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Using Block Copolymer Poloxamer 407

Rohit P. Dugar,1 Bhavin Y. Gajera,1 and Rutesh H. Dave1,2

Received 25 September 2015; accepted 13 January 2016; published online 27 January 2016

ABSTRACT. Aim of current research was to prepare ibuprofen-poloxamer 407 binary mixtures using
fusion method and characterize them for their physicochemical and performance properties. Binary
mixtures of ibuprofen and poloxamer were prepared in three different ratios (1:0.25, 1:0.5, and 1:0.75,
respectively) using a water-jacketed high shear mixer. In vitro dissolution and saturation solubility studies
were carried out for the drug, physical mixtures, and formulations for all ratios in de-ionized water, 0.1 N
HCl (pH= 1.2), and phosphate buffer (pH= 7.2). Thermal and physical characterization of samples was
done using modulated differential scanning calorimetry (mDSC), X-ray powder diffraction (XRD), and
infrared spectroscopy (FTIR). Flow properties were evaluated using a powder rheometer. Maximum
solubility enhancement was seen in acidic media for fused formulations where the ratio 1:0.75 had 18-fold
increase. In vitro dissolution studies showed dissolution rate enhancement for physical mixtures and the
formulations in all three media. The most pronounced effect was seen for formulation (1:0.75) in acidic
media where the cumulative drug release was 58.27% while for drug, it was 3.67%. Model independent
statistical methods and ANOVA based methods were used to check the significance of difference in the
dissolution profiles. Thermograms from mDSC showed a characteristic peak for all formulations with
Tpeak of around 45°C which suggested formation of a eutectic mixture. XRD data displayed that crystal-
line nature of ibuprofen was intact in the formulations. This work shows the effect of eutectic formation
and micellar solubilization between ibuprofen and poloxamer at the given ratios on its solubility and
dissolution rate enhancement.

KEY WORDS: dissolution rate enhancement; fusion method; ibuprofen; poloxamer; solubility
enhancement.

INTRODUCTION

Systemic bioavailability of poorly soluble drugs mainly
belonging to the Biopharmaceutics Classification System
(BCS) class II category has been a major challenge for the
pharmaceutical industry. A prerequisite for such drugs before
they get absorbed into the blood stream is their solubility in
body fluids. Low aqueous solubility imposes lots of hindrances
in formulation development and clinical trials in terms of
optimum dissolution rate in order to achieve the required
plasma concentrations, stability of formulations, etc. (1) Lots
of techniques have been employed in the past for solubility
enhancement like solid dispersions (2), nanosizing and
micronization (3), eutectic mixtures (4), co-crystals and salt
formation (5), polymorphs (6), complexation (7), surfactants
and other hydrophilic polymers (8).

Fusion method for making solid dispersions and eutectic
mixtures of poorly soluble drugs with hydrophilic polymers

has been used widely in the past for solubility enhancement
and possible improvement in bioavailability of these drugs (9).
It involves the use of polymers (e.g., Poloxamers (10), some
grades of polyethylene glycols (11)) which melt at relatively
low temperatures (60–90°C) (12). This technique along with
hot melt extrusion allows mixing of drug and polymer at a
molecular level without the use of organic solvents. Major
advantages of this method are absence of the risk of residual
solvents unlike other solid dispersion techniques involving use
of solvents, easy processing in terms of drying, and improved
miscibility of drug and polymer at relatively low temperatures
(13). In addition to enhancement of solubility, fusion method
has also been employed for controlled and modified release
application using hydrophobic polymers like glyceryl
behenate (14), stearic acid (15), carnauba wax (16), etc. Scope
of the current study was to prepare and evaluate the potential
of Poloxamer 407 (Lutrol® F127 NF Prill) in improving the
solubility and dissolution rate of model BCS class II drug
ibuprofen.

Poloxamers are a group of non-ionic block-copolymers
consisting of polyethylene oxide (PEO) and polypropylene
oxide (PPO) units (-PEO-PPO-PEO-). There are different
grades of Poloxamer available, and they differ in the chain
length of PEO and PPO units. Poloxamer 407 is used as a
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surfactant, solubilizer, stabilizer, gel former, and also as a
lubricant (17–19). It is a white, coarse prilled powder having
waxy consistency with a melting point of 70°C and an aver-
age molecular weight of 12,600 g/mol (20). Chemically, it
consists of 101 parts of ethylene oxide units (70% w/w) and
56 parts (30% w/w) of propylene oxide units (21). Solubility
and dissolution rate enhancement of drugs can be explained
by reduction in surface tension and micellar solubilization in
case of surfactants like Poloxamer 407 (22). Ibuprofen
((±)-(R, S)-2-4(4-isobutylphenyl)-propionic acid) shown in
Fig. 1, a chiral 2-arylpropionic acid derivative is a widely
used non-steroidal anti-inflammatory drug and a well-
tolerated analgesic (23,24).

Hildebrand-Scott theory of real solutions for liquid
solvents and Flory-Huggins model to calculate enthalpy of
mixing of drugs in polymer suggests that drugs and polymer
mix in a three-step process, and each step is associated with
its change in Gibb’s energy which in turn depends on the
change in enthalpy and entropy of the process. Stability of
formulations and miscibility of drug and polymer can be
predicted with these calculations. The first step is the melt-
ing of drug and polymer at their respective melting points.
Secondly, the molten drug and polymer are uniformly
mixed. Thirdly, the molten mixture is cooled down to room
temperature to get a solid product (25–27). In case of eu-
tectic mixtures, the melting point of the mixture is less than
the individual components which means less energy is re-
quired for the first step and hence higher solubility and
miscibility.

In the current study, binary mixtures of ibuprofen and
Poloxamer 407 were prepared with lower levels of polymer
giving a chance of higher drug loading without increasing
the final formulation weight. Phase solubility, saturation
solubility, and in vitro drug release studies were performed
to evaluate the potential of poloxamer 407 in solubility and
dissolution rate enhancement. Statistical methods were used
to check the significance of difference in the dissolution
profiles. Modulated differential scanning calorimetry
(mDSC), X-ray powder diffraction studies (XRD), and Fou-
rier transform infrared spectroscopy (FTIR) analysis were
carried out to investigate the interaction of drug and poly-
mer at a molecular level. Meltable polymers possess a great
challenge when it comes to processing parameters during
product development and powder flow properties being one
of it. To evaluate the flow properties, a powder rheometer
was used, and basic markers of powder flowability were
evaluated.

MATERIALS AND METHODS

Materials

Ibuprofen, a weak acid (Batch #13 l19-U13-015737), was
purchased by Fagron Inc. (MN, USA) and was sieved through
a 595-μm sieve (US mesh #30) before use. Lutrol® F127 NF
Prill (Lot #WPEB612B) was kindly donated by BASF Corpo-
ration (NJ, USA). Its average particle size was 1000 μm.

Methods

UV-Visible Spectroscopy

Stock solution of the drug was prepared in ethanol
(100 μg/ml), and the solution was scanned through a wave-
length of 200–400 nm to determine the λmax using a UV–VIS
spectrophotometer (Model # 1800, Shimadzu Scientific Instru-
ments Inc., NJ, USA). Standard curve was prepared at the
pre-determined λmax using concentrations of 20, 40, 100, 200,
400, 800, and 1000 μg/ml in ethanol, and the test was per-
formed in triplicates. Syringe filter binding studies was per-
formed in triplicate on the above solutions by passing through
a 0.45-μm polytetrafluoroethylene (PTFE) filters (Acrodisc®,
Pall Corporation, NY, USA) and then re-analyzing to check if
the dissolved drug was binding to the filters.

Preparation of Physical Mixtures and Binary Fused Mixtures

Physical mixtures were prepared for all the ratios in a
turbula blender (Turbula® T2C, Glen Mills Inc., NJ, USA) at
a constant speed for 10 min. The time of blending was opti-
mized after preliminary testing. For the current study, drug to
polymer ratios selected were 1:0.25, 1:0.5, and 1:0.75 w/w,
respectively. A lab-scale high shear mixer (GMX-LAB Mi-
cro®, Freund-Vector Corporation, IA, USA) was used for
carrying out the fusion process in a 1-L jacketed bowl. Jacket
temperature was maintained at 75°C using an external water
circulator (Model F25-MA, Julabo Inc., PA, USA), and fusion
was carried until a product temperature of 70 ± 1.2°C was
attained. A lot of studies have been done over the years where
the impact of process variables on the formulation properties
in a high shear mixer have been observed (28,29). To avoid
those effects, the processing conditions were optimized by
preliminary runs, and constant conditions were used for all
batches. Mixing was carried out at 200 RPM (Impeller speed)
and 950 RPM (Chopper speed) until fusion was completed.
Mixture was cooled down in the bowl itself by rapidly circu-
lating water at 25.0 ± 1.0°C through the jacket. The solidified
mixture was scrapped out, then powdered with a mill (Model
L1A, FitzPatrick®, IL, USA) using a mesh of 1680 μm open-
ing (US mesh #12). All the samples were collected and stored
in tightly sealed containers in a desiccator at a temperature of
25 ± 1.8°C for further analysis.

Particle Size Analysis

Particle size analysis of samples (n= 3) for fusion mix-
tures (FM) was carried out using an electromagnetic sieve
shaker (Model# LE-0765, Natoli Engineering Company Inc.,
MO, USA) using five standard US sieves in the size range ofFig. 1. Structure of ibuprofen
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500–1410 μm. Different fractions of particles were collected
and weighed to determine the particle size distribution.

Determination of Drug Content (Assay)

Accurately weighed samples containing an equivalent
weight of 200 mg drug were dissolved in ethanol for both
physical mixtures (PM) and FM to verify the content unifor-
mity of samples. The solution was passed through 0.45-μm
syringe filters and analyzed spectrophotometrically at a λmax

of 264 nm. All samples were done in triplicate.

Saturation Solubility Studies

For saturation solubility studies, excess amount of drug,
PMs and FMs of all ratios were placed in beakers containing
40 ml of de-ionized water, 0.1 N HCl (pH=1.2) and phosphate
buffer (pH=7.2). Samples were stirred using a magnetic stir-
rer at a temperature of 26 ± 0.5°C for 48 h and were done in
triplicate. Post completion, aliquots of each sample were trans-
ferred to 15-ml screw cap tubes and were centrifuged (Model#
GS-6R, Beckman Coulter, Inc., MA, USA) for 10 min at
3500 RPM maintaining a temperature of 26 ± 0.6°C during
centrifugation. Supernatant liquid was collected, filtered, and
then analyzed spectrophotometrically at a λmax of 264 nm to
determine the saturation solubility.

Phase Solubility Studies

Phase solubility studies were carried out in de-ionized
water as per the method described by Higuchi and Connors
(30) in triplicate. Excess amount of drug was placed in
beakers containing aqueous solution of increasing concen-
tration of Poloxamer 407 (0, 2, 4, 6, 8 mM). Samples were
stirred using a magnetic stirrer at 26 ± 0.5°C for 48 h. After
completion, aliquots of samples were centrifuged, filtered,
and analyzed spectrophotometrically as described above for
saturation solubility studies. The apparent stability constant
(Ks) value were calculated from the plot of drug solubility
against surfactant concentration using Eq. 1 (31) where S0 is
drug’s intrinsic solubility :

Ks ¼
Slope

S0* 1−Slopeð Þ
ð1Þ

In Vitro Dissolution Testing

Dissolution testing was carried out in USP dissolution
apparatus type II at a speed of 50 RPM and a temperature
of 37 ± 0.2°C in three dissolution media i.e., de-ionized water,
0.1 N HCl (pH=1.2), and phosphate buffer (pH=7.2). Pow-
dered samples having an equivalent weight of 200 mg drug
were weighed accurately, and dissolution was performed in
triplicates. Similar fractions in terms of particle size (between
0 and 500 μm) were selected for all samples for testing. Five
milliliters of sample was withdrawn at 5, 10, 15, 30, 45, and
60 min from the dissolution vessel, and equal amount of fresh
media maintained at 37 ± 0.2°C was replenished. Samples

were filtered through PTFE filters and analyzed using spec-
trophotometer at a wavelength of 264 nm.

Statistical Analysis

Model independent (time-point and pair-wise ap-
proach) and ANOVA based approaches were used to vali-
date the significance of the observed difference in the
dissolution profiles for different formulations. Model inde-
pendent methods have the advantage of generating data
from dissolution profiles which are not dependent on a
specific parameter for fitting but only depends on the sam-
pling times (32,33) . In the time-point approach, mean dis-
solution times (MDT60min) and mean dissolution rates
(MDR60min) were calculated for each sample using the
Eqs. 2 and 3, respectively.

MDT ¼

X n

i¼1
tiΔMi

X n

i¼1
ΔMi

ð2Þ

MDR ¼

X n

i¼1
ΔMi=Δt

n
ð3Þ

Where, n is the number of sample points, i is the sample
number, ti is the midpoint time between two samples, ΔMi is
additional amount of drug released between ti and ti-1, and Δt
is also the time at midpoint. For the pair-wise approach,
difference (f1) and similarity (f2) factors were calculated using
the Eqs. 4 and 5, respectively, as outlined in the SUPAC and
IVIVC guidelines (34,35). ANOVA based statistical analysis
was also done using the data analysis tool pack in Microsoft
Excel (Microsoft Corp., WA, USA). One-way ANOVA was
done for each time point for all the dissolution data (p< 0.05)
followed by post-hoc t test to compare two groups at a time
(36).
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Where, n is the number of sample time points, Rt is the
cumulative percentage drug dissolved for reference while Tt

is for the test.

Powder Rheology

Powder flow analysis is one of the important properties in
relation to processability and manufacturability of formula-
tions. Complete understanding of powder flow behavior
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requires lots of parameters to be considered. In the current
study, we have measured basic energies involved in powder
flow using a powder rheometer (FT4, Freeman technology,
UK) i.e., basic flowability energy (BFE) and specific energy
(SE). Previously, this technology has been used to understand
the effect of formulation and processing variables on the
rheology of powders (37). A forty-eight-millimeter stainless
steel blade and 50 mm× 160 ml glass vessel was used for
testing (n= 3). BFE is the work done by the downward anti-
clockwise motion of the rheometer blade at a tip speed of
100 mm/s to displace constant volume of conditioned powder
from top to bottom of the vessel. SE is the energy required for
the upward clockwise motion of blade in an unconfined low
stress environment. Volume variation among test samples for
different batches was minimized using the split vessel assem-
bly. Additionally, density measurements, Carr’s indices, Angle
of repose, and Hausner ratio were also evaluated. All the
above tests were done in triplicates.

Modulated Differential Scanning Calorimetry

Thermal analysis was performed on all the samples
using a Q100 (TA instruments, New Castle, DE) instrument
with nitrogen (50 ml/min) as a purge gas. Indium was used
for calibration of equipment for temperature and cell con-
stant before performing experiments. Baseline and heat
capacity calibration were also conducted by heating the
empty cell and using sapphire, respectively. Hermetically
sealed aluminum pans were used with pin hole on the lid
to maintain a constant pressure for analysis, and a sample
weight of 10 ± 3 mg was maintained (n= 3). Heating rate of
5°C/min from 20 to 120°C and a modulation of ±1.59°C
every 60 s was used. Average melting temperatures and
change in enthalpy values (ΔHmelt) were evaluated from
the thermograms. Additionally, to further evaluate the eu-
tectic composition of ibuprofen and Poloxamer 407, differ-
ent ratios of physical mixtures were prepared and analyzed.

Fig. 2. Standard curve for ibuprofen using UV spectrsoscopy

Fig. 3. Particle size analysis of fusion mixtures (FM)
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PMs were prepared at 1:1, 1:1.5, 1:2, 1:2.5, 1:3, and 1:3.5 w/w
ratios of drug and polymer corresponding to 50, 40, 33,
28.57, 25, and 22.22% w/w ibuprofen, respectively. The
PMs were prepared according to the procedure described
above. Phase diagram was constructed using the enthalpies
of eutectic peaks (ΔH) against the different % w/w ratios of
ibuprofen including 1:0.5 w/w ratio (66% w/w ibuprofen).

X-Ray Powder Diffraction Studies

S amp l e s w e r e a n a l y z e d u s i n g a s c a n n i n g
diffractrometer (Model XI Cupertino, Advanced Diffrac-
tion System, Scintag Inc., CA, USA). Copper Kα filter
was used for generating radiation at a wavelength of
1.54 Å with a potential of 45 kV and 40 mA current settings.
Powder was pressed using a spatula on a glass slide and a

bed of 1.5 cm× 1.5 cm× 1.5 cm was created. Analysis was
done in the range of 50≤ 2θ≤ 400 at a scan step of 0.020°
and time for each step being 0.5 s.

Fourier Transform Infrared Spectroscopy

FTIR spectroscopy was done for all samples including
ibuprofen, Poloxamer 407 and formulations using a Nicolet
iS5 FTIR spectrophotometer with iD5 ATR diamond acces-
sory (Thermo Fisher Scientific Inc., Madison, WI, USA).
Powdered samples were placed on the diamond crystal, and
knob was pressed on the sample for analysis. DTGS-KBr
(deuterated tryglycine sulfate) detector was used for the study,
and samples were scanned in the range of 400 to 4000 cm−1

with an average of 32 scans at a resolution of 4 cm−1.

Fig. 4. Saturation solubility studies in de-ionized water and 0.1 N HCl (pH= 1.2)

Fig. 5. Phase solubility studies
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Fig. 6. In vitro dissolution studies for ibuprofen, physical mixtures (PM), and fusion mixtures (FM) in a de-ionized water; b 0.1 N HCl (pH= 1.2),
and c phosphate buffer (pH= 7.2)

Table I. Model Independent Statistical Analysis of Dissolution Profiles Between Ibuprofen, Physical Mixtures (PM) and Fusion Mixtures (FM)

Sample Model independent methodsa

Time-based approach Pair-wise approachb

MDT60min (min) MDR60min (%min−1) f1 f2

DI
water

pH =
1.2c

pH=
7.2

DI
water

pH =
1.2

pH =
7.2

DI
water

pH =
1.2

pH =
7.2

DI
water

pH =
1.2

pH =
7.2

Ibuprofen −31.05 −2.68 14.39 0.99 0.30 2.74 – – – – – –

PM 1:0.25 5.96 9.57 2.97 1.38 0.84 6.47 65.07 235.19 32.61 48.05 47.17 20.73
PM 1:0.5 10.61 13.95 4.84 1.04 0.92 5.85 173.82 302.23 558.60 49.36 41.31 23.15
PM 1:0.75 9.40 7.98 2.80 1.30 1.14 6.29 235.90 344.09 584.21 44.11 39.14 21.85
FM 1:0.25 6.71 12.69 6.33 1.71 1.69 4.74 446.97 587.09 428.77 31.99 27.41 29.63
FM 1:0.5 2.19 12.29 4.61 2.56 1.93 6.30 595.25 636.04 585.70 27.42 25.87 21.87
FM 1:0.75 3.53 12.78 2.71 2.80 2.67 6.31 644.20 903.16 597.06 25.76 18.28 21.54

MDT Mean dissolution time, MDR Mean dissolution rate, DI water de-ionized water
aAll the parameters were calculated from mean dissolution values (n = 3), and hence, there is no standard deviation values
bAll values were calculated with ibuprofen dissolution profile as reference
c 0.1 N HCl (pH = 1.2) and phosphate buffer (pH = 7.2)
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RESULTS

UV-Visible Spectroscopy

A linear trend (pre-filtration and post-filtration) was seen
at the selected λmax of 264 nm as seen in Fig. 2. Equation for
the straight line had a R2 value of 0.9997.

Particle Size Analysis

Figure 3 shows the particle size distribution of the pre-
pared binary fusion mixtures for all the polymer ratios. Most
of the particles were below the size of 500 μm. It was clearly
seen that with the increase in the polymer ratio, there was a
greater fraction of larger particles.

Determination of Drug Content (Assay)

All the samples showed between 95 and 105% of recov-
ery of the drug and the standard deviation (SD) for the
triplicate samples was below 5.0. The percent recoveries for
PMs (1:0.25, 1:0.5, and 1:0.75) were 99.8, 99.4, and 97.5%
respectively whereas for FMs, they were 97.1, 104.2, and
98.4% respectively.

Saturation Solubility Studies

Saturation solubility enhancement was found for the PMs
as well as the FMs for all the aqueous media used in the study

as seen in Fig. 4. The effect was most pronounced in acidic
media where, solubility enhancement was 18-fold for FM
1:0.75 as compared to ibuprofen. In water, it was a 5-fold
increase, and in phosphate buffer, it was mere 1.15-fold. Sat-
uration solubility for the drug itself in pH 7.2 was around
4600 μg/ml whereas in pH 1.2, it was 23 μg/ml. Hence, data
for phosphate buffer was not included in Fig. 4 just to get the
scale right to give a clear picture of solubility enhancement in
the other two media.

Phase Solubility Studies

Figure 5 shows the linear plot of total drug solubility
with increasing surfactant concentration. S0 value was found
to be 47.93 μg/ml. Phase solubility profiles suggest that an
AL type of profile is seen for the drug micellar solubiliza-
tion. The apparent stability constant value was found to be
21.95 mM−1.

In Vitro Dissolution Testing

Figure 6a, b, c shows the in vitro dissolution profiles in
de-ionized water, 0.1 N HCl (pH= 1.2) and phosphate buff-
er (pH = 7.2), respectively. In acidic media, almost 58%
cumulative drug release for FM 1:0.75 was encountered
whereas for drug, it was only 3.67% after 60 min. Similarly,
in de-ionized water, a cumulative release of 44% for FM
1:0.75 was seen whereas for drug, it was 8% after 60 min.
There was almost 100% release for all samples including

Table II. One-Way ANOVA and Post-Hoc Tests for Comparing Dissolution Profiles

One-way ANOVA (de-ionized water)
Source of variation SS df MS F P value Fcritical

Between groupsa 3923.88 7 560.55 2.87 0.014* 2.21
One-way ANOVA (0.1 N HCl, pH = 1.2)
Source of variation SS df MS F P value Fcritical

Between groups 5914.27 7 844.90 5.01 0.0003* 2.21
One-way ANOVA (phosphate buffer, pH = 7.2)
Source of variation SS df MS F P value Fcritical

Between groups 22726.77 7 3246.68 2.50 0.028* 2.21
Post-hoc t test between PM and FM (1:0.75)
Media De-ionized water 0.1 N HCl (pH = 1.2) Phosphate buffer (pH = 7.2)
P(T < =t) two-tail 0.033* 0.005* 0.99

SS sum of squares, df degree of freedom,MSmean square, F F-ratio (calculated), P value significance level, Fcritical F-value based on df and level
of significance
*Statistically significant (p < 0.05)
aAnalysis was performed between drug, physical mixtures (PM), and fusion mixtures (FM) for all ratios

Table III. Powder Flow Properties for Ibuprofen and Fusion Mixtures (FM)

Sample Parameters

BFE (mJ)a SE (mJ/g)b Bulk density
(g/ml)

Tapped density
(g/ml)

Carr’s index (%) Hausner ratio Angle of repose
(°)

Ibuprofen 101.10 ± 8.23 5.40 ± 0.07 0.331 ± 0.001 0.512 ± 0.004 36.06 ± 0.59 1.571 ± 0.003 43.89 ± 0.29
FM 1:0.25 677.99 ± 12.35 7.50 ± 0.19 0.474 ± 0.002 0.634 ± 0.011 24.42 ± 0.26 1.324 ± 0.001 32.34 ± 0.58
FM 1:0.5 529.07 ± 8.57 7.19 ± 0.08 0.490 ± 0.001 0.600 ± 0.008 18.64 ± 0.85 1.236 ± 0.011 29.49 ± 1.12
FM 1:0.75 235.28 ± 6.59 5.34 ± 0.05 0.481 ± 0.001 0.591 ± 0.005 17.60 ± 1.02 1.210 ± 0.003 27.64 ± 0.16

aBasic flowability energy (from powder rheometer)
b Specific energy (from powder rheometer)
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drug in pH 7.2. The standard deviations are not shown in
the dissolution profiles because the error bars were smaller
than the markers used. Standard deviation for all the data
were in the range of ±1.0.

Statistical Analysis

Table I shows the values from model independent ap-
proaches applied to the in vitro dissolution profiles. A trend
of decreasing f2 values (<50) and increasing f1 values (>15)
going from PMs (all three ratios) to the FMs (all three ratios)
was observed in all dissolution media. Table II shows the
results from one-way ANOVA and post-hoc t test done

between different pairs of formulations. Only the between
groups values were considered for analysis. Post-hoc data is
only shown only for PM 1:0.75 and FM 1:0.75 (other ratios
evaluated but data not shown) because it had the highest
dissolution rate enhancement.

Powder Rheology

Table III shows the different parameters that were eval-
uated to understand the powder rheology of different formu-
lations. BFE values decreased as the polymer content
increased from an average of 678 mJ (FM 1:0.25) to 235 mJ
(FM 1:0.75). The SE values were similar for all formulations.

Fig. 7. Overlay of modulated differential scanning calorimeter thermograms between a ibuprofen and physical mixtures (PM); b ibuprofen and
fusion mixtures (FM); c ibuprofen and physical mixtures (PM) for eutectic composition study; d phase diagram for ibuprofen/poloxamer 407

binary mixtures
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The Carr’s indices (24.42 to 17.60), Angle of repose (32.34 to
27.64), and Hausner ratio (1.324 to 1.210) values decreased
with the increase in polymer content which were consistent
with rheometer results.

Modulated Differential Scanning Calorimetry

Thermal analysis showed a characteristic behavior of the
drug and polymer mixture. Figure 7a shows the thermograms
of drug, polymer, and the PMs while Fig. 7b shows with the
FMs. Melting point of drug and polymer was found to be 76.79
and 57.69°C, respectively. In the mDSC curves of PMs and
FMs, a characteristic peak was seen which had melting onset

temperatures (Tonset) between 39 and 44°C and melting peak
temperatures (Tpeak) between 45 and 50°C. Table IV repre-
sents the average ΔHmelt, Tonset, and Tpeak for all samples, and
it was observed from the data that enthalpy change for the
PMs and FMs is lower than that for the drug alone. Drug
melting peak was slightly seen for the ratios 1:1 and 1:1.5,
but for higher ratios, it is completely absent, and only the
eutectic endotherm was observed. The characteristic eutectic
endotherm with a melting temperature of around 50°C was
observed for all PMs as seen in Fig. 7c. The intersection of the
best fit lines in Fig. 7d reveals the exact eutectic composition
to be close to 27% w/w ibuprofen which corresponds roughly
to 1:2.5 w/w ratio.

Fig. 7continued.
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X-Ray Powder Diffraction Studies

Figure 8a shows X-ray diffraction patterns of the drug
and PMs whereas Fig. 8b shows for the drug and FMs. In all
samples, the characteristic crystalline peaks of ibuprofen were
seen although the intensities were lower than the drug.

Fourier Transform Infrared Spectroscopy

Figure 9 shows an overlay of FTIR spectra of all samples.
In all the spectra, the characteristic peaks of ibuprofen can be
seen. All the samples showed the characteristic C=O
stretching at around 1700 cm-1 observed for carboxylic acids.
Also, a peak was seen in the region of around 3000 cm-1 for
the O–H group. The intensities were found to be lower than
the drug itself for the samples after doing an addition spectra
which could be due to the presence of the polymer giving rise
to a dilution effect.

DISCUSSION

UV spectroscopy was done to establish a standard curve
to analyze unknown concentrations of drug. Linear equation
obtained from standard curve was used in the subsequent
studies. Filter-binding studies on same standard solutions of
drug revealed that there was no substantial binding to the
filters being used which can be seen by the graph (post-
filtration) in Fig. 2. It tells us that the filters can be used in
the in vitro dissolution testing without having much errors by
the dissolved drug getting bound to the filters.

Particle size distribution for all formulations was quite
similar. Higher fractions of larger particles were observed
due to waxy consistency of the molten polymer which gave
rise to larger particles and lumps.

Assay of the prepared PMs and FMs was done to see if
the blending parameters used and the conditions used to carry
out the fusion process were optimal to have acceptable con-
tent uniformity. All formulations had uniform distribution of
drug in each sample.

Effect of the polymer present physically as well as when
molecularly dispersed on saturation solubility of ibuprofen
was evaluated in the saturation solubility studies. Solubility

enhancement is one of the key parameters governing the
drug’s performance after oral ingestion in terms of its dissolu-
tion in body fluids. In the current study, maximum solubility
enhancement was observed in acidic media, and this was
critical because ibuprofen, being a weak acidic drug, remains
mostly unionized in acidic pH which is the insoluble form.
Physical presence of polymer in the PMs also had a similar
effect, but it was marginally less than the corresponding FMs.
From these studies, it can be concluded that the saturation
solubility of the drug was enhanced mainly due to the
Poloxamer 407 presence in the micellar form and the fusion
process gave it a marginal boost.

Phase solubility studies gave a good indication about the
mechanism and stoichiometry involved in the micellar solubi-
lization of ibuprofen at different concentrations of Poloxamer
407 above its critical micellar concentration. Studies have
suggested an umbrella like configuration of Poloxamer 407
micelles (38).

Enhanced dissolution of the PMs and FMs as compared
to the drug was observed. Intrinsic or saturation solubility of
drug and its dissolution are two different processes. Although
dissolution behavior of any dosage form depends a lot on the
former parameter, dissolution is a kinetic phenomenon where-
as saturation solubility is a thermodynamic phenomenon. By
saying kinetic phenomenon, it means that dissolution behavior
depends on how a drug molecule after getting solubilized
bypasses the diffusion layer of saturated drug solution into
the bulk media and remain solubilized there until it gets
absorbed (39). Complete release of the drug was expected in
pH 7.2 as the drug is weakly acidic and, hence, remains ionized
in basic pH. The formulations showed significant enhance-
ment in dissolution rates in acidic media and de-ionized water.
Another important thing to note was the dissolution behavior
of ibuprofen which showed a classic spring and parachute
effect where the diffused drug crystallizes out in the bulk
media, and percent release goes down with time. Such an
effect was not seen in the formulations which might be due
to the micellar effect of Poloxamer 407 helping the drug to
remain solubilized. At low concentrations, they form mono-
molecular micelles in which the hydrophobic core of propyl-
ene oxide acts as a drug reservoir, and the hydrophilic
ethylene oxide portion reduces the interfacial tension between
the reservoir and aqueous media (22,38,40). This amphiphilic
nature enhances the solubility of drugs and also helps to avoid
its crystallization after diffusing through the saturated drug
layer into the bulk solution (20,41). From the dissolution data,
it was noticed that though there was not much difference in
saturation solubility values between PMs and FMs seen pre-
viously, there was significant difference in their dissolution
profiles.

To check whether the observed difference in the disso-
lution rates was significant, statistical tests were performed.
As a rule of thumb, higher MDT values indicate slower
drug release, and reverse is true for the MDR values.
MDT values were not so discriminating among samples,
and the reason for that could be the spring and parachute
effect seen in acidic media and de-ionized water for the
drug and, hence, the negative values. On the other hand,
MDR values suggested that the formulations had higher
drug releasing capacities with FM 1:0.75 being the highest
for all media. In the pair-wise analysis, f1 values give an idea

Table IV. Parameters Derived from Modulated Differential Scanning
Calorimeter (mDSC)

Sample ΔHmelt (J/g) Tonset (°C) Tpeak (°C)

Ibuprofen 123.01 ± 1.26 72.69 ± 2.59 76.69 ± 1.68
Poloxamer 407 116.05 ± 0.86 51.73 ± 0.59 57.69 ± 1.33
PM 1:0.25 39.72 ± 0.67 43.88 ± 0.82 49.62 ± 0.87
PM 1:0.5 52.21 ± 1.48 42.61 ± 0.49 49.68 ± 0.24
PM 1:0.75 77.08 ± 0.76 43.34 ± 0.82 49.03 ± 2.13
PM 1:1 67.30 ± 0.51 43.64 ± 074 51.27 ± 1.36
PM 1:1.5 86.97 ± 0.84 44.16 ± 0.51 51.02 ± 0.69
PM 1:2 87.32 ± 1.31 43.62 ± 084 52.15 ± 1.24
PM 1:2.5 95.52 ± 0.59 43.03 ± 0.48 51.95 ± 0.86
PM 1:3 90.36 ± 1.02 43.78 ± 1.01 51.29 ± 1.84
PM 1:3.5 85.63 ± 0.86 42.42 ± 0.55 52.50 ± 1.45
FM 1:0.25 24.84 ± 1.08 40.10 ± 1.49 45.00 ± 1.77
FM 1:0.5 45.61 ± 1.39 39.70 ± 1.03 45.90 ± 1.63
FM 1:0.75 56.76 ± 2.09 41.15 ± 1.88 45.74 ± 0.72
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of approximate value of percent error between dissolution
profiles with a value of 0–15 indicating no difference and
dissimilarity increasing proportionately with the value. FDA
recommends f2 values of 50–100 ensure dissolution data
equivalence with a value of 100 indicating complete similar-
ity and values below 50 suggesting non-equivalence (42).
From the pair-wise analysis, the statistical non-equivalence
of the dissolution profiles of formulations when compared
to the drug was evident. Observed p values from ANOVA-
based methods showed that the difference in the dissolution
profile at each time point was statistically significant for all
media (p< 0.05). The calculated F values were greater than
Fcritical for all samples. Post-hoc tests were done to compare
each sample among themselves individually. As seen from

the two-tail p values of the post-hoc t tests, the difference in
dissolution profile between PM (1:0.75) and FM (1:0.75)
was statistically significant in acidic media and de-ionized
water but not in phosphate buffer (p< 0.05) showing that
the fusion process enhanced dissolution rate to a statistically
significant extent.

Powder flow behavior during a process in manufacturing
depends on a lot of factors like the densities of powder,
particle size distribution, moisture content, morphology of
the particles, etc. (43). Complete understanding of all these
parameters is necessary to avoid issues during the manufactur-
ing cycle. Conventional methods like Carr’s index, Angle of
repose, and Hausner ratio have been used traditionally for
understanding the flow properties. Powder rheometer used in

Fig. 8. Overlay of X-ray diffraction patterns between a ibuprofen and physical mixtures (PM); b ibuprofen and fusion mixtures (FM)
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this study provides a sophisticated, accurate, and sensitive
measurement for the energies required for powders to flow
under certain conditions. As can be seen, the BFE values
decreased with the polymer content and simple explanation
for that is the waxy nature of Poloxamer 407 which acts a
lubricant (44), and hence, less energy is required for powder
flow. Hausner ratio of 1.25 and higher indicates poor flow, and
almost all the formulations along with the drug fell in that
range except for FM 1:0.75 which was in the free flowing range
which was consistent with rheometer data. Similar observa-
tions were made by the Carr’s index and angle of repose
values. There was not much difference in regard to densities
(bulk) for the different formulations.

Solid state characterization techniques like mDSC, XRD,
and FTIR were employed to evaluate the interactions and
changes of drug in the formulations. The characteristic peak
seen in the mDSC curves which was lower than the individual
melting temperatures of the drug as well as polymer indicated
formation of a eutectic for the given ratios (9). From the
curves, it was also seen that the crystalline peak for ibuprofen
diminished with the increasing polymer content. A ratio of
1:2.5 w/w was found to be the eutectic composition between
drug and polymer. But from a practical standpoint, this ratio
does not allow for drug delivery at an acceptable target weight
for the formulation. With this ratio, delivery of 200 mg ibu-
profen would end up having a formulation weight of 700 mg
without excipients which is not feasible.

Diffraction studies were performed to check the sustainabil-
ity of crystalline nature of the drug after the fusion process. All
PMs and FMs showed characteristic crystalline peaks of ibupro-
fen, but their intensities were lower and that can be due to the
dilution effect. These studies prove that the observed dissolution
rate enhancement might not be due to any changes in the crys-
tallinity of ibuprofen which means the drug dissolution was en-
hanced when the drug was in more stable crystalline form.

Themain purpose of performing FTIR spectroscopy was to
observe if there was any molecular interaction between drug

and polymer in terms of new bond formation or existing bond
modifications. Any new characteristic peak could not be seen
from the FTIR spectra which confirms that chemical nature of
ibuprofen was intact in the formulation. It also indicates that the
changes in solubility and dissolution rates were due to the
micellar solubilization effect and not any chemical modification.

CONCLUSION

Observations of this work portray the potential of
Poloxamer 407 in solubility and dissolution rate enhancement
of poorly soluble drugs like ibuprofen used here. Solid state
characterization techniques like mDSC suggests the formation
of eutectic mixture between drug and polymer. XRD and FTIR
data indicates that the drug was present in the stable crystalline
form. Moreover, the polymer ratios selected for the current
study allows for practical applications of the findings in terms
of delivering the drug with an acceptable target tablet weight.
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