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A B S T R A C T

The limited solubility of BCS class II drugs diminishes their dissolution and thus reduces their
bioavailability. Our aim in this study was to develop and optimize a spray dried emulsion containing
indomethacin as a model for Class II drugs, Labrasol1/Transuctol1 mixture as the oily phase, and
maltodextrin as a solid carrier. The optimization was carried out using a 23 full factorial design based on
two independent variables, the percentage of carrier and concentration of Poloxamer1 188. The effect of
the studied parameters on the spray dried yield, loading efficiency and in vitro release were thoroughly
investigated. Furthermore, physicochemical characterization of the optimized formulation was
performed. In vivo bioavailability, ulcerogenic capability and histopathological features were assessed.
The results obtained pointed out that poloxamer 188 concentration in the formulation was the
predominant factor affecting the dissolution release, whereas the drug loading was driven by the carrier
concentration added. Moreover, the yield demonstrated a drawback by increasing both independent
variables studied. The optimized formulation presented a complete release within two minutes thus
suggesting an immediate release pattern as well, the formulation revealed to be uniform spherical
particles with an average size of 7.5 mm entrapping the drug in its molecular state as demonstrated by the
DSC and FTIR studies. The in vivo evaluation, demonstrated a 10-fold enhancement in bioavailability of
the optimized formulation, with absence of ulcerogenic side effect compared to the marketed product.
The results provided an evidence for the significance of spray dried emulsion as a leading strategy for
improving the solubility and enhancing the bioavailability of class II drugs.
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1. Introduction

The implementation of novel screening technologies generated a
wave of new active pharmaceutical ingredients (API) with a limited
aqueous solubility (Hansen et al., 2004), which in turn affect the
dissolution and thus decreases its absorption and bioavailability
(Dollo et al., 2004). The improvement of the solubility and
dissolution of poorly soluble drug, especially of class II is required
in order to augment its therapeutic efficacy. Various strategies were
followed to overcome this problem, such as complexation (Hiral
et al., 2012), nano-crystallization (Bajaj et al., 2012), particle size
reduction (Rawat et al., 2011), solid dispersions (Saquib and Nayak,
2012), and incorporation in lipid formulation (Pedersen et al.,1998).
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E-mail addresses: dr_mehanna@yahoo.com, mmhanna@bau.edu.lb

(M.M. Mehanna).

http://dx.doi.org/10.1016/j.ijpharm.2015.11.009
0378-5173/ã 2015 Elsevier B.V. All rights reserved.
One of many systems of later proposed lipid incorporation is the
preparation of emulsion for enhancing the dissolution and
bioavailability through the inclusion of the drug in the oily lipid
phase. Although liquid emulsions were able to improve the
bioavailability of drugs with limited aqueous solubility, yet the
prepared formulation exert less stability than other oral formula-
tions (Christensen et al., 2001). The emulsion has many reported
instabilitiesand limitations including coalescence,phaseseparation,
flocculation, and creaming (Dixit and Nagarsenker, 2007).

The above stated limitations believed to be overcame via the
design of a dry emulsion, where the final product is a solid dry
powder containing lipid droplets (Hansen et al., 2004). The dry
emulsion is a solid-state dosage form composed of an o/w or w/o
emulsion containing either soluble or insoluble carrier dissolved/
dispersed in the aqueous phase. The removal of the aqueous phase
will lead to incorporation and encapsulation of the lipid phase
within the solid carrier. For the removal of the aqueous phase, a
drying step of the emulsion was performed. Various methods were
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Table 1
Independent factors and their respective levels utilized for the construction of 23

factorial design experiments.

Independent variables Level used, actual (coded)

Low
(�1)

Medium
(0)

High
(1)

X1 = % w/v carrier (maltodextrin) 20 25 30
X2 = % w/v solid surfactant (poloxamer 188) 0 2.5 5
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used namely: drying under vacuum by rotary evaporation (Shively,
1993), spray drying (Christensen et al., 2001; Takeuchi et al., 1992),
and lyophilization (Molina,1995). Studies have shown an increased
interest in the preparation of a dry emulsion for enhancing the
solubility of many drugs belonging to BCS class II drugs (Baek et al.,
2014; Dixit and Nagarsenker, 2007; Yin et al., 2009), further
commercial techniques such as wet film evaporator may be used
(Zeboudj et al.,2005).

Carriers are a vital component in dry emulsion formulation as
they are the matrix for the preparation, that are either water
soluble such as maltodextrin (Corveleyn and Remon, 1998) or
insoluble such as colloidal silica (Seo et al., 2013) in the
formulation. Most carriers employed in dry emulsions for the
enhancement of poorly aqueous solubility active ingredients are
hydrophilic in nature. These carriers can enhance solubility during
in vitro dissolution and after oral administration (Gupta et al.,
2013). Different criteria arise for the selection of carriers, such as
the process yield, stability, and solubility parameters of the drug
and polymer (Dhirendra et al., 2009).

Indomethacin (IND), a class II BCS drug, is a non-steroidal anti-
inflammatory API used to treat gout, headache, arthritis, and
brursitis (Mendieta et al., 2012). Being a class II member, IND is
characterized with high permeability and low aqueous solubility,
thus exhibiting a low dissolution rate with poor bioavailability.
Over the years many attempts have been performed to enhance its
aqueous solubility which in turn improves its dissolution rate and
bioavailability. These methods include the introduction of a
surfactant (Krasowska, 1980), using adsorbants (Alsaidan et al.,
1998), formulation of coprecipitate (Gong et al., 2005), hydro-
tropes and cosolvent techniques (Etman and Nada, 1999), solid
dispersion (Wang et al., 2007), complexation with cyclodextrins
(Jambhekar et al., 2004), liquisolid compact formulations (El-Badry
et al., 2009).

In the light of the above facts, the main objective of the current
study is to improve the solubility and dissolution rate of IND as a
model drug for BCS class II through preparation of a dry emulsion
formulation. The development of an optimized formulation is a
tedious, expensive and time consuming process were different
factors influence the preparation. Therefore, the application of a
factorial experimental design methodology provides an efficient
method to evaluate the factors and understand their effect on the
formulation process. Furthermore, physicochemical characteri-
zation of the optimized formulation was performed using
scanning electron microscope, differential scanning calorimetry
and Fourier transform infrared. In vivo bioavailability, ulcerogenic
side effect and histopathological features of the stomach were
evaluated.

2. Materials and methods

2.1. Materials

Indomethacin purchased from Ningbo Hi-Tech Zone Yefeng
New Materials Technology Co., Ltd., Labrafac1 (Capric triglyceride
(USA FDA II G)), Labrafil1 M 1944 (Oleoyl macrogol-6 glycerides
EP), Labrasol1 (Caprylocaproyl macrogol-8 glycerides EP), Tran-
suctol1 (Highly purified diethylene glycol monoethyl ether EP/NF),
Caproyl1 90 (Propylene glycol monocaprylate (type II) NF),
Lauroglycol1 (Propylene glycol monolaurate (type II) EP/NF) were
received as generous gifts from Gattefosse Co. (St. Priest, France).
Glucidex1 19 IT (maltodextrin) was a gift from Roquette Freres
(Lestrem, France), corn oil, canula oil, sunflower oil, poloxamer 188
(P188), gelatin, and Tween1 80 (polyethylene glycol sorbitan
monooleate) were purchased from Sigma Co. (Sigma–Aldrich,
Steinheim, Switzerland). All other solvents and materials used
were of analytical grade.
2.2. Solubility studies of indomethacin in various vehicles

The solubility of IND was determined in various vehicles
according to the method followed by Mehanna et al. (2015) using a
shaking water-bath (FALC,WB-MF24, Treviglio—Italy). An excess
quantity of indomethacin was added into a capped glass vial
containing 2 ml of each vehicle. The mixture was shaken at
100 rpm at 25 �C for 24 h then left to equilibrate. Using a 0.22 mm
Millipore filter, clarification was performed. The filtrate obtained
was suitably diluted and drug content was determined at lmax

320 nm using a spectrophotometer (Optima, SP-3000PLUS, Tokyo,
Japan).

2.3. Preparation of emulsion

To assess the effect of different factors for the preparation of a
stable emulsion with optimum physical characteristics for
construction of a dry emulsion formulation, different oil in water
ratios, emulsifier’s type, oil phase and emulsification process were
studied. The selection of oil phase and emulsifiers were deter-
mined based on solubility studies (Baek et al., 2014), with the
selection of ultrasonication based on the final volume of the
preparation, with a ratio 1:10 oil to water to maximize flowability
of the final preparation. Indomethacin was dissolved into the oil
mixture Labrasol1: Transuctol1 (1:1 ratio mixture), while 5%
Tween1 80 was added to the aqueous phase in the presence of
various concentrations of carrier and solid surfactant. The two
phases were emulsified using ultrasonicator (Langford Sonomatic,
SO575H) for 30 min at room temperature.

2.4. Preparation of dry emulsion

Spray drying of the prepared emulsion was performed using a
mini spray drier (Lab Plant, SD-O6AG, Fiely, North yorkshive,
England). The fluid nozzle utilized was 0.5 mm operating at 4 bar
for the atomization of the emulsion at 5 ml/min flow rate, with
135 �C inlet temperature, fan speed of 35 and outlet air
temperature at 80 �C. The powder from the outlet air was collected
from the cyclone and collecting chamber. The flow rate chosen was
based on the effect of the different flow rate on the final products
yield and loading efficacy (Hansen et al., 2004).

2.5. Experimental design

Factorial design system is a statistical method used to establish
a valid objective and conclusion from the analysis of the data
provided, which is classified into variables with different levels and
responses obtained from such inputs. The purpose of the factorial
design is to understand the implications of different factors with
various levels on the experimental models and the prediction of
the responses from the model within the domain obtained. The
experimental design is a two factor, three levels design (23 factorial
design) that requires a total of nine runs. Table 1 elaborates the
studied factors and their corresponding levels. The two factors
examined were the percentage of solid carrier and the percentage
of poloxamer 188. Each factor is conveyed in three levels which are



Table 2
Composition of different dried emulsions prepared by spray drying method according to 23 full factorial design and the corresponding observed dependant variables
(responses).

Formula X1 (%) X2 (%) % Yielda % Loading
efficacya

% In vitro release within 2 mina

F1 20 0 85.50 � 2.3 60 � 4.5 86.034 � 1.2
F2 25 0 82.30 � 5.5 76 � 3.5 91.159 � 2.3
F3 30 0 75.10 � 3.3 81 � 2.5 93.890 � 1.4
F4 20 2.5 72.32 � 2.1 60 � 3.3 95.707 � 1.5
F5 25 2.5 68.40 � 2.3 72 � 4.5 98.890 � 1.03
F6 30 2.5 66.50 � 3.2 76 � 2.3 98.747 � 1.0
F7 20 5 60.23 � 4.2 56 � 5.0 98.571 � 3.3
F8 25 5 55.10 � 4.5 69 � 2.4 97.902 � 2.4
F9 30 5 45.20 � 4.7 74 � 2.3 99.356 � 1.4

a Data expressed as means � SD (n = 3).
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labeled as �1, 0, 1, representing low, middle, and high levels
(Mehanna et al., 2011). A statistical design utilizing nine
experimental runs (Table 2) were constructed using design
expert1 (version 9.0.4, State-Ease Inc., Minneapolis, USA). The
dependent variables studied were the percentage of spray dry
yield, loading efficacy and drug released within two minutes.

2.6. Physicochemical characteristics of the formulated dry emulsion

2.6.1. Determination of spray dry yield
The amount of solids fed to the spray drier in the emulsion and

the amount of the collected spray dry powder are determined for
the calculation of the w/w percentage yield (Cui et al., 2007) which
is exhibited by the following Eq. (1);

%Yield ¼ Amount of collectd spray dried powder
Amount of solid feed in the preparation

� �
� 100 ð1Þ

2.6.2. Loading efficacy determination
Loading efficacy is the percentage fraction of the loaded IND in

the formulation to the total drug content added in the formulation
which was determined by weighing a fixed amount of spray dry
powder (25 mg) which is then dissolved in 1:1 water/methanol
mixture, cooled for 5 min at 4 �C. Indomethacin content was
measured spectrophotometrically at lmax 320 nm. The loading
efficacy was determined as presented by Eq. (2):

%Loading IND efficacy ¼ Loaded IND
Total IND added

� �
� 100 ð2Þ

2.6.3. Determination of percentage drug released within two minutes
In vitro release profiles of indomethacin from different

formulations were determined using USP type I dissolution
apparatus (ERWEKA, DTER, Heusentamm, Germany) in triplicate
(6 capsules each). The dissolution medium maintains a complete
volume of 750 ml of 1:4 volumes of phosphate buffer pH 7.2:water
according to USP (USP29-NF24). Samples equivalent to 25 mg of
IND were filled into hard gelatin capsules and placed in the basket.
The baskets are rotated at 100 rpm at 37 �C � 0.5. Samples were
withdrawn and filtered using 0.22 milli pore filter at various time
intervals that was replaced with fresh dissolution medium. The
concentration of the drug was determined spectrophotometrically
at lmax320 (El-Badry et al., 2009).

2.6.4. Particle shape characterization
The surface morphology and particle size of optimized spray

dry formulation and free indomethacin powder were examined by
scanning electron microscope (SEM) (SERON technology,
AIS2300C, Korea). The powder samples were placed on double
adhesive tape and gold coated using Cressington sputter coater
10802 at less than 0.1 mbar pressure, and 20 mA current, the
sample was then scanned with various magnification power (Seo
et al., 2013).

2.6.5. Differential scanning calorimetry (DSC)
Differential scanning calorimetry measurements were per-

formed using DSC (DSC60, Schimadzu, North America, USA) for the
determination of thermal traces of the free drug, carrier, polymer,
their physical mixture and the optimized formulation. The samples
were placed on an aluminum pan. Dry nitrogen was used as a
carrier gas with a flow rate of 25 ml/min. About 2 mg of samples
were placed and heated from 21 �C to 200 �C at a rate of 5 �C/min
using an empty aluminum pan as a reference (Ahmed and Aboul-
Einien, 2007).

2.6.6. Fourier transform infrared (FT-IR) spectroscopy
FT-IR spectra were performed using PerkinElmer Spectrum (ES

Version, Waltham, Massachusetts, United states). This experiment
was employed to characterize the probable interactions between
IND and the carrier in the solid state. Samples of 2 mg were lightly
triturated and with dry potassium bromide and then compacted at
10 tonnes in a hydraulic press. The spectra of pure drug, carrier,
their physical mixture, and optimized spray dry emulsion were
scanned over a frequency of range from 2000 to 4000 cm�1 with a
resolution of 4 cm�1.

2.7. Data analysis, model evaluation and check point

The design expert software (9.0.4) estimates the significance of
the independent variables applied and the interaction between the
specified variables on spray dry emulsion model presented (Design
Expert, 9.0.4, Stat-Ease Inc., 2015, Minneapolis, U.S.A.). The design
expert software uses the ANOVA variance analysis for testing of the
model prevailed, which depend on the satisfaction of basic
assumptions, which denote that the observations are adequately
described by the model and the errors are normally distributed
with zero mean constant but unknown variance d2. For examining
these assumptions and model attained, the residuals are examined
which is the variation between the actual and predicted responses
obtained from the regression equation.

To denote significance in all cases, p < 0.05 was accepted. In
order to relay on the model pertained by the statistical evaluation,
a comparison between the predicated values of response with an
experimentally performed actual observations through a check
point analysis was carried out. Validation of the significance
between the actual data and predicted values (Mehanna et al.,
2009), both the ratio of the latter values moreover the percentage



Table 3
Solubility of indomethacin in different vehicles and surfactants.

Vehicles Solubility
(mg%)*

Labrafil1 1944CS 478.400 � 1.300
Transuctol1 HP 14820 � 410
Capryol1 90 2292.154 � 10.400
Labrasol1 13643 � 7.700
Labrasol1 and Transuctol 1:1 15433 � 1.500
Labrafac1 lipophile WL1349 511.034 � 0.300
Canula oil 73.809 � 0.500
Sunflower oil 161.400 � 0.170
Phosphate buffer pH 1.2 1.400 � 0.015
Phosphate buffer pH 7.2 3.055 � 0.020
Water 2.000 � 0.011
Poloxamer 188 9.817 � 0.010
Gelatin 3.844 � 0.013
Tween1 80 11.995 � 0.016
Agar 2.673 � 0.010
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bias were calculated according to Eq. (3);

Percentage Bias ¼ predicted value � experimental value
predicted value

� 100 ð3Þ

2.8. In vivo assessment studies

2.8.1. Animals
Healthy, female rats weighing (200–220 g) were selected for

the comparative study of the bioavailability and ulcerative effect
between the prepared optimized spray dried emulsion and
marketed product. The animals were provided from the animal
house at the Beirut Arab University, Beirut, Lebanon. The rats
were housed in individual cages having raised floors with wide
mesh to prevent cannibalism and coprophagy. The rats were
maintained to a cyclic diet with water (Adewoye and Salami,
2013). The experiments were designed conducted and approved
according to ethical norms approved by the Institutional Review
Board (2015A-0030-P-M-95), Beirut Arab University, Beirut,
Lebanon.

2.8.2. Bioavailability study

2.8.2.1. Administration and blood collection. The animals were
divided into two groups each containing three rats; both groups
consisted of normal rats fast for 12 h and had free access to water.
For bioavailability study, group 1 and group 2 were orally
administered a single dose of 3 mg/kg of IND marketed and
equivalent weight of the optimized spray dry formulation,
respectively. The tested preparations were administered as
suspension using 2% acacia in normal saline solution with the
help of an oral needle (Chattopadhyay et al., 2011). Serial blood
samples were collected after oral administration at specified
intervals.

2.8.2.2. HPLC method for indomethacin determination in
plasma. Plasma concentration of IND was quantified by HPLC
method, HPLC system consisted of pump (Waters 1525), an
automatic injector (Waters 717 plus autosampler), and a UV
detector set at lmax 320 nm (Waters 2487 Dual l absorbance,
Waters corporation, Milford, MA) applying area under the peak
value. IND was separated using C 18 column (waters, Sunfire, 5 mm,
4.6 � 250 mm, Ireland), while the mobile phase consisted of 60%
acetonitrile in 0.02 M sodium acetate buffer adjusted to pH 3.6
using orthophosphoric acid. The mobile phase was pumped at a
flow rate of 1.0 ml/min (Boon et al., 2006).

The rat blood samples were collected into a tripotassium editic
acid tubes which were centrifuged immediately at 5000 rpm for
4 min. The plasma was then transferred into a lock capped
microcentrifuge tube for extraction, using acetonitrile. The
samples were then agitated and centrifuged at 10,000 rpm for
10 min for precipitation of protein. The supernatant is then
transferred into a clean microcentrifuge tube and future addition
of acetonitrile prior to measurement was performed (Boon et al.,
2006).

2.8.2.3. Data analysis. Bioavailability analysis was performed by
means of pksolver computer program compartmental method
(Computer Methods and Programs in Biomedicine). The area under
the plasma concentration curve (AUC) was determined and the
peak plasma concentration (Cmax) and the time to reach Cmax (tmax)
directly determined from the constructed plasma data. All results
were expressed as mean � SD. The data from various formulations
were compared for significance by t-test. Results with p value
<0.05 were considered significant.

2.8.3. Assessment of ulcerogenic side effect
Three groups of rats, each group containing five rats undergoes

12 h fasting period. First group was given an oral suspended spray
dried emulsion equivalent to 30 mg/kg which represents an acute
dose of indomethacin (Sabiua et al., 2015) as for the second group
was given an acute dose of suspended marketed product. The third
group being the control was given the vehicle orally, the
administration was provided by the aid of metal cannula. The
rats were allowed access to water only, after 24 h the rats were
sacrificed under chloroform anesthesia. The stomach was opened,
dissected and washed with saline. The degree of ulceration was
determined using the ulcer scoring system as reported by Pillai
et al. (2010). The ulcer size was determined and accordingly scores
were given. For histopathological assessment, the stomachs were
transferred into 10% w/w formaldehyde as a fixative for 48 h for
further histological analysis of the parietal and mucosa (Adewoye
and Salami, 2013), which were then embedded in a paraffin block
and cut into 5 micrometer sections using Rotary Microtome (cut
5040, Micrtotec, Walldof, Germany). These sections were placed
into glass slides and stained with hematoxyline and eosine, then
examined under light microscope (Yadav et al., 2012).

2.9. Stability studies

With the aim to confirm the stability of the optimized spray
dried emulsion formulation, the in vitro release profiles were
evaluated after storage at accelerated condition. Capsules con-
taining equivalent weight of 25 mg IND spray dried emulsion were
placed in glass vials and kept at 40 �C at 75% RH for 90 days.
Samples were monitored and release studies performed.

3. Results and discussion

The choice of the oily component was based on the solubility
studies. The indomethacin solubility in various vehicles is
represented in Table 3 which revealed that LabrasolJ and
TransuctolJ 1:1 showed the highest ability to solubilize the drug
presenting value equivalent to 154.33 mg/ml while 0.02 mg/ml IND
were solubilized in water, reflecting 7716 times increase in
solubility. Labrasol1 (capryllocaproyl macrogol-8 glyceride EP) is
a lipid self-emulsifying excipient intended to be used in oral
formulation (Fernandeza et al., 2007). While Transuctol1 HP,
highly purified diethelyene glycol monoethyl ether EP/NF, was
* Data expressed as means � SD (n = 3).
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used as a co-surfactant for the formulation of Xibrasnol self
microemulsifying drug delivery system formulation (Cirri et al.,
2007).

In order to select the suitable surfactant, solubility study was
carried in different surfactants where Tween1 80 as a liquid
surfactant showed the highest solubility while poloxamer 188 had
the highest results compared to other solid stabilizers as shown in
Table 3. The results were in accordance with a study on valsartan
loaded spray dry emulsion were Tween1 80 and poloxamer 188
were selected as stabilizers (Baek et al., 2014).

3.1. Optimization of spray dry emulsion

3.1.1. Spray drying yield
Spray drying is a systemic method of transforming feed added

as a solution or dispersed system into a solid product (Paudel et al.,
2013). The process is a versatile technique which has pioneered
into the industrial field especially pharmaceutical industry
(Gharsallaoui et al., 2007). Understanding the interaction between
drying rate, inlet temperature, feed rate pressure and the type of
the nozzle as process parameters, with solvent system, carriers
solid content, viscosity of the feed as the formulation parameters,
are crucial factors determining final preparation (Paudel et al.,
2013). The final product characteristics represented by stickiness,
particle size, particle morphology which influence the powder
yield, bulk density, flow, in vitro release and physical stability
(Wang and Langrish, 2009).

Current experimental design investigates the different for-
mulations parameters namely; the carrier concentration and
percentage of solid surfactant added on the quantity of yield
produced. The yield of spray dried process computed from the
amount of powder collected is represented as percentage spray
dried yield. The percentage spray dried yield ranged from 45.20 to
85.50% as presented in Table 2. The R2 presented by the ANOVA
equal to 0.97 explaning that at least 97% of the variability occurring
in the yield is represented by the factors in the model. The ANOVA
analysis revealed the percentage spray drying yield is significantly
affected by the two independent variables from the high R2 and p
value <0.0001.
Fig. 1. The two dimensional (A), three dimensional (B), plots of spra
The regression Eq. (4) demonstrates the independent variables
influence on the percentage spray drying yield, which illustrates a
significant negative effect of both independent variables, but the
presence of higher coefficient indicates the superiority of the
concentration of poloxamer 188 present in the formulation on the
model presented. The percentage spray dry yield was highest in the
presence of lowest carrier content. This percentage decreased by
20% in the presence of highest amount of poloxamer 188 added.
Although, formulas content ranging from carrier content �1�0
(coded value) showed a lower decrease in percentage spray dry
yield.

For deeper understanding of the variance analysis, a response
surface plots generated by design expert software represent a two
dimensional contour lines and a respective three-dimensional
surface response (Fig. 1). The two-dimensional surface plot reveals
absence of interaction between the two independent variables
applied due to presence of parallelism. The highest spray dry yield
percentage equivalent to 81% is obtained at solid carrier
percentage less 3.75 and less than 27.50% of solid surfactant.
The three dimensional plot reveals as well lack of interaction
between the assessed factors (Fig. 1B).

The regression Eq. (4) as well as the surface plot magnify the
effect of the variables on the model. As represented by the
regression equation of the spray dried yield the negative effect
represented by a decrease in percentage spray dried yield upon
increasing the poloxamer 188 content in the formulation, which
could be explained by an increase in viscosity of the homogenized
emulsion due to the increase of water soluble carrier and
poloxamer 188 that forms a gel at higher temperature (Baloglu
et al., 2011). The increase in solid content led to a decrease in
powder yield, which is explained by increased stickiness and
viscosity. The evaluated viscosity upon increase in carrier content
in the absence of poloxamer demonstrated a proportional increase.
The viscosity parameters as well as moisture content were
evaluated to verify the impact of carrier on the spray drying yield.
The viscosity of formula containing 30% of carrier was significantly
higher than emulsion prepared containing 20% with representative
values equivalent to 1556 cP and 341.60 cP, respectively. As
expected, the moisture content of the entrapped powders was 35%
y dried yield resulting from the independent variables applied.
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w/w while those particles reaching the collection chamber
presented a maximum of 2% w/w moisture content. Both results
will lead to drastic loss of powder in the chamber with large
particle size (Maury et al., 2005; Paudel et al., 2013). Similar
phenomenon was observed by Dollo et al. (2003) where a decrease
in percentage spray dried yield of 5-PDDT dry emulsion from 53%
to 44 % was presented when increasing the carrier to water ratio
from 10% to 30% w/w.

Spray dried yield ¼ 67:85000 � 5:20833 � A � 13:72833 � B ð4Þ

3.1.2. Drug loading efficacy of spray dried emulsion
Drug loading levels of the spray dry emulsion formulas,

expressed as the loading efficacy percentage was in the range of
56–81%. The application of the ANOVA on the drug loading
response resulted with correlation (R2 = 0.9916) and prediction
(R2 = 0.8997). These results signify the accuracy of the regression
model. ANOVA evaluation of the percentage drug loading response
revealed p < 0.0026 thus showing that it was significantly affected
by the percentage of maltodextrin, and that of poloxamer 188
present in the preparation. The regression Eq. (5), highlights the
influence of the different factors on the percentage drug loading, it
could be deducted that, the carrier concentration in the prepara-
tion of dry emulsion positively affected the loading, contrary to the
percentage of poloxamer 188 which inversely affected the loading
efficacy resulting in a decrease in indomethacin encapsulation
which could be concluded from its negative coefficient value.

The contour plot reveals an insignificant interaction between
the concentration of the carrier and amount of poloxamer 188. This
interaction is evident by the lack of parallelism of the different
contour lines of percentage drug loading efficiency. The reflected
three-dimensional plots, demonstrates as well the interaction
between the two independent variables used (Fig. 2).

Loading Efficacy ¼ 72:33333 þ 9:16667 � A � 3:000 � B
� 0:750 � A � B � 4:500 � A2 � 1:33458exp
� 015 � B2 ð5Þ
Fig. 2. (A) Represents the two dimensional, (B) three dimensional plots of entrapme
The positive effect observed with increasing the carrier
concentration may be attributed to the increased entrapment of
oil droplets containing the drug with increasing the carrier
concentration. While the negative effect of increasing the
percentage of poloxamer 188 is explained by a decrease in stability
of the formulation, where the inclusion of poloxamer 188
increased the droplet size, this phenomena was represented by
Yin et al., (2009), where formulas containing Poloxamer1881

showed larger droplet size in comparison to those based solely on
Tween1 80. The increase in droplet size affects the entrapment of
the drug as well the stability of the emulsion, thus decreasing the
percentage loading. The pronounced increase in the loading with
the increase in carrier content is minimized with the presence and
increase content of the poloxamer 188 added.

3.1.3. The percentage of drug released within two minutes
Over years, the dissolution studies from solid pharmaceutical

dosage forms have been under continuous scientific development,
whenever a new solid dosage form is preferred, it is tested to
ensure drug dissolution release within the appropriate conditions
(Costa and Sousa Lobo, 2001). These different developments were
used to relate and interpret oral absorption from in vitro studies.
The current study reveals the immediate dissolution release profile
of the different formulations, which fluctuate with the represen-
tative formulation prepared.

The percentage of drug released within two minutes from the
spray dried emulsion ranged from 85 to 99.35%. This demonstrated
that the chosen factors significantly affect the release of the drug.
As presented by Table 4, ANOVA reveals the percentage of drug
release from the dried emulsion was significantly affected by the
independent variables (p < 0.0099). The regression Eq. (6) after
correction for insignificancies highlighted that the independent
variable extensively affecting the release of the drug after two
minutes was the percentage of poloxamer 188 present in the
formulation. This could be explained by the enhanced surface
activity and wetting properties of the drug upon inclusion of
poloxamer 188 as a solid surfactant. Surfactants such as poloxamer
nt efficacy of spray dried emulsion affected the independent variables applied.



Table 4
Analysis of variance of in vitro release of indomethacin within 2 minutes response.

Source of variation Sum of squares Degree of freedom Mean square F value Probability valuea R2 values Predicted R2 value

Model 159.750 5 31.950 28.380 0.0099 0.979 0.780
A–A 22.740 1 22.740 20.200 0.0206
B–B 102.060 1 102.060 90.640 0.0025
AB 12.500 1 12.500 11.100 0.0447
A^2 0.720 1 0.720 0.640 0.4827
B^2 21.730 1 21.730 19.300 0.0219
Residual 3.380 3 1.130

a Model terms of p-value less than 0.05 are significant.
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188 play a vital role in stabilizing emulsion through the formation
of micelles, colloidal sized clusters. Micelles systems have been
long used as a drug carrier system for enhancing solubility, stability
and bioavailability. The significant improvement of dissolution
prevailed by poloxamer 188 factor can be further explained by the
ability to perform micellar solubilization (Rangel-Yagui et al.,
2005). Baek et al. (2014) revealed the effect of different surfactant
on the release profile of valsartan, a poorly soluble drug. By
comparing formula containing poloxamer 188 and that containing
Tween1 80 as surfactant, the latter showed a slower lease with
respect to that poloxamer 188 based formulation.

In vitro release ¼ 98:18100 � A þ 4:12433 � B � 1:76775
� AB � 0:59950 � A2 � 3:2900 � B2 ð6Þ

Biowaivers are the waiving of clinical bioequivalence studies,
which are vital concern in drug development process. The in vivo
pharmacokinetics is usually a mirror for the in vivo solubility and
permeability data. Recently, BCS have implemented waiving
bioequivalence studies based on the classified solubility and
permeability. Waiving of bioequivalence occurred for drugs having
high soluble, highly permeable and rapidly dissolving active
ingredients. The biowaiver strategically employed to save time and
resources during drug development (Mishra et al., 2010). Our study
revealed significant immediate release profile, thus waving the
necessity of in vivo bioequivalence assessment.

3.2. Optimization and check point analysis

From the previous analysis, the optimized formula of the spray
dried indomethacin loaded emulsion formula was selected based
on selecting the maximum value for loading efficacy and release
rate from the different dependant variables, Formula (F6) which
contains the highest content of carrier (30%) in the presence of
2.50% of poloxamer 188 was found to fulfill the required
optimization criteria. The optimized formula selected resulted in
66.50% yields with 76% drug loading and 98.70% drug release
within two minutes.

For the evaluation of the validity of the model and its ability to
predict responses a check point analysis over three new formulas
was performed as represented by Table 5. The experimental values
of the responses were determined and compared to the predicted
Table 5
Percentage bias values for the three dependent variables studied.

Formulaa % Biasb

Maltodextrin
(%)

Poloxamer
(%)

Spray dried yield 

27.500 0 1.275 

20 3.750 4.405 

22.500 1.250 9.466 

a All Formulas prepared with the same content of oil, water and surfactant.
b Bias = [predicted value—experimental value/predicted value] � 100.
ones presented by the model factorial design. The evaluation of %
bias of the release rate within two minutes, entrapment efficacy
and spray dry yield were found within limits of 1.54 and 9.58%
representing that the three responses have a good agreement
between the predicted and actual values thus presenting the
significance of the model presented.

3.3. Physicochemical characterization of optimized formulation

The manipulation of the crystallinity of the limited bioavailable
drugs is one of the modification pioneered was through the
transformation of a crystalline drug into its amorphous form. The
enhanced solubility of the amorphous state of the drug is governed
by the high internal energy associated with such a solid form, this
enhanced solubility improves the dissolution and consequently
bioavailability (Hancock and Zografi, 1997). With all of the
proceeding improvement in solubility and dissolution, a risk of
a change in the amorphous forms up into its more favorably stable
crystalline form up on storage. The importance of knowledge of the
solid state after the formulation is crucial for understanding the
solubility augmentation occurred.

3.3.1. Electromicroscopical examination
The photoelectromicroscopical images of free indomethacin,

optimized formulation (F6) and spray dried emulsion free from
poloxamer 188 (F3) were examined to identify the particle
morphology, surface characteristics and particle size of the tested
powders as illustrated in Fig. 3. Upon close examination of Fig. 3(A,
B), indomethacin revealed to be in the form of irregular needle
shape crystalline structure as reported by Hajare and Jadhav
(2012). The optimized formulation of spray dry emulsion (F6)
appeared as spherical smooth surface particles with average size of
7.50 mm (n = 50), with absence of IND crystals structure on its
surface, in addition aggregation and agglomeration were absent as
shown in Fig. 3(C,D). The lack of agglomeration presented by the
optimized formulation was in accordance with Dollo et al. (2003)
results where the use of maltodextrin engineered a spherical but
dented particles with absence of agglomeration. The disappear-
ance of indomethacin crystals might be attributed to the
transformation into a molecular state within the polymeric
structure of the particles, other explanation may be its incorpo-
ration within particle interior structure where it couldn't be
Loading efficacy % drug release within two minutes

5.949 5.071
9.583 1.542
8.753 4.089



Fig. 3. Scanning electron microscopical photographes of free indomethacin (A,B), optimized spray dried emulsion F6 (C, D) and F3 dry emuslion free of poloxamer (E, F) at
various magnification power.
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definite with surface examination. In order to study the influence
of poloxamer presence, the spray dried formulation (F3) which is
free from P188, demonstrated spherical aggregated particles with
rough surfaces which substantiated the influence of poloxamer on
the formulation. The difference in particle structure reported was
comparable to that observed by in Baek et al. (2014) study of
valsartan loaded spray dry emulsion using hydroxypropylmethyl
cellulose as a carrier, where valsartan-loaded spray dry emulsion
containing poloxamer showed a superior spherical structure than
that devoid of Poloxamer1.
Furthermore, the micromeretic parameters values represented
reassure the spherical structure of the particles examined by the
SEM, these parameters which are considered as a marker for the
flow property of the optimized formulation. Carr’s index value
equivalent to 5% as well the value of Hausner ratio <1.25
represent good flow of the optimized formulation. This conclu-
sion was verified by the result of the angle of repose being 31�

which future indicated the good flowability of the optimized
formulation.



Fig. 4. DSC thermograms of indomethacin (A), poloxamer 188 (B), maltodextrin (C), physical mixture (D), spray dried optimized formulation (E).
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3.3.2. Differential scanning calorimetrical analysis
DSC was utilized for the evaluation of the solid state of the

indomethacin in the prepared formulation. As illustrated in Fig. 4,
the free indomethacin was characterized by a single, sharp
endothermic at 160.31 �C with an enthalpy of fusion (DH) of
88.75 J/g, which reveals a typical crystalline behavior. poloxamer
188 resulted in the presence of two peaks in its DSC thermogram,
the first peak demonstrated an enthalpy of fusion (DH) of 115.58 J/g
at 53.49 �C, and a second peak exothermic peak at 184.47 �C with an
enthalpy of fusion 16.86 J/g (Sharma and Jain, 2010). The carrier,
maltodextrin shows a small endothermic peak at 190.74 �C with
DH of 1.60 J/g in a correspondence to Garnero (2013) DSC
evaluation of maltodextrin. The physical mixture obtained
represented two weak endothermic peaks, the first endothermic
peak was present at 48.84 �C with an enthalpy of fusion (DH) of
7.77 J/g, representing the poloxamer 188 melting point as reported
(Sharma and Jain, 2010), the second small endothermic peak at
higher temperature, this peak was observed at 191.95 C with an
enthalpy of fusion (DH) of 0.46 J/g as a representative for
maltodextrin. The absence of an endothermic drug peak in the
DSC of physical mixture indicated that the drug has been melted
within the excipient on increasing the temperature, similar
phenomena with maltodextrin carrier was observed (Zhang
et al., 2011). The optimized formulation (F6) thermal analysis
presenting similar peaks to that obtained in the physical mixture
and a lack of the endothermic IND melting peak which could be
explained by the presence of indomethacin in its molecular state
within the oil droplets. This modification into a molecular state
was explained by Onoue et al. (2012) which reported the absence
of peak of cyclosporine A in the dried emulsion to its entrapment
within the oil in the molecular form.

3.3.3. FT-IR spectroscopy characterization
FTIR solid-state spectra of the free drug (A), poloxamer (B),

maltodextrin (C), their physical mixture (D) and the optimized
formulation F6 (E) are illustrated in Fig. 5. The existence of any drug



Fig. 5. FT-IR spectra of (A) indomethacin, (B) poloxamer 188, (C) maltodextrin, (D) physical mixture, (E) spray dried optimized formulation.
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excipient interaction is detected, through modification of charac-
teristic bands, the origin of a new or the absence of an existing band
in the spectrum (Garnero, 2013).

Indomethacin spectrum revealed characteristic bands of
secondary carbonyl groups (C¼O) at 1711.17 cm�1, (C¼O amid) at
1688.99 cm�1, phenyl groups (C¼C stretch vibration) at 1523 cm�1

and hydroxyl stretch vibration at 2900–3321 cm�1 that is in
accordance to Akhgari et al. (2013).

Poloxamer sample demonstrated a characteristic C��H stretch-
ing at 2880.71 cm�1 as well a C��O stretch at 1146.82 cm �1 as
previously observed by Yin et al. (2009).

Maltodextrin spectrum showed a characteristic hydroxyl
stretch vibration at 3269.47 cm�1, a strong broad band between
980 cm�1 and 1200 cm�1 was the most characteristic band for a
polysaccharide. It was attributed to the C��O stretching vibrations
and C��H stretch at 2926.87 cm�1 in agreement with Sun et al.
(2013).

The physical mixture represents the characteristic bands of
indomethacin, poloxamer and maltodextrin, similarly the opti-
mized formulation represents the characteristic peaks of the
formulation components with no significant differences. Thus,
these patterns of the optimized formulation (F6) and physical
mixture indicates the absence of interaction within the formula-
tion between the drug and other excipient, which further support
the results obtained by DSC studies.

3.3.4. In vitro release studies
In order to evaluate the dissolution of the prepared spray dried

emulsion formulation, investigation of IND in vitro release from the
optimized formulation, physical mixture and the marketed
product were evaluated over a period of 30 min. IND optimized
formulation presented a 98.74% release within 2 min while the
market product demonstrated a shallow release of 18.04%, and a
negligible release of physical mixture of 7.84% compared to the
marketed and the optimized dried emulsion. Over the period of
20 min as reflected by the in vitro release profiles, the IND dry
emulsion exhibited a rapid and complete release profile compared
to the marketed product which exhibited only 68.72% released as
represented by Fig. 6, knowing that the USP dissolution of
indomethacin necessitate a minimum of 80% release within
20 min. The release from the dry emulsion satisfies the USP
monograph criteria (USP IXX).

This improvement in the dissolution rate from the optimized
formulation is attributed to various factors, namely; The presence



Fig. 7. Mean plasma concentration of indomethacin after oral administration of optimized dry emulsion and the market product.

Table 6
Pharmacokinetic parameters after oral administration of indomethacin optimized
dry emulsion and marketed product.

Parameter Optimized formula (F6) Marketed product

AUC0�t
(P = 0.017)a

147.596 14.268

Cmax

(P = 0.0084)a
2.848 mg/ml � 0.456 0.295 mg/ml � 0.087

Tmax 45 min 60 min
Clast

a 1.422 mg/ml � 0.211 0.077 mg/ml � 0.031

a p-Value less than 0.05 are significant.

Fig. 6. In vitro release of indomethacin from its optimized formulation (F6) in comparison with marketed product and physical mixture at 37 �C � 0.5.
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of surfactants within the formulation which improves the
wetability of the formulation, thus enhances its solubility and
dissolution rate (Ahmed and Aboul-Einien, 2007), as well, the
reduction of emulsion droplet size increases surface area which
improves dissolution rate. These results are in corresponding to
various dry emulsion formulation such as that presented by Zhang
et al. (2011), where the improvement in the dissolution rate
augmentation of malotilate was explained on the bases of decrease
in droplet size and enhanced surface area.

3.4. Pharmacokinetic studies of IND loaded spray dried emulsion

To evaluate the IND dried emulsion as a potential oral dosage
form to improve its bioavailability, an in vivo comparative
absorption study was carried out in rats. The bioavailability
studies based on the mean plasma concentration versus time is
represented in Fig. 7. The plasma concentration after the oral
administration of reconstituted IND dry emulsion was significantly
higher throughout the blood sampling inquiry. Mean pharmacoki-
netic parameters for reconstituted IND dry emulsion and marketed
product are represented in Table 6. The Cmax and AUC0�t after oral
administration of reconstituted IND dry emulsion were 10 folds
higher than those of the marketed product with a Cmax equal to
2.848 mg/ml and 0.295 mg/ml for the dry emulsion and marketed
product, respectively. The shorter Tmax attained mimics the rapid in
vitro release of IND from optimized dry emulsion formulation
compared to that of marketed product.

Several factors could be attributed to the improved bioavail-
ability of IND from dry emulsion formulation. After oral
administration of reconstituted dried emulsion, the emulsion
easily disperses, where a dissolution step of the poorly soluble
drug is not required since the drug is dissolved within the oil phase.
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In this study, the in vivo release of the dry emulsion demonstrated a
faster and much complete release than from the marketed product.

The medium chain triglycerides were reported to slow down
GIT transit time, and intervene with the intestinal cells, allowing
the lipid particles through the cell layer (Xiong et al., 2008). As
well, the decreased droplet size, which in turn increases surface
area thus, increases the absorption of the oil phase of the
preparation. In addition the use Labrafac1 oil a medium chain
triglyceride, these factors contribute to improve bioavailability.
The factors discussed are in agreement with the present
formulation (F6) knowing that Labrasol1 and Transuctol1 are
medium chain triglyceride thus follow exact procedure as stated
before for enhancing the absorption of model drug (class II).

Rao and Aghav (2014) study reported indistinguishable
observation where an increase in itraconazole bioavailability from
its dried emulsion formulation, was attributed to the aspects of the
prepared emulsion. Furthermore, the explanation was highlighted
by cytochrome inhibition, increased permeability of epithelial cell
membrane due to the presence of surfactants, and ability of lipid
formulation to be partially absorbed via lymphatic route, thus
enhancing its oral absorption.

3.5. IND gastric side effects: macroscopical examination and
histopathological features

A comparative evaluation was performed via an acute oral dose
administration of IND. The control group received an ulcer score of
zero due to absence of any observed punctiforms or ulcers, the
second group which received the IND dry emulsion formulation
presented a normal stomach features with absence of ulcers or
punctiforms as represented by Fig. 8(C,D). Score of the third group
received the marketed product presented various ulceration
features and scoring. One rat presenting an ulcer (>2 mm in
diameter) thus given a score of 5, two of the rats presented >5
puntiforms with no ulcer and thus given a score of 1, a score of two
is given to a rat due to an observed ulcer of (1–2 diameters) those a
total score of 9 was computed.
Fig. 8. The dissected stomach of control group of rats (A, B) compared to stomach of r
Microscopical qualitative examination of stomach histology
was performed after 24 h from administration of acute dose of IND
market product, IND dry emulsion (F6) and the vehicle. The control
group revealed an intact submucosa, mucosal epithelium, and
muscularis mucosa with presence of blood vessels in the serosal
layer and absence of inflammatory exudates. The histopathology of
rats’ stomach received the marketed product demonstrated
superficial erosion in the mucosal epithelium, with infiltration
of inflammatory exudates in serosal layer and distribution and
vasocongestion of the muscularis layer. Ulcer pits were a key
feature with distortion of the stomach glands, damaged submuco-
sa and presence of hemorrhage, which was an indication of
hemorrhage at certain sites as presented by Fig. 9. Rats
administered the acute dose of the marketed product presented
similar histopathological findings upon administration of acute
dose of indomethacin as previously obtained by Yadav et al. (2012).
The dry emulsion formulation (F6) resulted in absence of any
ulceration features with histopathology features comparable to
control group (Fig. 9).

The histogastric safety of IND-loaded dry emulsion formulation
could be attributed to enhancing solubility which is the rate
limiting step, of its oral absorption and also to the presence of the
drug in oil, where the oily phase promotes its transit across the
mucus gel layer of the stomach that reduces mucosal injury
(Lichtenberger et al., 2009). Ge et al. (2008) suggested the presence
of the lipid ingredients as a protective cover decreases the
possibility to contact with enzyme and this explanation can be
projected to the absence of ulceration after formulation (F6)
administration, attributing the protective effect of the dry
emulsion. Additionally, the absence of ulceration may be
accredited to the entrapment of the drug in the carrier matrix
thus reducing the contact of the drug with the stomach wall. Reis
et al. (2013) aimed to proof the reduced gastric toxicity upon
entrapment of ibuprofen in nanoparticles composed of biodegrad-
able poly (DL-lactic acid) after oral delivery. Similarly, the lack of
ulcer features induced by the IND formulation (F6) indicates an
improved oral delivery with wider safety margin.
ats after administration of dried emulsion (F6) (C, D) and marketed product (E, F).



Fig. 9. Histology of rat stomachs mucosa and submucosa after administration of different formulations of IND; (A, B) control rat, (C, D) rat treated with IND marketed product,
(E, F) rat treated with IND dry emulsion formulation. The stomach sections of A, C, and E are under 100 times magnification while B, D, and F under 40 times magnification.
Black, blue, red, and green arrows indicate erosion, inflammatory exudates, vasocongestion, and damaged mucosal gland, respectively.(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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3.6. Stability studies

The dissolution profile was investigated as a stability indicator
for the drug formulation. The release profile of the freshly prepared
dry emulsion presented 98.747% released within the first 2 min
while the dry emulsion stored at 40 �C/75% RH demonstrated an
average of 95.435% release within 2 min after 3 month. The results
showed no significance drug loss during the storage period. The
optimized formulation (F6) also retained its physical stability over
the first month of storage at 75% RH at 40 �C, where absence of
discoloration and stickiness were observed. Christensen et al.
(2001) investigated the effect of oil added as well for the carrier on
stability under humid conditions. The addition of lactose as a
carrier resulted in an amorphous lactose recrystallization over the
humid storage. The stress released inside the particles induced the
release of the fat on the surface of the powder, thus initiating
agglomeration of the powders. This agglomeration as well as the
release of fat to the surface was diminished upon addition of
maltodextrin. This emphasis the ability of maltodextrin in
maintaining physical stability as presented in the optimized dry
formulation.

4. Conclusion

In the present study, indomethacin loaded spray dried emulsion
was successfully prepared and optimized using 23 full factorial
design. The independent variables namely; carrier and solid
surfactant concentrations influenced the spray dry yield, loading
efficacy and drug release within two minutes. The optimized
formulation containing poloxamer 188 and maltodextrin carrier
presented an enhanced dissolution release profile with a dramatic
enhancement in oral bioavailability and reduced ulcerogenic
activity compared to the marketed product. The physicochemical
characteristics revealed a spherical smooth morphology with the
drug presented in the molecular state. The optimized spray dry
emulsion formulation containing a class II non- steroidal anti-
inflammatory drug is a novel technique for enhancing the
bioavailability through improving its limited solubility,
furthermore the formulation stated proved an enhancement in
minimizing gastrointestinal toxicity presented with NSAIDs.

Acknowledgments

The authors are grateful for the assistance of Prof. Dr. Roland
Habchi, Research platform in Nanoscience and Nanotechnology,
Lebanese University, for SEM studies. Pro. Dr. Amal Omar Galal for
support during in vivo studies, As well, the authors appreciating
Gatefosse Corp. and Roquette company for oils and Geludix1

samples, respectively.

References

Adewoye, E.O., Salami, A.T., 2013. Anti-ulcerogenic mechanism of magnesium in
indomethacin induced gastric ulcer in rats. Niger. J. Physiol. Sci. 28, 193–199.

Ahmed, I.S., Aboul-Einien, M.H., 2007. In vitro and in vivo evaluation of a fast-
disintegrating lyophilized dry emulsion tablet containing griseofulvin. Eur. J.
Pharm. Sci. 32, 58–68.

Akhgari, A., Heshmati, Z., Makhmalzadeh, B.S., 2013. Indomethacin electrospun
nanofibers for colonic drug delivery: preparation and characterization. Adv.
Pharm. Bull. 3, 85–90.

Alsaidan, S.M., Alsughayer, A.A., Eshra, A.G., 1998. Improved dissolution rate of
indomethacin by adsorbents. Drug Dev. Ind. Pharm. 24, 389–394.

Baek, I.H., Kim, J.S., Ha, E.S., Choo, G.H., Cho, W., Hwang, S.J., Kim, M.S., 2014. Oral
absorption of a valsartan-loaded spray-dried emulsion based on
hydroxypropylmethyl cellulose. Int. J. Biol. Macromol. 69, 222–228.

Bajaj, A., Rao, M.R.P., Pardeshi, A., Sali, D., 2012. Nanocrystallization by evaporative
antisolvent technique for solubility and bioavailability enhancement of
telmisartan. AAPS PharmSciTech 13, 1331–1340.

Baloglu, E., Karavana, S.Y., Senyigit, Z.A., Guneri, T., 2011. Rheological and mechanical
properties of poloxamer mixtures as a mucoadhesive gel base. Pharm. Dev.
Technol. 16, 627–636.

Boon, V., Glass, B., Nimmo, A., 2006. High-performance liquid chromatographic
assay of indomethacin in porcine plasma with applicability to human levels. J.
Chromatogr. Sci. 44, 41–44.

Chattopadhyay, S., Adhikary, B., Yadav, S.K., Roy, K., Bandyopadhyay, S.K., 2011. Black
tea and theaflavins assist healing of indomethacin-induced gastric ulceration in
mice by antioxidative action. Evidence-Based Complement. Altern. Med. 2011
doi:http://dx.doi.org/10.1155/2011/546560.

Christensen, K.L., Pedersen, G.P., Kristensen, H.G., 2001. Preparation of redispersible
dry emulsions by spray drying. Int. J. Pharm. 212, 187–194.

Cirri, M., Mura, P., Mora, P.C., 2007. Liquid spray formulations of xibornol by using
self-microemulsifying drug delivery systems. Int. J. Pharm. 340, 84–91.

Corveleyn, S., Remon, J.P., 1998. Formulation of a lyophilized dry emulsion tablet for
the delivery of poorly soluble drugs. Int. J. Pharm. 166, 65–74.

http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0005
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0005
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0010
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0010
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0010
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0015
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0015
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0015
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0020
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0020
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0025
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0025
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0025
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0030
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0030
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0030
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0035
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0035
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0035
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0040
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0040
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0040
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0045
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0045
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0045
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0045
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0050
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0050
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0055
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0055
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0060
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0060


M.M. Mehanna et al. / International Journal of Pharmaceutics 496 (2015) 766–779 779
Costa, P., Sousa Lobo, J.M., 2001. Modeling and comparison of dissolution profiles.
Eur. J. Pharm. Sci. 13, 123–133.

Cui, F., Wang, Y., Wang, J., Feng, L., Ning, K., 2007. Preparation of redispersible dry
emulsion using Eudragit E100 as both solid carrier and unique emulsifier.
Colloids Surf. A Physicochem. Eng. Aspects 307, 137–141.

Dhirendra, K., Lewis, S., Udupa, N., Atin, K., 2009. Solid dispersions: a review. Pak. J.
Pharm. Sci. 22, 234–246.

Dixit, R.P., Nagarsenker, M.S., 2007. Dry adsorbed emulsion of simvastatin:
optimization and in vivo advantage. Pharm. Dev. Technol. 12, 495–504.

Dollo, G., Le Corre, P., Chevanne, F., Le Verge, R., 2004. Bupivacaine containing dry
emulsion can prolong epidural anesthetic effects in rabbits. Eur. J. Pharm. Sci.
22, 63–70.

Dollo, G., Le Corre, P., Guérin, A., Chevanne, F., Burgot, J.L., Leverge, R., 2003. Spray-
dried redispersible oil-in-water emulsion to improve oral bioavailability of
poorly soluble drugs. Eur. J. Pharm. Sci. 19, 273–280.

El-Badry, M., Fetih, G., Fathy, M., 2009. Improvement of solubility and dissolution
rate of indomethacin by solid dispersions in Gelucire 50/13 and PEG4000. Saudi
Pharm. J. 17, 217–225.

Etman, M.A., Nada, A.H., 1999. Hydrotropic and cosolvent solubilisation of
indomethacin. Acta Pharm. 49, 291–298.

Fernandeza, S., Vincent, J., Rodierb, J.D., Ritterb, N., Mahlerb, B., 2007. Comparative
study on digestive lipase activities on the self emulsifying excipient Labrasol,
medium chain glycerides and PEG esters. Biochim. Biophys. Acta—Mol. Cell Biol.
Lipids 1771, 633–640.

Garnero, C., 2013. Ibuprofen-maltodextrin interaction: study of enantiomeric
recognition and complex characterization. Pharmacol. Pharm. 04, 18–30.

Ge, Z., Zhang, X.X., Gan, L., Gan, Y., 2008. Redispersible, dry emulsion of lovastatin
protects against intestinal metabolism and improves bioavailability. Acta
Pharmacol. Sin. 29, 990–997.

Gharsallaoui, A., Roudaut, G., Chambin, O., Voilley, A., Saurel, R., 2007. Applications
of spray-drying in microencapsulation of food ingredients: an overview. Food
Res. Int. 40, 1107–1121.

Gong, K., Viboonkiat, R., Rehman, I.U., Buckton, G., Darr, J.A., 2005. Formation and
characterization of porous indomethacin-PVP coprecipitates prepared using
solvent-free supercritical fluid processing. J. Pharm. Sci. 94, 2583–2590.

Gupta, S., Kesarla, R., Omri, A., 2013. Formulation strategies to improve the
bioavailability of poorly absorbed drugs with special emphasis on self-
emulsifying systems. ISRN Pharm. doi:http://dx.doi.org/10.1155/2013/848043.

Hajare, A.A., Jadhav, P.R., 2012. Improvement of solubility and dissolution rate of
indomethacin by solid dispersion in polyvinyl pyrrolidone K30 and poloxomer
188. Asian J. Pharm. Tech. 2, 116–122.

Hancock, B.C., Zografi, G., 1997. Characteristics and significance of the amorphous
state in pharmaceutical systems. J. Pharm. Sci. 86, 1–12.

Hansen, T., Holm, P., Schultz, K., 2004. Process characteristics and compaction of
spray-dried emulsions containing a drug dissolved in lipid. Int. J. Pharm. 287,
55–66.

Hiral, M., Akhilesh, D., Prabhakara, P., Kamath, J.V., 2012. Enhancement of solubility
by complexation with cyclodextrin and nanocrystallisation. Int. Res. J. Pharm. 3,
100–105.

Jambhekar, S., Casella, R., Maher, T., 2004. The physicochemical characteristics and
bioavailability of indomethacin from -cyclodextrin hydroxyethyl-cyclodextrin,
and hydroxypropyl-cyclodextrin complexes. Int. J. Pharm. 270, 149–166.

Krasowska, H., 1980. Effect of chemical structure of some nonionic surfactants on
the alkaline hydrolysis of indomethacin. Pharm. Ind. 42, 852–854.

Lichtenberger, L.M., Barron, M., Marathi, U., 2009. Association of
phosphatidylcholine and NSAIDs as a novel strategy to reduce gastrointestinal
toxicity. Drugs Today 12, 877–890.

Maury, M., Murphy, K., Kumar, S., Shi, L., Lee, G., 2005. Effects of process variables on
the powder yield of spray-dried trehalose on a laboratory spray-dryer. Eur. J.
Pharm. Biopharm. 59, 565–573.

Mehanna, M.M., Elmaradny, H.A., Samaha, M.W., 2009. Ciprofloxacin liposomes as
vesicular reservoirs for ocular delivery: formulation, optimization, and in vitro
characterization. Drug Dev. Ind. Pharm. 35, 583–593.

Mehanna, M.M., Motawaa, A.M., Samaha, M.W., 2011. Tadalafil inclusion in
microporous silica as effective dissolution enhancer: optimization of loading
procedure and molecular state characterization. J. Pharm. Sci. 100, 1805–1818.

Mehanna, M.M., Motawaa, A.M., Samaha, M.W., 2015. Nanovesicular carrier
-mediated transdermal transdermal delivery of tadalafil: I-formation and
physicochemical characterization. Drug Dev. Ind. Pharm. 41, 714–721.

Mendieta, S., Nuñez, P.R., Oliva, M., Pérez, C., Fernández, J., Crivello, M., 2012.
Intercalation of anti-inflammatory drugs sodium indomethacin into
nanocomposites of Mg–Al. Structural characterization. Procedia Mater. Sci. 1,
580–587.

Mishra, V., Gupta, U., Jain, N.K., 2010. Biowaiver: an alternative to in vivo
pharmacokinetic bioequivalence studies. Pharmazie 65, 155–161.

Molina, C., 1995. Physical stability of lyophilized and sterilised emulsion. STP
Pharma Pratiques 5, 63–72.

Onoue, S., Sato, H., Ogawa, K., Kojo, Y., Aoki, Y., Kawabata, Y., Wada, K., Mizumoto, T.,
Yamada, S., 2012. Inhalable dry-emulsion formulation of cyclosporine A with
improved anti-inflammatory effects in experimental asthma/COPD-model rats.
Eur. J. Pharm. Biopharm. 80, 54–60.

Paudel, A., Worku, Z.A., Meeus, J., Guns, S., Van Den Mooter, G., 2013. Manufacturing
of solid dispersions of poorly water soluble drugs by spray drying: formulation
and process considerations. Int. J. Pharm. 453, 253–284.

Pedersen, G.P., Fäldt, P., Bergenståhl, B., Kristensen, H.G., 1998. Solid state
characterisation of a dry emulsion: a potential drug delivery system. Int. J.
Pharm. 171, 257–270.

Pillai, I., Kandaswamy, M., Subramanian, S., 2010. Antiulcerogenic and ulcer healing
effects of Indian propolis in experimental rat ulcer models. J. ApiProduct
ApiMedical Sci. 2, 21–28.

Rangel-Yagui, C.O., Pessoa, A., Tavares, L.C., 2005. Micellar solubilization of drugs. J.
Pharm. Pharm. Sci. 8, 147–163.

Rao, M.R.P., Aghav, S.S., 2014. Spray-dried redispersible emulsion to improve oral
bioavailability of itraconazole. J. Surfactants Deterg. 17, 807–817.

Rawat, N., Kumar, M.S., Mahadevan, N., 2011. Solubility: particle size reduction is a
promising approach to improve the bioavailability of lipophillic drugs. Int. J.
Recent Adv. Pharm. Res. 1, 8–18.

Reis, C.P., Ferreira, J.P., Candeias, S., Fernandes, C., Martinho, N., Aniceto, N., Cabrita,
A.S., 2013. Ibuprofen nanoparticles for oral delivery: proof of concept. J.
Nanomed. Biotherapeutic Discov. 4, 1–5.

Sabiua, S., Garubab, T., Sunmonuc, T., Ajania, E., Sulymana, A., Nuraina, I., 2015.
Indomethacin-induced gastric ulceration in rats: protective roles of Spondias
mombin and Ficus exasperata. Toxicol. Rep. 2, 261–267.

Saquib, H.M., Nayak, A.K., 2012. Solubility and dissolution enhancement of
ibuprofen by solid dispersion technique using PEG 6000-PVP K30 combination
carrier. Chemistry (Easton) 21, 118–132.

Seo, Y.G., Kim, D.H., Ramasamy, T., Kim, J.H., Marasini, N., Oh, Y.K., Kim, D.W., Kim, J.
K., Yong, C.S., Kim, J.O., Choi, H.G., 2013. Development of docetaxel-loaded solid
self-nanoemulsifying drug delivery system (SNEDDS) for enhanced
chemotherapeutic effect. Int. J. Pharm. 452, 412–420.

Sharma, A., Jain, C.P., 2010. Preparation and characterization of solid dispersions of
valsartan. Der Pharm. Lett. 2, 54–63.

Shively, M.L., 1993. Characterization of oil-in-water emulsions prepared from solid-
state emulsions: effect of matrix and oil phase. Pharm. Res. 10, 1153–1156.

Sun, P., Yang, H., Wang, Y., Liu, K., Xu, Y., 2013. Lipase-catalyzed synthesis and
characterization of stearic acid dextrin ester. Res. Health Nutr. (RHN) 1, 7–11.

Takeuchi, H., Sasaki, H., Niwa, T., Hino, T., Kawashima, Y., Uesugi, K., Ozawa, H., 1992.
Improvement of photostability of ubidecarenone in the formulation of a novel
powdered dosage form termed redispersible dry emulsion. Int. J. Pharm. 86, 25–
33.

USP29-NF24, Indomethacincapsules monograph, 1125.
Wang, S., Langrish, T., 2009. A review of process simulations and the use of additives

in spray drying. Food Res. 42, 13–25.
Wang, X., de Armas, H.N., Blaton, N., Michoel, A., Van den Mooter, G., 2007. Phase

characterization of indomethacin in binary solid dispersions with PVP VA64 or
Myrj 52. Int. J. Pharm. 345, 95–100.

Xiong, J., Guo, J., Huang, L., Meng, B., 2008. The use of lipid-based formulations to
increase the oral bioavailability of Panax notoginseng saponins following a
single oral gavage to rats. Drug Dev. Ind. Pharm. 34, 65–72.

Yadav, S.K., Adhikary, B., Chand, S., Maity, B., Bandyopadhyay, S.K., Chattopadhyay, S.,
2012. Molecular mechanism of indomethacin-induced gastropathy. Free Radic.
Biol. Med. 52, 1175–1187.

Yin, Y.-M., Cui, F.-D., Kim, J.S., Choi, M.-K., Choi, B.C., Chung, S.-J., Shim, C.-K., Kim, D.-
D., 2009. Preparation, characterization and in vitro intestinal absorption of a dry
emulsion formulation containing atorvastatin calcium. Drug Deliv. 16, 30–36.

Zhang, J., Gao, Y., Qian, S., Liu, X., Zu, H., 2011. Physicochemical and pharmacokinetic
characterization of a spray-dried malotilate emulsion. Int. J. Pharm. 414, 186–
192.

Zeboudj, S., Belhanèche, B.N., Belabbès, R., 2005. Use of surface response
methodology for the optimization of the concentration of the sweet orange
essential oil of Algeria by wiped film evaporator. J. Food Eng. 67, 507–512.

http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0065
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0065
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0070
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0070
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0070
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0075
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0075
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0080
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0080
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0085
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0085
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0085
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0090
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0090
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0090
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0095
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0095
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0095
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0100
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0100
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0105
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0105
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0105
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0105
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0110
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0110
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0115
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0115
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0115
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0120
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0120
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0120
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0125
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0125
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0125
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0130
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0130
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0130
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0135
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0135
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0135
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0140
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0140
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0145
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0145
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0145
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0150
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0150
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0150
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0155
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0155
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0155
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0160
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0160
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0165
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0165
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0165
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0170
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0170
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0170
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0175
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0175
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0175
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0180
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0180
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0180
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0185
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0185
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0185
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0190
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0190
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0190
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0190
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0195
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0195
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0200
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0200
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0205
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0205
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0205
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0205
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0210
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0210
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0210
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0215
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0215
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0215
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0220
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0220
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0220
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0225
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0225
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0230
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0230
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0235
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0235
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0235
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0240
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0240
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0240
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0245
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0245
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0245
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0250
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0250
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0250
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0255
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0255
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0255
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0255
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0260
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0260
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0265
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0265
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0270
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0270
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0275
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0275
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0275
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0275
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0285
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0285
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0290
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0290
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0290
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0295
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0295
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0295
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0300
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0300
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0300
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0305
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0305
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0305
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0310
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0310
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0310
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0315
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0315
http://refhub.elsevier.com/S0378-5173(15)30355-0/sbref0315

	Optimization, physicochemical characterization and in vivo assessment of spray dried emulsion: A step toward bioavailabili...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Solubility studies of indomethacin in various vehicles
	2.3 Preparation of emulsion
	2.4 Preparation of dry emulsion
	2.5 Experimental design
	2.6 Physicochemical characteristics of the formulated dry emulsion
	2.6.1 Determination of spray dry yield
	2.6.2 Loading efficacy determination
	2.6.3 Determination of percentage drug released within two minutes
	2.6.4 Particle shape characterization
	2.6.5 Differential scanning calorimetry (DSC)
	2.6.6 Fourier transform infrared (FT-IR) spectroscopy

	2.7 Data analysis, model evaluation and check point
	2.8 In vivo assessment studies
	2.8.1 Animals
	2.8.2 Bioavailability study
	2.8.2.1 Administration and blood collection
	2.8.2.2 HPLC method for indomethacin determination in plasma
	2.8.2.3 Data analysis

	2.8.3 Assessment of ulcerogenic side effect

	2.9 Stability studies

	3 Results and discussion
	3.1 Optimization of spray dry emulsion
	3.1.1 Spray drying yield
	3.1.2 Drug loading efficacy of spray dried emulsion
	3.1.3 The percentage of drug released within two minutes

	3.2 Optimization and check point analysis
	3.3 Physicochemical characterization of optimized formulation
	3.3.1 Electromicroscopical examination
	3.3.2 Differential scanning calorimetrical analysis
	3.3.3 FT-IR spectroscopy characterization
	3.3.4 In vitro release studies

	3.4 Pharmacokinetic studies of IND loaded spray dried emulsion
	3.5 IND gastric side effects: macroscopical examination and histopathological features
	3.6 Stability studies

	4 Conclusion
	Acknowledgments
	References


