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a b s t r a c t

The present study is concerned with the development and characterization of a novel nanaoparticulate
system; cubosomes, loaded with silver sulfadiazine (SSD), which is the metallic salt of a sulfonamide
derivative, and is considered as the drug of choice for topical treatment of infected burns. Cubosome dis-
persions were formulated by an emulsification technique using different concentrations of a lipid phase
monoolein and the nonionic surfactant, Poloxamer 407, with or without polyvinyl alcohol. The prepared
cubosomal dispersions were characterized regarding physical morphology, dimensional distribution, par-
ticle size, and in vitro drug release. The optimum formulae were incorporated in a chitosan, carbopol 940
or chitosan/carbopol mixture based hydrogels, to form cubosomal hydrogels (cubogels). The cubogels
were characterized regarding in vitro release of SSD, rheological properties, pH, and mucoadhesion. For
the optimal cubogel formulae, an in vivo histopathological study was conducted on rats to predict the
effectiveness of the newly prepared cubogels in comparison with the commercially available cream (Der-
mazin�). In vivo histopathological study results showed that prepared cubogels were successful in the
treatment of deep second degree burn which may result in better patient compliance and excellent heal-
ing results with least side effects in comparison with the commercially available product.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Burns are considered as one of the most serious skin injuries.
The aim of burn management and therapy is fast healing and epi-
thelization to prevent infection [1]. The use of topical therapy is
essential for the survival of patients with major burns by minimiz-
ing the chances of burn wound sepsis in these patients [2].

One of the golden treatments in topical burn is silver sulfadia-
zine (SSD), an effective antibacterial agent for burn wound treat-
ment [3,4]. It combines the inhibitory action of silver salt along
with the antibacterial effect of sulfadiazine [5]. In addition, silver
is also an effective anti-microbial with broad Gram-negative and
Gram-positive activities as well as anti-fungal properties [6]. The
inhibitory action of silver is due to its strong interaction with thiol
groups present in the bacterial cell respiratory enzymes. Addition-
ally, silver interacts with structural proteins and inhibits replica-
tion by preferentially binding with DNA bases [6,7]. Besides its
antimicrobial activity, silver was proven to have potent
anti-inflammatory properties. These anti-inflammatory properties
include the decrease in erythema and increased healing. The
anti-inflammatory properties depend on the delivery vehicle, the
available concentration, the species of silver, and the duration of
drug release [1,8,9].

The current carrier (commercially available cream, Dermazin�)
of SSD possesses many disadvantages. First, it forms an adhesive
pseudo-eschar, which is difficult to distinguish from burn eschar,
and which may hinder the penetration of SSD into the burn wound
[10]. Also increased inflammation observed with SSD application is
caused by the cream base itself. This surface inflammation in-
creases neutrophil exudate and increases protease activity on the
wound surface, which may be useful to break down surface dead
tissue but is deleterious to a viable healing wound bed [11].

Heavy metal poisoning accounts for the antibacterial action of
SSD and also accounts for the toxicity toward fibroblasts and kerat-
inocytes to a lesser degree [12,13]. In vitro studies showed that SSD
is cytotoxic [14], but its cytotoxicity can be minimized by control-
ling its delivery from the vehicle [15,16].

A recent interest in the use of self-assembled nanostructured
materials for controlling the release of incorporated agents has
evolved. In the pharmaceutical area, viscous lipid-based systems,
such as bicontinuous cubic liquid crystalline phases, offer consid-
erable scope for application as drug delivery systems [17]. Liquid
crystalline nanoparticles are dispersions of liquid crystalline
phases in excess solvent, usually water [18]. Cubic-Phase Nanopar-
ticles (CPnPs) or cubosomes are liquid crystalline nanoparticles
with the same unique properties of the bulk cubic phase; however,
cubosome dispersions have much lower viscosity [19]. The
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Table 1
Composition of prepared SSD loaded cubosomes.

Dispersions Disperse phase (5% w/w with respect to the total weight of the
dispersion)

Lipid monoolein
%

Surfactant Poloxamer 407
%

Stabilizer PVA
%

D1 100 0 0
D2 97.5 0 2.5
D3 95 0 5
D4 97.5 2.5 0
D5 95 2.5 2.5
D6 92.5 2.5 5
D7 95 5 0
D8 92.5 5 2.5
D9 90 5 5
D10 92.5 7.5 0
D11 90 7.5 2.5
D12 87.5 7.5 5
D13 90 10 0
D14 87.5 10 2.5
D15 85 10 5
D16 85 15 0
D17 82.5 15 2.5
D18 80 15 5
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bicontinuous cubic phase of glyceryl monooleate (GMO) has sev-
eral attractive features. Since GMO is an object of lipolysis, the cu-
bic phase is biodegradable. It is able to solubilize water-soluble,
oil-soluble, and amphiphilic substances within its aqueous and li-
pid domains [20–22]. Release of these substances in a controlled
manner and the suitable organization of the bicontinuous cubic li-
quid crystal make it attractive and promising for drug delivery
[23]. Lipid-based liquid crystalline systems are also mucoadhesive
[24,25]. Based on different periodic minimal surfaces of the lipid
bilayer, three different inverted bicontinuous cubic phases could
be identified experimentally; the double diamond cD (space
groups Pn3 m), the gyroid cG (space groups Ia3d), and the primi-
tive cP (space groups Im3 m) [26].

Hydrogels have been used in pharmaceutical applications
mainly due to their high water content and soft consistency, which
is similar to natural tissue [27]. The high water content of the
materials contributes to their biocompatibility [28]. The elastic
nature of fully swollen or hydrated hydrogels after application
minimizes irritation to the surrounding tissues [29]. It was found
that the low interfacial tension between the hydrogel surface and
the body fluid minimizes protein adsorption and cell adhesion
[29]. Hydrogels may provide desirable protection of drugs, pep-
tides, and especially proteins from the potentially harsh environ-
ment in the vicinity of the release site [30].

In view of the above mentioned, the aim of this study is to pre-
pare and characterize SSD loaded cubosomes, followed by the
incorporation of the optimal cubosome dispersion in chitosan, car-
bopol, or chitosan/carbopol hydrogels (cubogels). The prepared
cubogels will be evaluated in vitro, and their healing efficacy will
be assessed by an in vivo animal model followed by histopatholo-
gical evaluation.

2. Materials and methods

2.1. Materials

Silver sulfadiazine (SSD) was kindly supplied by El Nasr Phar-
maceutical Company (Cairo, Egypt). Glyceryl monooleate (GMO),
polyvinyl alcohol, carbopol 934, and propyl paraben sodium salt
were obtained from Sigma Chemical Co. (St. Louis, USA). Poloxamer
407 was purchased from BASF chemical company (Germany). Li-
quid Ammonia (25%), methanol, sodium chloride powder, sodium
bicarbonate powder, disodium Hydrogen Phosphate, and sodium
sulfate were purchased from El Nasr pharmaceutical company
(Cairo, Egypt). Chitosan high molecular weight (HMW), Glacial ace-
tic acid, and triethanolamine from El Nasr chemical company
(Cairo, Egypt). Spectra/Pore� dialysis membrane (12,000–14,000
molecular weight cutoff) was purchased from Spectrum Laborato-
ries Inc. (USA). The Commercial cream Dermazin� by MUP (Medi-
cal Union Pharmaceuticals, Egypt) was purchased to be used in
comparative studies.

2.2. Preparation of SSD loaded cubosomes

Preparation of cubosome dispersions was based on the emulsi-
fication of monoglyceride/surfactant mixtures in water [31]. In
particular, the monoglyceride based lipidic phase was glyceryl
monooleate. Poloxamer 407 was used as surfactant in a concentra-
tion range between 0% and 15% w/w with respect to the disperse
phase. The concentration of the glyceryl monooleate/surfactant
mixture was 5% w/w with respect to the total weight of the disper-
sion. Composition of prepared SSD loaded cubosomes is presented
in Table 1. PVA was used in addition to poloxamer as a stabilizing
agent for the dispersion, and it was added by solubilization at 80 �C
in the aqueous phase in different concentrations (0%, 2.5%, or 5% w/
w with respect to the disperse phase). SSD concentration used was
0.2% (about 20 times the minimal inhibitory concentration [32]).
Briefly, GMO and Poloxamer 407 were melted on a hot plate. SSD
was dispersed in the molten mixture. The molten mixture was
then added dropwise to the aqueous phase at 70 �C under mechan-
ical stirring at 1500 rpm [31]. Dispersions were maintained under
stirring and were cooled to room temperature up to the solidifica-
tion of lipid droplets. Dispersions were stored in glass bottles at
room temperature for further investigations.

2.3. In vitro characterization of prepared SSD loaded cubosomes

2.3.1. Determination of SSD content
SSD loaded cubosomes were mixed with 1% ammonia in meth-

anol and sonicated for 10 min to obtain a clear solution. Concentra-
tions of SSD were determined spectrophotometrically at kmax
261 nm.

Drug content ¼ Actual yield
Theoritical yield

� 100 ð1Þ
2.3.2. Particle size measurement and morphology of cubosomes
The vesicle size of the prepared SSD loaded cubosomes (D4, D5,

D6, D10, D11, D12, D16, D17, and D18) was determined by light
scattering based on laser diffraction using the Malvern Mastersizer
X laser scattering instrument (detection limit 0.1–2000 lm) (Mal-
vern Instruments Ltd., Worcestershire, UK).

The morphological aspects of SSD loaded cubosomes were eval-
uated by using transmission electron microscopy. Selected liposo-
mal formulae were examined by transmission electron microscope
(model JEM-1230, Jeol, Tokyo, Japan) at 70 kV.

A 31 � 31 full factorial experimental design was used in order to
investigate the effect of different concentration of Poloxamer 407
(surface active agent, SAA) and PVA on the average particle size
(Z-average (d.nm)) of cubosomes using Social Package for Statisti-
cal Studies (SPSS 19.0�). In this design, poloxamer 407 concentra-
tion (2.5%, 7.5%, and 15%) and PVA concentration (0%, 2.5%, and 5%)
were selected as independent variables, whereas Z-average was
chosen as dependent variable. One-way ANOVA followed by LSD
test was used in order to investigate the effect of combined total
concentration of surfactant and stabilizer on the average particle
of cubosomes using SPSS 19.0�. Difference at P < 0.05 was consid-
ered to be significant.



Table 2
Composition of prepared Cubogels.

Gel Dispersiona Polymer

G1 D6 Chitosan 2.5%
G2 D9
G3 D12
G4 D15
G5 D16
G6 D17
G7 D6 Carbopol 934 1%
G8 D9
G9 D12
G10 D15
G11 D16
G12 D17
G13 D6 Chitosan 1.5%/carbopol 1% mixture
G14 D9
G15 D12
G16 D15
G17 D16
G18 D17

a All formulae contained 0.2% SSD.

Fig. 1. Modified balance for the measurement of in vitro bioadhesion.
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2.3.3. In vitro release of SSD from prepared cubosomes and the kinetic
analysis of the data

The in vitro release of SSD from prepared cubosomes was deter-
mined in order to evaluate the effect of various compositions used
in the preparation of SSD cubosomes. In order to study the drug re-
lease from cubosomes, a dialysis method was applied using Spec-
tra/Por� dialysis membrane of 12,000–14,000 molecular weight
cutoff. The membrane was washed before use with distilled water
several times to remove preservative.

An accurately weighed amount of cubosomes dispersion was
suspended in a glass cylinder having the length of 10 cm and diam-
eter of 2.5 cm. This cylinder was fitted, before addition of cuboso-
mal suspension, with presoaked membrane (Spectra/Por�

membrane) and was placed in a flask containing 100 ml synthetic
serum electrolyte solution SSES. SSES composed of 0.103 mol/L
NaC1, 0.028 mol/L NaHCO3, 0.002 mol/L Na2HPO4, and 0.002 mol/
L Na2SO4 [33]. The whole set was stirred at constant speed
(50 rpm) at 37 �C. Sink condition was fulfilled since the saturated
solubility was previously determined to be 0.98 mg/ml. At prede-
termined time intervals (0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, and 8 h), aliquots
of the release medium were withdrawn for analysis and replaced
with equal volume of fresh SSES to maintain a constant volume.
Absorbance of the collected samples was measured spectrophoto-
metrically at k 254 nm using SSES as a blank. Results are the mean
values of three experiments.

In vitro release of SSD was done in order to evaluate the effect of
concentration of surfactant and stabilizer on percentage of SSD re-
leased after 2 h by employing a 51 � 31 full factorial experimental
design using SPSS 19.0�. In this design, poloxamer 407 concentra-
tion (2.5%, 5%, 7.5%, 10%, and 15%) and PVA concentration (0%, 2.5%,
and 5%) were selected as independent variables, whereas percent-
age of SSD released after 2 h was chosen as dependent variable.

In addition, the effect of combined total concentration of surfac-
tant and stabilizer was assessed using one-way ANOVA followed
by LSD test using (SPSS 19.0�). Difference at p < 0.05 was consid-
ered to be significant.

In order to develop an ideal kinetic model to interpret release
rate data in terms of meaningful parameters, various kinetic mod-
els were applied to obtain the best fit of the data.

2.4. Preparation of hydrogels loaded with SSD cubosomes (cubogels)

Chitosan cubogels were prepared by dissolving 2.5% (w/v) of
(HMW) chitosan in cubosome dispersion containing 1% (v/v) aque-
ous acetic acid. Propyl paraben sodium salt (0.1% w/w) was added
as a preservative to the preparation. The preparations were stirred
for 2 min, and the resulting cubogel was sonicated to remove air
bubbles.

Carbopol 934 cubogels were prepared by sprinkling carbopol
934 (1% w/v) over a specified amount of liquid cubosome disper-
sion and stirred with mechanical stirrer with the addition of suffi-
cient quantity of triethanolamine for neutralization.

Chitosan/carbopol cubogels were prepared by first preparing
chitosan gel and carbopol gel as aforementioned, and then, both
gels were mixed together, so that the final gel contains 1% (w/v)
carbopol 934 and 1.5% (w/v) chitosan (HMW) along with cubo-
some dispersion. The compositions of the prepared cubogels are
shown in Table 2.

2.5. In vitro characterization of prepared cubogels

2.5.1. Evaluation of the physical properties of the prepared cubogels
The freshly prepared cubogels were examined by visual inspec-

tion, where the prepared formulae were examined for their
physical characteristics (e.g., color and homogeneity). In addition,
the pH of 10% aqueous solution of the cubogels was measured.
2.5.2. Measurement of in vitro bioadhesive force of cubogels
The in vitro bioadhesive force of cubogels was measured on a

modified physical balance as shown in Fig. 1. Freshly excised chick-
en back skin [34] was used as a model tissue after removing all fats
and debris. The dermal tissue (D) was fitted on the glass stage (C)
using a double-sided adhesive tape. Very thin layer of specific
weight of 10 mg from each cubogel formula (F) were applied in
2 cm disks of aluminum foils (E) [35] attached to the balance
pan. A preload of 50 g was applied over the balance pan (G) above
aluminum disks for 5 min then removed. The weights (B) were
raised until the dermal tissue, and the cubogel thin film backed
by the aluminum foil become detached. The minimum weight that
detached the dermal tissue from cubogel thin film was taken as a
measure of the bioadhesive strength [36]. The bioadhesive force
was determined using the following equation [36]:

Force of bioadhesion ðNÞ ¼ bioadhesive strength� 9:81
1000

ð2Þ

A 31 � 61 factorial experimental design was used in order to
investigate the influence of formulation variables and experimen-
tal conditions using (SPSS 19.0�). In this design, polymer types
(chitosan, carbopol, and chitosan/carbopol mixture), and
cubosomal dispersions (D6, D9, D12, D15, D16, and D17) were se-
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lected as independent variables, whereas bioadhesive force of
cubogels was chosen as dependent variable.

2.5.3. Evaluation of rheological properties of the prepared Cubogels
The prepared cubogels were evaluated using a rotational Brook-

field viscometer of cone and plate structure, spindle CPE-41 at
25 ± 2 �C. About 0.5 g of the tested formula was applied to the
plate. The measurements were made over the range of speed set-
tings from 0.3 to 60 rpm or 0.5 to 100 rpm with 10 s between each
two successive speeds. Results were recorded only when the tor-
que was within the acceptable range (10–100%) [37]. Evaluation
of rheological properties of commercial product Dermazin� was
carried out using the same procedure. Several models were used
to analyze the rheological behavior of the prepared formulae.

Rheological data obtained from viscometer were shear stress
and viscosity at different rate of shear values. These data were fit-
ted to power law model to study the rheological behavior:

s ¼ Kcn ð3Þ

where s is the shear stress, c is the rate of shear, K is the consistency
index (sec.), and n is the flow index. For a shear thinning fluid, n lies
between zero and one, while it approaches one in case of Newto-
nian system and exceeds one in dilatant system [38].

Several equations (Bingham, Casson, and Carreau equations)
were used to describe the non-Newtonian system. Comparison of
their regression coefficient could verify the type of the non-Newto-
nian system.

Bingham equation was used to describe linear plastic system:

s ¼ so þ Kk ð4Þ

where so is the yield value.
While non-linear plastic system was described by Casson

equation:

s1=2 ¼ s1=2
o þ K1=2k1=2 ð5Þ

On the other hand, Carreau’s model was used for description of
pseudo-plastic shear thinning systems:

g� g1
g0 � g1

¼ 1

ð1þ ðKkÞ2Þ
m
2

ð6Þ

where go and g1 refer to viscosity values at lowest and highest rate
of shear values, respectively, K is a constant parameter with the
dimension of time (1/K is the rate of shear at which viscosity begins
to decrease), and m is a dimensionless constant indicating the de-
gree of pseudoplasticity [39]. go, g1, and K could be determined
from the shear rate–viscosity curve [40].

2.5.4. In vitro release of SSD from prepared cubogels and kinetic
analysis of the release results

This study was carried out using a modified USP dissolution
apparatus II. A plastic dish containing 1.5 g of cubogel (equivalent
to 3 mg SSD) and attached to a glass cube was tightly covered with
woven stainless wire cloth 120 mesh (0.12 mm aperture). This set
was dipped in 250 ml SSES contained in 900 ml vessel of USP dis-
solution test apparatus. The release study was carried out at 37 �C,
and the stirring shaft was rotated at speed 50 rpm. 5 ml sample
was withdrawn each time from the vessel. Sampling was carried
out, and aliquots were withdrawn after 30, 60, 90, 120, 180, 240,
300, 360, and 480 min from the beginning of the test, and 5 ml of
SSES was added to the vessel to replace the withdrawn samples.
Samples were analyzed spectrophotometrically at 254 nm for
SSD against a blank. In vitro drug release from commercial product
Dermazin� was carried out using the same procedure.

A 31 � 61 full factorial experimental design was used in order to
investigate the influence of formulation variables and experimen-
tal conditions using SPSS 19.0�. In this design, polymer type, cub-
osomal dispersion formula were selected as independent variables,
whereas % SSD released after 2 h from cubogels was chosen as
dependent variable.

The release data were treated with zero order, first-order, and
diffusion kinetic models to define the order of release pattern [41].
2.6. In vivo evaluation of burn healing by silver sulfadiazine cubogels
using an animal model

Experimental design and treatment of animals were approved
by the Faculty of Pharmacy Cairo University Research Ethics Com-
mittee – Cairo – Egypt (serial number of the protocol PI 245).
2.6.1. Experimental design
Thirty male adult Wister rats weighing 330–380 g kept in sep-

arate cages were used in the experiment. On day zero, each rat
was anesthetized by 50 mg/kg ketamine hydrochloride in addition
to 5 mg/kg diazepam intramuscular injection. Hair of rat dorsum
was shaved and cleaned with povidone iodine [42]. The back of
each rat was exposed for 5 s to stainless steel stamp (2.5 cm in
diameter) heated over a 600 W heater for 5 min to form a deep sec-
ond degree dermal burn wound (burn area: 4.9 cm2) [34]. The ani-
mals were randomly divided into six groups. First, a negative
control group which was not burned. Second group of rats was left
untreated. Rats in group three were treated by SSD chitosan cubo-
gel (G4). Rats in group four were treated by SSD Carbopol cubogel
(G7). Rats in group five were treated by SSD chitosan/carbopol mix
cubogel (G18). Rats in the last group were treated using commer-
cial SSD cream Dermazin�. For treated groups (3, 4, 5, and 6), treat-
ment was applied to the burned area once every 24 h with a layer
thickness of about 3–5 mm. A sample for histopathological exam-
ination was excised from the burned bed of rats from each group
following the scarification of each under anesthesia at days 3, 6,
9, 15, and 21. The remaining of the animals were frozen until incin-
eration by proper means.
2.6.2. Histopathological examination
Autopsy samples were taken from the skin of rats in different

groups and fixed in 10% formol saline for 24 h. Washing was done
with tap water, and then, serial dilutions of alcohol (methyl, ethyl,
and absolute ethyl) were used for dehydration. Specimens were
cleared in xylene and embedded in paraffin at 56� in hot air oven
for 24 h. Paraffin bees wax tissue blocks were prepared for section-
ing at 4 lm by slidge microtome. The obtained tissue sections were
collected on glass slides, deparaffinized, and stained by hematoxy-
lin and eosin stains for histopathological examination through the
electric light microscope [43].
3. Results and discussion

3.1. Determination of SSD content in prepared cubosomes

Drug content was determined in order to make sure that the
added amount of SSD is present in the cubosome dispersion. Cubo-
some dispersions had drug content ranging from 86.04% to 94.56%
from the added amount of SSD as shown in Table 3.

Dispersions of D1, D2, and D3 containing no surfactant were not
homogenous (two separate layers were obtained) and excluded be-
cause it was evident that the bicontinuous cubic phases do not
form stable aqueous dispersions. This may be due to the hydropho-
bic domains’ exposure to the aqueous medium surrounding the
particles which disrupts the inner structure crystallinity. This can
be avoided without breaking the inner cubic structure by addition



Table 3
Drug content, Z-average and PDI of measured cubosomes (n = 3).

Dispersion Drug content (%) ± SD Z-average (d.nm) ± SD PdI ± SD

D4 88.00 ± 2.95 246.90 ± 8.20 0.42 ± 0.0007
D5 87.78 ± 3.37 203.95 ± 3.74 0.65 ± 0.45
D6 94.56 ± 1.40 398.60 ± 20.08 0.50 ± 0.02
D10 93.66 ± 4.37 191.05 ± 0.91 0.33 ± 0.01
D11 89.92 ± 2.88 163.25 ± 1.34 0.29 ± 0.07
D12 89.79 ± 2.24 181.80 ± 1.27 0.38 ± 0.04
D16 89.18 ± 2.47 152.30 ± 0.70 0.25 ± 0.004
D17 87.01 ± 3.79 192.45 ± 4.17 0.41 ± 0.02
D18 86.05 ± 3.86 253.35 ± 1.48 0.49 ± 0.0007
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of amphiphilic dispersion agents; in our case, this was done by the
addition of poloxamer 407.
3.2. Particle size analysis and morphology of SSD loaded cubosomes

Particle size measurement was done to confirm that particles of
the dispersion are all of nanometer range. Z-average of all the mea-
sured dispersions is shown in Table 3. Z-average of all dispersions
was in the nanometer range (average particle size values ranged
from 152.3 nm to 389.6 nm), with a polydispersity index of < 1.
Fig. 2. Effect of (a) SAA concentration, (b) stabilizer concentration, (c) combined effect of
of SAA and stabilizer on average particle size of cubosomes.
Results of the 31 � 31 full factorial design showed that the con-
centration of poloxamer 407 and the concentration of PVA had sig-
nificant effect on average particle size of cubosomes (p < 0.05). As
demonstrated in Fig. 2a, increasing the concentration of poloxamer
407 from 2.5% to 7.5% resulted in significant decrease in average
particle size. Further increase in surface active agent SAA concen-
tration from 7.5% to 15% resulted in a significant increase in parti-
cle size. Increasing stabilizer concentration from 0% to 2.5%
resulted in significant decrease in average particle size. Further in-
crease in stabilizer concentration from 2.5% to 5% resulted in a sig-
nificant increase in particle size as shown in Fig. 2b. This result is in
agreement with the results obtained by Esposito et al. [31]. Fig. 2c
shows the combined effects of the poloxamer in presence of differ-
ent concentrations of PVA. It could be concluded from this figure
that the combined total concentration of both surfactant and stabi-
lizer could have an additional effect on particle size; this effect was
evaluated by performing a one-way ANOVA.

Results of the one-way ANOVA showed that the combined total
concentration of surfactant and stabilizer had significant effect on
the average particle size (Z-average (d.nm)) of cubosomes
(p < 0.05). It could be observed from Fig. 2d that increasing total
concentration from 2.5% to 15% resulted in significant decrease in
the average particle size (Z-average (d.nm)) of cubosomes. Further
increase above 15% resulted in significant increase in average
SAA concentration and stabilizer concentration and (d) effect of total concentration



Fig. 3. Transmission electron micrographs of different cubosome dispersions; (a) 30 kx, (b and c) 150 kx and (d) 60 kx, the cubosomes are cubic in shape, nano-sized and well
separated from each other.
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particle size. These results suggested that the combined high con-
centrations of poloxamer and PVA could affect the steric stability of
the dispersions [31] and lead to disruption of the crystalline struc-
ture of the dispersion.

To confirm the formation of cubic structures in the prepared
dispersions, the morphology was examined using TEM, and the ob-
tained photomicrographs are presented in Fig. 3. The transmission
electron micrographs show that the prepared cubosomes are in the
nano-size, which confirms the results of particles size measure-
ment. Micrographs show that the particles are cubic in shape and
well separated from each other.
3.3. Release study of silver sulfadiazine from different cubosomes
dispersions

The in vitro release profiles of the dispersions are shown in
Fig. 4. The results of the 51 � 31 full factorial design showed that
the concentration of surface active agent (Poloxamer 407) and
the concentration of stabilizer (PVA) have significant effect on
the percent of SSD released after 2 h (p < 0.05). As shown in
Fig. 5a, increasing poloxamer 407 concentration resulted in signif-
icant decrease in the percent of drug released after 2 h. This result
is in agreement with the results of Zhao et al. [44]. It was found
that in the presence of less poloxamer 407 concentration, cubic
particles exists in Pn3 m (cD) patterns, it has been observed that
at low concentration of Poloxamer 407, most of the polymer ad-
heres to the surface of cubosome particles and a few participate
in the formation of the internal cubic structure [45]. At high polox-
amer 407 concentrations, the polymer is incorporated into the bulk
of the cubic-phase matrix and Im3 m (cP) patterns appear in the
dispersions. It is suggested that the cubic particles with cP struc-
ture have lower drug release efficiency, and the drug release is
more restricted than that of the particles with cD structure [44].

Increasing PVA concentration also resulted in significant de-
crease in the percent of drug released after 2 h, as demonstrated
in Fig. 5b. PVA is a polyol which is known to be an excellent size
controlling agent and stabilizer [46]. At lower poloxamer concen-
trations ranging from 2.5% to 10%, PVA stabilizes the formed cu-
bic-phase structure, which contains little or no cP structure. At
15% poloxamer, it is observed that increasing PVA concentration
increased the percent of drug released after 2 h. So it is suggested
that PVA may affect the formation of cP structure which has lower
release efficiencies. More investigations need to be done to confirm
this assumption.

Results of the one-way ANOVA showed that total concentration
of SAA and stabilizer had significant effect on the percent of SSD re-
leased after 2 h (p < 0.05). As shown in Fig. 5d, increasing the total
concentration of SAA and stabilizer from 2.5% to 15% resulted in
significant decrease in the percent of drug released after 2 h. Fur-
ther increase in total concentration of SAA and stabilizer (PVA)
above 15% led to a significant increase in the percent of drug re-
leased after 2 h. These results suggested that high concentrations
of poloxamer and PVA could affect the steric stability of the disper-
sions [31] and lead to disruption of the crystalline structure of the
dispersion.
3.4. Kinetic studies for drug release from different dispersions

The kinetic analysis of the release data is shown in Table 4, and
it can be observed that the release of most formulae followed dif-
fusion controlled mechanism as indicated from the highest coeffi-
cient of determination (r2). Formulae D5, D8, D9, D12, D14, and
D17 followed zero order mechanism. According to Guo et al.
[47], cubosomes should be classified as a burst release delivery sys-
tem, in which drug is released by diffusion from the cubic-phase
matrix. In this study, SSD was suspended in the cubic phase; hence,
the diffusional release of SSD from the cubic phase followed a
three-stage process. First, the suspended SSD is dissolved in the
system, and then, the dissolved SSD diffuse through the system
and finally SSD passes across GMO and water interface [48]. As



Fig. 4. In vitro release profiles of cubosome dispersions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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SSD solubility in water is too low, dissolution rate becomes a drug
release controlling factor. Accordingly, when the rate of dissolu-
tion 6 rate of diffusion, the release mechanism appears to be zero
order.

3.5. Physical properties and pH of the prepared Cubogels

The prepared cubogels were white viscous creamy preparations
with a smooth and homogenous appearance. Chitosan based cubo-
gels had a slight yellow color due to the color of the polymer itself.
Chitosan cubogels had pH value of 4, Carbopol cubogels had pH va-
lue of 8, and chitosan/carbopol cubogels had pH of 7.

3.6. Bioadhesion properties of prepared cubogels

Bioadhesive properties of different cubogels were investigated.
Table 5 gives the bioadhesive force of different formulae.

Results of the 31 � 61 full factorial design obtained showed that
different polymers and dispersions had significant effect on the
bioadhesive force of different formulae (p < 0.05). Changing poly-
mer type from chitosan to carbopol led to a significant increase
in bioadhesive force (p < 0.001). Mixing chitosan with carbopol
led to a significant synergistic increase in bioadhesive force
(p < 0.001).
3.7. Rheological properties of the prepared cubogels

Rheological properties are important factors in the gel formula-
tion and application, as they influence the product physical form,
appearance, texture, and flow behavior [49]. From the results shown
in Table 5, it was found that all cubogels exhibited shear thinning
flow since the viscosity decreased with increasing shear rate.

The flow index (n) values of all formulae were smaller than and
far away from one. Thus, the prepared cubogels follow non-Newto-
nian and shear thinning behavior according to power law equation.
For all cubogels except G3, G5, G8, G13, and G17, it was observed
that fitting of data to Carreau equation yielded the highest regres-
sion coefficient (pseudoplastic flow). For G3, G5, G13 and G17, fit-
ting of data to Casson equation yielded the highest regression
coefficient (non-linear plastic flow). For G8, fitting of data to Bing-
ham equation yielded the highest regression coefficient (linear
plastic flow).

3.8. Release study of SSD from different cubogels

The in vitro release results of silver sulfadiazine from different
cubogels in comparison with commercial SSD (Dermazin�) are rep-
resented in Fig. 6. It is obvious that most of cubogels had a slower
release rate than commercial SSD.



Fig. 5. Effect of (a) SAA concentration, (b) stabilizer concentration, (c) combined effect of SAA concentration and stabilizer concentration and (d) effect of total concentration
of surfactant and stabilizer on percent (SSD) released after 2 h.

Table 4
Kinetic parameters of silver sulfadiazine release from all the dispersions.

Formula Zero First Diffusion Mechanism

r2

D4 0.8821 0.7417 0.9573 Diffusion

D5 0.9926 0.9211 0.9838 Zero order

D6 0.9318 0.7898 0.9837 Diffusion

D7 0.9539 0.8158 0.9926 Diffusion

D8 0.9809 0.8727 0.9756 Zero order

D9 0.9910 0.9206 0.9746 Zero order

D10 0.9878 0.9036 0.9899 Diffusion

D11 0.9790 0.8198 0.9856 Diffusion

D12 0.9807 0.8497 0.9683 Zero order

D13 0.9235 0.7800 0.9692 Diffusion

D14 0.9911 0.8604 0.9908 Zero order

D15 0.9867 0.8680 0.9871 Diffusion

D16 0.8817 0.7311 0.9522 Diffusion

D17 0.9879 0.8840 0.9795 Zero order

D18 0.9814 0.8814 0.9822 Diffusion

The bold underlined values in table indicate the highest coefficient of determination
(r2) for each formula.
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Results obtained from 31 � 6 1 full factorial design showed that
different polymers had a non- significant effect on percent SSD
released after 2 h (p = 0.709), while different dispersions had a
significant effect on percent SSD released after 2 h (p < 0.001). Per-
cent SSD released after 2 h can be arranged in a descending order:
carbopol cubogels > chitosan/carbopol mix cubogels mix-
ture > chitosan cubogels.
3.9. Kinetic studies for drug release from differnt cubogels

From Table 6, it could be observed that the release of most
cubogels followed diffusion controlled mechanism as indicated
from the highest coefficient of determination (r2). G1 and G15 fol-
low zero order mechanism; this could be explained by the fact that
G15 was formulated using D12 cubosomes which exhibited a zero
order release mechanism explained above. While for G1, the re-
lease mechanism was changed from diffusion to zero order which
could be due to the low solubility of SSD in the gel matrix resulting
from a possible interaction between components of D6 cubosome
dispersion (monoolein, ploxamer, and PVA) and gel component
(chitosan) that may have affected the release kinetics and the sol-
ubility of SSD in the gel matrix; accordingly, this led to the delay of
the dissolution rate compared to the diffusion rate leading to a zero
order release.
3.10. Histopathological findings

From the abovementioned results, it was found that G4, con-
taining D15 (10% poloxamer, 5% PVA) and 2.5% chitosan (HMW),
and G7, containing D6 (2.5% poloxamer, 5% PVA) and 1% carbopol
934, and G18, containing D17 (15% poloxamer, 2.5% PVA), 1.5%



Table 5
Bioadhesive force and rheological properties of prepared cubogels.

Formula Bioadhesive force ± SD
(dyne)

Flow index
(n)

Regression coefficient (r2) Type of flow

Bingham (linear
plastic)

Casson (non-linear
plastic)

Carreau (pseudo-
plastic)

G1 3659.13 ± 84.63 0.27 Shear
thinning

0.9335 0.9636 0.9911 Pseudoplastic

G2 9571.96 ± 75.82 0.07 Shear
thinning

0.9744 0.9706 0.988 Pseudoplastic

G3 8420.90 ± 154.13 0.4 Shear
thinning

0.9895 0.9924 0.9803 Non-linear
plastic

G4 6110.53 ± 115.32 0.43 Shear
thinning

0.9457 0.9797 0.9855 Pseudoplastic

G5 6198.79 ± 129.23 0.44 Shear
thinning

0.8927 0.9474 0.9233 Non-linear
plastic

G6 6191.09 ± 69.37 0.44 Shear
thinning

0.8721 0.9047 0.9731 Pseudoplastic

G7 7321.74 ± 135.20 0.76 Shear
thinning

0.9668 0.9786 0.9898 Pseudoplastic

G8 8474.86 ± 81.99 0.56 Shear
thinning

0.9956 0.9774 0.9826 Linear plastic

G9 10317.91 ± 71.66 0.24 Shear
thinning

0.8322 0.9289 0.9987 Pseudoplastic

G10 11950.49 ± 73.74 0.41 Shear
thinning

0.4964 0.6158 0.9067 Pseudoplastic

G11 6264.67 ± 67.98 0.41 Shear
thinning

0.8716 0.9291 0.9363 Pseudoplastic

G12 9560.73 ± 138.73 0.42 Shear
thinning

0.767 0.8577 0.9386 Pseudoplastic

G13 11102.57 ± 176.69 0.35 Shear
thinning

0.9583 0.9666 0.9849 Pseudoplastic

G14 14680.76 ± 48.42 0.52 Shear
thinning

0.8041 0.8906 0.9455 Pseudoplastic

G15 14411.38 ± 41.83 0.40 Shear
thinning

0.9037 0.9586 0.9589 Pseudoplastic

G16 8593.02 ± 124.13 0.54 Shear
thinning

0.8667 0.9311 0.9318 Pseudoplastic

G17 6527.67 ± 135.82 0.28 Shear
thinning

0.9458 0.9858 0.8336 Non-linear
plastic

G18 10315.71 ± 22.89 0.43 Shear
thinning

0.8669 0.9345 0.9698 Pseudoplastic

Commercial – 0.12 Shear
thinning

0.6859 0.8307 0.9762 Pseudoplastic

The bold underlined values in table indicate the highest coefficient of determination (r2) for each formula.
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chitosan (HMW), and 1% carbopol 934 had the lowest percent SSD
released after 2 h and had a pseudoplastic flow; hence, the three
formulae were chosen for the in vivo study.

Photomicrographs of histopathological sections (hematoxylin
and eosin stained) representing skin of rats of different groups
are presented in Figs. 7 and 8. In addition, the severity of reaction
in the skin according to the histopathological alterations in differ-
ent groups is shown in Table 7.

(a) Group I (negative control):

After 3, 9, 15, and 21 days, there was no histopathological alter-
ation observed as shown in Fig. 7.

(b) Group II (burned but not treated):

After 21 days, there was necrosis of the epidermis and dermis
associated with fibrosis, inflammatory cells infiltration, and edema
and congested blood vessels in the underlying tissue. Few inflam-
matory cells infiltration was noticed in focal manner at the deep
dermal layer while the skeletal muscle showed necrosis.

(c) Group III (burned and treated using G4):

After 21 days, there was focal necrosis as well as regeneration of
the epidermis associated with massive number of inflammatory
cells infiltration in the underlying dermal tissue. Newly formed
blood capillaries with inflammatory cells infiltration were detected
in the deep subcutaneous and dermal tissues. Form the above, it
can be observed that inflammation and granulation tissue was
not formed till day 21. This may be due to the acidic pH of chitosan
gel and its weak bioadhesive forces.

(d) Group IV (burned and treated using G7):

Regeneration of epidermis started on day 9. After 21 days, com-
plete regeneration was detected in the epidermis associated with
granulation tissue formation and few inflammatory cells infiltra-
tion in the underlying dermal and subcutaneous tissues.

(e) Group V (burned and treated using G18):

Regeneration in epidermis and granulation tissue formation
started on day 9 and fibrosis occurred on day 21 with complete
regeneration of epidermis. These are the best results in comparison
with other test groups and commercial product group.

(f) GROUP VI (burned and treated with commercial product
(Dermazin�):

Inflammation and necrosis lasted till day 15 because of the
cream base effect. Granulation tissue formation started at day 15,



Fig. 6. In vitro release profiles of (a) chitosan cubogels, (b) carbopol cubogels and (c) chitosan/carbopol cubogels in comparison with commercial SSD (dermazine�). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 6
Kinetic parameters of silver sulfadiazine release from all cubogels.

Gels Zero First Diffusion Release mechanism

G1 0.99534 0.989673 0.985384 Zero order

G2 0.864505 0.832423 0.924491 Diffusion

G3 0.957663 0.91798 0.980426 Diffusion

G4 0.981057 0.930773 0.995227 Diffusion

G5 0.975106 0.94903 0.996097 Diffusion

G6 0.961275 0.942889 0.978225 Diffusion

G7 0.922547 0.868345 0.971979 Diffusion

G8 0.90307 0.827927 0.968124 Diffusion

G9 0.840394 0.819511 0.893008 Diffusion

G10 0.96176 0.948102 0.972959 Diffusion

G11 0.982895 0.966069 0.993286 Diffusion

G12 0.925834 0.910188 0.949486 Diffusion

G13 0.87372 0.848843 0.934953 Diffusion

G14 0.80949 0.801787 0.86529 Diffusion

G15 0.996653 0.994812 0.973921 Zero order

G16 0.970137 0.957344 0.972184 Diffusion

G17 0.831433 0.802563 0.894369 Diffusion

G18 0.964376 0.934742 0.983595 Diffusion

The bold underlined values in table indicate the highest coefficient of determination
(r2) for each formula.

Fig. 7. Photomicrograph of histopathological section representing skin of normal
rat. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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fibrosis started at day 21 and regeneration of epidermis was not
completed because of cytotoxicity of SSD to fibroblasts.

Hence, if we compare the cubogels to the commercial formula
Dermazin�, we could observe that for the commercial formula
group after 3 days, there was necrosis in the epidermis and under-
lying dermal tissue, associated with few inflammatory cells infiltra-
tion, edema, and congested blood vessels in the deep subcutaneous
tissue, after nine days, necrosis and suppuration were detected in
the epidermal and dermal tissues, associated with inflammatory
cells infiltration in the deep subcutaneous tissue and contact mus-
culature. Inflammation and necrosis lasted till day 15. This could be
explained by the negative effect of the cream base. In addition,



Fig. 8. Photomicrographs of histopathological sections representing burned skin of rat groups following treatment using cubogels for 21 days. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.).

Table 7
The severity of reaction in the skin according to the histopathological alterations in
different groups.

Gp I (control) Gp II Gp III Gp IV Gp V Gp VI

Day 3 � ++++ ++++ ++++ +++ ++++
Day 9 � ++++ ++++ +++ ++ ++++
Day 15 � ++++ ++ + + +++
Day 21 � ++++ +++ ++ + ++

++++ Very severe.
+++ Severe.
++ Moderate.
+ Mild.
� Nil.
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granulation tissue formation was delayed to day 15 due to the cyto-
toxicity of SSD to fibroblasts, in this dosage form. Fibrosis started at
day 21 but regeneration of epidermis wasn’t completed. While for
the best formula (chitosan/carbopol cubogel G18) it could be noted
that after three days, focal area of necrosis and suppuration were
detected in the epidermis and underlying dermal tissue. After
9 days, regeneration was detected in the epidermis replacing the
dead rejected one, associated with granulation tissue formation in
the underlying dermis. After 15 days, the epidermal layer showed
regenerative change with granulation tissue formation. After
21 days, there was complete regeneration in the epidermis associ-
ated with granulation tissue formation and few fibrosis in the
dermis.
4. Conclusions

Results in this study showed that the formulation of SSD disper-
sions in cubic liquid crystalline nanoparticles (cubosomes) enabled
avoiding the cytotoxic effect of silver by controlling the release of
SSD and by decreasing the dose of SSD to 0.2% (fifth that of the
market product Dermazin�). Formulating SSD cubosomes into
cubogels using chitosan and carbopol 934 enabled the
enhancement of burn healing and overcoming the disadvantages
of the current commercial carrier base. SSD cubogels, prepared
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from a mixture of chitosan 1.5% and carbopol 934 1%, had many
advantages over commercial product Dermazin�, which include
its ability to be applied from the 1st day of burn without affecting
the healing process as its misciblity with biological fluid and the
wound healing properties of chitosan (antimicrobial and anti-
inflammatory). Healing of tissues started earlier (day 9) than Der-
mazin� (day 15). SSD cubogel formula containing cubosome dis-
persion D17 (15% poloxamer, 2.5% PVA), 1.5% chitosan (HMW)
and 1% carbopol 934, could hence be used very successfully in
the management of deep second degree burn leading to excellent
healing results with least side effects in comparison with most of
the formulations present in the market, hence better patient
compliance.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ejpb.2013.04.018.
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