

GW5M 1.07 6 0.04

Metrogyl 15.48 6 0.26

Figure 6. Viscosity profile of the G10 and GW5 gels (a) Shear strain ver-

sus Viscosity and (b) log s versus log c. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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the formulation allows easy application.39 The flow behavior

index (n value) was calculated from the Ostwald–de Waele rela-

tionship [Figure 6(b)].83 The n values were found to be <1,

suggesting pseudo-plastic behavior of the gels.

Both the gels showed higher apparent viscosities during upward

curve of shear rate and comparatively lower apparent viscosities

during downward curve. This resulted in the formation of a

hysteresis loop.84,85 In addition to shear-thinning behavior, the

gels showed thixotropic behavior which was attributed to the

existence of hysteresis loop in the viscosity profile.81,85,86 As

observed in hysteresis loop, 100% structure recovery did not

take place under the experimental conditions. Such profiles are

very common in topical/transdermal drug delivery system.87,88

Texture Analysis

The textural properties of the optimized gels (e.g., stress relaxa-

tion and spreadability) were studied (Figure 7, Table V; Sup-

porting Information Table SI and SII ).41,42,89 The results of the

stress relaxation studies suggested that G10 gel was firmer than

the GW5 gels. This was evident from the D10 values. The per-

centage relaxation of the G10 was lower than the GW5 gels sug-

gesting that the molecular rearrangement to absorb the energy

within the GW5 gel was higher as compared to the G10

gel. This may be associated to the presence of water in

GW5 gel.90–92

Similar to the stress relaxation studies spreadability studies also

suggested higher firmness of G10 gel. The lower firmness and

area of work done for the GW5 gel confirmed higher spread-

ability of the GW5 gel as compared to G10 gel. The adhesive-

ness of the G10 gel was higher as compared to the GW5 gel but

the stickiness of both the gels was comparable.93

pH Measurement

The pH of the topical/transdermal formulations should lie

within the limits of normal skin pH. The pHs of the gels were

found to be in the range of 6.5 and 7.0 suggesting the probable

non-irritant nature of the gels.94 There was no significant

change in the pH after drug incorporation (Supporting Infor-

mation Table SIII).

Gel-to-Sol Transition Study

Gel-to-sol transition temperature (Tgs) of the organogels was

determined by inverted test-tube method (Table VI). Tgs of G10

and GW5 was found to be 40 and 50�C, respectively. This may

be attributed to the requirement of more energy for the disrup-

tion of the densely packed network structure when water was

incorporated within the gels. Incorporation of MZ did not

Figure 7. Texture analysis (a) stress relaxation test and (b) spreadability test.

Table V. Parameters Calculated from Stress Relaxation and Spreadability Studies

Formulations F0 (g) F30 (g) Work done (Relaxation) (g.sec) % Relaxation D10 (mm)

Stress relaxation studies

G10 56.395 23.752 859.886 42.118 1.589
GW5 50.423 24.548 865.466 48.684 1.334

Formulations Firmness (kg) Cohesiveness (kg s) Stickiness (kg) Adhesiveness (kg s)

Spreadability studies

G10 2.036 2.834 21.31 20.139

GW5 1.77 2.447 21.285 20.093
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show any significant difference in Tgs in both G10 and GW5

gels indicating absence of any interaction between MZ and

other components of the blank gel formulations.

Melting Point Determination

The melting point (MP) of the organogels has been tabulated in

Supporting Information Table SIV. The MP of G10 was found

to be 39.5�C whereas the MP of GW5 was found to be 48.5�C.

The results were in accordance with the gel-to-sol transition

temperature. The MP of the MZ loaded gels was similar to the

corresponding blank gels. The results suggested an increase in

the thermal stability of the water containing organogels due to

the increase in the intermolecular hydrogen bonding.

Thermal Analysis

The thermal properties of the organogels (G10 and GW5) were

studied using a differential scanning calorimeter (Figure 8 and

Table VII). An endothermic peak at �56�C was observed in

both the gels. This peak may be associated with the endother-

mic peak due to the presence of SMP. In addition to the peak

at �56�C, the GW5 gel showed another broad endothermic

peak at �102�C, which may be associated with the evaporation

of the aqueous phase at the said temperature. The DHm (change

in enthalpy) and DSm (change in entropy) values was calculated

for the SMP, G10, and GW5 gels. DHm and DSm was found to

be higher in GW5 gel as compared to the G10 gel. This was

attributed to the formation of a stable formulation when water

was added into the organogel structure. The higher DHm may

be associated with the higher intermolecular hydrogen bonding.

The results may be correlated with the viscosity analysis, where

the viscosity of the GW5 gel was found to be higher as com-

pared to the G10 gel.32,49,73

Gel Disintegration Test

Both the gels disintegrated within a span of 3 min (Supporting

Information Table SV). The disintegration time of the GW5 gel

was higher as compared to the G10 gel. This is due to the

improved stability of the GW5 gels, as has been discussed ear-

lier. This may be explained due to presence of stronger intermo-

lecular hydrogen bonding amongst the water containing gels.95

Antimicrobial Test

Both types of the drug loaded organogels showed comparable

antimicrobial activity as compared to Metrogyl
VR

(Table VIII).

The blank gels did not show any antimicrobial property. The

study suggests that the developed matrices may be effectively

tried for the delivery of antimicrobials.96

Hemocompatibility Test

The developed gels (G10 and GW5) showed e1% hemolysis

(Supporting Information Table SVI). This signifies that gels

were highly hemocompatible and may be regarded as

biocompatible.52,73,97

In Vitro Drug Release

In vitro drug release study helps in predicting the release profile

of the drug and the release kinetics. The release profiles of the

drug from the gels have been shown in Figure 9. The results

indicated that there was 28% and 84% drug release from G10M

and GW5M formulations, respectively. On the other hand, Met-

rogyl
VR

showed �100% drug release within a span of 8 h. The

rate of release of MZ was higher in GW5M as compared to

G10M. Higher degree of amorphosity of the GW5M as

Table VI. Gel–Sol Transition Study

Formulations 30�C 35�C 40�C 45�C 50�C

G10 � � X X X

G10M � � X X X

GW5 � � � � X

GW5M � � � � X

Figure 8. DSC thermograms of SMP, G10, and GW5 gel.

Table VII. Thermal Properties of Optimized Gels

Formulations Peak (�C) DHm (J/g) DSm (mJ g21 K21)

SMP 51.1 111.3 436.0792

G10 56.9 2.427 5.932507

GW5 55.6, 101.7 957.1 4475.893

Table VIII. Antimicrobial Test Against B. subtilis and E. coli

Zone of inhibition 6 SD (cm)

Formulations B. subtilis E. coli

Negative control 0.00 6 0.00 0.00 6 0.00

Positive control – MZ 2.73 6 0.46 2.21 6 0.12

MetrogylVR 2.40 6 0.22 1.34 6 0.11

G10M 1.22 6 0.18 1.15 6 0.18

GW5M 2.11 6 0.13 1.18 6 0.14
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compared to G10M might have promoted the release of the

drugs from the matrices. In general, higher the crystallinity of

the matrices, slower is the diffusion of the solutes.98

The G10M and GW5M formulations followed Higuchian

kinetics (Figure 10). The results suggested that the organogels

acted as a homogeneous-planar matrix type system.99 The “n”

value calculated from the KP model suggested non-Fickian drug

release (n � 0.5).100 The release of MZ from Metrogyl
VR

also fol-

lowed Higuchian release kinetics. The “n” value was found to

be <0.5 suggesting Fickian diffusion of the drug from the

matrices.

CONCLUSION

This study explained the successful development of SMP and

CO based organogels as a matrix for controlled drug delivery.

The texture of the organogel was found to be smooth and

depended on the composition of the gels. The organogels were

found to have good spreadability to be used as topical formula-

tions. Apart from this, the gels showed shear thinning and thix-

otropic behavior which are essential properties of a topical

formulation. The organogels were able to modulate the release

of the drug from the matrix as the composition of the gels was

varied. The preliminary studies suggested biocompatible nature

of the gels. The antimicrobial activities of the MZ-loaded gels

were found to be similar as compared to the activity of Met-

rogyl
VR

against the model microorganisms. In gist, the organo-

gels developed in the present study may be used as a carrier for

antimicrobial drugs for topical/transdermal applications.
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