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The present study investigates the use of nimodipine–polyethylene glycol solid dispersions for the devel-
opment of effervescent controlled release floating tablet formulations. The physical state of the dispersed
nimodipine in the polymer matrix was characterized by differential scanning calorimetry, powder X-ray
diffraction, FT-IR spectroscopy and polarized light microscopy, and the mixture proportions of polyeth-
ylene glycol (PEG), polyvinyl-pyrrolidone (PVP), hydroxypropylmethylcellulose (HPMC), effervescent
agents (EFF) and nimodipine were optimized in relation to drug release (% release at 60 min, and time
at which the 90% of the drug was dissolved) and floating properties (tablet’s floating strength and dura-
tion), employing a 25-run D-optimal mixture design combined with artificial neural networks (ANNs)
and genetic programming (GP). It was found that nimodipine exists as mod I microcrystals in the solid
dispersions and is stable for at least a three-month period. The tablets showed good floating properties
and controlled release profiles, with drug release proceeding via the concomitant operation of swelling
and erosion of the polymer matrix. ANNs and GP both proved to be efficient tools in the optimization
of the tablet formulation, and the global optimum formulation suggested by the GP equations consisted
of PEG = 9%, PVP = 30%, HPMC = 36%, EFF = 11%, nimodipine = 14%.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Nimodipine belongs to the class of pharmacological agents
known as calcium channel blockers. It exists into two polymorphs
known as mod I and II. Mod I is the racemic crystal (containing an
equimolar ratio of the two enantiomers in the lattice) while mod II
is the conglomerate (equimolar mixture of pure R and S enantio-
mer crystals) [1]. Oral administration of nimodipine is associated
with certain problems such as frequent dosing (30–60 mg every
4–8 h), varying half-life and fluctuating plasma concentrations
[2], problems that can possibly be addressed by the preparation
of a controlled release formulation [3–5]. Floating tablet formula-
tions could be an appealing solution, as they can prolong the resi-
dence time of the dosage form in the stomach and thus extend the
release of the active pharmaceutical ingredients (APIs) [6–8]. These
formulations usually consist of swellable polymers, such as meth-
ylcellulose or chitosan, and various effervescent compounds, such
as sodium bicarbonate, tartaric acid and citric acid [9]. One of the
main drawbacks of effervescent floating formulation is the extent
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of initial burst effect due to excess CO2 generation. Reducing the
proportion of effervescent compounds could solve the problem;
however, this usually leads to limitations in floating ability.

An alternative way to restrain burst effect is by the use of solid
dispersions as drug carriers, a technique that is proven to be effi-
cient [10] without the need to reduce the proportion of the effer-
vescent agents in the formulation. The term ‘‘solid dispersions”
refers to a family of multi-component systems whereby a crystal-
line or amorphous drug is dispersed into an amorphous or semi-
crystalline polymer matrix [11]. The release rate of the resultant
formulations is greatly affected by the physical state of the dis-
persed drug, which in turn is defined by the solubility of the drug
in the polymer, the method of preparation, the use of plasticizing
excipients, etc. Therefore, the development of a floating controlled
release formulation based on a solid dispersion drug carrier system
involves handling and optimizing a large number of variables.
According to the recent FDA initiative in the industry [12,13], as
well as the ICH Q8 Pharmaceutical Development guidance [14],
pharmaceutical development problems of this kind are nowadays
addressed in terms of the newly introduced concepts of quality
by design (QbD), process analytical technologies (PAT) and design
of experiments (DOE). This approach requires the application of
systematic optimization techniques based on experimental design,
combined with the use of novel, highly efficient model-fitting
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methods, such as machine learning algorithms (artificial neural
networks (ANN) and genetic programming, (GP)) [5,15,16].

Therefore, the present study investigates the use of solid disper-
sions in the development of a nimodipine effervescent floating for-
mulation. The physical state of nimodipine in the dispersions is
characterized by optical microscopy, thermal analysis, powder
X-ray diffraction and FT-IR spectroscopy. The mechanism of drug
release from the polymer matrices is evaluated on the basis of
swelling and erosion studies, while controlled release and floating
ability are achieved by optimizing the composition of the solid dis-
persions according to a statistical experimental design combined
by novel machine learning algorithms, such as GP [17] and ANNs
[5,18,19].

2. Materials and methods

2.1. Materials

Micronized nimodipine powder (mean circle equivalent diame-
ter of 18.2 ± 11.2 lm, [5]), supplied by Union Farmaceutics S.A.
(UQUIFA) (Barcelona, Spain), was used as an active pharmaceutical
ingredient (API).

Polyethylene glycol (PEG 4000, CLARIANT, Sulzbach, Germany)
was used as polymeric carrier for the dispersion of NIM. Hydroxy-
propylmethylcellulose (HPMC K100, Dow Chemical Company,
Midland, MI, USA) was used as swelling agent, while sodium bicar-
bonate and citric acid (Sigma Chemicals Co., St. Louis, MO, USA)
were used as effervescent agents (EFF) to induce tablet floatation.
Polyvinylpyrrolidone (PVP K30, BASF Co., Ledgewood, NJ, USA)
was added to the dispersions in order to increase gel cohesion dur-
ing dissolution.

Magnesium stearate (Mg Stearate, Katayama, Osaka, Japan) at a
0.5% w/w ratio was used as a lubricant for tableting, while 0.5% w/
w sodium lauryl sulfate (SLS, COGNIS, Fino Mornasco, Italy) was
added to the dissolution medium to ensure sink conditions. All
other materials and reagents were of analytical grade and used
as received.

2.2. Preparation of solid dispersions and tableting

Pre-weighted amounts of PEG (melting point at 61.2 �C) were
placed in aluminium dishes and heated in a water bath at 70 �C
to complete melting. Nimodipne was dispersed in the melt and
stirred for 5 min. The remaining constituents (polymers and gas-
generating agents, sodium bicarbonate and citric acid in 1:1 w/w
ratio) were added sequentially at 5 min intervals. The resultant
dispersions were stored at �18 �C for 5 days and then pulverised
manually using a mortar and a pestle. The 100–150 mesh size frac-
tion was separated by sieving, and Mg Stearate (0.5% w/w) was
added and mixed for 5 min with a spatula. The dispersions were
stored in hermetically sealed dark-glass jars for further processing.

Appropriate amounts of sample containing 30 mg of nimodi-
pine were compressed on a manually operated hydraulic press
equipped with a 10 mm diameter flat-faced punch and die set,
pre-lubricated with Mg Stearate, at a compression pressure of
1561 Nt/cm2 applied for 5 s (sufficient to obtain compacts of min-
imum attainable porosity).

2.3. Physical characterization of solid dispersions

2.3.1. Optical polarized light and hot-stage microscopy
Polarized light microscopy was applied according to the Euro-

pean Pharmacopoeia method for the detection of crystallinity
[20]. Microscopic observations of the crystalline samples were per-
formed on an Olympus BX41 polarized light microscope (Olympus,
Japan) to observe the birefringence in the examined samples.
2.3.2. Powder X-ray diffraction (PXRD)
PXRD patterns of the raw materials, their physical mixtures and

the prepared solid dispersions were measured on a Rigaku Miniflex
II powder diffractometer with a nickel-filtered radiation. The pat-
terns were recorded on a quartz plate at a tube voltage of 30 kV
and a current of 15 mA applying a scan rate of 0.05� 2h/s in the
angular range of 5–45� 2h. The peak intensities and 2h values of
the solid dispersion patterns were compared to those of the pure
materials in order to evaluate the physical form of nimodipine in
the samples.

2.3.3. Fourier-transform infrared spectroscopy (FT-IR)
FT-IR spectra in the region of 500–3500 cm–1 for both starting

materials and solid dispersions were obtained using a Shimadzu
IR-Prestige-21 FT-IR spectrometer coupled with a horizontal Gold-
en Gate MKII single-reflection ATR system (Specac, Kent, UK)
equipped with a ZnSe lense, after appropriate background subtrac-
tion. Thirty-two scans over the selected wave number range at a
resolution of 4 cm�1 were averaged for each sample.

2.3.4. Differential scanning calorimetry (DSC)
DSC determinations were carried out on a Shimadzu DSC-50

thermal analyzer (Shimadzu Corporation, Japan). Accurately
weighted amounts of samples (3–5 mg) were placed in perforated
aluminium pans and scanned through a temperature range of 20–
140 �C at a heating rate of 10 �C/min, under a nitrogen purge gas
flow of 25 mL/min. The instrument was calibrated for temperature
and energy using indium standards.

In order to estimate the long-term storage stability of the solid
dispersions, all determinations were repeated after storage for
3 months at two different temperatures and relative humidity
(RH) conditions (25 �C – 60% RH, and 40 �C – 75% RH).

2.4. Dissolution studies

After verification of the drug content of the tablets, dissolution
testing was performed by the rotating paddle USP apparatus II,
(Distek 2100C, North Brunswick, NJ) at 37 �C ± 0.5 �C and 50 rpm,
using 1000 ml of aqueous solution containing 0.5% (w/w) SLS. Sink
conditions were maintained throughout the test. Four milliliter ali-
quots were collected at 5, 15, 30, 60, 120, 240, 480, 720, 960 and
1200 min using an automatic sampler (Distek Evolution 4300)
and assayed immediately for nimodipine content.

All determinations were performed in triplicate following a val-
idated HPLC method [21] on a Prominence HPLC system (Shimadzu
Corporation, Japan) consisting of a degasser (Model DGU-20A5), a
pump (Model LC-20AD), an auto sampler (Model SIL-20AC), a
UV–Vis detector (Model SPD-20A) and a column oven (Model
CTO-20AC). Chromatographic analysis was performed on an Inter-
chrom C8 analytical column (5 lm particle size, 250 � 4.6 mm I.D.).
The mobile phase used was acetonitrile/water (67.5:32.5, v/v), and
the analytes were detected at 236 nm. The flow rate of the mobile
phase was 0.9 ml/min, and the column temperature was 40 �C.
Injection volume was set at 10 ll. The excipients used in this study
did not interfere with the chromatographic analysis of Nimodipine.

2.5. Floating behavior of tablets

The in vitro floating behavior of the tablets in the selected dis-
solution medium (1000 ml) was evaluated in terms of floating
duration (FLD) and strength (Fs). Floating duration of the tablets
was determined by visual observation during the dissolution
study. The resultant weight of the tablet in immersed conditions
was determined using an on line continuous monitoring apparatus
proposed by Timmermans and Moës [22]. Briefly, in each experi-
mental trial, a tablet was placed in the sample holder basket, hang-



Table 1
Experimental domain according to the D-optimal mixture design applied in this
study.

Code Independent variables examined (%)

PEG (X1) PVP (X2) HPMC (X3) EFF*(X4) NIM+ (X5)

F1 9.00 30.00 40.00 16.00 5.00
F2 9.00 25.00 40.00 12.00 14.00
F3 9.50 30.00 30.50 16.00 14.00
F4 13.00 30.00 40.00 8.00 9.00
F5 13.75 27.50 35.25 14.00 9.50
F6 14.00 25.00 40.00 16.00 5.00
F7 14.50 20.00 40.00 16.00 9.50
F8 14.50 20.00 40.00 16.00 9.50
F9 15.00 25.00 30.00 16.00 14.00
F10 18.00 30.00 30.00 8.00 14.00
F11 18.00 30.00 30.00 8.00 14.00
F12 18.00 20.00 40.00 8.00 14.00
F13 19.00 30.00 30.00 16.00 5.00
F14 20.75 25.00 35.00 12.00 7.25
F15 22.00 30.00 35.00 8.00 5.00
F16 22.00 25.00 40.00 8.00 5.00
F17 23.00 20.00 35.00 8.00 14.00
F18 24.00 20.00 30.00 12.00 14.00
F19 24.00 20.00 30.00 12.00 14.00
F20 27.00 30.00 30.00 8.00 5.00
F21 27.00 20.00 40.00 8.00 5.00
F22 28.00 20.00 31.00 16.00 5.00
F23 28.00 20.00 31.00 16.00 5.00
F24 28.00 24.50 30.00 8.00 9.50
F25 28.00 24.50 30.00 8.00 9.50

* EFF = effervescent agents, sodium bicarbonate and citric acid (1:1 w/w).
+ NIM = Nimodipine.
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ing from an analytical balance connected to a PC. The holder was
immersed at a fixed depth into the dissolution vessel, and data
were logged every 5 min for up to 1200 min. The vessel was cov-
ered in order to prevent water evaporation. After a certain lag time,
the tablet started to float and the floating strength of the tablet was
determined by measuring the weight diminution.

2.6. Swelling and erosion studies

Matrix swelling, described as water absorption capacity, was
determined gravimetrically on a modified USP apparatus consist-
ing of a 200-mesh stainless steel basket carrying the tablet,
mounted above the stirring paddle rotating at 50 rpm [23,24]. Bas-
kets containing the tablets were immersed in 1000 ml of dissolu-
tion medium at 37 �C ± 0.5 �C, and periodically detached from the
apparatus, blotted with absorbent tissue to remove any excess dis-
solution medium on the surface and weighed. Degree of swelling
(% water uptake) was calculated according to the following
equation:

Degree of swelling ð% water uptakeÞ ¼ Wt �Wo

Wo

� �
� 100 ð1Þ

where Wo is the initial weight of the dry tablet, and Wt is the weight
of the wet, swollen tablet.

Matrix erosion was determined at the same time intervals, on
the same tablets used for the swelling determinations. After
weighing, the hydrated matrices were dried in an oven at 50 �C
for 24 h and the remaining dry weight, Wr, was determined. Matrix
erosion was calculated according to the formula:

Erosion ð% mass lossÞ ¼ Wo �Wr

Wo

� �
� 100 ð2Þ

The mass loss due to the dissolution of nimodipine was considered
negligible.

The values of dissolution medium uptake per unit mass of ma-
trix remaining were fitted to a square root equation for the initial
points, where a linear relationship existed between uptake and
square root of time [25]:

Wt �Wo

Wo

� �
� 100 ¼ a� t0:5 ð3Þ

where a is the dissolution medium uptake rate constant and t is the
time. The values of the dry weight data were fitted to a modification
of the cube root relationship (Hixson–Crowell model) reported by
Tahara et al. [26], in order to determine the apparent polymer ero-
sion rate constant k2:

Wo �Wr

Wo

� �1=3

¼ 1� k2t ð4Þ
2.7. Optimization of flotation and drug release

In order to achieve a desirable flotation and release profile, the
effects of five formulation factors, namely the proportion of PEG
(X1), PVP (X2), HPMC (X3), effervescent agents (sodium bicarbonate
and citric acid 1:1 w/w (X4)), and nimodipine (X5), were evaluated
on four response variables: two variables characterizing the float-
ing ability of the tested formulation (measured floating strength,
Fs, and duration, FLD), and two describing the release profile (per-
cent of drug dissolved at 60 min, Y60min, which is indicative of the
existence of an initial burst effect, and the time at which the 90% of
the drug was dissolved, t90%, which is indicative of release
prolongation).

Factor levels were optimized following a D-optimal mixture
experimental design (Table 1), which is a special case of fractional
factorial design that allows great flexibility especially in cases
where the area of interest (experimental domain) is reduced to
an irregular polyhedron [27]. ANN and GP were used as model-fit-
ting tools instead of the conventional MLR equations.
2.7.1. Artificial neural network
A feed-forward back-propagation network consisting of five in-

puts (each corresponding to a formulation factor) and four output
units (each corresponding to a selected response) was fitted to the
data collected according to the D-optimal design. Twenty-one for-
mulations were randomly selected from the D-optimal mixture de-
sign and assigned to the training set while the remaining were
used as a validation set. The logistic sigmoid function was used
as activation function for all units, and the input and output pat-
terns were scaled from 0 to 1. The ‘vanilla’ or standard back-prop-
agation (StBack) training algorithm was selected, and the ‘early
stopping’ method was applied in order to avoid network’s over-
training. Causal and predictive importance of the input variables
(sensitivity and saliency, respectively) was calculated according
to Kachrimanis et al. [28], as described in Ref. [5]. Specifically, sen-
sitivity is defined as the change of the output corresponding to a
given change in an input variable, while saliency refers to the in-
crease in the error function when an input is omitted from the net-
work. Subsequently, pruning (size reduction by removal of
unnecessary units and/or links) by the magnitude-based pruning
(MBP) algorithm was performed in order to simplify the network.
The Stuttgart Neural Network Simulator (SNNS version 4.2 for
WIN32) software package was employed for the development,
training and size reduction of the ANN.
2.7.2. Symbolic regression via GP
GP is a systematic method for getting the computers to auto-

matically solve a problem [29]. Based on Darwin’s Natural Selec-
tion theory that individuals who better adapt to the environment
have a greater chance of surviving and passing their genetic char-



Table 2
Control parameters and their ranges used in GP.

Population size 500–1000–2000
Generations 100–150–200
Crossover rate 0.3–0.4–0.5
Mutation rate 0.3–0.4–0.5
Fitness function SSE
Function set +, �, /, -, ^, cos, sin, tan, exp, log
Constant range �10 to 10 by 0.001
Constant probability 0.2–0.5
Elitism 1
Tournament size 3–7
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acteristics to their offspring, GP automatically generates programs
in order to ‘naturally’ select the one that better solves an investi-
gated problem [30]. When the generated programs represent
mathematical equations, the process of finding the best-fitting
equation with the aid of GP is called symbolic regression [29].
Table 3
Experimental domain and measured responses for the external validation (test) set used f

Code Independent variables (%)

X1 X2 X3 X4 X5

FA 18 20 40 14 8
FB 14 24 40 8 14
FC 11 25 40 10 14
FD 10 26 40 10 14
FE 13 26 40 9 12

SD: a = 0.81–2.16, b = 0.09–0.63, c = 0.33–0.91, d = 0.02–0.58.

Fig. 1. DSC thermograms (A), PXRD diffractograms (B) and FT-IR spectra (C) of amorphou
structure representation (D).
The GP evolutionary process starts with the generation of a ran-
dom initial population, and the algorithm enters a loop that is exe-
cuted until a desired solution is found. The loop consists of two
major tasks: (1) evaluate each program (equation) by comparing
each solution to the ideal one (this is made through a ‘fitness’ func-
tion) and (2) create a new population by applying basic genetic
operations such as ‘reproduction’, ‘crossover’ and ‘mutation’ [30].
The efficiency of the process is determined by a set of parameters
(such as crossover rate, mutation rate, population size, tournament
size) that control the way in which the search for the ideal solution
is conducted [29].

In the present study, the SyMod software package, freely avail-
able for download at http://www.s.org, was used for genetically
developing nonlinear mathematical equations. The sum of
squared error (SSE) was used as fitness function. The ranges of
the parameters tested in genetic programming are summarized
in Table 2.
or validating ANN and GP prediction performance.

Measured responses

Y60min
a (%) t90%

b (h) FLDc (h) Fsd (g)

33.25 12.01 14.50 1.69
28.45 13.45 14.07 0.44
28.23 12.99 15.33 0.46
29.00 13.87 14.70 0.40
25.30 15.87 13.65 0.42

s, crystalline mod I and II, and commercial nimodipine, together with the molecular

http://www.symbolicmodeler.org
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2.8. Validation of ANN and GP, global optimization

The developed ANN and GP models were compared for predic-
tion ability on the basis of Root Mean Squared Error of Prediction
(RMSEp) using an external validation set consisting of five formu-
lations having maximum proportion levels of HPMC (40%) in order
to ensure that a gel layer strong enough to enclose the generated
CO2 and ensure floating conditions was achieved (Table 3). The
remaining proportions were selected randomly.

In order to investigate the best model’s ability to locate an ac-
tual global optimum solution, the minimization of the standard-
ized Euclidian distance between the predicted value of each
response and the desirable levels (maximum floating, floating
duration over 9 h, minimum burst effect and 90% of the drug re-
leased in 12 h), Eq. (5), was selected as an appropriate global opti-
mization tool [31].

SðXÞ ¼
Xn

k

OkðXÞ � EkðXÞ
SDk

� �2
" #1=2

ð5Þ

where S(X) is the distance function generalized by the standard
deviation (SDk) of the observed values for each response (k), X is
the set of independent variables examined, Ok(X) and Ek(X) are the
optimum value and the estimated value of the response, k. A trial-
and-error method was employed, starting from different initial con-
ditions, in order to avoid local minima.
Fig. 2. DSC thermograms (A), PXRD diffractograms (B) and FT-IR spectra (C) of PEG 40
dispersion (formulation F15).
3. Results and discussion

3.1. Physical characterization of solid dispersions

Fig. 1A–D presents DSC thermograms, PXRD diffractograms and
FT-IR spectra of the commercial nimodipine powder used as start-
ing material in this study, and that of pure modifications I and II
crystallized from ethanol solution, together with the molecular
structure of NIM.

DSC thermograms, Fig. 1A, show that mod I and II crystals melt
at 127.1 and 121.3 �C, respectively, in agreement with literature
data [1]. The commercial nimodipine sample exhibits an endother-
mic peak at 127.1 �C, preceded by a shoulder that is probably asso-
ciated with melting of mod II crystals, and indicates the presence of
mod II in the raw material used in this study.

The PXRD patterns, Fig. 1B, show a high similarity between the
two crystal modifications of nimodipine (mod I and II). Characteris-
tic differences lie in the low 2h reflections (6.7� 2h for mod I, and
10.4� and 12.0� 2h for mod II) that can be used for the identification
of the two crystal forms. Based on the 6.7� 2h reflection, the PXRD
patterns of the commercial raw material correspond to mod I, how-
ever, a weak reflection at 12.0� 2h indicates the presence of a small
amount of mod II crystals, in agreement with the DSC observations.

FT-IR spectra of amorphous and crystalline nimodipine mod I
and II, shown in Fig. 1C, indicate that the most characteristic differ-
ence between amorphous nimodipine and mods I and II lies in the
00, PVP K30, HPMC K100, SB, CA, and a representative effervescent floating solid
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N–H stretch (3327 cm�1, 3290 cm�1, and 3269 cm�1, respectively)
and is due to hydrogen bonding between the NH group and the
ether or carbonyl oxygen for the crystalline or amorphous material,
respectively [32]. Further differences between the two polymorphs
are observed in the region of 1410–1540 cm�1. From Fig. 1C, it is
seen that commercial nimodipine consists mainly of mod I, with
a small amount of mod II crystals, as evidenced by the absorption
bands in the range 1410–1540 cm�1 (marked with a red circle), in
agreement with the DSC and PXRD data.

Regarding the solid dispersions, microscopic observation under
crossed polarizers showed the existence of strongly birefringent
nimodipine microparticles. The physical form of nimodipine in
the solid dispersions (choosing a representative formulation, F15
of Table 1) was further investigated by DSC, PXRD and FT-IR spec-
troscopy, and the corresponding results are illustrated in Fig. 2 in
comparison with the data for the pure excipients used for their
preparation. DSC thermograms of the solid dispersions, Fig. 2A,
show a double endotherm at 58.6 and 61.3 �C that are attributed
to the melting of PEG and polymorphs (standard and metastable
folded chain form) [11]. The metastable form of PEG was not pres-
ent after 3 months of storage. The thermograms lack any charac-
teristic feature that can be used for the identification of
nimodipine solid phase (crystalline mod I or II) present in the solid
dispersions, in agreement with previous studies [33–35].

PXRD diffractograms of the effervescent floating formulations
and the pure materials used for the preparation of dispersions
(PEG 4000, PVP K30, HPMC K100M, sodium bicarbonate and citric
acid), shown in Fig. 2B, indicate that PEG 4000, bicarbonate and cit-
ric acid exhibit intense reflections while HPMC K100 and PVP K30
Fig. 3. Dissolution profiles of the floating tablet formulati
only exhibit a halo that is characteristic of amorphous materials.
PXRD diffractograms of the solid dispersions show additional
reflections at 6.7�, 12.95� and 20.35� 2h indicating the existence
of nimodipine in the crystalline state, and specifically as mod I.

FT-IR spectra of the floating solid dispersions and pure excipi-
ents, illustrated in Fig. 2C, indicate that citric acid and HPMC
K100 are the only materials that show absorbance in the region
where the main differences between the amorphous and the crys-
tal (mod I and mod II) nimodipine are located (at 3277 cm�1 for cit-
ric acid, and a broad peak at 3071–3640 cm�1 for HPMC K100).
However, the characteristic peak of mod I at 3293 cm�1 is clearly
seen in the floating solid dispersions’ spectra, confirming the pres-
ence of nimodipine in the crystalline state. The presence of amor-
phous nimodipine in the solid dispersions can be excluded because
of the existence of a strong sharp peak at 1693 cm�1, characteristic
of crystalline nimodipine and of the inalterability of the intensity
and location of the peaks corresponding to the NH and C@O vibra-
tion of nimodipine mod I crystals after storage for 3 months at
25 �C – 60% RH and 40 �C – 75% RH.

The aforementioned findings, further supported by polarized
light microscopy, indicate the high physical stability of the solid
dispersions, which is a very important issue in the development
of pharmaceutical formulations, and especially controlled release
solid dispersions.

3.2. In vitro drug release

The drug content of the tablets subjected to dissolution testing
varied between 98.3% and 102.5%, and their tensile strength was
ons proposed by the D-optimal experimental design.



Table 5
Release models and corresponding mean R2 values for all formulations examined.

Model Equation Mean R2 ± SD

First-order ln(M) = kt 0.851 ± 0.085
Zero-order M0–M = kt 0.980 ± 0.018
Higuchi M0–M = kt1/2 0.790 ± 0.235
Hixson–Crowell Mð1=3Þ

0 —Mð1=3Þ ¼ kt 0.716 ± 0.259

Korsmeyer–Peppas log(M0–M) = log(K) + nlog(t) 0.989 ± 0.010
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between 51.4 N and 175.1 N. Due to the selection of a constant
nimodipine content of 30 mg in all tablet formulations and the dif-
ferent proportions of excipients, tablet weights varied between
214 mg and 600 mg, leading to different initial surface area of
the tablets. However, due to the extensive swelling and erosion
of the polymer matrix, those initial differences are not expected
to affect the dissolution ratio.

Dissolution profiles of the examined formulations are shown in
Fig. 3, and corresponding values of the measured responses are
listed in Table 4. From Fig. 3, it is seen that all formulations achieve
prolongation of drug release except F13, F22 and F23 that contain
high proportion of effervescent agents and show immediate re-
lease profiles (90% of the drug dissolved in less than 30 min). How-
ever, preliminary experiments showed that this effect of
effervescent agents due to the generation of excess CO2 was signif-
icantly reduced by the use of solid dispersions (19.6 ± 6% average
reduction of percent drug release in 60 min, compared to physical
mixtures). Concerning the release characteristics, increased
amounts of HPMC contribute to a decrease in the release rate of
nimodipine, contrary to the water-soluble PEG and PVP where
increasing proportions lead to increasing release rates, in agree-
ment with previous published studies concerning the role of these
materials [36,37].

The mechanism of drug release was examined on the basis of
the first-order, zero-order, Higuchi square root of time, Hixson–
Crowell cube root and Korsmeyer–Peppas dissolution models sum-
marized in Table 5 together with goodness of fit results for all
examined formulations (mean coefficient of determination,
R2 ± standard deviation). Both the Korsmeyer–Peppas and zero-or-
der kinetic models (after omitting the initial points corresponding
to the burst effect) showed acceptable fit to the in vitro release
data (R2: 0.989 ± 0.010 and 0.980 ± 0.018, respectively), indicating
that drug release was controlled by a combination of drug diffusion
through the gel barrier formed by the hydrated polymer, and ma-
trix erosion. This was confirmed by experimentally determined
swelling and erosion parameters given in Table 6. Maximum water
Table 4
Experimental results collected according to the D-optimal mixture design for the
selected response variables.

Formulation code Measured responses

Y60min
a (%) t90%

b (h) FLDc (h) Fsd (g)

F1 13.9 24.0 20.0 2.82
F2 29.6 12.2 20.0 0.66
F3 45.5 9.1 8.3 2.29
F4 15.1 20.4 9.5 0.78
F5 45.1 9.5 11.1 2.59
F6 15.8 19.8 20.0 3.49
F7 39.4 9.0 11.0 1.85
F8 39.7 10.0 15.0 1.84
F9 59.2 4.9 6.3 2.24
F10 28.5 12.0 13.0 0.66
F11 27.9 10.4 9.1 0.65
F12 30.5 13.2 9.0 0.56
F13 89.3 1.3 3.0 3.40
F14 32.5 13.5 14.0 1.67
F15 15.7 21.0 9.4 1.20
F16 22.9 17.9 13.0 0.89
F17 32.0 12.5 9.4 0.69
F18 52.5 7.9 7.0 0.42
F19 66.2 4.6 7.2 0.41
F20 32.1 15.0 20.0 1.16
F21 14.7 21.7 20.0 0.31
F22 96.2 0.2 1.0 3.52
F23 96.9 0.2 1.0 3.51
F24 35.7 12.0 13.0 0.82
F25 33.0 12.0 12.5 0.83

SD: a = 1.01–3.28, b = 0.12–0.2, c = 0.09–1.29, d = 0.01–0.39.
uptake (Smax) varied from 43.51% to 59.56%, while the dissolution
medium uptake rate constant (a) of Eq. (3), and the apparent poly-
mer erosion rate constant (k2) of Eq. (4), varied from 3.46 h�0.5 to
5.75 h�0.5 and 0.03 � 10�3 h to 0.07 � 10�3 h. Increasing the pro-
portions of HPMC, PEG and PVP contribute to an increase in max-
imum matrix swelling (Smax), while increasing the proportions of
effervescent agents decreased Smax. The apparent matrix erosion
rate (k2) was increasing with the proportion of PEG and efferves-
cent agents and decreasing with HPMC and PVP. The observed
changes of the erosion rate can be attributed to the competing ef-
fects of the fast dissolving PEG and the effervescent agents that
cause a disruption of the gel layer and of the highly viscous HPMC
that swells and forms a gel layer that is further reinforced by the
PVP.
3.3. Floating behavior

The time needed for the initiation of flotation (floating lag time)
was less than 3 min for all formulations (except those that showed
immediate release profiles, F13, F22 and F23). Plots of continuous
weight measurements as a function of time are shown in Fig. 4.
The maximum floating strength, Fs, ranged from 0.31 g to 3.52 g
while FLD varied from 1 h to 20 h, depending on the amount of
CO2 generated and the strength of the gel layer formed. Fs
Table 6
Parameters describing the swelling/erosion behavior of the examined formulations.

Code Swelling Erosion

Smax
a (%) ab (h�0.5) R2 k2

c (h�1 � 103) R2

F1 53.51 5.75 0.989 0.04 0.962
F2 55.27 3.85 0.999 0.05 0.973
F3 50.23 4.38 0.978 0.07 0.977
F4 54.46 4.35 0.906 0.05 0.988
F5 58.65 4.28 0.983 0.05 0.991
F6 52.61 4.13 0.961 0.04 0.981
F7 57.56 4.14 0.979 0.04 0.968
F8 58.56 4.15 0.981 0.04 0.953
F9 43.51 5.29 0.987 0.07 0.973
F10 54.46 4.68 0.952 0.07 0.998
F11 54.82 4.65 0.965 0.07 0.981
F12 59.56 4.57 0.975 0.04 0.994
F13* – – – – –
F14 52.75 4.01 0.995 0.05 0.890
F15 57.56 4.35 0.930 0.04 0.977
F16 57.10 4.25 0.964 0.04 0.950
F17 56.61 4.34 0.962 0.06 0.938
F18 54.04 4.24 0.959 0.07 0.974
F19 55.26 4.43 0.962 0.07 0.969
F20 52.63 4.23 0.934 0.05 0.990
F21 58.62 4.46 0.966 0.03 0.985
F22d – – – – –
F23d – – – – –
F24 54.10 3.66 0.999 0.08 0.993
F25 55.78 3.46 0.998 0.08 0.991

a SD = 1.18–4.5.
b SD = 0.05–0.21.
c SD = 0.02–2.0.
d F13, F22 and F23 showed immediate release profile.
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increased as the proportion of effervescent agents and HPMC in-
creased while FLD decreased as the proportion of HPMC and effer-
vescent agents decreased (weaker gel layer and smaller amount of
CO2 generated).

3.4. Optimization of drug formulation

3.4.1. Artificial neural networks
The optimum network consisted of one hidden layer with 6

units, Fig. 5A, while the optimum number of training cycles was
found to be 4000. Results of input variable importance, Table 7,
indicate that the proportion of effervescent agent (EFF) is the most
influential variable closely followed by HPMC, while PEG and PVP
are of a relatively minor importance. Moreover, the pruned
(simplified) network by the MBP algorithm, shown in Fig. 5B, con-
tained only 2 units in the hidden layer, while only three inputs
(HPMC, EFF and nimodipine proportion) were preserved, in agree-
ment with the described variable importance results.

3.4.2. Genetic programming
The application of symbolic regression by GP resulted in the fol-

lowing equations for the correlation of the formulation factors with
the selected responses:
Fig. 4. Weight versus time profiles for the
Y60min ¼ 0:29^ðsinððtanðX1Þ � logðX5ÞÞÞ^ðððX4 � X3Þ=ðX3 � X5ÞÞ
þ ðtanðX4Þ=ðX4=X1ÞÞÞÞ ð6Þ

t90% ¼ ððcosðcosððX2 � X5ÞÞÞ � ðtanððX^3 X3ÞÞ= expððX1

þ X5ÞÞÞÞ^ðsinðtanðX4=X4ÞÞ= expðcosðtanðX4ÞÞÞÞÞ ð7Þ

FLD ¼ ðcosððexpðX1Þ^ðX4 � X3ÞÞÞ^ sinðexpððX5 � X4ÞÞÞÞ ð8Þ

Fs ¼ ðððX^4 2Þ^ðX1 þ X3ÞÞ^ððX4 þ X5Þ^ expðX2ÞÞÞ ð9Þ

All GP-derived equations (Eq. (6)–(9)) highlight the nonlinear nat-
ure between the dependant and independent variables. In agree-
ment to previous sensitivity and saliency results, formulation
factor X2 (PVP) was not included in Eq. (6) and (8), indicating its
insignificant effect at least on the burst effect (Y60min) and floating
strength (Fs). However, the factor was retained in the design, since
it seems to exert a significant effect on the rest of the examined
responses.

3.4.3. Validation of ANN and GP
The predictive ability of the ANN and GP models was evaluated

on an external validation set (Table 3), on the basis of RMSEp
values listed in Table 8. It is seen that both ANN and symbolic
evaluation of tablet floating behavior.



Fig. 5. Optimum neural network architecture using PEG, PVP, HPMC, effervescent
agents (EFF) and nimodipine (NIM) as independent factors and Y60 min, t90%, FLD and
Fs as responses, before (A) and after pruning (B).

Table 7
Causal (sensitivity) and predictive importance (saliency) of the examined input
variables.

Input variable Sensitivity Saliency

PEG 1.98 0.18
PVP 2.66 0.60
HPMC 5.62 2.76
EFF 5.84 3.14
NIM 3.79 2.62

Table 8
Predictive ability (RMSEp) based on the selected external validation set (Table 3) for
the generated ANN and GP models.

Responses RMSEp

ANN GP

StBack MBP

Y60min 0.0193 0.0186 0.0184
t90% 0.0227 0.0354 0.0265
FLD 0.0438 0.0782 0.0589
FS 0.0590 0.0613 0.0588

Fig. 6. Drug release and floating kinetics profile of the opti
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regression via GP have equally good prediction performance, prob-
ably due to the high nonlinear nature of both ANN and GP models.
Moreover, the close approximation in RMSEp for the original and
pruned ANN indicates that a good level of predictive performance
can be preserved while simplifying network’s structure.
3.4.4. Multi-objective optimization
Since GP produces equations of substantially lower complexity

than the ANN models, it was selected as the best-fitting model,
according to the parsimony principle in statistics. The minimiza-
tion of the standardized Euclidian distance (Eq. (5)) between the
predicted and the optimum values of each response, resulted in a
tablet consisting of 9% PEG, 30% PVP, 36% HPMC, 11% EFF and
14% nimodipine. From the dissolution and the floating kinetics pro-
file of the optimum floating formulation, Fig. 6, it is seen that the
selected responses were within the desirable target levels
(Y60min = 15.1%, t90% = 12.1 h, Fs = 0.89 g and was over 9.5 h). The
Fs value of the optimum formulation was the maximum attainable
without compromising the values of the remaining optimized re-
sponses (controlled release profile and floating duration).

Furthermore, swelling and erosion of the optimum formulation,
evaluated graphically (Fig. 7), suggest that it undergoes swelling
followed by extensive erosion, attaining maximum water uptake
(Smax = 44.57%) at 4 h that is compensated by the weight loss due
mum controlled released formulation proposed by GP.

Fig. 7. Swelling (dashed line) and erosion (solid line) profiles of the optimum
formulation proposed by GP.
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to matrix erosion after 5 h. Generally, it can be concluded that ma-
trix erosion predominated in the API’s release.
4. Conclusion

The present study demonstrates the development of a nimodi-
pine effervescent floating controlled release tablet formulation
using solid dispersions. A microcrystalline dispersion of nimodi-
pine mod I was formed in the PEG matrix, while the combination
of experimental design and modern machine learning algorithms
such as ANNs and GP showed increased prediction efficiency dur-
ing the optimization procedure. Simultaneous swelling and erosion
were identified as the main mechanisms of API release from the
floating tablet formulations.
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