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Background: Nanotechnology can offer the advantages of increasing solubility and bioavailability of
delivering drugs like Furosemide. The aim of the current study is to investigate the in vitro and in vivo
performance of furosemide nanosuspensions.
Methods: Furosemide nanosuspensions were prepared by antisolvent precipitation method using full fac-
torial experimental design. Four factors were employed namely; Stirring time, Injection rate, antisolvent:
solvent ratio & stabilizer: drug ratio (at two levels = high & low). The in vitro dissolution experiments
were conducted to compare the representative formulation with raw drug powder. The bioavailability
of nanosuspension was, also, evaluated in mice as an animal model.
Results: Solid state characterization (PXRD, DSC and FESEM) did show physical changes during prepara-
tion and optimization of the furosemide nanosuspensions. Individual material attributes showed more
significant impact on the average particle size of the nanocrystals compared to process parameters.
Two-way interactions between material attributes and process parameters significantly affected
nanosuspension particle size distribution. Dissolution rate of furosemide nanosuspemsion was signifi-
cantly higher than that observed for raw furosemide powder. The in vivo pharmacokinetics parameters
of nanosuspension in comparison to pure drug showed significant increase in Cmax and AUC(0-t), about
233% and 266%, respectively. The oral bioavailability of furosemide from nanosuspension was about
2.3 fold higher as compared with the bioavailability from pure drug.
Conclusions: Furosemide nanosuspensions prepared using antisolvent precipitation method enhanced
the dissolution rate and oral bioavailability compared to raw furosemide powder.
� 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Oral delivery of drug formulations has been the most preferred
route of drug administration for almost a century, however, signif-
icant challenges exist. Since 1995, more than 90% of the approved
drugs have either poor solubility or permeability, or both issues
(Serajuddin, 2007). Moreover, poor solubility of approximately
16% of all currently marketed drugs has been estimated to be the
cause of low bioavailability (Bevernage et al., 2010). Previous stud-
ies have been carried out to improve the bioavailability of these
drugs including preparation of salts, solid dispersions, co-crystal
formulations and supramolecular complexes. However, these
methods have some downsides, hence; have encouraged consider-
ing alternative technologies, including nanotechnologies, which
resolves the problem of poor bioavailability of BCS (Biopharmaceu-
tics Classification Systems) class II and IV drugs.

Lately, nanosuspension has turned out to be one of the budding
dosage form for water insoluble drugs (Müller et al., 2001).
Nanosuspensions can be defined as colloidal dispersions and
biphasic systems comprising of drug particles suspended in an
aqueous medium, where the dispersed particles are less than
1 mm in diameter. These dispersed particles are stabilized with
the help of a stabilizer. Apart from simplicity and benefits of
nanosuspensions, they are also easy to scale up, superior in drug
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Fig. 1. Structure of Furosemide, IUPAC name; 4-chloro-2-(furan-2-ylmethylamino)-
5-sulfamoylbenzoic acid.
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loading and use no harmful substances (Westesen et al., 1997,
Patravale and Kulkarni, 2004). In nanosuspensions, the nano size
particles provide a large drug surface area enhancing the dissolu-
tion rate, improving the overall bioavailability and causing rapid
onset of action for poorly soluble drugs.

Nanosuspension can be generated by either bottom up or top
downmethod. Bottomup comprises of dissolving drug in an organic
solvent containing stabilizer. This can be executed in different forms
(i) supercritical fluid process (ii) emulsion solvent (iii) solvent-anti-
solvent method and (iv) spray drying. On the other hand, top down
technique involves breaking down of large drug particles to smaller
particles by- (i) microfluidization (ii) media milling, and (iii) high
pressure homogenization (Zhang et al., 2009).

Furosemide is a weakly acidic loop diuretic typically used for
oral treatment of hypertension and edema. It has poor oral
bioavailability of 37–51%, with variable rate and extent of absorp-
tion. It has been reported that absorption of furosemide is bi-
exponential and fast, when administered in the stomach but
slower in small intestine. Furosemide has pKa values of �3.8 and
�10. In the stomach pH of around 2.0, furosemide is expected to
be mainly unionized allowing the molecule to be more lipophilic
(Sistovaris et al., 1991, Klausner et al., 2003). This explains why fur-
osemide shows significant permeability across stomach mem-
brane. However, because of poor solubility in the acidic pH of the
stomach, it exhibits partial and erratic absorption. Despite of its
increasing solubility with the increasing pH of the lower intestine,
the drug continues to remain largely unabsorbed, as it is less per-
meable in the intestinal region.

Full factorial experimental design were used to identify the
most critical process parameters, material attributes, their interac-
tions and sources of variability influencing product quality (Yu
et al., 2008, Verma et al., 2009, Salazar et al., 2011). DOE can be
used to generate design space, which determines the multidimen-
sional combination and interaction of input variables (e.g., material
attributes and process parameters) that have been demonstrated
to provide assurance of product quality (ICH Q8(R2) 2009)
(Guideline, 2009).

In our previous study, stable furosemide nanosuspensions were
prepared using QbD approach. A statistical experimental design
was conducted to identify the critical process parameters (CPP)
and critical material attributes (CMA). Both CPP and CMA govern
the critical quality attributes (CQA), such as; particle size, size dis-
tribution, polydispersity index and physical stability of the result-
ing furosemide nanosuspension batches. The interactions between
various parameters were also determined and statistically evalu-
ated using a full factorial experimental design with the help of
Minitab Version17 software.

The purpose of this study was to enhance the dissolution rate of
furosemide in gastric media so that the permeability through the
stomach membrane can be increased for furosemide nanosuspen-
sions processed using optimized conditions. Therefore, we revisited
the dissolution study for the optimized nanosuspension batch and
more importantly the bioavailability study was performed for the
furosemide nanosuspension using mice model. In addition, we
investigated that by controlling the critical process parameters
(CPP) and material attributes (CMA) to render stable nanosuspen-
sion batches with quality attributes; particularly average particle
size, PDI, dissolution and bioavailability. Solid state characteriza-
tions of the nanosuspensions batches were also carried out.

2. Materials and methods

2.1. Materials

Furosemide (purity 99.6%), 4-chloro-2-(furan-2-ylmethyla
mino)-5-sulfamoylbenzoic acid (Fig. 1) was obtained from Incepta
Pharmaceuticals Ltd., Dhaka, Bangladesh. All reagents used ace-
tone, ethanol, PVPK30 (Povidone), and PEG6000 were of analytical
grade and supplied by Sigma Aldrich, India. Pluronic F68 (polox-
amer 188) was obtained from Eskayef Bangladesh Ltd., Dhaka,
Bangladesh. HPLC grade Methanol was purchased from BDH labo-
ratory (BDH Chemicals Ltd., Poole, UK). Plasma samples containing
citrate buffer as anticoagulant was collected in-house. The high
purity Milli-Q water was obtained through a Milli-Q Integral Water
Purification System (Millipore, Bedford, MA). All other reagents
were of analytical grade and used without further purification.

2.2. Methods

2.2.1. Preparation of nanosuspension
Nanosuspension of Furosemide was prepared using antisolvent-

solvent precipitation technique. First, furosemide was dissolved in
acetone (solvent) and this drug solution was then injected into
water (antisolvent) containing poloxamer as a stabilizer. The drug
solution in the antisolvent was mixed at a predetermined ratio
using magnetic stirrer for predetermined time.

2.2.2. Experimental design
Previous research studies (Sahu and Das 2014), and prior

knowledge of nano drug delivery systems have enabled the under-
standing of an experimental design, intended for the evaluation of
the process parameters (PP) effect, material attributes (MA), criti-
cal process parameter (CPP), and critical material attributed
(CMA) on product characteristics and formulation performance.
Each factor was studied at two levels (Low = L and High = H),
where preliminary experiments were used to identify the critical
parameter range.

A full factorial experimental design was employed, which was
focused on understanding the impact of critical process parame-
ters; injection rate (0.2 ml/sec & 0.6 ml/sec) and stirring time
(15 min/30 min). In addition, the critical material attributes of
key formulation ingredients were also evaluated at two levels
including solvent:anti-solvent ratio (1:10/1:20) and stabilizer:drug
ratio (1:5/1:10) (Table 1). The critical quality attributes (CQA), for
furosemide nanosuspensions were average particle size, polydis-
persity index (PDI), stability, assay, drug dissolution and in vivo
studies, which were believed to be important for product safety
and efficacy.

Data obtained from experimental batches (Table 1) were evalu-
ated using Minitab Version17 software to determine the variables
which have marked impact on the critical quality attributes (CQAs)
of the nanosuspension batches.

2.2.3. Statistical analysis
Data were analyzed using multiple linear regression and

ANOVA to establish mathematical models. The mathematical
model describing the relationships between independent and



Table 1
Furosemide nanosuspensions prepared using design of experiments (critical process parameters and critical material attributes, where H indicates high value and L indicates low
value of individual process parameters and material attribute).

Batch no. Stirring time (min) Injection rate (ml/sec) Solvent antisolvent Stabilizer drug

CC1 H H L L
CC2 H L L H
CC3 H H H L
CC4 H L H L
CC5 H L L L
CC6 L L H H
CC7 L L H L
CC8 H L H H
CC9 L H L L
CC10 L H L H
CC11 L L L H
CC12 L H H L
CC13 H H H H
CC14 H H L H
CC15 L H H H
CC16 L L L L
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dependent variables in this study is shown by the following
equation:

Y¼B0þB1X1þB2X2þB3X3þ . . . ::B12X1X2þB13X1X3þB23X2X3þ . . . . . .ð Þ

Where Y represents the dependent variable such as particle size and
X1, X2, X3. . ... . . are the independent variables which control the
output. B0 is the intercept; B1, B2, B3, B12, B23.... are experiment
coefficients that describe the input variables (X1) or their interrela-
tions with the response (Y).

2.2.4. Transmission electron microscopy (TEM)
The morphology of the nanosize particles from the optimized

nanosuspension (CC5) was investigated using a FEI Tecnai G2
TEM (FEI, Holland). The optimized (CC5) system systems contain-
ing no furosemide were viewed using the TEM as there was a risk
of crystallization of furosemide with subsequent damage to the
TEM. The nanosuspension was freshly prepared, diluted with dis-
tilled water and one drop was placed on the carbon-coated copper
grid which was left to dry. A drop of osmiumwas used to stain lipid
components. Once dry, it was loaded into the TEM and viewed at
5000–20,000 magnifications (Jores et al., 2004).

2.2.5. Particle size, PDI and zeta potential measurement
Particle size distribution, polydispersity index (PDI) and zeta

potential value of nanosuspensions batches were determined using
disposable polystyrene cuvettes and plain folded capillary zeta
cells by a Malvern Zetasizer Nano ZS90 (Malvern Instruments)
were used to measured zeta potential at 25 �C (He et al., 2010).

2.2.6. Differential Scanning Calorimetry (DSC)
Differential Scanning Calorimetry (DSC), Q200 (TA Instruments,

USA) was used to characterize the thermal behavior of the starting
materials and freeze dried nanosuspension. The DSC was calibrated
with indium (100% pure, melting point 156.60 �C, heat of fusion
6.80 cal/g). The samples were heated from 25 to 300 �C at a rate
of 10 �C/min under dry nitrogen with a flow rate of 25 ml/min.
Standard aluminum sample pans and lids were used with approx-
imate sample sizes of 5 mg (Altamimi and Neau 2016, Altamimi
and Neau 2017).

2.2.7. Powder X-ray diffraction (PXRD)
Rigaku multiflex diffractometer (Rigaku Americas) was used to

obtain the X-ray powder diffraction (XRPD) patterns for furose-
mide samples. Ni filtered CuK-alpha radiation (wavelength
1.5418 A) was the source of X-ray. The X-ray tube was run at a
power of 40 kV, 40 mA. The sample size was approximately
60 mg. The 2h range scanned was 3–60� at a rate of 0.50�/min
(Modi and Tayade 2006).

2.2.8. In vitro dissolution studies
The dissolution study of furosemide nanosuspension formula-

tion was performed using the USP Apparatus II (paddle method)
with a paddle speed of 75 rpm, 37 �C ± 0.5 �C temperature and
0.1 N hydrochloric acid (pH = 1.2) as a dissolution medium. The
dissolution rate of furosemide nanosuspension was compared to
raw powder. Pipette was used to collect samples (5 ml) at 0, 5,
10, 15, 30, and 60 min after addition of the formulations to the dis-
solution vessels. Filtered samples with 0.22 mm Millipore filter
(Whatman, UK) were analyzed by UV (277 nm). 5 ml of fresh disso-
lution medium was replenished after each sample withdrawal.

2.2.9. UHPLC analysis of furosemide nanosuspension (in vitro samples)
The study employed with a highly sensitive UHPLC system

(Ultimate 3000� binary solvent manager) equipped with automatic
sampler and a Photodiode Array (PDA) ek detector obtained from
Thermo scientific, Bedford, MA, USA. The separation was achieved
by reverse-phase isocratic elution using a mobile phase consisting
of acetonitrile and water (0.25% Formic acid added) (40/60 %v/v)
with a flow rate of 0.3 ml/min through an Acquity� UHPLC column
HSS C18 (2.1 � 50 mm, 1.7 lm). Freshly prepared mobile phase
was filtered outside using a 0.22 mm filter paper and degassed in
the UHPLC system continuously by an online degasser. Column
temperature was maintained at 40 �C and the injection volume
was 2.0 ml.

2.2.10. In vivo pharmacokinetic studies
Male Wistar Swiss albino mice weighting 35–40 g were

obtained from Experimental Animal Lab., Department of
Pharmaceutical Sciences, North South University. The animals
were maintained under controlled conditions of temperature
(22 ± 1 �C), humidity (50–55%), light (12 h light/12 h dark cycle)
with free access to mice chow and drinking water. Animals were
acclimatized to the laboratory conditions for 7 days prior to exper-
iments. All experimental procedures including handling, treatment
and euthanasia were conducted in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80–23; 1996) as well as the Ethical
committee of Experimental Animal Lab., North South University.
Mice were randomly divided into two groups; one group was trea-
ted using furosemide microsuspension (prepared in-house using
raw furosemide powder and saline water) other group was given
furosemide nanosuspension, where n = 5.
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2.2.11. Bioavailability of furosemide
The bioavailability study was performed in male Swiss albino

mice. The bioavailability of nanosuspension formulation of furose-
mide was compared with microsuspension prepared in house
using raw furosemide powder. The mice were fasted overnight
before dosing but allowed free access to water during the whole
experiment and were randomly allocated into two groups: furose-
mide nanosuspension (group A), and furosemide microsuspension
(group B) in a crossover design. Both, nanosuspension formulation
of furosemide and furosemide powder (suspended in saline) were
administered at a dose equivalent to 1.4 mg/kg of mice by gavage.
Blood samples were collected (200 ml) from cannula vein contain-
ing citrate buffer at five different time intervals (10, 20, 30, 40,
60, 80 min) in heparinized tubes. Plasma was separated from the
blood samples by centrifugation at 2500g for 10 min and stored
at �20 �C until analysis.
2.2.12. UHPLC analysis of plasma samples (in vivo samples)
The pharmacokinetic assessment of furosemide was done based

on the concentration available in the mice plasma. Liquid-Liquid
Extraction (LLE) procedure was used for the extraction of furose-
mide from the plasma. The plasma samples were transferred into
a series of 1.5 ml centrifugation tubes. A fixed amount of the inter-
nal standard solution (diclofenac sodium, 40 mg/ml) was added to
the plasma sample and vortexed for 2–3 min. Plasma precipitation
was carried out using methanol (1 ml) and vortexed for 5 min. The
tubes were centrifuged for 10 min at 15000 �g. The whole super-
natant (organic layer) was transferred into clean centrifuge tubes
and was evaporated to dryness under nitrogen gas at 45–50 �C.
Dry residues were then reconstituted in 200 ll methanol, and
vortexed. The concentration of furosemide in the reconstituted
Fig. 2. TEM images of nanoparticles in controlled furosemide nanosuspension at (A)
50, and (B) 10 nm range.
residue was determined by a modified UHPLCmethod (Thermo sci-
entific, Bedford, MA, USA). The mobile phase was an isocratic mixer
of acetonitrile and 0.25 M fumaric acid in a ratio of 45:55 (%v/v).
The flow rate of the mobile phase was 0.35 ml/min. An Acquity�

UPLC BEH C18 column (2.1 � 50 mm, 1.7 mm) kept at 40 �C was
used for the analysis. The total run time was 4 min. The detector
wavelength was set at 230 nm and the injection volume was
5.0 ml. The developed method was validated as per International
Conference on Harmonization (ICH) guidelines (Guideline 2005).
The linearity of the method was found to be suitable in the range
of 0.05–10 mg/ml (r2 = 0.9981).

2.2.13. Pharmacokinetic data analysis
A non-compartmental pharmacokinetic analysis was used to

determine the pharmacokinetic behavior of furosemide. The phar-
macokinetic parameters were calculated using PK solver program
(Microsoft Excel). Area under plasma concentration-time curve
(AUC) was calculated using linear trapezoidal method. The relative
bioavailability (BA) of the furosemide nanosuspension to the control
furosemide microsuspension using the same dose level (1.4 mg/kg)
Fig. 4. The PXRD spectra for pure furosemide, pure poloxamer 188 and freeze dried
nanosuspension (batch CC5).

Fig. 3. DSC thermograms of pure furosemide powder, pure poloxamer powder, and
the representative freeze dried nanosuspension formulation (Batch CC5).
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was calculated as follows: Relative BA % = AUC nanosuspension/
AUC microsuspension. The apparent elimination half-life (T1/2) was
calculated as 0.693/Kel. The maximum plasma concentration
Table 2
Mean Particle size and PDI value for furosemide nanoparticles prepared using critical pro

Batch no. Stirring time (min) Injection rate *(30 = 0.6 ml/min)
(10 = 0.2 ml/min)

Solv

CC1 30 30 1:10
CC2 30 10 1:10
CC3 30 30 1:20
CC4 30 10 1:20
CC5 30 10 1:10
CC6 15 10 1:20
CC7 15 10 1:20
CC8 30 10 1:20
CC9 15 30 1:10
CC10 15 30 1:10
CC11 15 10 1:10
CC12 15 30 1:20
CC13 30 30 1:20
CC14 30 30 1:10
CC15 15 30 1:20
CC16 15 10 1:10

Fig. 5. Critical Process Parameters (CPP) and Critical Material Attributes (CMA) on the ave
and (B) Main effects.
(Cmax) and time to maximum concentration (Tmax) after oral
administration were determined directly from the time-
concentration curve.
cess parameters and critical material attributes.

ent:Antisolvent Stabilizer:Drug Mean particle size
(nm)±SD

PDI ± SD

1:5 183.9 ± 64.0 0.45 ± 0.04
1:10 236.4 ± 7.0 0.08 ± 0.08
1:5 333.0 ± 13.0 0.02 ± 0.01
1:5 273.3 ± 36.0 0.10 ± 0.06
1:5 129.0 ± 3.0 0.09 ± 0.01
1:10 308.7 ± 4.0 0.02 ± 0.01
1:5 296.6 ± 7.0 0.03 ± 0.01
1:10 210.0 ± 3.0 0.10 ± 0.10
1:5 119.1 ± 6.0 0.30 ± 0.06
1:10 322.1 ± 9.0 0.06 ± 0.02
1:10 322.6 ± 5.0 0.07 ± 0.07
1:5 339.6 ± 11.0 0.02 ± 0.01
1:10 306.0 ± 0.6 0.06 ± 0.05
1:10 350.1 ± 14.0 0.06 ± 0.06
1:10 360.4 ± 8.0 0.10 ± 0.03
1:5 132.8 ± 0.7 0.10 ± 0.03

rage particle size of furosemide nanoparticles. The figures represent (A) Pareto plots
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2.2.14. Statistical analysis of pharmacokinetic Data
Differences in pharmacokinetic parameters (e.g., AUC0-1) of fur-

osemide nanosuspension and control furosemide microsuspension
prepared using raw furosemide powder were assessed by paired t-
test using Graph Pad Prism version 3.00 for Windows (San Diego,
CA, USA). Statistical significance was assumed when p � 0.05.
3. Results and discussion

3.1. Solid state characterization of furosemide nanosuspension

3.1.1. Transmission electron microscopy (TEM)
The nanoparticles shown in Fig. 2 depicts the image of furose-

mide nanosuspension obtained by transmission electron micro-
scopy did not produce any aggregation. The suspended
nanoparticles were approximately round in shape and well dis-
persed. The crystalline substances of the nanosuspensions were
physically more stable compared to amorphous forms.

3.1.2. Differential Scanning Calorimetry (DSC)
DSC determines the thermotropic phase transition behavior in a

quantitative mean. The generated DSC thermograms of pure furo-
semide, pure poloxamer, and the representative nanosuspension
formulation (Batch CC5) are shown in Fig. 3. Sharp endothermic
peaks of pure furosemide and pure poloxamer were observed at
�216 �C and 55.95 �C, respectively. However, there was no sharp
endothermic peak obtained for the representative nanosuspension
formulation. Hence, no drug endothermic peak in the thermogram
suggests that furosemide probably converted largely from crys-
talline to amorphous state during the preparation of nanosuspen-
sion using anti-solvent precipitation method or may be during
freeze drying of furosemide nanosuspension. It is important to
point out that furosemide have more than one polymorph and each
polymorph has its own melting and transitioning behaviors espe-
cially during cooling cycles (Matsuda and Tatsumi 1990). Furose-
mide also, has a unique characteristic of decomposing directly
Fig. 6. Interaction plot for mean particle size of Critical Proces
after the melting endotherm, showing a clear exothermic event
at peak temperature of 219.80 �C. It is documented that
furosemide gives salumine (4-chloro-5-sulfamoyl-anthranilic acid)
as a major by product after photochemical or thermal degradation.
Salumine has a melting/degradation point around 270 �C, which is
clear as an endothermic event in pure furosemide thermograms
(Beyers et al., 2000, Goud et al., 2012)

3.1.3. Powder X-ray diffraction (PXRD)
The spectra of X-ray diffractometry for pure furosemide, polox-

amer, and the nanosuspension are presented in Fig. 4. The diffrac-
togram of furosemide presents sharp peaks, which indicate a
crystalline form, at diffraction angles (2h) equal to 6.20�, 19.10�,
21.50�, 23.10�, 25.00�, and 28.80� (Patel, Patel et al. 2008). The
spectra for poloxamer showed the typical two distinctive peaks,
which represent the crystalline domain, at diffraction angles (2h)
equal to 19.30� and 23.50� (Chaulang et al., 2009, Eloy and
Marchetti 2014). No sharp peaks were observed for the nanosus-
pension formulation, which indicate conversion to the amorphous
state. No physical or polymorphic transitions were observed during
PXRD analysis of raw furosemide powder and the furosemide
nanosuspensions (Fig. 4).

3.1.4. Particle size analysis
The average particle size and PDI values obtained using Malvern

Zetasizer is shown in Table 2. Data showed that furosemide parti-
cles obtained were in the range of 120–360 nm. These results indi-
cate that it is possible to prepare nanoparticles with low average
particle size and PDI by controlling the critical process parameters
and material attributes.

3.1.5. Impact of critical process parameters and critical material
attributes on the average particle size of furosemide nanoparticles

The Pareto plot for the mean particle size with p-values for the
different factors and interaction in rank order show that the
individual process parameters and material attributes tested
s Parameters (CPP) and Critical Material Attributes (CMA).
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demonstrate significant (p < 0.05) effects on the average particle
size of furosemide nanosuspensions (Fig. 5A).

Results suggest that the influence of individual material attri-
butes were more significant, in comparison to individual parame-
ters (Fig. 5A & B). Low solvent: antisolvent ratio generates
smallest particle size (119 ± 6) compared to high solvent: antisol-
vent ratio (339 ± 11). This phenomenon could be attributed to a
better mixing between solvent and antisolvent leading to
decreased diffusion distance of the stabilizers thus providing the
drug particles with improved steric stabilization.

Low average particle sizes were also achieved when samples
were processed with low stabilizer concentration (119 ± 6) nm.
Such an increase in the stabilizer amount probably enhances the
efficiency of preventing coagulation and agglomeration. Nanosize
particles have enormous surface area making the system thermo-
dynamically unstable due to the increases in Gibb’s free energy.
Therefore, nanoparticles tend to minimize their total energy by
undergoing agglomeration. The stabilizer has formed a protective
barrier between drug particles to prevent agglomeration by steric
stabilization.

Injection rate showed marked impact compared to the other
processing parameter stirring time. High injection rate of the drug
Fig. 7. Critical Process Parameters (CPP) and Critical Material Attributes (CMA) on polyd
plots and (B) Main effects.
solution into aqueous stabilizer solution produces smallest particle
size (119 ± 6 nm). This may be due to intense mixing between sol-
vent and antisolvent leading to increase nucleation rate with less
time for crystal growth. At low injection rate, mixing between
solvent-antisolvent becomes less, elongating crystal growth pro-
cesses to give larger crystals (Kakran et al., 2012a, 2012b).

Two way interactions between process parameters and material
attributes were also shown to have marked impact on the critical
quality attributes of furosemide nanosuspension (Fig. 6). The inter-
action between the ratios antisolvent: solvent with stabilizer: drug
was found to be the most critical of all other factors and interac-
tions (p < 0.001). It shows that when antisolvent: solvent ratio is
low; particle size tends to be smallest with low stabilizer: drug
ratio. However, when solvent: antisolvent ratio increases, the
opposite effect is observed (Table 2). This phenomenon may be
due the characteristics of the binding nature of the stabilizer
poloxomer188 to the drug surface. For the higher number of nuclei,
Poloxamer 188 may not be able to provide enough steric stabiliza-
tion/assembly because at high volume of antisolvent (water) the
adsorbed polymer molecules leave the furosemide nanocrystals
surface and move towards the bulk of the liquid, hence, fail to inhi-
bit the particle size growth (Deng et al., 2010).
ispersity index (PDI) of furosemide nanoparticles. The figures represent (A) Pareto
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3.1.6. Impact of critical process parameters and critical material
attributes on polydispersity index (PDI) of furosemide nanoparticles

Particle size distribution data for all nanosuspension batches
prepared using DoE approach were found in the range of 0.02 to
0.45 (Table 2). PDI was observed to be dependent on the individual
parameters (such as antisolvent: solvent volume ratio, stabilizer:
drug ratio, injection rate) and also interactions between parame-
ters with p value less than 0.05 (Fig. 7A). This result also suggests
that monodisperse nanoparticles can be developed by controlling
the critical parameters.

Antisolvent: Solvent ratio was found to have the most signifi-
cant impact (p < 0.001) on PDI value compared to other individual
parameters used in this study (Fig. 7A &B). High antisolvent: sol-
vent ratio showed low PDI for the nanosuspension batches com-
pared to low antisolvent: solvent ratio.

In addition, a major two-way interaction (p < 0.01) was
observed between the ratio of stabilizer: drug and antisolvent: sol-
vent (Fig. 8). It is shown that when antisolvent ratio is high; PDI
value decreases at low stabilizer: drug ratio. However, when anti-
solvent ratio decreases, the opposite effect was observed.
Fig. 8. Interaction plot for PDI of Critical Process Param

Fig. 9. Zeta potential distribution curv
The zeta potential value for the optimized batches of furose-
mide nanosuspensions were found to be approximately in the
range of 20–24 mV. Previous studies indicate that an arbitrary
value of ±20 mV is sufficient to provide stability when steric stabi-
lization is provided by a surfactant (e.g. poloxamer) (Fig. 9)

3.1.7. In vitro dissolution of furosemide
Furosemide is a weakly acidic drug (pKa = 3.8) with poor

bioavailability due to its low solubility in the stomach. Furosemide
displays site specific absorption especially in the stomach and
upper intestine. Hence improving the solubility in the gastric fluid
to increase the systemic absorption of furosemide from stomach
region where it has good permeability becomes crucial to enhance
the overall bioavailability. We have examined the dissolution
properties of furosemide nanosuspension in the gastric environ-
ment (pH = 1.2). The dissolution rate of furosemide nanosuspen-
sion was significantly faster (� 80% dissolved only after 5 min)
compared to raw furosemide powder which did not show any
noticeable dissolution after an hour (Fig. 10). The complete disso-
lution of furosemide nanosuspension was achieved at around
eters (CPP) and Critical Material Attributes (CMA).

e of furosemide nanosuspension.



Fig. 10. Dissolution profile of representative furosemide nanosuspension and pure
raw furosemide powder.
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30 min. Such dissolution enhancement shows the potential of
nanosuspension as successful formulation strategy to get absorbed
through the stomach region to enhance the bioavailability of this
kind of BCS IV class drugs.

3.1.8. In vivo bioavailability study
The in vivo pharmacokinetic behavior of a representative furo-

semide nanosuspension was studied to quantify furosemide in
the plasma after oral administration. The pharmacokinetic of furo-
semide nanosuspension containing furosemide on comparison
with pure drug microsuspension demonstrated the enhancement
bioavailability of the drug (Table 3 and Fig. 11). The Cmax of furose-
mide after oral administration of furosemide microsuspension
powder was 36.36 ± 3.32 ng ml�1 and the Tmax was 40 min, while
orally administrated furosemide nanosuspension showed Cmax
Fig. 11. Plasma concentration– time profiles of furosemide after a single oral
administration of furosemide nanosuspension formulation and furosemide control
to mice at a dose equivalent to 1.4 mg/kg furosemide (Mean ± SEM, n = 5).

Table 3
Comparison of pharmacokinetic parameters of furosemide after oral administration of
furosemide nanosuspension and control pure furosemide powder as
microsuspension.

Pharmacokinetic
Parameters

Control (pure furosemide
microsuspension,
Mean ± SEM, n = 5)

Formulation (furosemide
nanosuspension,
Mean ± SEM, n = 5)

Cmax (ng/mL) 36.36 ± 3.32 85.03 ± 5.18***

Tmax (min) 40 ± 0 40 ± 0
AUC0-t (ng/mL*min) 1610.00 ± 27.13 4293.14 ± 32.68***

AUC0-1 (ng/mL*min) 1611.83 ± 29.19 4296.32 ± 52.32***

T1/2 (min) 8.24 7.96
MRT (min) 40.72 39.46

*Data are expressed as mean ± SEM (n = 5), *p < 0.05, **p < 0.001 and ***p < 0.0001.
Tmax = Time of peak concentration, Cmax = Peak of maximum concentration,
AUC0?t = Area under the concentration time profile curve, AUC0?1 = Area under
the concentration time profile curve extrapolated to infinity, T1/2 = Half-life,
MRT = Mean residence time.
and Tmax of 85.03 ± 5.18 ng ml�1 and 40 min, respectively. The Cmax

value of furosemide from the nanosuspension formulation was sig-
nificantly increased (233.85%, p < 0.0001). The AUC 0–1 of furose-
mide was also significantly increased in the nanosupension
treated group compared to furosemide (microsuspension) treated
group (266.55%, p < 0.0001) from 1611.83 ± 27.13 to
4296.32 ± 32.68, respectively. The increase in relative bioavailabil-
ity was found to be 2.3 fold. The bioavailability study in mice
shows that the bioavailability of furosemide improved for
nanosuspensions formulation. The enhanced oral bioavailability
of furosemide from nanosuspension may be due to the increased
solubility and dispersion rate of the drug from the nanosuspension
formulation.

4. Conclusions

This study demonstrated that the antisolvent precipitation
method produced stable furosemide nanocrystals with desirable
quality attributes and thus enhanced dissolution rate and bioavail-
ability as compared to the raw furosemide. This study further dis-
played the potential and usefulness of the quality by design
approach, in understanding the related parameters for preparation
and processing of nanosuspension by antisolvent precipitation
technique. Controlling both critical process parameters and mate-
rial attributes, enabled the development of nanosuspensions with
low particle size and PDI, which exhibited better in vitro and
in vivo performance compared to raw furosemide powder. The
increase in relative bioavailability was found to be 2.3 fold due
to enhanced solubility and dispersion rate of the drug from the
nanosuspension formulation.
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