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A B S T R A C T

The purpose of this research was to prepare and evaluate the potential use of in situ gel formulations for dermal
delivery of fusidic acid for burn wound treatment. Temperature sensitive in situ gels were successfully developed
by the cold technique using poloxamer 188, poloxamer 407, poloxamer 338. Finally, the concentration of fusidic
acid in formulations was 2% (w/w). The developed formulations were optimized using quality by design (QbD)
approach. The prepared formulations were evaluated for clarity, sol-gel transition temperature, gelling capacity,
pH, viscosity and drug content. The gelation temperatures of all the fusidic acid loaded formulations were within
the range of 30–34 °C. Furthermore, sterility, antibacterial activity, stability, in vitro fusidic acid release, ex vivo
permeation, and penetration study of these formulations were also examined. The wound healing feature was
appraised by determining the wound contraction and by a histopathological survey. Based on the observed
antimicrobial and wound healing effects, the formulations containing fusidic acid could be employed as an
alternative to commercial cream. This novel formulation can be employed for making burn wound healing
process more efficient.

1. Introduction

A wound can be defined as a defect in the skin, arising from thermal
or physical damage or as a result of the existence of a medical or
physiological situation. Other acute wounds comprise burns and che-
mical damages, which come from various sources such as chemicals,
electricity, radiation, and thermal. The temperature of the source and
the exposure time efficacy the degree of a thermal burn [1,2]. Strong
burn damages are the most traumatic damages affecting almost all or-
gans and leading to significant morbidity [3,4]. In accordance with the
World Health Organization, 180,000 deaths per year are concerned
with burn damages [5].

The skin covers the whole body and serves as a line of defence
against the external invasion of microorganisms and other peripheral
stresses such as heat, entry of chemicals and toxins, as well as dehy-
dration [6]. The stratum corneum is only between 20 and 25 μm thick
but nevertheless ensures a very effective barrier towards penetration

and the impermeability is a considerable problem in the delivery of
medicines both to and through the skin [7]. Dermal drug delivery has
the advantage that high concentrations of drugs can be localized at the
site of action, reducing the systemic drug levels and therefore also de-
creasing the systemic side effects [8].

The stiffness of gels is caused by gelling agents, which belong
mainly to polymers. These polymers build up a three-dimensional
network. Lately, an excellent overview not only of polymeric gels but
also of other innovative gels was presented [7]. The gels can prove to be
a beneficial carrier for the localized drug action on the skin. A gel is
defined as a semisolid formulation, which exhibits an external solvent
phase, and is immobilized within the spaces available of a three-di-
mensional network structure. Compared to creams and ointments, gels,
because of their high water content, permit a greater dissolution of
drugs and facilitate migration of the drug through the carrier. More-
over, gels can hydrate the skin by retaining a significant amount of
transepidermal water and facilitate drug transport [6]. In situ activated
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gel-forming systems can be described as viscous liquids which by
changing physiological conditions (pH, temperature, ionic strength,
UV) can shift to a gel phase [9,10]. For the production of in situ gels
several both natural and synthetic polymers have been applied [11].
Poloxamers are triblock copolymers between polyethylene oxide-poly-
propylene oxide-polyethylene oxide (PEO-PPO-PEO) which have the
ability to form optical clear gels in aqueous media. Their high water
content which leads to the swellable hydrogels have a positive effect on
drugs absorption [12].

Fusidic acid (FA), an antibiotic produced from the Fusidium cocci-
neum fungus, belongs to the class of steroids but has no corticosteroid
(anti-inflammatory or immunosuppressive properties) effects [13–15].
FA comes in a variety of formulations for oral, intravenous and topical
use. It is a biopharmaceutics classification system (BCS) class II drug
whose bioavailability is rate-limited by its dissolution [16]. After oral
administration of 500mg Cmax values range from 14.5 to 3.3 mg/l and
an elimination half-life of 8.9–11.0 h [17]. Nowadays, topical fusidic
acid is prescribed by doctors for the therapy of skin infections. The most
frequent indications are boils, anthrax or carbuncle, erythema, cellu-
litis, folliculitis, acne, paronychia, hidradenitis, and wound infections
due to burns and impetigo [14].

QbD was described as a systematic drug development approach that
starts with predefined objectives and emphasizes the relevance of un-
derstanding the product and process based on science and quality risk
management and the most important element in use it to assist for-
mulation and process design is to pre-define the desired final product
quality profile [18–21]. According to the definition of ICH Q8 (R2), the
Quality Target Product Profile is a prospective summary of the quality
characteristics to be established taking into account the safety and ef-
ficacy of a drug product to ensure the desired quality in the finished
product, and the route of administration, dosage form, carrier system,
affecting the pharmacokinetic properties such as stability and release of
drugs for the intended end product. Critical Quality Attributes (CQAs)
are defined in ICH Q8 (R) as physical, chemical, biological or micro-
biological characteristics or characteristics that should be in a suitable
limit, range or distribution to ensure the desired product quality
[21,22]. In order to determine the parameters affecting the quality, risk
evaluation methods are used, then the lower and upper limits of the
formulation parameters are determined and a Design Space is formed
which can be defined as a multidimensional combination which in-
cludes the interaction of input variables with pre-formulation studies
and literature data. In addition to enhanced product quality stability
problems and manufacturing problems using the QbD approach (long
and complex preparation methods, difficulty in scale-up, low reprodu-
cibility) [23] disadvantages can be overcome.

The aim of this work was to develop novel FA loaded in situ gel
formulations and to suggest a better formulation for FA for dermal
delivery by using the QbD approach. For this aim, the physicochemical
characterization, in vitro release, stability, ex vivo penetration/per-
meation, optimization of the formulation with evaluating experimental
data by modeling programs and in vivo of these formulations were
evaluated.

2. Materials and methods

2.1. Materials

Poloxamer 407 (P407), poloxamer 188 (P188) and poloxamer 338
(P338) were the kind gift from BASF, Turkey. FA was a kind gift from
Berko İlaç, Turkey. High pressure liquid chromatography (HPLC) grade
Acetonitrile was purchased from Sigma, Germany. Ultrapure water was
obtained from Direct-Q® Water Purification System, Germany. Dialysis
membrane (Spectra/por 4, diameter 16mm, the molecular weight of
12–14 kDa) was purchased from Spectrum. For microbiological studies,
Fluid Thioglycollate Medium (CM0173) and Soy Bean Casein Medium
(CM0129) was purchased from Oxoid, Thermo-Fisher Scientific Inc.

Mueller-Hinton II Agar (70191) was purchased from Sigma-Aldrich Co.
Type cultures of bacteria were purchased from ATCC, USA.

2.2. Preformulation studies

2.2.1. Preparation of in situ gels
The polymeric solutions were prepared by dispersing the required

quantity of P407, P188 and P338 in water using a magnetic stirrer until
the poloxamers completely dissolve. Aqueous solutions were stirred for
about two hours by using magnetic stirrer. In situ gels were selected
according to pH values and gelling temperatures of formulations
(Table 1).

2.2.2. Determination of sol-gel temperature (Tsol-gel)
20 g of the cold solution was put into a beaker and placed in a

temperature-controlled stirrer. A thermometer was immersed in the
solution. The cold sample was heated at the rate of 2 ± 0.5 °C/min
with the continuous with mixing at 200 rpm. The temperature at which
the magnetic bar stopped moving due to gelation was reported as the
gelation temperature [11]. Optimum poloxamer ratios were determined
and selected with sol-gel temperature as 32–34 °C which is the skin
surface temperature. The experiments were repeated four times.

2.2.3. QbD approach
An artificial intelligence software, INForm V.4 ANN from

Intelligensys Ltd., used to examine the experimental results generated
in the studies and to establish the relations between input and output
variables. The software program includes ANOVA statistics to validate
the predictability of trained models, the nonlinear coefficient of de-
termination R2 was computed against the validation data set. A higher
train set r-squared value proves that more models have captured var-
iation in the data; a value greater than 70%, supported by an f-ratio
higher than 4, is considered appropriate [24].

In our study, the mixture of poloxamers in different amounts (CQAs)
was considered as the inputs, and ideal gelling temperature and pH
(CQAs) were the outputs. 19 formulations were used for model training.
The criterion for judging the models, fitness type was selected as Mean
Square Error (MSE). To validate the predictability of trained models,
the nonlinear coefficient of determination was computed against the
validation data set.

INForm ANN study conditions are,

Model type: Neural Network
Number of hidden layers (HL): 1

Table 1
In Situ gel preformulation studies (for QbD).

Formulation code P188 (%w/w) P407 (%w/w) P338 (%w/w)

F-1 5 20 –
F-2 10 20 –
F-3 15 20 –
F-4 18 20 –
F-5 20 20 –
F-6 5 18 –
F-7 10 18 –
F-8 15 18 –
F-9 18 18 –
F-10 20 18 –
F-11 5 15 –
F-12 10 15 –
F-13 15 15 –
F-14 18 15 –
F-15 20 15 –
F-16 20 18 1
F-17 20 20 1
F-18 18 10 1
F-19 18 15 1
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Current hidden layer (CHL): 1
Number of nodes (NN): 3
Transfer function: Asymmetric Sigmoid
Output transfer function: Linear

Training parameters
Target epochs 1000
Target MS error 0.0001
Random seed 10000
Back-propagation type: RPROP
Back-propagation parameters:
Momentum 0.8
Learning rate 0,7

After the actuation was finished, ANN suggested a set of conditions
at which the optimum levels for the quality attributes could succeed.
The optimization was performed in this study using the INForm V.4
ANN. After the model was trained, inputs were optimized with target
values based on pharmacopeial and in-house specifications. Then, to
find the formulation with the closest match to the optimized formula-
tion, the best match property of the program was used.

Optimization parameters are:

Number of Populations: 1
Population Size: 100
Number of Iterations: 100
Mutation SD: 0.1
Random Seed: 1

2.3. Preparation and characterization of FA loaded in situ gels

The prepared optimum in situ gels was characterized such as clarity,
gelling capacity, pH, drug content, spreadability, and viscosity. The
experiments were repeated four times.

2.3.1. Clarity of formulations
The clarity of formulations was detected by visual inspection under

a black and white background, and it was graded as follows: turbid, +;
clear, ++; and very clear (glassy), +++ [11].

2.3.2. Gelling capacity
The gelling capacity of the gel was detected by dropping a drop of

the gel in a beaker at 32–34 °C and it was visually observed for gelling
time. It was graded as follows: +; gel after few minutes dissolves ra-
pidly, ++; immediate gelation remains for few mins, +++; im-
mediate gelation remains for nearly an hour [11].

2.3.3. Determination of pH
The pH of the gel formulation was detected using a pH meter

(Mettler Toledo, Switzerland). Determinations were carried out four
times.

2.3.4. Drug content
For drug loading experiment, the 2% FA loaded formulations (FA-

IS1-4) were dissolved in methanol followed by HPLC estimation of the
aliquot to determine drug concentration. The test was repeated four
times.

2.3.4.1. HPLC studies. The FA samples were analyzed using an HPLC
system (Agilent 1100). C18 column (5 μm, 150× 4.6mm) was used.
The mobile phase was prepared by mixing acetonitrile and ultrapure
water (80:20) (v/v) with the a flow rate of 1.7mL/min. The flow rate
was 1.7 mL/min and the temperature of the column was maintained at
25 ± 1 °C. The volume of injection was adjusted 20 μl. The column was
equilibrated for at least 30 min. The run time was set at 10min with the
system operating at 25 ± 1 °C. The method validation was based on
linearity, precision, selectivity, specificity, accuracy, stability,

precision, limit of detection and quantitation [25].

2.3.5. Spreadability of FA loaded in situ gels
To determine spreadability of FA loaded in situ gels, 0.1 g of FA

loaded in situ gels were moved to a glass plate center (10×10 cm),
which the plate's temperature 32 °C and this plate was compressed
under another same size plate. Thus, the gel was spread out between the
plates. After one minute, the weight was removed and the diameter of
the spread area (cm) was detected. The measurement was performed in
triplicate.

2.3.6. Rheological studies
The viscosity of gels was carried out using a Brookfield viscometer

LVDV-E model with a cylindrical spindle. The in situ gels were placed in
the tube. The gels were analyzed with 50 rpm at 4 ± 0.5 °C by a cir-
culating bath.

2.4. Stability of FA loaded in situ gels

In physical stability studies, FA-IS1 formulation was stored at
4 ± 1 °C in the refrigerator and 25 ± 1 °C (relative humidity 60%) for
3 months in the stability cabinets. After storage for 3 months; visual
appearance, clarity, pH, gelling capacity, gelling temperature, viscosity,
spreadability of the gel and FA content were investigated. The experi-
ments were repeated three times.

2.5. In vitro drug release studies

Dialysis membrane method was used for in vitro drug release studies
for FA loaded in situ gels. In this method, physical separation of the
dosage forms is achieved by usage of a dialysis membrane which allows
for ease of sampling at periodic intervals. In vitro release experiment of
formulations was performed in ethanol and pH 7.4 phosphate buffered
saline (ratio of 30:70) at 50 rpm. Ethanol and pH 7.4 phosphate buf-
fered saline (ratio of 30:70) to ensure sink condition was used as a
medium in the study. The temperature was adjusted at 34 ± 0.5 °C to
imitate skin temperature. 5 g of formulations were separated from the
medium by means of dialysis membrane (Spectra/por, MW of
12–14 kDa). 1 mL of sample was withdrawn at a predetermined time
interval of 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 10, 12 and 24. hour and the same
volume of fresh medium were replaced. The samples were analyzed
with HPLC for the drug content. The experiment was repeated three
times.

2.6. Microbiological studies of in situ gel

2.6.1. Sterility studies
In situ gel formulations in the presence or absence of FA were pre-

pared at Laminar air flow Cabinet (Haier HR40-IIA2). To check the
sterility of the prepared formulations sterility control testing were
performed. Sterility testing of the in situ gel formulations with or
without FA was carried out under aseptic conditions according to the
international pharmacopoeia. For anaerobic bacteria, fluid thiogly-
collate medium was used. For fungi and aerobic bacteria, soya-bean
casein digest medium was used. 1mL of formulation solution was added
to each medium and incubated in BINDER GmbH incubator at 35 °C for
bacteria and 25 °C for fungi for 14 days. No growth of the micro-
organisms occurred.

To check the suitability of the used mediums for the sterility testing
promotion test was performed. For growth promotion test of aerobes,
anaerobes and fungi, fluid thioglycollate media (using the separate
portion of media for each microorganism) were inoculated with
100 CFU of Staphylococcus aureus ATCC 6538, Clostridium sporogenes
ATCC 19404 and Candida albicans ATCC 10231. Media were incubated
at 35 °C for 48 h. Both microorganisms showed visible growth.
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2.6.2. Disk diffusion testing
The antibacterial effect of the in situ gels both with FA and without

FA and the commercial product (Fucidin, Abdi İbrahim) were tested on
S. aureus (ATCC 6538), Bacillus cereus (ATCC 7064), Pseudomonas aer-
uginosa (ATCC 27853), Escherichia coli (ATCC 8739), using both disk
diffusion method according to the Clinical and Laboratory Standards
Institute guidelines (CLSI standard M02-A). The gram positive
Staphylococci are known to reason skin gathering and worldwide they
are the most commonly identified agent managing from skin disorders
[26]. Gram negative P. aeruginosa is also known to be an extensive and
rising reason for skin infections that can end in septicemia [27].

Bacteria were incubated on Nutrient Agar at 37 ± 1 °C for 18 h.
Active cultures were aseptically suspended in 0.85% saline solution and
were arranged to give an inoculum with an equivalent 0.5 McFarland
cell density. 100 μL of each sample were effused onto Mueller-Hinton II
Agar (Sigma-Aldrich 70191) and dried, and 10mm diameter plates
drilled with cork-borer were filled with 100 μL formulations. Then the
wells were then incubated at 37 ± 1 °C for 24–48 h and the zone dia-
meters of formulation for each organism were detected by a digital
ruler. Experiments were performed four times.

2.7. Ex vivo studies

2.7.1. Preparation of rat abdominal skin
Rats were sacrificed and the hair of skin was trimmed. The ab-

dominal area was washed, stored at 4±1 °C and then used for ex-
periments.

2.7.2. Penetration and permeation of FA loaded in situ gel
For ex vivo permeation experiment of FA in situ gel, 0.78 cm2 dif-

fusion area Franz diffusion cells were used. The skin was mounted in
the cells. The receptor cell was filled with 10mL phosphate buffered
saline/ethanol (80/20) for sink condition, and the cell was then covered
with Parafilm®. The temperature was adjusted at 37 ± 0.5 °C. The re-
ceptor cell was sampled (0.1 mL) at a pre-determined time. The samples
were assayed at 285 nm by HPLC method as described earlier. The
cumulative FA amount of permeated through the skin was plotted as a
function of time. For penetration study, the skin was washed after 24 h.
To detect the amount of FA deposited in the skin, the skin was
shredded. The small pieces skins were pooled in a tube with ethanol,
vortexed for 5min. The obtained sample was homogenized for 5min at
24.000 rpm and centrifuged. The penetrated drug was assayed by
HPLC. Experiments were performed four times.

2.8. In vivo studies

2.8.1. Animals
Male Wistar albino rats weighing 250 ± 20 g were purchased from

the Istanbul Medipol University Animal Center (Istanbul, Turkey). The
in vivo experimental protocol was approved by the Ethical-Scientific
Committee of Istanbul Medipol University (approval number:
38828770–604.01.01-E.33032). All animal experiments comply with
ARRIVE guidelines and were carried out in accordance with the UK

animals and associated guidelines such as EU Directive 2010/63/EU.
Rats were housed in a room adjusted at 22± 1 °C with an alternating
12 h light/dark cycle. Animals had free access to a pellet diet and water
ad libitum.

2.8.2. Experimental groups and excisional wound model
28 animals were divided into 4 groups (n=7) each as follows;

1: Control group (CG) (Untreated group)
2: Blank in situ gel group (BG) (Vehicle group)
3: FA (2%) in situ gel group (FG)
4: Fucidin® (2% FA) cream group (RG) (Standard treatment group)

All rats were anesthetized with ketamine-xylazine (10mg/kg-
80mg/kg) and the back of each animal was depilated and washed with
the solution of povidone-iodine. The 2nd degree burn wounds (two full-
thickness burn wounds per rat) were induced on a surgical area by
using temperature controlled modified heating instrument. The heated
template (1 cm diameter) was applied perpendicularly to the designated
area with gravitational pressure and temperature of 100 °C for 15s [28].
The standard drug and the formulations were topically applied once a
day for 10 days.

2.8.3. Burned wound area measurement
A digital camera (Canon Japan) was used to take photographs of

each burned wound site at days 0, 3, 5, 7, and 10 to measure wound
contraction. The wound photographs were taken at the same angle. To
calculate wound surface areas an image software (Image J.2.0, USA)
was used [29]. The wound closure (%) was computed as follows:

% Wound contraction= (Current Wound Area/Wound Area at the be-
ginning)× 100

2.8.4. Histology
The rats were sacrificed and the wound tissues were taken on day

10. The skins were fixed in 10% formalin, for one day and then em-
bedded in paraffin, sever to 5 μm-thick portions, and dyed with
Hematoxylin & Eosine for scoring under light microscopy. The histo-
logic score system ranged between 1 and 4. Burn healing for each
formulation was performed with the scoring system for epidermal and
dermal regeneration described by Galeano et al. (2006) [30]. Scoring of
histological changes in wound healing is shown in Table 2.

2.8.5. Statistical analysis
GraphPad Prism 7.0 (CA, USA) was used for all statistical analyses

and graphs. The results were expressed as means ± standard error of
the mean (SEM). Significant differences between groups were de-
termined by one-way ANOVA using a Kruskal–Wallis test. Values for
p < 0.05 were considered statistically significant.

Table 2
Scoring of histological changes in wound healing.

Score Angiogenesis Granulation Tissue Reepithelialization

4 More than 7 vessels per site Complete tissue organization in ≥80% of the tissue Complete epidermal remodelling in ≥80% of the
tissue

3 Slight edema, congestion and 5–6 vessel per
site

Thick granulation layer and wellformed collagen matrix in
≥60% of the tissue

Moderate epithelial proliferation in ≥60% of the
tissue

2 Moderate edema, congestion and 3–4 vessel
per site

Moderate remodelling in ≥40% of the tissue Incomplete epidermal organization in ≥40% of the
tissue

1 Edema, congestion, hemorrhage and 1–2 vessel
per site

Thin immature and inflammatory tissue in ≥60% of the tissue Poor epidermal organization in ≥60% of the tissue
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3. Results and discussion

3.1. Preparation in situ gels

During the wound healing process, the microbes sequestration at the
lesion site further represents a major problem. Because of the imbalance
between the pathological factors and integrity of immune defense me-
chanism, colonization of both gram-positive and gram-negative bac-
teria increases on the lesion surface [31]. For wound infections treat-
ment topical application has always been noted favorably due to the
high concentration of antimicrobial at the infection area, easy appli-
cation, better adherence and decreased risk of systemic toxicity [32].
Nevertheless, the classic topical carriers such as creams and ointment
fail to stay adhered to the lesion area. This leads to non-specific delivery
of antibiotic at the target infection area [33]. In situ gels give a soothing
effect and reduce pain, rehydrate the wound bed, facilitate autolytic
debridement, fill in dead space, and can be used when the infection is
present [34]. When these in situ gels are used for wound treatment
applications, the Tsol-gel is recognized as one of the most important
parameters for in situ gel-forming systems, because they must satisfy
two basic requirements: i) be free-flowing liquids at room temperature
to allow spraying onto the injured tissue; ii) easily form in situ gels at
skin temperature [35]. For this reason, in our study temperature sen-
sitive in situ gels were developed and evaluated for burn healing.

Temperature sensitive in situ gels were successfully prepared by a
cold method using P407, P188, P338 (Table 1). Cold method is one of
the preferred methods as it provides a clear solution for in situ gel as
well as it does not form lumps of the polymer as it is reported and
observed by the hot process. Preliminary studies were carried out using
different concentrations of polymers evaluated for their gelling tem-
perature to identify the compositions suitable for use in the in situ gel
formulations for dermal drug delivery. Poloxamer 407 (ethylene oxide
and propylene oxide blocks) has excellent thermo-sensitive gelling
properties, which is of the most interest in optimizing drug formulation.
Poloxamer 407 formulations led to improved solubilization of poorly
soluble drugs and prolonged release profile for many applications (e.g.,
ophthalmic, oral, rectal, topical, nasal and injectable preparations) but
did not clearly show any proper advantages when used alone [36].
Poloxamer 407 and Poloxamer 188 are used for several pharmaceutical
products due to their non-toxicity, safety and suitability as controlled-
release agents [37]. The ethanol was used to enhance the solubility of
the drug. Ethanol concentration was taken as 5% to reduce any irrita-
tion or damage to the burned skin. The gelling temperature and pH data
of prepared formulations without FA are presented in Table 3.

3.1.1. Optimization with ANN modeling software
Models were derived based on the ANOVA test results of the pro-

gram were tested and r2 values for outputs are accordingly: for Gelling
Temperature r2 is 99.1, for pH r2 is 99.5. According to modeling, re-
lations between independent input variables (poloxamer ratios) and
dependent output variables (pH and gelling temperature) are demon-
strated in Fig. 1. Optimized formulation of in situ gels given by program
and which formulation is similar to the optimized formulation that is
presented in Table 4.

3.1.2. Preparation and characterization of FA loaded in situ gels
After QbD studies on conducted of blank in situ gels, four formula-

tions were chosen for upload FA. The components of dermal in situ gels
presence of FA are shown in Table 5. Physicochemical characterization
of in situ gels is an important issue to be considered in the formulation
stage, especially when the formulations intended for dermal applica-
tion. The physicochemical parameters of in situ gels with FA are seen in
Table 6. All developed in situ gels were assessed for clarity by visual
observation against a black and white background, demonstrating that
the clarity of all the gels was sufficient. The gelation temperature of
prepared in situ gel formulations with FA was changed as about

31.367 ± 0.666 °C to 31.967 ± 0.208 °C. This indicates that the for-
mulations can be converting to gel when they installed the skin surface.
Between 32 and 34 ± 2 °C, the solutions are converted into gels with
high viscosity. The gelling capacity data of prepared formulations with
FA are presented in Table 6. It was established that the formulations
had immediate gelation existing for 1.33 s. When the in situ solutions
were installed the 32–34±2 °C skin surface temperature, the solutions
were converted to gel form after only a few seconds. The pH of the
developed in situ gels with FA ranged between 5.777 ± 0.07 and
6.053 ± 0.1. Moreover, spreading diameter of the developed for-
mulations demonstrated that is similar for all formulations. The drug
entrapment was high in all tests ranging from 91 to 97%.

3.2. Stability studies of FA loaded in situ gel

The stability experiments were performed at 4 ± 1 °C in the re-
frigerator and 25 ± 1 °C (relative humidity 60%) in the stability ca-
binets for a period of 3 months. The samples were analyzed periodically
every month, and it was found that there are no changes in visual ap-
pearance, clarity, gelling temperature, gelation capacity, viscosity and
spreadability for 3 months. Drug content was analyzed with HPLC using
a validated method. No indication of aggregation/precipitation or pH
change was observed over a period of 90 days. This fact revealed that
the formulations were stable after such period. According to the sta-
bility studies, FA-IS1 formulation can be stored at 4 and 25 °C (Table 7).

3.3. In vitro drug release study of FA loaded in situ gels

The prepared FA loaded in situ gel formulations FA-IS1 – FA-IS4
were evaluated for their in vitro release, using pH 7.4 as release media.
In vitro drug release results of FA loaded in situ gels are shown in Fig. 2.
Firstly, it can be said that FA presents an improved release rate since
FA-IS1 – FA-IS4 formulations exhibit that MUP was released at least in
95–99%. In addition, a progressive release rate is shown in the case of
FA-IS1 – FA-IS4 in situ gels which also present a low burst effect.

3.4. Microbiological studies of FA loaded in situ gels

Wound infection is a big problem in burn therapy and is the most
prevalent reason of mortality [38–40]. Pathogens have evolved over
time in line with antibiotic use [4]. With limited new antibiotics dis-
coveries increasing the efficacy of currently available antimicrobials is
remarkable to enhance morbidity in burn sufferer [41].

Table 3
Gelling temperature and pH results of prepared in situ gels for preformulation
studies.

Formulation code Gelling temperature pH

F1 31.200 ± 0.100 7.270 ± 0.059
F2 33.867 ± 0.764 7.401 ± 0.034
F3 31.133 ± 1.002 7.521 ± 0.066
F4 32.833 ± 0.379 7.669 ± 0.046
F5 34.633 ± 0.802 7.693 ± 0.031
F6 39.333 ± 0.451 7.244 ± 0.019
F7 41.267 ± 0.924 7.288 ± 0.066
F8 44.800 ± 0.300 7.437 ± 0.013
F9 41.000 ± 0.265 7.508 ± 0.061
F10 40.900 ± 0.458 7.609 ± 0.009
F11 52.333 ± 0.569 7.201 ± 0.040
F12 57.667 ± 1.060 7.266 ± 0.052
F13 54.300 ± 0.600 7.403 ± 0.028
F14 50.867 ± 0.862 7.449 ± 0.052
F15 47.600 ± 0.520 7.501 ± 0.053
F16 25.967 ± 0.208 7.690 ± 0.010
F17 31.667 ± 0.586 7.600 ± 0.010
F18 36.200 ± 0.200 7.590 ± 0.184
F19 38.600 ± 0.200 7.547 ± 0.025
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The results of the sterility studies of the in situ gel formulations with
FA, no growth any of the microorganisms inoculated occurred after the
incubation period. All of the prepared in situ gels showed an anti-
bacterial effect on selected microorganisms. Blank gels not containing
FA did not show any inhibition zones. Both preparations showed
greater inhibition zones for all of the bacteria compared to the com-
mercial product (Table 8, Fig. 3). According to our results, while P.
aeruginosa and E. coli showed the narrowest antibacterial spectrum, the
largest zone was observed in S. aureus which is a well known bacterium
that causes infections on soft tissues. Of all our preparations, FI-2 seems

to be most effective on all bacteria except E. coli.
The treatment of topical infections has always been a difficult pro-

position because of the lack of efficacy of existing anti-infectives, longer
period of treatment and yet incomplete recovery [42]. Bacterias indu-
cing burn infection can be classified into 2 categories, gram positive and
negative. Gram negative bacteria induce most burn wound infections,
with similar incidence, prevalence and pathogens regardless of geo-
graphy or institution [43,44]. Burn area infection by Klebsiella pneu-
monia, P. aeruginosa, E. coli, and S. aureus are independent predictors of
mortality [38]. S. aureus is the essential reason of gram-positive burn

Fig. 1. Graphical demonstration of relations between independent input variables and dependent output variables.

Table 4
QbD results of in situ gels.

Formulation code P188 (%w/w) P407 (%w/w) P338 (%w/w) Gelling temperature pH Best match formula

O-1 5 17 1 26.205 7.406 F6
O-2 5 20 0 31.521 7.281 F1
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infections all over the world [40] and a widespread reason of septi-
cemia. It is one of the most predominant pathogens found in burn
wounds [45]. Since 1962, FA has been widely used in the systemic and
topical therapy of staphylococcal infections. It is also effective against
anaerobic Gram-positive strains and shows activity against Neisseria
spp., Bordetella pertussis, and Moraxella catarrhalis, but has no activity
against other aerobic Gram-negative species [14].

3.5. Ex vivo studies

According to in vitro and characterization study results, FA-IS1
formulation was chosen for further ex vivo penetration and permeation
studies. For ex vivo studies, pH 7.4 buffer was used as the medium. After
24 h of the contact period, the amount of FA that permeated through

the skin from FA-IS1 was determined as 0.932 ± 0.116% in the re-
ceptor compartment. The penetration ratio to the skin tissue for FA-IS1
was recorded as 0.834 ± 0.230%. Topical therapy perspective plays a
critical role in the management of skin therapy such as infections, burn
or wound healing. In such cases, topical antibiotics may be the choice of
preference with respect to systemic options, since they enhance the
effective doses at the site of infection while minimizing the systemic
side effects of the drugs [46]. When drug reaches the dermal layer, it
becomes available for systemic absorption. As drug skin permeation is
determined not only by the partition coefficient (logP of FA 4.97), but
also by other physico-chemical properties as water solubility, molecular
size and diffusivity; very low solubility of FA in water (0.00521mg/mL)
might justify its poor capability of skin permeation.

Under disease clinical situations such as burn, dermatitis and

Table 5
FA loaded ideal in situ gel formulations components.

Formulation code P407 (g) P188 (g) P338 (g) FA (g) Ethanol (g) Water (g) (q.s)

FA-IS1 20 5 – 2 5 100
FA-IS2 20 15 – 2 5 100
FA-IS3 16 18 1 2 5 100
FA-IS4 16 20 1 2 5 100

Table 6
Characterization results of FA loaded in situ gel formulations.

Formulation code Gelling temperature (oC) pH Gelling capacity (Sec) Clarity Viscosity (cP) Spreadability (cm) Drug content (%)

FA-IS1 31.367 ± 0.666 5.777 ± 0.07 1.067 ± 0.115 +++ 147.033 ± 0.252 1.550 ± 0.050 92.867 ± 2.26
FA-IS2 31.967 ± 0.208 5.907 ± 0.01 1.333 ± 0.153 +++ 149.033 ± 0.252 1.383 ± 0.104 97.300 ± 3.39
FA-IS3 32.467 ± 0.200 6.053 ± 0.10 1.100 ± 0.100 ++ 103.267 ± 0.751 1.733 ± 0.058 96.667 ± 1.64
FA-IS4 31.800 ± 0.600 6.027 ± 0.06 0.927 ± 0.110 ++ 175.333 ± 0.058 1.733 ± 0.153 91.400 ± 5.49

Table 7
Stability studies results of formulation FA-IS1.

Parameters t= 0 t= 3

4 and 25 °C 4 °C 25 °C

Gelling temperature
(oC)

31.367 ± 0.666 32.10 ± 0.624 31.300 ± 0.529

pH 5.777 ± 0.07 6.23 ± 0.026 6.107 ± 0.015
Gelling capacity

(Sec)
1067 ± 0,115 1.06 ± 0.010 1.080 ± 0.010

Clarity +++ +++ +++
Viscosity (cP) 147.033 ± 0.252 133.333 ± 2.887 158.333 ± 2.887
Spreadability (cm) 1.550 ± 0.05 1.15 ± 0.010 1.4 ± 0.100
Drug content (%) 92.867 ± 2.26 92.141 ± 0.641 92.168 ± 2.675

Fig. 2. In vitro drug release results of FA-IS1-4 (n:3,± STD).

Table 8
Microbiological studies results of in situ gels with FA (FA-IS1-FA-IS4), without
FA (IS1-IS4) and commercial product of FA.

Formulations E. coli B. cereus S. aureus P. aeruginosa

FA-IS1 21mm 24mm 46mm 17mm
FA-IS2 20mm 29mm 50mm 19mm
FA-IS3 21mm 25mm 42mm 15mm
FA-IS4 20mm 25mm 46mm 13mm
IS1 0mm 0mm 0mm 0mm
IS2 0mm 0mm 0mm 0mm
IS3 0mm 0mm 0mm 0mm
IS4 0mm 0mm 0mm 0mm
Commercial product 10mm 21mm 40mm 0mm
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psoriasis, the skin especially SC is disrupted. The obtained results
confirmed the key role of the vehicle in determining the API's dermal or
transdermal fate for topically administered formulations. In this study,
in situ gels were used for treatment. Topical gel formulations might be
considered as suitable delivery systems for skin since they are less
greasy and their removal from the skin surface is very simple. Higher
viscosity of topical gel formulations may also result in attenuated pe-
netration and permeation. This attenuation is very important for APIs
having irritation potency at high concentrations. Especially when such
kinds of molecules are to be needed to be administered to skin for a long
period of time, topical gel formulations may provide not only atte-
nuated irritation but also reduced systemic exposure. In our experi-
mental studies, higher viscosity of topical gel formulations maintained
low permeation and penetration of FA in addition to controlled in vitro
release tendency. According to the penetration and permeation results,
the present data demonstrated that sufficient active FA is retained on
the skin. Considering the overall results, developed formulation may be
used for topical application and the prepared in situ gel could be safely
applied for topical delivery of FA. The antimicrobial activity of FA is
specifically active for eradicating skin pathogens like Methicillin-re-
sistant S. aureus and other wound infections. However, the currently
available topical formulations of FA fail to penetrate across the wound
eschar leading to sub-optimal therapeutic efficacy [47]. Thus, the de-
veloped FA loaded in situ gels offer a safer and promising solution in
wound healing effect. Ex vivo studies do not exactly reflect the true
permeation since normal firm skin was used in the experiments. For this
reason, in vivo experiments were also performed on 2nd degree burned
rat skin. Second-degree burns affect the epidermis and the dermis.

Thus, the amount of penetrated drug can be increased by using 2nd
degree burned skin for ex vivo studies.

3.6. In vivo studies

3.6.1. Macroscopic burn healing
Male Wistar albino rats were used for burn experimental model.

Rats and humans share physiological and pathological characteristics in
many organ systems that have been already well established in the
literature. Similar to humans, the rat skin is also composed of the major
layers of epidermis and dermis [48]. This experimental model was es-
tablished to standardize thermal burn injuries in order to obtain injuries
with the same size and depth degree. The choice of Wistar rats due to
these animals shows ease of handling, accommodation and resistance to
surgical aggressions, and infectious processes, with low mortality
[49,50].

The in situ gel was applied to wound area in the rat dorsum for 10
days to estimate the wound healing effect of the FA containing in situ
gel for the acceleration of burn healing. The daily behaviors (food in-
take, activity, e.g.) of rats were observed as normal. The determination
of the wound closure rate is beneficial for scoring the progress of
healing [29].

Both minor burn and major burn damages initiate the wound
healing process which consists of several highly integrated and over-
lapping phases: inflammation, cell recruitment, matrix deposition,
epithelialization and tissue remodelling. Moreover local wound repair,
severe large burns also stimulate a persistent pathophysiological stress
response and a systemic hypermetabolic-catabolic condition [4].

Fig. 3. Zone inhibition diameters of in situ gels with FA, without FA and commercial product of FA.
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The macroscopic images on days 0, 3, 5, 7, and 10 of burn wounds
experimentally induced in rats are presented in Fig. 4. The wounds
were initially characterized by a white eschar with an affected epi-
dermis and dermis and a hyperaemic zone in the periphery. During the
first day, the wound area became fully hyperaemic due to red blood cell
extravasation and a post-traumatic inflammatory process. All rats sur-
vived throughout the postoperative period. Crust formations were ob-
served on the skin after several days. It was found out that FG and BG
treatments did not get irritated the skin.

During the first 48 h, the severity and extent of local tissue injury
result in inflammatory mediators being released into the systemic cir-
culation. These induce specific haemodynamic alternations, including
increased capillary permeability (small protein molecules leak out of
the circulation leading to edema and significant fluid loss. Burn edema
is a result of circulating inflammatory mediators including histamine,
prostaglandins, leukotrienes and kinins that result in increased capillary
permeability), peripheral and splanchnic vasoconstriction, and myo-
cardial depression [1,51,52].

The wound contraction ratio was assessed as the percentage redu-
cing in wound size on days 3, 5, 7, and 10 after the burning procedure.
As it is illustrated in Fig. 5, the treated group with FG and RG displayed
a significant burn healing progression on the day 3 (P < 0.01), 5
(P < 0.01), 7 (P < 0.01), and 10 (P < 0.01) compared to control
group. The % of wound area ranged from 90.109 ± 0.654% to
65.492 ± 0.722% in the period from 3 to 10 days in the control group.
The % of wound area in rats treated with BG ranged from
90.011 ± 1.620% to 60.786 ± 1.897% in the period from 3 to 10
days. Besides that the % of wound area in rats treated with RG ranged
from 77.298 ± 2.109% to 46.714 ± 2.733% as well as FG ranged
from 68.020 ± 1.578% to 43.776 ± 2.967% in the period from 3 to
10 days. RG and FG recovered quickly and the wound area rapidly
shrank to half by the seventh day as compared to the untreated group.

3.6.2. Histology of wound healing
The microscopic photos were taken during the histological ex-

amination of the wound tissues on the 10th day are given in Fig. 6.
Histopathological examination of wound tissues on the 10th day is il-
lustrated in Fig. 7.

Angiogenesis (neovascularization) is a complicated phase including
membrane disintegration, endothelial cell reproduction and migration,
and the forming of the new basement membrane from endothelial cells
leading to the production of new capillaries from existent blood vessels
[53]. In addition to this, enhancement of the epidermal and dermal
regeneration is one of the main purposes of the wound healing.

Fig. 4. Effects of FA in situ gel on wound's evolution. Macroscopic examples of wound healing with control (CG), blank in situ gel (BG), FA (2%) in situ gel (FG), and
Fucidin® (RG) groups after excision on days 0, 3, 5, 7, and 10.

Fig. 5. The rate of wound healing in animal groups on days 0–10. Healing
percentage of scar tissue surface area in each group. Each data point represents
the mean ± SEM.
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Moreover, granulation tissue thickness is a critical parameter to ob-
jectively evaluate of wound treatment [29,54].

As stated in the obtained outcomes, it was determined that FG and
RG had a significant effect compared to the control group (Figs. 6 and
7). According to the histological evaluation results, more blood vessel

formation was detected on FG (P < 0.01) and RG (P < 0.05) in
comparison to the untreated group. It has been also revealed that there
were significantly higher percentages of dermal and epidermal re-
generation with the FG (P < 0.05) and RG (P < 0.05) in comparison
to the untreated group. Moreover, it was determined that thicker

Fig. 6. Histopathological view of scarred tissues of the control (CG), blank in situ gel (BG), FA (2%) in situ gel (FG) and Fucidin® groups (RG) on the 10th day after the
burning process (Hematoxylin and eosin (H&E) (original magnification×10). The scale bars represent 100 μm for the figure.

Fig. 7. Microscopic examination of granulation
tissue thickness, angiogenesis and epidermal-dermal
regeneration on control (CG), blank in situ gel (BG),
FA (2%) in situ gel (FG) and Fucidin® groups (RG) by
histological wound healing scores among.
Statistically significant as compared to control;
P < 0.05(∗), P < 0.01(∗∗). Values are presented as
the mean ± SEM.
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granulation tissue was formed in the FG (P < 0.05) compared to the
untreated group after treatment (Figs. 6 and 7).

4. Conclusion

In this study, the potential of FA loaded in situ gels as drug carriers
for dermal delivery was evaluated. Preparing in situ gels which were
optimized with the pre-studies and artificial intelligence program. The
optimum formulations provided by the ANN software have not been
described so far in the literature and cannot be provided by experi-
mental data. These formulations were examined experimentally and
optimized successfully. It was ruled out that in situ gels of FA can be
successfully prepared with the cold method. The clarity, pH, gelation
time and drug content of all formulations were found to be satisfactory.
In addition, the gel was found to be stable for 3 months. Clearly, these
results indicate the suitability of the formulation with significant im-
provement of the in vitro release, ex vivo permeation and thus possibly
improved in vivo efficacy. In conclusion, the present study can open up a
window for dermal application of in situ gels loaded with FA, they
would be a better alternative to conventional dermal creams in burn
healing. In addition, ANN programs have big advantageous for
Research and Development, especially for Industry. Because they have
the ability to provide detailed results and prevent unnecessary studies
which cause a loss of time and money. Consequently; the emphasis of
this study is to demonstrate the practical gain of the QbD approach in
pharmaceutical drug development.
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