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Drug-polymer interaction or their miscibility has been known to be a key factor to 
impede recrystallization of drug dispersed in a polymeric matrix of solid dispersion. The purpose 
of this study was to demonstrate the feasibility of Raman spectroscopy to determine the extent 
of drug-polymer interaction in solid dispersions and to investigate whether the present 
interaction could stabilize the solid state morphology of the drug substance.  The solid 
dispersions of nifedipine and polyvinyl caprolactam - polyvinyl acetate - polyethylene glycol graft 
copolymer (Soluplus®) with drug loadings of 10, 30, 50, 70 and 90% w/w were prepared by 
freeze drying, melting and solvent evaporation. The miscibility of solid dispersions was 
characterized by X-ray powder diffractometry, differential scanning calorimetry, Fourier transform-
infrared spectroscopy (FT-IR), solid state-nuclear magnetic resonance spectroscopy (ss-NMR) and 
Raman spectroscopy. The extent of drug-polymer interaction in X-ray amorphous samples were 
determined by utilizing Gaussian function fitting of Raman spectra obtained. The results 
demonstrated that the drug and polymer interacted via hydrogen bonding as indicated by FT-IR 
and ss-NMR and hydrophobic interaction identified by Raman spectroscopy. The extent of drug-
polymer interaction and miscibility levels were found to be more dependent on the amounts of 
drug loading than preparation methods. The amount of 30% w/w drug loading was shown to be 
a saturated concentration for the miscibility of nifedipine in the polymer. Crystallization and 
amorphous phase separation were delayed in the miscible mixtures. When the drug loading was 
much lower than the saturated concentration, the strength of drug-polymer interaction 
effectively inhibited the amorphous phase separation. Therefore, Raman spectroscopy could be 
applied to investigate the extent of hydrophobic interaction in the solid dispersion of drug and 
polymer both qualitatively and quantitatively. 
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CHAPTER I 
INTRODUCTION 

One of the underpinning mechanisms to improve dissolution of poorly water 
soluble drugs through solid dispersion technique is the conversion of crystalline to its 
amorphous counterpart (1, 2).  However, upon storage, the amorphous state might 
undergo recrystallization.  In a more stable solid dispersion, the drug is miscible with 
the polymer and hence dispersed in the solid polymer at the molecular level.  The 
miscibility of drug and polymer depends on both drug concentration and preparation 
method (3-7). In general, the drug could be miscible with the polymer up to its 
saturated concentration of drug in the solid polymer.  

The process of recrystallization from amorphous state is in fact rather complex.  
Principally, it is involved with nucleation and crystal growth.  The factors governing 
recrystallization from amorphous state could be thermodynamic and kinetic factors. 
The thermodynamic driving force of supersaturated drug concentration causes the 
amorphous drug having high free energy to rearrange its structure to a more stable 
form.  The kinetics factors were such as preparation method (i.e. thermal history and 
mechanical stress) and fragility of the glass (8, 9). 

As above mentioned, recrystallization of the drug in the solid dispersion could 
be delayed if the drug is molecularly dispersed or miscible in the polymer as the 
single phase solid dispersion (9, 10).  In this solid dispersion, the polymer inhibits 
recrystallization by several mechanisms i.e. drug-polymer interaction via specific 
interaction (hydrogen bond) (8, 11-17) and/or non-specific interaction (van der Waals 
force) (18), increase in glass transition temperature (Tg) of the mixture (16, 17), steric 
hindrance due to bulky structure of a polymer (16, 19) and reduced amorphous free 
energy (20-23). 

Several works have been carried out to investigate the miscibility of drug and 
polymer by X-ray powder diffractometry (XRPD) (24, 25), differential scanning 
calorimetry (DSC) (5, 7, 20, 21, 23, 24, 26-29), X-ray photoelectron spectroscopy (XPS) 
(27), infrared spectroscopy (IR)  (5, 7, 20, 23, 24, 26, 30-32), solid state-nuclear 
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magnetic resonance spectroscopy (ss-NMR) (27, 29) and Raman spectroscopy (14, 28, 
32-35).  Also, they revealed insight into the drug-polymer interaction involved in the 
miscible mixtures by using XPS, IR, ss-NMR and Raman spectroscopy. 

The principle of Raman spectroscopy is based on light scattering of the 
vibrational mode which is involved in molecular polarization.  Thus, it may be more 
useful, compared to other methods i.e. IR, for determining non-specific interaction 
such as hydrophobic interaction in the drug-polymer mixture which is rich in aromatic 
conjugated systems (18).  To date, the application of Raman spectroscopy to detect 
the hydrophobic interaction between drug and polymer has been limited (18), in 
particular quantitative characterization of drug-polymer hydrophobic interaction 
which has not been reported. 

In this work, attempts were made to identify and quantify drug-polymer 
interactions by Raman spectroscopy and other techniques.  Recrystallization and 
amorphous phase separation were also detected in order to confirm the impact of 
the drug-polymer interaction on solid state stability.  The effect of drug loadings and 
preparation methods i.e. freeze drying, melting and solvent evaporation were also 
investigated whether the method with or without solvent had influence on the 
performance of the solid dispersion in terms of states of drug existing in the polymer. 

Nifedipine was selected as a model drug, and polyvinyl caprolactam - polyvinyl 
acetate - polyethylene glycol graft copolymer (Soluplus®) was selected as a 
polymeric carrier.  The solubility parameter of nifedipine and Soluplus® were 21.9 
MPa1/2 (36) and 19.4 MPa1/2 (37), respectively; hence, the binary mixture are likely to 
be miscible (38).  In addition, nifedipine and Soluplus® might form the specific 
interaction e.g. hydrogen bond because both compounds contained hydrogen bond 
donors and hydrogen bond acceptors.  Also, the drug and the polymer might form 
the non-specific interaction e.g. van der Waals force via the hydrophobic structures 
of the two compounds.  The presence of molecular interactions between nifedipine 
and Soluplus® with hydrogen bond and hydrophobic interaction has been evident in 
the study carried out by Li et al. (31) using Fourier transform-infrared spectroscopy 
(FT-IR) (31). 
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In the present study, the solid dispersions of nifedipine and Soluplus® were 
prepared by freeze drying (solvent method with fast solidification rate), melting (non-
solvent method with fast solidification rate) and solvent evaporation (solvent 
method with slow solidification rate).  The drug loadings were 10, 30, 50, 70 and 90% 
w/w.  The chemical stability was determined by high performance liquid 
chromatography (HPLC).  The crystallinity was assessed by XRPD.  The miscibility limit 
between nifedipine and Soluplus® was measured by DSC and Raman spectroscopy.  
The drug-polymer interactions were investigated by FT-IR, ss-NMR and Raman 
spectroscopy.  The quantitative analysis of drug-polymer interactions was carried out 
by Raman spectroscopy together with Gaussian function fitting method.  The solid 
state stability involved crystallization tendency and the tendency to undergo 
amorphous phase separation was studied by XRPD and Raman spectroscopy. 

Objectives 

1. To evaluate drug-polymer interactions in solid dispersion by Raman 
spectroscopy 

2. To identify the correlation between the degree of drug-polymer 
interactions and solid state stability 
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CHAPTER II 
LITERATURE REVIEW 

2.1 Dissolution improvement of poorly water-soluble drugs by solid dispersion 

Solid dispersion is one of the most attractive techniques to improve oral 
bioavailability of the drug in Biopharmaceutical Classification System (BCS) class II i.e. 
high permeable and low soluble drug.  It could be prepared by dispersing the drug 
into the polymeric matrix via two major methods i.e. solvent evaporation method or 
melting method.  Using the solvent evaporation method (e.g. freeze-drying, spray 
drying, rotary evaporation, supercritical fluids, spin-coated films), the solid dispersion 
can be prepared by dissolving the drug and polymeric carrier in common solvents, 
followed by evaporating the solvent.  The advantage of the solvent evaporation 
method is that the drug is simply homogeneously dispersed.  In addition, the 
method is suitable for thermal labile drugs.  However, the common solvents used 
are often organic solvent; thus, the environment and safety issues are of concern.  
Through the melting method (e.g. hot melt extrusion), the solid dispersion can be 
prepared by melting the drug and polymeric carrier, followed by rapidly cooling the 
molten mixture.  The thermostability of the drug and the polymer should be 
considered when preparing solid dispersion by this method (1, 2). 

Based on the solid states of the drug and the polymer present in a mixture, the 
solid dispersion can be divided into 3 categories, namely, eutectic mixture (crystalline 
drug and crystalline polymer), solid solution (amorphous drug and crystalline 
polymer) and glass solution (amorphous drug and amorphous polymer) (39). 

The optimized process parameters along with an appropriate polymer type and 
drug to polymer ratio are contributed to an improvement of drug dissolution via 
several mechanisms.  That is, crystalline state is converted to amorphous state or 
dispersed in the polymer at a molecular level.  Furthermore, dissolution rate is 
increased by reduction of drug particle size.  In addition, drug wettability and porosity 
can be improved when the drug is dispersed in the polymer (1).  However, the 
development of amorphous solid dispersion to the market is still a challenge 
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because of the thermodynamically instable of amorphous drug.  Thus, it tends to 
convert to a more stable crystalline counterpart with a decrease in solubility and 
dissolution. 

2.2 Inhibition of drug recrystallization in a solid dispersion 

When the drug is homogeneously dispersed in the polymeric matrix at a 
molecular level, the solid dispersion is denoted as a single phase amorphous system 
or miscible mixture.  Recrystallization of the drug in the miscible mixture could be 
delayed and/or minimized.  While, phase separation of amorphous drug in an 
immiscible dispersion is prone to rapid nucleation and crystal growth, leading to 
recrystallization (9, 10). 

In the miscible dispersion, the polymer plays a key role in preventing 
amorphous drug from recrystallization.  This may be due to that molecular mobility 
is decreased by several mechanisms, i.e. drug-polymer interaction including specific 
interaction such as hydrogen bonding (8, 11-17) and/or non-specific such as van der 
Waals force (18), anti-plasticizing effect resulting in an increase in Tg of a mixture 
compared to drug itself (16, 17), and physical barrier caused by the bulky structure of 
a polymer (16, 19).  Furthermore, the polymer is attributed to lowering 
thermodynamic driving force for recrystallization which might be due to reduced 
amorphous free energy arisen from drug-polymer interaction (20-23). 

The miscibility between the drug and the polymer is affected by drug 
concentration and preparation method (3-7).  In drug concentration aspect, Yuan and 
Munson (4) found that the extent of drug-polymer interaction between indomethacin 
and polyvinylpyrrolidone (PVP) K25 in the solid dispersions prepared by melting 
method was increased with decreasing the drug loading (4).  In preparation method 
aspect, Huang et al. (5) revealed that the extent of drug-polymer interaction 
between nifedipine and ethylcellulose and/or Eudragit RL® 100 in solid dispersions 
prepared by fast solidification rate method was higher than that prepared by slow 
solidification rate method.  The authors also reported that the extent of drug-
polymer interaction was increased with decreasing the drug loading (5).  The similar 
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result was reported by Paudel et al. (3) that the miscibility level and the extent of 
drug-polymer interaction between naproxen and PVP K25 was higher in the solid 
dispersions prepared by melting compared to those prepared by film casting (3).  
Janssens et al. (7) studied the miscibility level of itraconazole/Eudragit® E100 solid 
dispersions prepared by spray drying and film casting.  The authors found that the 
miscibility limit of the drug in the polymer prepared by spray drying was higher than 
that obtained from film casting (7).  The similar result was found by Paudel et al. (6), 
that is, the faster evaporation rate in spray drying process resulted in the stronger 
hydrogen bond between naproxen and PVP K25 (6). 

2.3 Intermolecular interactions  

Intermolecular interaction could be typically divided into ion-ion forces, ion-
dipole forces, dipole-dipole forces and van der Waals forces.  The major 
intermolecular interaction between drug and polymer to stabilize the amorphous 
drug is hydrogen bond, a special case of dipole-dipole forces.  This is because most 
drug substances possess hydrogen bonding sites (1).  Besides hydrogen bond, van der 
Waals forces are also important in stabilizing amorphous drug.  Although van der 
Waals forces are much weaker than hydrogen bond, they present in all molecules 
whether they are polar or non-polar (40). 

The occurrence of drug-polymer interaction was the parameter indicating the 
miscible mixture (13, 24).  The strength of this molecular interaction between drug 
and polymer subsequently has an impact on the stability of amorphous solid 
dispersion (15). 

a) Hydrogen bond  

A hydrogen bond occurs when hydrogen atom, which intramolecularly forms 
covalent bond with the highly electronegative atom e.g. O, N, F and Cl, forms 
intermolecular bond with the electronegative atom.  The hydrogen atom is not 
shared and still covalently bond with its parent atom.  The hydrogen bond between 

XH and Y can be depicted by X–HY.  This intermolecular bond is similar to dipole-
dipole force.  However, the size of positively polarized hydrogen atom is relatively 
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small; hence, the electronegative atom of nearby molecules can come closer and 
strongly bond to the hydrogen atom. 

Hydrogen bond is stronger than a typical dipole-dipole force, yet it is still much 
weaker than intramolecular forces (ionic or covalent bonds).  The strength of most 
hydrogen bonds range from 10 to 40 kJ/mol; while, that of intramolecular forces is 
approximately 500 kJ/mol (40). The bond is moderately directional, that is, it is 
directed at a specific angle, and affecting the orientation of nearby molecules. 

The strength of hydrogen bond between drug and polymer in a solid dispersion 
was indirectly determined by comparing degree of the shift in peak position using 
several tools e.g. XPS (27), IR (20, 23, 31), ss-NMR (29) and Raman spectroscopy (28).  
For quantitative analysis, the indirect method was also used.  The degree of 
hydrogen bond was calculated based on peak height ratio (6, 23, 30) or peak area 
ratio (3, 41) from the IR spectra. 

b) Van der Waals force 

Van der Waals forces are divided into Keesom force (dipole-dipole), Debye 
force (dipole-induced dipole) and London force or dispersion force (42).  They are 
the weakest intermolecular forces in which the strength of van der Waals forces is 
approximately 1 kJ/mol.  The dispersion force is the major force contributing to the 
total van der Waals forces. It arises from electron cloud distribution, resulting in atom 
or molecule with temporary dipole.  The temporary dipole would develop an 
electric field which can distort the electron clouds of neighboring neutral atoms or 
molecules, giving rise to the attractive force between atoms or molecules.  The 
possibility of generating dispersion force depends on the polarizability, the ease of 
electron cloud to be distorted, of the molecules (40). 

The dispersion force exists in all atoms and molecules, even neutral molecules 
e.g. hydrocarbons.  It involves most phenomena such as adhesion, physical 
adsorption, solid strengths, the structures of proteins and polymers (40).  In 
pharmaceutical solid dispersion area, Rawlinson et al. (18) reported that the 
hydrophobic interaction between benzene ring of ibuprofen and alkyl groups of 
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cross-linked PVP was an important mechanism to enhance crystalline to amorphous 
conversion of ibuprofen in the physical mixture composed of drug 30% w/w upon 
72-week storage at ambient condition (18). 

2.4 Characterization of miscibility between drug and polymer 

Besides the calculation method, the miscibility between drug and polymer has 
been characterized by instrumental methods e.g. XRPD (24, 25), DSC (5, 7, 20, 21, 23, 
24, 26-29), XPS (27), IR (5, 7, 20, 23, 24, 26, 30-32), ss-NMR (27, 29) and Raman 
spectroscopy (14, 28, 32-35).  Among these methods, XRPD and DSC could not 
detect drug-polymer interaction.  Whereas, XPS, IR, ss-NMR and Raman spectroscopy 
are the techniques revealing insight into the chemical structures of drug and polymer 
involving in the drug-polymer interaction by observing the shift in peak position 
and/or the change in peak shape. 

a) X-ray powder diffractometry (XRPD) 

XRPD is a standard method to investigate the properties of crystalline materials 
such as atomic spacing and crystal structure.  X-ray diffraction is generated from the 
interaction between X-ray radiation and electron cloud of atoms.  Crystalline 
material exhibits characteristic diffraction peak (Bragg peak) including 2 position, 
peak height, peak area and peak width depending on type of atoms and atomic 
arrangement.  Each crystal lattice exhibits its own d-spacing pattern (the spacing 
between a set of lattice planes) which results in characteristic peak positions.  Peak 
height and peak area reflect the crystal structure such as atomic position; while, peak 
width reflects the defect of crystalline such as disorder and size of discrete domain.  
An amorphous material possesses a short range molecular conformation.  There is no 
definite lattice pattern; thus, the XRPD pattern of amorphous material would not 
appear Bragg peaks, but rather depicts in the continuous halo pattern. 

The instrument is typically composed of an X-ray source, incident beam optics, 
goniometer, diffraction beam optics and a detector.  The XRPD technique is a non-
destructive and moderately fast method.  However, it requires large sample amount.  
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Furthermore, the contamination or solid state conversion could be concerned during 
sample preparation (43, 44). 

In a solid dispersion sample, an XRPD result with a halo pattern principally 
suggests the amorphous drug is dispersed in the polymer.  It indeed indicates that 
neither component in the mixture diffracts; hence, the drug may exist as a separated 
amorphous cluster and/or molecularly dispersed drug.  Recently, XRPD has been 
used to determine the miscibility between drug and polymer by coupling with a 
computational analysis.  The drug-polymer miscibility has been assessed by 
monitoring the shift of a halo peak, comparing with the pattern of pure amorphous 
drug (24, 25).  However, this technique could not specifically determine the 
associated functional group of the intermolecular interaction. 

b) Differential scanning calorimetry (DSC) 

Basically, by this method, the temperatures of sample and reference would be 
maintained the same when heat is introduced.  Once the sample exhibits some 
thermal events such as desolvation, glass transition, crystallization, melting and 
decomposition, the heat flow is transferred from the sample (exothermic events) or 
transferred to the sample (endothermic events).  At this stage, there is a difference in 
the sample and reference temperatures.  In case of heat-flux DSC, the different 
temperature which is resulted from heat capacity of the sample is measured by the 
separated thermocouples.  In case of power compensated DSC, once the difference 
in temperature between the sample and the reference occurs, the more or less 
energy is input to maintain the sample and the reference at the same temperature.  
The power or heat flow required to maintain the temperatures is measured and 
plotted against temperature or time, and enthalpy change is analyzed (43, 45). 

DSC is a destructive technique but it requires small sample size.  It is well-
established technique to screening miscibility of drug and polymer in solid 
dispersion.  When a solid dispersion has two separated Tgs, the amorphous drug is 
considered to be immiscible with the polymer.  When a single Tg appears between 
the Tgs of the drug and the polymer, it suggests this mixture is miscible (24, 43).  The 
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occurrence of drug-polymer interaction could be indicated by the deviation from 
theoretical Tgs calculated from Gordon-Taylor equation (the ideality plot).  The 
positive deviation from the ideality plot indicates that the drug and polymer interact 
more strongly than the drug itself, and the negative deviation indicates that drug and 
polymer interact more weakly than drug itself (7, 46).  However, similar to the XRPD 
technique, it could not specifically determine the associated functional group of the 
intermolecular interaction.  In addition, the size of amorphous cluster less than 30 
nm generally could not be observed by DSC (29). 

c) Infrared spectroscopy (IR) 

IR technique is based on light absorption of a fundamental vibration dealing 
with a change in dipole moment (asymmetric vibration).  The energy source 
wavelength ranges from 250 to 4000 cm-1.  The instrumentation can be designed as 
transmission or reflection geometry.  This technique provides excellent fingerprint 
information but it is difficult to detect symmetric vibration i.e. aromatic compounds, 
C-C and C-S multiple bonds.  Mid-IR is strongly absorbed by water; hence, it is not 
compatible with aqueous samples.  It is also invasive technique as it cannot 
penetrate into common packaging materials e.g. glass.  Furthermore, sample 
preparation e.g. KBr pellet is needed when using transmission mode (44, 47). 

IR technique has been widely employed to qualitatively study drug-polymer 
interaction because change in chemical environment of a drug in a polymer would 
affect the spectral pattern i.e. peak position and/or peak shape.  The degree of the 
shift in peak position is affected by the strength of drug-polymer interaction (20, 23, 
31).  The shift in drug peak position to lower wavenumber indicates stronger drug-
polymer interaction than drug-drug interaction and vice versa.  The stronger drug-
polymer interaction influences on lengthening of the bond between drug-drug 
molecules; therefore, the vibrational mode of this longer distance of bonding 
between drug-drug molecules will shift to lower frequency (20, 35, 48). 

The technique also has been utilized to quantitatively estimate the extent of 
hydrogen bond between drug and polymer in solid dispersion based on peak height 
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ratio (6, 23, 30) and peak area ratio (3, 41) of a non-interacted functional group to an 
interacted one.  For the study of solid state stability, IR spectroscopy was applied to 
monitor drug-polymer interaction upon exposure to stress conditions.  Huang et al. 
(17) and Rumondor et al. (13) have utilized this technique to reveal intermolecular 
interaction of miscible mixture after storage at 40°C/75% relatively humidity (RH) for 
3 months (17) or after exposure to 75-94% RH (13).  However, the detection was 
limited to hydrogen bond.  

d) Solid state-nuclear magnetic resonance spectroscopy (ss-NMR) 

ss-NMR detects the interaction between the spin of nuclear and the magnetic 
field.  When applying the magnetic field to the non-zero nuclear element (e.g. 1H, 2H, 
13C, 29Si), the magnetic energy level is split into parallel.  The sum of all nuclear spins 
is called “magnetization”.  At equilibrium, magnetization is small.  When a sample is 
placed, a small electric current is produced.  Thus, nuclear spin is affected by both 
magnetic field and electric currents of the surrounding electrons.  The NMR signal is 
free induction decay (FID) which is Fourier transformed to frequency or chemical shift 
( ).  Magic angle spinning (MAS) technique is developed to increase sensitivity of ss-
NMR; thus, the sharp peaks are revealed.  With MAS technique, the sample is rotated 
with a high frequency at an angle of 54.74° with respect to the magnetic field (49, 
50).  ss-NMR is a highly sensitive and non-destructive method.  However, it is a very 
expensive technique and generally requires large sample amount.  The operating 
time is also relatively long. 

ss-NMR provides insight into the molecular structure of the drug.  The change 
in chemical shift is resulted from the surrounding of different atoms or functional 
groups.  Yuan et al. (29) applied ss-NMR to determine the miscibility between 
nifedipine and PVP K25 in solid dispersions by measuring relaxation time.  The 
authors also indicated that the hydrogen bond was formed between the drug and 
the polymer by investigating the change in chemical shift (29).  The extent of drug-
polymer interaction between indomethacin and PVP K25 in solid dispersions was 
successfully determined using ss-NMR by measuring the spectral pattern (4). 
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e) Raman spectroscopy 

Raman scattering (inelastic light scattering) was discovered by Krishna and 
Raman in 1928 (47).  Raman spectroscopy is based on light scattering of the 
vibrational mode dealing with molecular polarization.  When electrons are excited by 
laser light, they will induce polarization, distorting electron cloud from its equilibrium 
state.  The excited electrons will be promoted to a higher energy state (a virtual 
state).  Then the electrons will return to a ground state with scattered light radiation 
at the frequency of their oscillations.  The light from the polarized electrons can be 
scattered in three frequencies i.e. same frequency as the incident light (Rayleigh 
scattering or elastic light scattering), lower frequency than the incident light (Stokes 
Raman scattering) and higher frequency than the incident light (anti-Stokes Raman 
scattering).  The frequency difference between the incident and scattered light is 
called Raman shift which would occur at the specific wavenumber respecting to the 
conformation and molecular environment.  The intensity of Rayleigh scattered light is 
104 to 106 times stronger than Raman scattered light. 

Raman spectroscopy is a complementary technique to IR spectroscopy as the 
Raman shift occurs at the same frequency observed with IR absorption.  Both 
techniques provide high spectral resolution because they detect fundamental 
vibration.  Raman spectroscopy is a non-destructive, non-invasive and rapid 
technique.  In addition, water does not interfere the measurement as its weak Raman 
signal.  Thus, this technique is compatible with an aqueous sample.  The fiber-optic 
probe of this instrument enables the potential applications in process analytical 
technology.  However, the instrument is expensive for routine use.  This tool also has 
limited application for fluorescent molecules which is a typical interference when 
using low wavelength laser.  Furthermore, Raman spectroscopy is a low sensitivity 
technique compared to IR because Raman scattering is 1010 weaker than mid-IR 
absorption.  Surface-enhance Raman spectroscopy (SERS) and resonance Raman (RR) 
spectroscopy might be employed in this case to increase Raman intensity.  Another 
limitation of this technique is that a sampling size, a laser focal point, is very small 
which might not properly represent the average of a bulk sample. 
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The major components of Raman spectroscopy are an excitation source (laser), 
a sampling module, a laser rejection filter, a wavelength analyzer and a detector.  
The instrument can be typically classified into two categories i.e. dispersive Raman 
spectroscopy and non-dispersive Raman spectroscopy (Fourier transform-Raman 
spectroscopy; FT-Raman spectroscopy) (Figure 1) based on the technique used in a 
wavelength analyzer and a detector. 
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Figure 1 Instrumentation of dispersive Raman spectroscopy and FT-Raman 
spectroscopy (modified from (47)). 

A laser wavelength ranges from UV to near infrared (NIR).  Laser wavelengths of 
200 - 800 nm is utilized in the dispersive Raman spectroscopy; while, that of 1064 
nm is utilized in the FT-Raman spectroscopy.  The lower laser wavelength possesses 
higher signal to noise ratio but it is at higher risk for fluorescence interference.  A 
sampling mode can be backscattering geometry (conventional mode) i.e. 90° 
backscattering or 180° backscattering and transmission geometry (Figure 2).  A similar 
sampling geometry is used in both dispersive and FT-Raman spectroscopy. 



 

 

15 

 

 

 
Figure 2 Sampling modes of backscattering geometry and transmission geometry for 
Raman spectroscopy (modified from (47)). 

Transmission geometry is more useful in homogeneity study compared to 
backscattering geometry (51).  Although, homogeneity study by backscattering 
geometry could be improved by extending sampling area in lateral dimensions (52), 
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an assessment in a volumetric dimension with this geometry is difficult.  A sampling 
penetration depth by backscattering geometry is limited by the model specification 
and the magnification of objective lens.  However, this obstacle could be 
encountered by applying confocal microscope to a backscattering geometry of which 
the sampling depth can be adjusted by using different confocal aperture diameter 
(47). 

A laser rejection filter or notch filter is used for reducing the interference of 
elastic scattered light which is much more intense than inelastic Raman scattered 
light.  In the dispersive Raman spectroscopy, the scattered light from a laser rejection 
filter is dispersed by a diffraction grating within a spectrograph to separate 
wavelengths.  Then the separated wavelengths are spread on a charge-coupled 
devices (CCDs) multichannel detector (Figure 1).  In the FT-Raman spectroscopy, 
several wavelengths pass through a multiplex and these wavelengths are modulated 
to their characteristic modulation frequency by an interferometer.  An interferogram 
is generated and detected by a single detector, and Fourier transformation is 
processed to convert an interferogram to a Raman spectrum (Figure 1) (44, 47, 53). 

Raman spectroscopy has a wide range of applications in the pharmaceutical 
area.  As with IR, change in chemical environment of a drug in a polymer would 
affect the Raman spectral pattern in terms of peak position (14, 28, 32-35, 54), peak 
shape (34) or new peaks (18, 54).  Raman scattered radiation is directly proportional 
to the vibrating species concentration as demonstrated in the equations (1) and (2). 

Sv = KσvυL(υL-υβ)
3P0C      (1) 

Sv = Kσv(υL-υβ)
4P0C      (2) 

Where, Sv is the Raman signal; K is a constant depending on laser beam 

diameter, collection optics, sample volume and temperature; σv is the Raman cross 

section (the constant specific for the material at a particular wavenumber); υL is the 

wavenumber of the laser; υβ is the wavenumber of the vibrational mode; P0 is the 
laser power and C is the sample concentration. 
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The equation (1) is the relationship between the Raman signal and the sample 
concentration detected by Raman spectroscopy that measures the number of 
photons per second (CCD-Raman spectroscopy).  While, the equation (2) is applied 
for Raman spectroscopy that measures optical power (FT-Raman spectroscopy) (44). 

The application of Raman spectroscopy to determine intermolecular hydrogen 
bond has been carried out in binary mixtures containing indomethacin-polyethylene 
oxide (PEO) and theophylline-PEO (14), sugars-PVP K90 (28), indomethacin-PVP K90, 
(32) and “API”-cyclodextrins (34).  To date, the use of Raman spectroscopy to 
indicate hydrophobic interaction was limited.  Rawlinson et al. (18) has reported that 
molecular interaction between benzene ring of ibuprofen and alkyl groups of cross-
linked PVP detected by Raman spectroscopy was an important mechanism to 
enhance crystalline to amorphous conversion (18). 

For quantitative analysis, instead of drug-polymer interaction determination, 
Raman spectroscopy has been employed to detect polymorphic conversion and/or 
crystalline-amorphous phase separation of the drug and in solid dispersion (14, 34).  
In solid state stability aspect, Raman spectroscopy was used to qualitatively study 
the onset and recrystallization rate of nifedipine under 40°C and 20-80% RH (55). 

2.5 Gaussian function fitting 

The concept of curve fitting is to convert the experimental curve to the 
Gaussian distribution function by adjusting undetermined parameters i.e. peak height, 
peak width and peak position until the best fit is obtained.  Gaussian curve fitting is 
based on nonlinear regression model.  The fitting is achieved by iterative calculation 
using chi2 (2) minimization method.  In the present study, 2 is determined by the 
non-weight method presented in the equation (3). 


2 = ∑   i -    i,n

i           (3) 

Where yi is the ith experimental data, xi is the row vector of the ith independent 
variable and  is the parameter. 
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The Origin software, used in the present study, employs Levenberg-Marquardt 
algorithm to adjust the parameter values (56).  The computing process starts from an 
initial guess of parameter values and stops by decision loops in order to obtain the 
parameter values that minimize residuals sum of squares between experimental data 
and model predictions (56, 57).  The Levenberg-Marquardt algorithm was developed 
by Kenneth Levenberg and Donal Marquardt and it applies the advantages of the 
steepest descent algorithm and Gauss-Newton algorithm.  The algorithm is 
implemented by two steps i.e. Jacobian matrix calculation and training process 
design.  Once the Jacobian matrix is determined, the update rule of equation (4) is 
computed during the training process (58). 

wk+1 = wk – (  
 Jk + μI)-1 Jkek     (4)  

Where w is the weight vector, k is the index of iterations, J is the Jacobian 
matrix, μ is the combination coefficient, I is the identity matrix and e is the total 
error. 

When the combination coefficient is large, the slow convergence of steepest 
descent algorithm is applied.  The weight vector and combination coefficient are 
rigorously adjusted until the current error is less than the last total error.  Then, the 
convergence is speed up by switching to Gaussian-Newton algorithm.  The training 
process is iteratively calculated until the current total error is smaller than the 
required value (58). 

The method of curve fitting based on Gaussian model has been demonstrated 
as an effective tool to resolve an overlapping spectrum for qualitative and 
quantitative analysis.  Hu et al. (59) has successfully identified the number of peaks 
in the seriously overlapped UV/Vis spectrum using the minimum separable peak-peak 
interval method.  Küpper et al. (60) has estimated the concentrations of various 
pigments coexisted in complex mixtures detected by UV/Vis spectroscopy by 
extracting the spectrum into a series of Gaussian peaks.  This method showed an 
improved accuracy compared to the traditional method of linear equation based on 
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the absorption coefficient.  Dong et al. (61) has applied curve fitting technique to 
indicate the four conformations of hydrogen bond in poly(acrylic acid) film extracted 
from the spectra of IR, Raman spectroscopy and near infrared spectroscopy (NIR) 
upon heating the compound from 40 to 140°C. 

The application of curve fitting method for solid dispersion samples also has 
been demonstrated.  Moskala et al. (41) has determined the strength of 
intermolecular hydrogen bonding between poly(vinyl phenol) (PVPh) and poly(vinyl 
acetone) or PVPh and ethylene-vinyl acetate in casted films with various PVPh 
loadings upon heating the sample from 30 to 190°C.  The determination was 
achieved by using curve fitting method to separate an overlapping IR spectrum into 
the peaks of non-interacted functional group and interacted one.  Then, the relative 
amount of hydrogen bonding was computed based on peak area ratio.  A similar 
computational method has been reported by Paudel et al. (3).  The IR spectra of 
naproxen - PVP K25 solid dispersions with various drug contents prepared by film 
casting or quench cooling were measured.  Then, the relative amount of hydrogen 
bond between drug and polymer was evaluated by curve fitting method based on 
peak area ratio. 

2.6 Model drug and polymer 

a) Nifedipine 

Nifedipine [1,4-dihydro-2,6-dimethyl-4-(2-nitrophenyl)-3,5-pyridinedicarboxylate] 
is a calcium channel blocker used for treatment of cardiovascular disease.  The 
original nifedipine product is Adalat® which is commercially available in Thailand as 
the immediate-release soft gelatin capsule of 5 or 10 mg/capsule (62).  The product 
is also available as Adalat® CR tablet of 20, 30 or 60 mg/tablet.  Adalat® CR is the 
controlled-release tablet which is based on the osmotic pump delivery system (63). 

Nifedipine appears in yellow crystalline powder, and its solution is very light 
sensitive (64).  The solubility of nifedipine is demonstrated in Table I (64).  The 
molecular weight of nifedipine is 346.34 g/mol.  Nifedipine is a weak acid and its pKa 
is 3.93.  The solubility parameter of nifedipine was 21.9 MPa1/2 (36). 
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Table I Solubility of nifedipine in various solvents at 20°C 

Solvent Solubility (g/L) 

Acetone 250 

Methylene chloride 160 

Chloroform 140 

Ethyl acetate 50 

Methanol 26 

Ethanol 17 

The chemical structure of nifedipine is illustrated in Figure 3.  The stable -
form of nifedipine crystallizes in the space group of P21/c (65).  To date, three 

polymorphic forms of nifedipine has been reported i.e. a stable -form, a 
metastable β-form and γ-form (55).  Another naming system was reported by Grooff 
et al. (66) as a stable form A, a metastable form B and form C (66).  However, the 

interchangeability of the polymorphic name was valid only  - A and β - C (65) 

 
Figure 3 Chemical structure of nifedipine (reproduced from (67) with permission of 
Springer Science+Business Media). 
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Nifedipine contains hydrogen acceptors e.g. C=O and NO2, and hydrogen donor 
e.g. NH.  Tang et al. (48) has reported that the intermolecular hydrogen bond 
between nifedipine molecules occurred at C=O and NH due to the more basicity of 
C=O compared to NO2 (48).  The drug also contains the hydrophobic structure at the 
aromatic ring and the pyridine ring.  The drug is classified in the BCS class II in which 
the low solubility of nifedipine is attributed to its low bioavailability.  The solubility 
of crystalline nifedipine was approximately 8.7 μg/mL in water at 37ºC (68), and 11.7 
μg/mL in fasted-state simulated intestinal fluid, pH 6.4, at 37ºC (69). 

Solid dispersion has been extensively applied to enhance the solubility or 
dissolution rate of nifedipine.  Several mechanisms to improve nifedipine solubility or 
dissolution rate in solid dispersions included conversion of crystalline to amorphous 
drug (68-73), reduction of drug particle size (68, 71) and increase of drug wettability 
(73, 74). 

Amorphous nifedipine possessed relatively a low Tg of approximately 45°C (66); 
thus, it is likely to demonstrate a rapid crystallization.  Chan et al. (55) found that 
amorphous nifedipine was crystallized to crystalline metastable β-form after 120 
minutes (min) stored under 40°C/20% RH (55).  Crystallization of nifedipine in solid 
dispersions composed of 10% w/w drug in polyethylene glycols were observed in all 
samples after exposure to different RH varied from 5 to 100% RH at 40°C for 2 hours 
(h) (75). 

The effect of drug loading on miscibility between nifedipine and several 
polymers was studied.  The solid dispersions of nifedipine and PVP K29-32 with drug 
loadings of 10, 30, 50, 70 and 90% w/w were prepared by solvent evaporation.  All 
samples appeared to be miscible as determined by DSC and XRPD together with pair 
distribution function calculations.  The hydrogen bond between the drug and the 
polymer in all samples was detected by IR with principal components analysis (24).  
Huang et al. (17) has investigated the miscibility and drug-polymer interaction of 
nifedipine and the polymers composed of Eudragit RL® 100 and ethylcellulose (2:1 
w/w) in solid dispersions prepared by co-precipitation.  The authors found that the 
samples with up to 21% w/w drug were miscible as the detection of a single Tg.  The 
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hydrogen bond between nifedipine and both polymers in the sample with less than 
21% w/w drug was detected by FT-IR (17).  Furthermore, the extent of drug-polymer 
interaction, estimated by FT-IR, and the solubilized drug, estimated by DSC, in the 
polymer were also influenced by the types of polymer and polymer ratios, together 
with the effect of drug loadings (5). 

The effect of preparation method on miscibility between nifedipine and PVP 
K25 in the solid dispersion was investigated by measuring relaxation time using ss-
NMR.  The drug and the polymer prepared by melt-quenching in the typical lab were 
miscible with drug loading up to 75% w/w.  While, the samples prepared by spray 
drying or melt-quenching in ss-NMR rotor appeared to be miscible with drug loadings 
up to 90% w/w (29). 

The influence of preparation method on the degree of drug-polymer 
interaction in solid dispersion containing nifedipine and polymers was also 
investigated.  The solid dispersions of nifedipine and Eudragit RL® 100 or 
ethylcellulose were prepared by melting, co-evaporation and co-precipitation.  The 
authors reported that the extent of hydrogen bond between nifedipine and Eudragit 
RL® 100 or ethylcellulose, identified by FT-IR, was highest in melting sample, and 
lowest in co-precipitation sample (5). 

The influence of miscibility on solid state stability was studied by Ivanisevic 
(10).  The miscible solid dispersions of nifedipine and PVPK29-32 were stored at 
ambient temperature and RH.  Crystallization in the samples, as measured by XRPD, 
could not be detected up to 267 days (sample with 30% w/w drug), 404 days 
(sample with 40% w/w drug) and 396 days (sample with 60% w/w drug).  For the 
sample with 70% w/w drug which contained trace amount of crystalline state was 
also classified as a miscible mixture.  It was found that the content of crystalline 
state was not increased comparing with the initial time point upon storage up to 662 
days.  The author concluded that, in miscible mixture, the development of more 
crystallization could be suppressed even in the sample which contained trace 
crystalline state (10). 
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b) Soluplus®  

Soluplus® is an amphiphilic polymer widely used to improve dissolution of 
poorly-water soluble drug by hot melt extrusion (26, 31, 76).  Soluplus® contains 
polyethylene glycol 6000 / polyvinyl caprolactam / polyvinyl acetate at a ratio of 
13/57/30, and its molecular weight is 90,000-140,000 g/mol.  The polymer appears in 
white to yellowish granules.  The solubility of the polymer is demonstrated in Table 
II (37).  The Tg of Soluplus® is approximately 70°C.  The solubility parameter of 
Soluplus® was 19.4 MPa1/2 (37, 77). 

Table II Solubility of Soluplus® in various solvents at 20°C 

Solvent Solubility (% w/w) 

Acetone 40 

Dimethylformamide 40 

Ethanol  40 

Methanol 40 

Water 25 

Propylene glycol 10 
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The chemical structure of Soluplus® is displayed in Figure 4.  Soluplus® 
contains hydrogen acceptor e.g C=O and hydrogen donor e.g. OH.  The polymer also 
contains the hydrophobic structure at the polyvinyl caprolactam segment. 

 
Figure 4 Chemical structures of Soluplus® (reproduced from (67) with permission of 
Springer Science+Business Media). 

Soluplus® has been used to prepared solid dispersion with several drugs 
including nifedipine.  The effect of preparation method on miscibility and drug-
polymer interaction was investigated.  The solid dispersions between nifedipine and 
the polymeric matrix composed of Soluplus® and/or Kollidon® SR, with drug loading 
of 30% w/w and varied ratios of the polymers, were prepared by hot melt extrusion, 
solvent evaporation and melting.  The hydrogen bond between the drug and the 
polymers was detected in all samples.  It was also found that the polymers had a 
synergistic effect on increasing the strength of hydrogen bond, detected by FT-IR, 
between the drug and the polymers.  The strength of hydrogen bond, determined by 
the shift in peak position, was strongest in hot melt extrusion samples and weakest 
in melting samples.  After storage at 40°C/75% RH for 15 days, the hydrogen bond 
was still detected in hot melt extrusion samples.  While the hydrogen bond between 
the drug and the polymer in solvent evaporation and melting samples were 
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disappeared, and recrystallization was detected.  The authors also observed the 
shifts in peak positions of C-H aliphatic stretching and C-H aromatic of nifedipine in 
solid dispersion composed of nifedipine and Soluplus® with 30% w/w drug (31). 

Djuris et al. (26) has studied the miscibility between carbamazepine and 
Soluplus® in solid dispersions prepared by hot melt extrusion using varied process 
temperatures.  The miscibility limit was determined by melting point depression.  
The hydrogen bond between the drug and the polymer was identified by FT-IR.  It 
was concluded that carbamazepine was molecularly dispersed in Soluplus® with 
drug loading up to 5% w/w at all temperatures used in the experiment (26).  The 
solid dispersions of carbamazepine and Soluplus® were also prepared by hot melt 
extrusion and film casting.  The miscible between the drug and the polymer was 
found in samples with up to 30% w/w drug prepared by both methods as the 
presence of a single Tg in these samples (78). 
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CHAPTER III 
MATERIALS AND METHODS 

3.1 Materials 

Chemicals 

1 Acetonitrile (lot 505H1258, Kanto Chemical Co., Inc., Tokyo, Japan) 
2 Distilled water (Autostill WG220, Yamato Scientific Co., Ltd., Tokyo, Japan) 
3 Methanol (lot 505B11731, Kanto Chemical Co., Inc., Tokyo, Japan) 
4 Nifedipine (lot TLL2258 and lot PDE4863, Wako Pure Chemical Industries, 

Ltd., Osaka, Japan) 
5 Silica gel, medium granular, blue (lot WKM 6772, Wako Pure Chemical 

Industries, Ltd., Osaka, Japan) 
6 Silicone fluid oil (KF-968-100CS, Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) 
7 Sodium chloride (lot AWJ4847, Wako Pure Chemical Industries, Ltd., Osaka, 

Japan) 
8 Soluplus® (lot 20777268E0 and lot 21819647G0, BASF SE, Ludwigshafen, 

Germany) 
9 Tertiary-butyl alcohol (lot 504H1644, Kanto Chemical Co., Inc., Tokyo, 

Japan) 

Equipment 

1 Differential scanning calorimeter (DSC) (DSC 8500, PerkinElmer, Inc., MA, 

USA) with Intracooler 2P (PerkinElmer, Inc., MA, USA), and Pyris software 

version 11.1.0.0488 (PerkinElmer, Inc., MA, USA) 

2 Digital thermometer (TX10, Yokogawa Electric Corporation, Tokyo, Japan) 

3 Dynamic vapor sorption (DVS) (DVS Advantage, Surface Measurement 

Systems Ltd., Middlesex, UK) with software DVS Win version 2.1.8 and DVS 

Analysis suite version 3.3 (Surface Measurement Systems Ltd., London, UK) 
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4 Fourier transform-infrared spectroscopy (FT-IR) (FT/IR-4100 equipped with 

attenuated total reflection (ATR) PRO410-S (JASCO International Co., Ltd., 

Tokyo, Japan)) with Spectra manager software version 2.2.9.1 (JASCO 

International Co., Ltd., Tokyo, Japan) 

5 Freeze dryer (FD-80, Eyela, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) 

6 High performance liquid chromatography instrument (HPLC) composed of 

SCL-10A system controller, DGU-3A degasser, LC-10AD liquid 

chromatograph, CTO-10A column oven and SPD-10A UV 

spectrophotometric detector (Shimadzu Corporation, Kyoto, Japan) with 

CDS Lite software version 5.0 (DataApex, Prague, Czech Republic) 

7 Hot air oven (WFO-450ND, Eyela, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) 

8 ISys® Chemical imaging analysis software version 5.0.0.11 (Malvern 

Instruments, Inc., Maryland, USA) 

9 Microcal Origin® software version 3.5 (OriginLab Corporation, MA, USA) 

10 Oil bath (OTS-2, Ishii Laboratory Works Co. Ltd., Osaka, Japan) 

11 Pycnometer (Quantachrome instruments, FL, USA) 

12 Raman spectroscopy (Raman RXN2, Kaiser Optical Systems, Inc., MI, USA) 

with objective lens (DM2500, Leica Microsystems, Tokyo, Japan), and 

Hologram software version 4.1 (Kaiser Optical Systems, Inc., MI, USA) 

13 Rotary vacuum evaporator (Pair stirrer PS-100, Eyela, Tokyo Rikakikai Co., 

Ltd., Tokyo, Japan) 

14 Single-punch tableting machine (Shimadzu, Kyoto, Japan) 

15 Solid-state nuclear magnetic resonance spectroscopy (ss-NMR) (Bruker 

Avance II 300, Bruker AXS Inc., WI, USA) with Topspin software version 3.1 

(Bruker AXS Inc., WI, USA) 
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16 Thermogravimetric analysis instrument (TGA) (TG8120, Rigaku Corporation, 

Tokyo, Japan) with Thermo plus 2 software (Rigaku Corporation, Tokyo, 

Japan) 

17 X-ray powder diffractometer (XRPD) (Bruker D8 Discovery, Bruker AXS Inc., 

WI, USA) with GADDS software version 4.1.36 (Bruker AXS Inc., WI, USA) 

18 Variable-temperature X-ray powder diffractrometer (VT-XRPD) (RINT 2000 

Ultima+, Riguku Corporation, Tokyo, Japan) and Windmax software (Riguku 

Corporation, Tokyo, Japan) coupled with X-ray powder diffractometer-

differential scanning calorimeter (XRPD-DSC II, Riguku Corporation, Tokyo, 

Japan) and ThermoPlus 2 software version 4.208 (Riguku Corporation, 

Tokyo, Japan) 

3.2 Methods 

3.2.1 Preparation of standards of nifedipine and miscible solid dispersion 

A commercial crystalline -form of nifedipine (-NIF) was used as received.  
An amorphous state and metastable crystalline β-form of nifedipine (β-NIF) which 
might occur during sample preparation were prepared to be reference standards for 
characterization.  Solid dispersions where the drug was molecularly dispersed in the 
polymeric matrix with low and high drug concentrations were also prepared and 
applied for quantitative analysis of drug-polymer interaction in the solid dispersion.  

a) Standard of amorphous nifedipine (am-NIF) 

am-NIF was prepared by placing -NIF in a stainless steel beaker and heating 
at 182±2°C for 15-30 min in an oil bath (OTS-2, Ishii Laboratory Works Co. Ltd., Osaka, 
Japan).  The molten drug was quenched by removing the beaker from the oil bath.  
Then, the drug was equilibrated at room temperature for 15 min.  The solid state of 
am-NIF was confirmed by XRPD and Raman spectroscopy.  Its Raman spectrum was 
also used to establish a Gaussian function model for quantitative analysis of drug-
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polymer interaction in the solid dispersion.  The chemical stability of am-NIF was 
investigated by HPLC. 

b) Standard of crystalline β-form of nifedipine (β-NIF) 

β-NIF was generated by modifying the method reported by Grooff et al. (66).  
am-NIF was placed in a stainless steel beaker and heated at 92 ± 1°C for 3 min in an 
oil bath.  Then, the beaker was removed from the heat source and stored at room 
temperature (~25°C) for 15 min.  The solid state of β-NIF was confirmed by XRPD and 
Raman spectroscopy. 

c) Standards of miscible solid dispersion 

The standards of miscible solid dispersion were prepared at low and high drug 
concentrations.  At the low drug concentration, drug-polymer interaction in the 
miscible solid dispersion was presumably dominant.  At the high or saturated drug 
concentration, the drug-polymer interaction and drug-drug interaction in the miscible 
solid dispersion were assumed to be balanced. 

Standard of miscible solid dispersion with the low drug concentration 

Solid dispersions of nifedipine and Soluplus® with drug loadings of 0.1, 0.5, 1, 3 
and 5% w/w were prepared by freeze drying (FD).  This range was designated in order 
to determine a minimum drug concentration in the solid dispersion from which its 
signal could be sufficiently detected by Raman spectroscopy. 

An accurate weight of -NIF was dissolved in tertiary-butyl alcohol and 
Soluplus® was dissolved in methanol.  The amount of methanol did not exceed 10% 
v/v of the total amount of solvent.  After thoroughly dissolved, the two solutions 
were mixed in a polytetrafluoroethylene beaker with constant agitation.  Then, 
quenching was carried out by adding liquid nitrogen into the solutions.  The freezing 
solutions were placed under vacuum (FD-80, Eyela, Tokyo Rikakikai Co., Ltd., Tokyo, 
Japan) at approximately 0°C for 4 days.  Then, the samples were vacuum dried over 
silica gel for at least 24 h at room temperature and 15-20% RH for residual solvent 
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removal.  The batch sizes of the standards were 0.5 to 3 g which was adequate for 
characterization. 

Each solid dispersion was measured by Raman spectroscopy.  The solid 
dispersion which exhibited the most shift in peak position comparing with the peak 
position of a pure am-NIF was selected as the standard of miscible solid dispersion 
with the low drug concentration.  Its spectrum was used to establish a Gaussian 
function model for quantitative analysis of drug-polymer interaction in the solid 
dispersion. 

Standard of miscible solid dispersion with the high drug concentration 

Solid dispersions of nifedipine and Soluplus® with drug loadings of 10, 30 and 
50% w/w were prepared by FD as described above.  This range of drug 
concentrations was designated based on the preliminary study of film casting.  A 
clear film, suggesting miscibility between drug and polymer, could be obtained with 
the drug loading up to 35% w/w.  The solid dispersion with 50% w/w drug was also 
prepared because it was postulated that fast solidification rate of FD might provide 
the higher saturated drug concentration in the miscible solid dispersion than that 
prepared by slow solidification rate of film casting. 

Each solid dispersion was measured by Raman spectroscopy.  The maximum 
drug concentration of solid dispersion which did not show characteristic spectra of 
am-NIF and/or crystalline nifedipine was chosen as the standard of miscible solid 
dispersion with the high or saturated drug concentration.  Its spectrum was used to 
establish a Gaussian function model for quantitative analysis of drug-polymer 
interaction in the solid dispersion. 

3.2.2 Preparation of solid dispersion samples 

Solid dispersion samples composed of 10, 30, 50, 70 and 90% w/w of 
nifedipine in Soluplus® were prepared by three methods, i.e. FD, melting (ME) and 
solvent evaporation (SE) as follows: 
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a) FD 

The samples were prepared as described above for the standards of miscible 
solid dispersions. 

b) ME 

Accurate weights of -NIF and Soluplus® were mixed using a mortar and pestle 
about 3 min.  The mixture was then placed in a stainless steel beaker and heated at 
182 ± 2°C for 15-30 min in an oil bath until completely melted.  The molten mixture 
was quenched by removing the beaker from the oil bath and equilibrated at room 
temperature for approximately 10 min.  After solidification, the sample was gently 
ground using a mortar and pestle. 

c) SE 

Accurate weights of -NIF and Soluplus® were dissolved in methanol.  The 
solvent removal was done in a vacuum rotary evaporator (Pair stirrer PS-100, Eyela, 
Tokyo Rikakikai Co., Ltd., Tokyo, Japan) at 50-55°C.  The sample was vacuum dried 
over silica gel for not less than 24 h at room temperature and 15-20% RH for residual 
solvent removal. Then, the dried sample was gently ground using a mortar and 
pestle. 

All FD, ME and SE samples were kept in amber bottles at -20°C before 
characterization.  The residual solvent and chemical stability were determined by 
TGA and HPLC, respectively.  The crystallinity was investigated by XRPD.  The 
miscibility of the drug and the polymer was studied by DSC, FT-IR, ss-NMR and 
Raman spectroscopy. 

3.2.3 Characterization of solid dispersions 

a) High performance liquid chromatography (HPLC) 

As nifedipine is a light sensitive drug, the chemical stability of am-NIF and the 
drug in solid dispersions was assessed by an HPLC method according to the United 
States Pharmacopeia 36 (USP 36) (79).  A chromatographic system was composed of 
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an SCL-10A system controller, a DGU-3A degasser, an LC-10AD liquid chromatograph, 
a CTO-10A column oven and a SPD-10A UV spectrophotometric detector (Shimadzu 
Corporation, Kyoto, Japan).  The separation was accomplished by the following 
conditions: 

Column  : C18, 5-µm particle size, 4.6x250 mm (Inertsil® ODS-3, 

GL Sciences Inc., Tokyo, Japan)  

Column temperature : Ambient 

Mobile phase  :  Water : Acetonitrile : Methanol (50:25:25) 

Flow rate  :  1 ml/min 

Injection volume : 25 µl 

Detector  : UV 265 nm 

The instrument was controlled by CDS Lite version 5.0 (DataApex, Prague, 
Czech Republic) software. 

Analytical method verification 

Specificity, linearity, range, accuracy and precision of the analytical method 
were verified (79). 

Specificity 

An accurate weight of Soluplus® was transferred to a volumetric flask.  The 
polymer was dissolved with the mobile phase to obtain Soluplus® concentration of 1 
mg/ml 

Linearity 

Stock standard solution 

An accurate weight of -NIF was transferred to a volumetric flask.  The drug 
was dissolved with methanol (not exceeding 10% v/v of the total amount of diluent).  
Then, the solution was diluted to the volume with the mobile phase to obtain 
nifedipine concentration of 1 mg/ml. 
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Standard solutions 

A series of standard solutions were prepared by diluting the stock standard 
solution with the mobile phase to obtain nifedipine concentrations of 0.02, 0.04, 
0.06, 0.08, 0.10 and 0.12 mg/ml. 

The solutions were prepared in triplicate.  The calibration parameters i.e. slope 
(a), intercept (b), coefficient of regression (R) and coefficient of determination (R2) 
were calculated. 

Range 

The values between the lowest and the highest concentrations of linearity 
were determined as a range. 

Accuracy 

Stock standard solution 

Accurate weights of -NIF and Soluplus® were transferred to a volumetric flask.  
The drug and the polymer were dissolved with methanol (not exceeding 10% v/v of 
the total amount of diluent).  Then, the solution was diluted to the volume with the 
mobile phase to obtain nifedipine concentration of 0.55 mg/ml and Soluplus® 
concentration of 4.95 mg/ml. 

Standard solutions 

A series of standard solutions were prepared by diluting the stock standard 
solution with the mobile phase to obtain the following solutions: 

a) Nifedipine 0.011 mg/ml and Soluplus® 0.1 mg/ml 

b) Nifedipine 0.055 mg/ml and Soluplus® 0.5 mg/ml  

c) Nifedipine 0.110 mg/ml and Soluplus® 1.0 mg/ml 

The solutions were prepared in triplicate.  An added amount of nifedipine was 
plotted against a found amount of nifedipine.  Then, the slope, y-intercept and R2 
were determined.  Accuracy was present as % recovery. 
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Precision 

Standard stock solution 

Accurate weights of -NIF and Soluplus® were transferred to a volumetric 
flask.  The drug and the polymer were dissolved with methanol (not exceeding 10% 
v/v of the total amount of diluent).  Then, the solution was diluted to the volume 
with the mobile phase to obtain nifedipine concentration of 1 mg/ml and Soluplus® 
concentration of 9 mg/ml. 

Standard solutions 

The stock standard solution was diluted with the mobile phase to obtain 
nifedipine concentration of 0.1 mg/ml and Soluplus® concentration of 0.9 mg/ml.  
Repeatability was determined from six replications, and intermediate precision was 
determined by the repeatability of three different days.  The relative standard 
deviation (RSD) of measured concentration of the drug was calculated. 

Assay 

The chemical stability of am-NIF and the drug in the prepared solid dispersion, 
and that in the stressed solid dispersion which were stored at 98°C or 60°C/75%RH 
were measured by transferring an accurate weight of sample to a volumetric flask.  
The sample was dissolved with methanol and diluted to the volume with the mobile 
phase to obtain nifedipine concentration of 0.1 mg/ml.  The measurements were 
done in duplicate.  System suitability was determined by 6 replicate injections.  The 
column efficiency was not less than 4000 theoretical plates.  The tailing factor was 
not more than 1.5 and the RSD for replicate injections was not more than 1.0%.  
Each sample contained not less than 90.0% and not more than 110.0% of the 
labeled amount of nifedipine. 
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b) X-ray powder diffractometry (XRPD) 

XRPD 

XRPD was used to confirm the solid state of a commercially available -NIF, 
prepared am-NIF, prepared β-NIF, also to characterize the solid state of Soluplus®, 
the prepared solid dispersions and the stressed miscible solid dispersions which were 
stored at 60°C/75% RH. 

The sample powder was placed on a quartz sample holder.  An XRPD pattern 
was measured by a Bruker D8 Discovery (Bruker AXS Inc., WI, USA) controlled by 

GADDS version 4.1.36 (Bruker AXS Inc., WI, USA) using Cu K- radiation with the 
voltage and current of 40 kV and 40 mA, respectively.  Each sample was measured 

from 2 of 3.8 to 27.5° with a step size of 0.02°. 

Variable-temperature X-ray powder diffractometry (VT-XRPD) 

VT-XRPD was used to study the crystallization tendency in the miscible and 
immiscible solid dispersions.  The onset of detectable crystallization was real time 
monitored. 

The experiment was done by VT-XRPD (RINT 2000 Ultima+, Riguku Corporation, 
Tokyo, Japan) controlled by Windmax software (Riguku Corporation, Tokyo, Japan).  
The sample powder was placed on an aluminium pan (Riguku Corporation, Tokyo, 
Japan) and heated from room temperature to 98 ± 2°C with a rate of 10°C/min by 
XRPD-DSC II (Riguku Corporation, Tokyo, Japan) controlled by ThermoPlus 2 version 
4.208 (Riguku Corporation, Tokyo, Japan).  Nitrogen with a flow rate of 100 ml/min 

was supplied.  An XRPD pattern was collected using Cu K- radiation with the 
voltage and current of 40 kV and 40 mA, respectively.  The sample was measured 
from 2 of 5.0 to 30.0° with a step size of 0.02° and a scan speed of 20°/min.  The 
onset time for observable crystallization was determined after reaching the 
maximum temperature. 
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c) Differential scanning calorimetry (DSC) 

A conventional DSC method was used to determine the miscibility between 
the drug and the polymer in the prepared solid dispersions. 

The thermal analysis was measured by a DSC 8500 (PerkinElmer, Inc., MA, USA) 
equipped with Intracooler 2P (PerkinElmer, Inc., MA, USA), and controlled by Pyris 
version 11.1.0.0488 (PerkinElmer, Inc., MA, USA).  The temperature and enthalpy was 
calibrated using indium.  Nitrogen was supplied at a flow rate of 20 ml/min.  The 
sample powder was sealed in a standard aluminium pan (PerkinElmer, Inc., MA, USA).   

For the thermal analysis of am-NIF and β-NIF, they were primarily generated in 

situ in a DSC pan.  am-NIF was formed by heating -NIF from 0 to 178°C with a rate 
of 10°C/min and holding for 15 min, followed by cooling to 0°C with a rate of 
50°C/min.  β-NIF was formed by modifying the method reported by Grooff et al. (66).  
The in situ formed am-NIF was heated from 0 to 120°C with a rate of 10°C/min, and 

cooling to 0°C.  Then, the thermal events of -NIF, β-NIF and am-NIF including Tg, 
crystallization temperature (Tc) and melting temperature (Tm) were measured by 
heating from 0 to 200°C with a rate of 10°C/min. 

For the thermal analysis of Soluplus® and solid dispersion samples, the 
material was heated from 0 to 80°C with a rate of 10°C/min, held for 20 min and 
cooled to 0°C with a rate of 50°C/min.  Then, it was reheated from 0 to 200°C with a 
rate of 10°C/min.  The first heating run was carried out to reduce the effect of 
plasticizing solvent on Tg (7).  The thermal events including Tg, Tc and Tm were 
examined from the reheating run. 

The experiment was done in triplicate.  The reported values are midpoint Tg, 
onset Tc and onset Tm.  The miscible solid dispersion was classified by the presence 
of single Tg between the Tgs of nifedipine and Soluplus®, and the absence of Tm. 

Modulated temperature differential scanning calorimetry (MDSC) 

The instrument and software for MDSC measurement was the same as used in 
the conventional DSC measurement.  A sample was sealed in a standard aluminium 
pan (PerkinElmer, Inc., MA, USA) and heated from 0 to 180°C.  A heating rate 
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between steps was 1°C/min and a temperature increment between steps was 0.5°C 
with a holding time of 1 min. 

The measurements were done in triplicate.  The midpoint Tg, was extracted 
from a reversing heat flow curve. 

Calculation of Tg using Gordon-Taylor equation  

The observed Tgs of samples were plotted against polymer contents and 
compared with the theoretical Tgs calculated from the Gordon-Taylor equation using 
the equations (5) and (6) (80).  The deviation of the observed Tgs from the theoretical 
Tgs suggests the molecular interaction between the drug and the polymer. 

 g  
   g       g 

       
       (5) 

   
   g 

   g 
        (6) 

Here, w and   are the weight fractions and true densities, respectively, and Tg 
is the glass transition temperature.  The true density of Soluplus® was determined by 
helium pycnometer and that of am-NIF was reported by Forster et al. (80). 

d) Fourier transform-infrared spectroscopy (FT-IR) 

FT-IR was used to examine drug-polymer interactions including specific and 
non-specific interaction in the solid dispersions. 

The experiment was performed by a FT/IR-4100 with an attenuated total 
reflection (ATR) PRO410-S (JASCO International Co., Ltd., Tokyo, Japan) controlled by 
Spectra manager software version 2.2.9.1 (JASCO International Co., Ltd., Tokyo, 
Japan).  The sample powder was measured from 400 to 4,000 cm-1 with a resolution 
of 4 cm-1.  Each spectrum was averaged from 64 scans.  The occurrence of drug-
polymer interaction was proved by the shift in peak position of the drug. 
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e) Solid state-nuclear magnetic resonance spectroscopy (ss-NMR) 

ss-NMR was used to investigate drug-polymer interactions including specific and 
non-specific interaction in the solid dispersions. 

The experiment was carried out by a Bruker Avance II 300 (Bruker AXS Inc., WI, 
USA), and controlled by Topspin software version 3.1 (Bruker AXS Inc., WI, USA).  The 
instrument was operated on 13C cross-polarization/magic angle spinning (CPMAS) with 
a transmitter frequency of 75 MHz.  A CPMAS standard bore probe (Bruker AXS Inc., 
WI, USA) with 5 kHz for 13C and 62 kHz for 1H, and a two pulse phase modulation 
(TPPM) of 15 decoupling was run at 300 kelvin.  A chemical shift was calibrated using 
glycine.  The sample powder was inserted in a MAS 7-mm zirconia rotor and covered 
with a Kel-F cap (Bruker AXS Inc., WI, USA).  The spinning rate was set at 5 kHz.  The 
contact time was 1.75 milliseconds and the amplitude ramp on 1H channel was 
approximately 49 Watts (from 50 to 100%).  The spectra were visually investigated.  
The occurrence of drug-polymer interaction was proved by the shift in peak position 
of the drug. 

f) Raman spectroscopy 

Raman spectroscopy was applied to examine the spectral pattern of Soluplus® 
and to qualitatively and quantitatively determine drug-polymer interactions including 
specific and non-specific interaction in the solid dispersion samples.  The tool was 

also used to verify the solid state of a commercially available -NIF, am-NIF and β-
NIF by comparing to the spectra reported by Chan et al. (55). 

The sample surface was flattened by a tableting machine (Shimadzu, Kyoto, 
Japan) with a compression force of 0.5 ton/cm2 before measuring.  The measurement 
was performed by a Raman RXN2 (Kaiser Optical Systems, Inc., MI, USA), and 
controlled by Hologram version 4.1 (Kaiser Optical Systems, Inc., MI, USA).  The 
instrument was a dispersive Raman spectrometer consisting of a 1,000-nm laser 
wavelength, a 180° backscattering sampling geometry and an InGaAs array detector.  
The spectrum was measured from 200 to 2,400 cm-1 with a resolution of 5 cm-1 and 
an exposure time of 5 seconds.  A wavenumber was calibrated using naphthalene.  
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The objective lens (DM2500, Leica Microsystems, Tokyo, Japan) was 50x with a 16-µm 

sampling diameter and a 32-µm sampling depth.  The spectra of -NIF, β-NIF, am-
NIF and Soluplus® were averaged from a 100-point map (200 x 200 µm2); while, that 
of the standards of solid dispersion with the low and high drug concentrations and 
solid dispersion samples for qualitative analysis were averaged from a 1,200-point 
map (800 x 600 µm2). 

The spectra were then visually investigated.  The occurrence of drug-polymer 
interaction was determined by the shift in peak position of the drug.  The 
quantitative analysis of drug-polymer interactions was carried out on the solid 
dispersion samples which showed X-ray halo pattern i.e. X-ray amorphous sample.  
The spectra of these samples were averaged from a 100-point map.  Nifedipine 
presenting as amorphous state, and molecularly dispersed within the polymer at the 
low and high drug concentrations were quantified by calculating the average of 6 
maps. 

The qualitative analysis of drug-polymer interactions 

Spectral data preprocessing  

The Raman spectra of -NIF, am-NIF, β-NIF, Soluplus®, the standards of 
miscible solid dispersion with the low and high drug concentrations and the solid 
dispersion samples were preprocessed by ISys® Chemical imaging analysis version 
5.0.0.11 (Malvern Instruments, Inc., MD, USA).  The spectra covering 550 to 1800 cm-1 
were averaged.  Then, the averaged spectrum was baseline corrected at 660 and 872 
cm-1, and normalized by standard normal variate (SNV).  The shift in peak position 
was visually inspected to identify drug-polymer interactions. 

The quantitative analysis of drug-polymer interactions 

The quantitative analysis of drug-polymer interactions in the prepared solid 
dispersions and the stressed solid dispersions which were stored at 60°C/75% RH 
were implemented with the following steps: 
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Spectral data preprocessing  

The spectra of am-NIF, Soluplus®, the standards of miscible solid dispersion 
with the low and high drug concentrations and the X-ray amorphous solid dispersion 
samples were preprocessed by average and baseline correction as the same 
procedures as described above for the qualitative analysis. 

Gaussian function fitting 

Microcal Origin® version 3.5 (OriginLab Corporation, MA, USA) was employed to 
generate the model spectrum consisting of a series of Gaussian peaks which 
represented the experimental spectrum.  The parameters i.e. peak height, peak width 
and peak position were incorporated to construct the Gaussian peaks, and the 
Gaussian function model of the spectrum was obtained by a linear combination of 
all Gaussian peaks as expressed in the equation (7). 

f(x) = ∑  abs P   
     e p  -abs P        - abs P   

   i  (7) 

Where, f(x) is a series of Gaussian peaks describing the model spectrum; abs is 
absolute; exp is exponential; P1 is the peak height; P2 is the peak width; P3 is the 
peak position and x is the experimental peak position. 

The experimental spectrum of am-NIF and Soluplus® was directly converted to 
their model spectrum by fitting with Gaussian function. 

The standard of miscible solid dispersion with the low drug concentration was 
selected among the FD samples consisting of 0.1, 0.5, 1, 3 and 5% w/w drug, which 
showed the most shifts in drug peak position compared to am- IF’s pea .   hen the 
experimental spectrum of the selected sample was converted to the Gaussian 
function model of the standard of miscible solid dispersion with the low drug 
concentration. 

The experimental spectrum of the standard of miscible solid dispersion with 
the low drug concentration was also subtracted by the model spectrum of 
Soluplus®.  The remaining portion was converted to the Gaussian function model.  
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 he model  as de ined here as model “M”.   he model “M” there ore solel  
represented the spectra of the drug molecules which were molecularly dispersed in 
the polymer.  This model would be used in calculation of the standard of miscible 
solid dispersion with the high drug concentration. 

The standard of miscible solid dispersion with the high drug concentration was 
selected as the following step.  The experimental spectra of the solid dispersion with 
drug loadings of 10, 30 and 50% w/w were subtracted by the model spectra of am-
 IF and model “M”, and the resulting spectrum  as converted to ne  Gaussian 
function models for each drug loading.  The new model, model spectra of am-NIF 
and model “M”  as then used to calculate the  ractional area o  each state under 
the experimental spectrum of solid dispersion.  The fractional area of each is 
calculated relative to the total area which is normalized to 100% as described in 
equation (8). 

 ormalized pea  area o  A   
 Fractional area o  A       

Area o  A   area o      area o   
  (8) 

Where, A, B and C are the new model, model spectra of am-NIF and model 
“M”, respectivel . 

The solid dispersion which did not contain the fractional area of am-NIF and 
had the greatest remaining area under the experimental spectrum after subtracting 
by each model was chosen to be the miscible solid dispersion with a saturated drug 
concentration.  Its “ne  Gaussian  unction model”  as designated to be the model 
spectrum of the standard of miscible solid dispersion with the high drug 
concentration. 

The model spectra of the standards of miscible solid dispersion with the low 
and high drug concentrations and am-NIF were further applied to estimate the 
proportion of these states in the X-ray amorphous samples prepared by FD, ME and 
SE.  First, the experimental spectra of X-ray amorphous samples were converted to 
the model spectra by linear summation of the model spectra of low and high drug 
concentrations and am-NIF.  Then, the best fit was obtained by varying the 
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coefficient of each state, justified by the minimal chi2 value, as expressed in equation 
(9). 

g(x)  = a · f(x)low + b · f(x)high + c · f(x)am-NIF + d   (9) 

Where, g(x) is a function describing the model spectrum of a sample; a, b, c are 
the coefficients of the Gaussian function models of the standards of miscible solid 
dispersions with the low and high drug concentrations and amorphous state, 
respectively; f(x) is the Gaussian function model of each state and d is y-intercept of 
baseline. 

The weight fraction of the drug dispersed in each state was computed based 
on the fractional area under the peak, relative to the total area which is normalized 
to 100% w/w drug loading as shown in equation (10) 

 ormalized  eight  raction o  A   
 Fractional area o  A       

Area o  A   area o      area o   
 (10) 

Where, A and B are the miscible solid dispersions with the low and high drug 
concentration states, respectively and C is the amorphous state. 

3.2.4 Solid state stability study of solid dispersion samples 

a) Crystallization tendency 

An effect of miscibility between drug and polymer in the FD, ME and SE solid 
dispersion on the crystallization tendency was investigated.  The immiscible solid 
dispersions which might exhibit rapid crystallization were monitored in real time by 
VT-XRPD.  The study was conducted at 98 ± 2°C and relative time to detectable 
crystallization was observed.  The miscible solid dispersions which might present 
slow crystallization were stored at 98 ± 2°C in a hot air oven (WFO-450ND, Eyela, 
Tokyo Rikakikai Co., Ltd., Tokyo, Japan).  The onset time for observable crystallization 
was determined.  The experiment was terminated when the content of nifedipine in 
the sample was less than 90.0% w/w or at the maximum time of 3 months.  The 
measurements were done in triplicate.  The correlation between the relative amount 
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of nifedipine molecularly dispersed in the polymer and the onset time for 
observable crystallization was investigated.   

b) Tendency to undergo amorphous phase separation 

An effect of drug-polymer interaction on tendency for the miscible solid 
dispersion to undergo amorphous phase separation was investigated.  The miscible 
solid dispersions with the low and high drug concentrations were subjected to this 
experiment.  The samples were stored in a desiccator containing a saturated sodium 
chloride solution to obtain approximately 75% RH and placed at 60 ± 2°C in a hot air 
oven (WFO-450ND, Eyela, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) for 3 months.  The 
fractions of drug dispersed in miscible solid dispersions with the low and high drug 
concentrations and am-NIF in stressed samples were periodically investigated by 
Raman spectroscopy.  The crystallinity of samples was investigated by XRPD.  The 
experiment was terminated when either the chemical stability of nifidipine in the 
samples was less than 90.0% w/w or the Raman spectral pattern of the sample was 
not fitted with the standard patterns. 

3.2.5 Other characterization 

a) Dynamic vapor sorption (DVS)  

Moisture could influence on the properties of amorphous material e.g. Tg.  
Thus, the hygroscopicity including adsorption and absorption behaviors of am-NIF 
and Soluplus® was studied. 

The vapor sorption isotherms were investigated by DSV apparatus (DVS 
Advantage, Surface Measurement Systems Ltd., Middlesex, UK) at room temperature.  
The experiment was controlled by software DVS Win version 2.1.8 and DVS Analysis 
suite version 3.3 (Surface Measurement Systems Ltd., London, UK).  Samples of 
approximately 3 mg were placed on an aluminium pan and exposed to water vapor 
from 0 to 98% RH with a step size of 5% RH.  The equilibrium of each humidity level 
was determined when the change in mass within a minute (dm/dt) was not 
exceeded 0.004%. 
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b) Thermogravimetric analysis (TGA) 

The amount of residual solvent in a solid dispersion sample was measured by 
TGA. The value was applied to calculate the chemical stability of nifedipine in solid 
dispersion sample determined by HPLC. 

The experiment was carried out by TGA apparatus (Thermo plus TG8120, Rigaku 
Corporation, Tokyo, Japan).  Samples of approximately 3 mg were placed in a 70-µl 
aluminium cup (Rigaku Corporation, Tokyo, Japan).  Nitrogen at a flow rate of 50 
ml/min was used as the purge gas.  The sample was heated from room temperature 
(~25°C) to 120°C with a rate of 10°C/min. 

c) Pycnometry 

Pycnometry was applied to measure the true density of Soluplus® which was 
used to calculate the theoretical Tg based on Gordon-Taylor equation as described in 
DSC section. 

The true density was determined by a helium displacement pycnometer 
(Quantachrome instruments, FL, USA).  Approximately 1 g sample was filled in a 
microcell and covered with a lid.  The experiment was conducted at room 
temperature using 99.999% helium with a pressure of 17.0 psi.  The measurements 
were done with five replications. 
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CHAPTER IV  
RESULTS AND DISCUSSIONS 

4.1 Characterization of solid dispersions 

a) X-ray powder diffractometry (XRPD) 

A commercial -NIF exhibited diffraction peaks at 8.4, 10.7, 12.0, 16.4, 19.9 and 
24.9°; while, β-NIF presented the characteristic peaks at 7.8, 9.5, 11.1, 12.6, 17.2 and 
24.3°.  am-NIF showed a halo pattern.  These diffraction patterns corresponded to 
the values reported by Grooff et al. (66).  The FD, ME and SE samples with drug 
loadings up to 70, 90 and 30% w/w, respectively showed X-ray halo patterns as 
depicted in Figure 5a (FD samples), Figure 5b (ME samples) and Figure 5c (SE 
samples). The FD sample composed of 90% w/w possessed the characteristic peaks 
of β-NIF; while, the SE samples with 50, 70 and 90% w/w drug showed the diffraction 

peaks identical to -NIF. 
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Figure 5 XRPD patterns of Soluplus®; solid dispersions with drug loadings of 10, 30, 

50, 70, 90% w/w; am-NIF; β–NIF and -NIF.  The samples were prepared by (a) FD, 
(b) ME and (c) SE methods.  Reproduced from (67) with permission of Springer 
Science+Business Media. 
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Figure 5 (continued) XRPD patterns of Soluplus®; solid dispersions with drug loadings 

of 10, 30, 50, 70, 90% w/w; am-NIF; β–NIF and -NIF.  The samples were prepared 
by (a) FD, (b) ME and (c) SE methods.  Reproduced from (67) with permission of 
Springer Science+Business Media. 

Crystalline phase separation was found in samples with high drug content 
prepared by solvent method i.e. FD and SE.  While, the recrystallization 
phenomenon could not be observed in the samples with the entire range of drug 
loadings prepared by melt quenching technique.  This was probably due to the 
rearrangement of drug molecules from am-NIF to a more stable crystalline form, 

either -NIF or β–NIF, before the completion of solvent removal.  The SE method 
possessed a slower rate of solvent removal, compared with the FD method.  This 
allowed more time for the drug molecules in SE samples to rearrange themselves 

and form the more stable -NIF form at lower drug concentrations. 

XRPD is the primary tool to identify the solid state of the drug in a solid 
dispersion.  When the diffraction events are present, the drug in the mixture is a 
crystalline state.  When the halo pattern is observed, it indicates that neither 
component in the mixture diffracts.  In the latter case, the drug might exist in 
amorphous state or be dispersed at the molecular level in the polymeric matrix.  
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Therefore, the drug-polymer miscibility in X-ray amorphous sample could not be 
justified by XRPD. 

b) Differential scanning calorimetry (DSC) 

The thermal analysis was measured by a conventional DSC.  The thermal 

events of Soluplus®, am-NIF, β-NIF and -NIF are depicted in Figure 6.  The values 
shown in the figure are an example of one measurement; while, the reported values 

in the text are averaged from three measurements.  A stable crystalline -NIF was 
melted at 172.3°C.  A metastable β-NIF was transformed to an another metastable 

form at 61.2°C, followed by the conversion to a stable -NIF at 118.5°C which was 
melted at 170.3°C.  The Tg of am-NIF was found at 44.8°C.  It was crystallized to a 

metastable form at 96.0°C, and further converted to -NIF at 119.1°C, followed by 
melting at 170.2°C.  These results were in agreement with the values reported by 
Grooff et al. (66, 81).  Soluplus® exhibited Tg at 76.2°C; while crystallization and 
melting events were not observed. 
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Figure 6 Thermal events of Soluplus®, am-NIF, β-NIF and -NIF heated from 0 to 
200°C with a heating rate of 10°C/min.  The thermograms and values in the figure 
were obtained from one measurement. 

For solid dispersions, the samples were first heated to 80°C to reduce the 
effect of plasticizing solvent on Tg.  This temperature was chosen as it was at least 
10°C lower than the crystallization temperature.  The single Tg of FD samples was 
shifted from 72.7 to 46.7°C with increased weight fractions of the drug from 10 to 
70% w/w as demonstrated in Figure 7a.  The sample with 70% w/w drug also 
exhibited crystallization and melting events at 93.6 and 158.2°C, respectively.  The FD 
sample with 90% w/w drug did not exhibit the glass transition but it had the thermal 
event pattern similar to that of β-NIF.  This sample showed an endothermic 
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transformation at 57.8°C, followed by an exothermic conversion at 134.9°C and 
melting at 169.9°C. 

The ME samples exhibited a decrease in single Tgs from 70.2 to 47.0°C upon 
increasing the drug concentrations from 10 to 90 % w/w as shown in Figure 7b.  In 
addition to the presence of Tg, crystallization events were observed at 98.3 and 
85.6°C in the samples composed of 70 and 90% w/w drug, respectively.  Melting 
events were also detected at 158.0, 166.3 and 171.1°C in the samples composed of 
50, 70 and 90% w/w drug, respectively.   

The similar trend of downward shifts of a single Tg as increasing drug loadings 
was also present in the SE samples as shown in Figure 7c.  When the drug loadings 
were increased from 10 up to 70% w/w, the single Tg was decreased from 71.8 to 
50.6°C.  The sample with 50% w/w drug also showed melting at 143.5°C.  The sample 
with 70% w/w drug demonstrated crystallization at 111.2°C followed by melting at 
160.3°C.  The observation of Tgs in these samples suggested that the drug was 

remained in am-NIF, together with -NIF in the polymeric matrix as detected by 
XRPD.  The SE sample consisting of 90% w/w drug exhibited melting at 170.9°C 
without the detection of glass transition and crystallization, similar to the thermal 

event of -NIF. 
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Figure 7 Thermal events of Soluplus®; solid dispersions with drug loadings of 10, 30, 

50, 70, 90% w/w; am-NIF; β–NIF and -NIF heated from 0 to 200°C with a heating 
rate of 10°C/min.  The samples were prepared by (a) FD, (b) ME and (c) SE methods.  
The thermograms and values in the figure were obtained from one measurement. 
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Figure 7 (continued) Thermal events of Soluplus®; solid dispersions with drug 

loadings of 10, 30, 50, 70, 90% w/w; am-NIF; β–NIF and -NIF heated from 0 to 
200°C with a heating rate of 10°C/min.  The samples were prepared by (a) FD, (b) ME 
and (c) SE methods.  The thermograms and values in the figure were obtained from 
one measurement. 
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Figure 7 (continued) Thermal events of Soluplus®; solid dispersions with drug 

loadings of 10, 30, 50, 70, 90% w/w; am-NIF; β–NIF and -NIF heated from 0 to 
200°C with a heating rate of 10°C/min.  The samples were prepared by (a) FD, (b) ME 
and (c) SE methods.  The thermograms and values in the figure were obtained from 
one measurement. 

The samples of all preparation methods demonstrated the similar Tg values at 
equivalent drug loadings up to 50% w/w as present in Table III.  However, at 70% 
w/w drug, the SE sample showed the higher Tg than that of FD and ME samples.  This 

was due to the crystallization of some am-NIF portions to the more stable -NIF 
during the solvent removal process of SE.  As a result, the remaining fraction of am-
NIF was less than those in the samples prepared by FD and ME, leading to the shift 
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of Tg toward the Tg of polymer.  The Tg of SE sample with drug loading of 50% w/w 
was not affected by this phenomenon. 

It has been reported that the slower cooling rate for glass forming resulted in 
the lower Tgs of prepared glass (82).  In the present study, the cooling rate of DSC 
which was different from the cooling rates of sample preparations might alter the Tgs 
of samples detected from the second heating run.  Therefore, a MDSC was applied 
to investigate the influence of cooling rate using in the conventional DSC on Tg 
deviation.  The Tg of FD sample with 30% w/w drug was measured using 
conventional DSC and MDSC methods described in the DSC section.  The detected 
Tgs from the two methods were not different, that is, 66.2 ± 0.7°C for the 
conventional DSC and 67.1 ± 1.1 for the MDSC.  This result indicated that the cooling 
rate used in the conventional DSC had no significant effect on the Tg detected at the 
second heating run. 

Table III The Tgs of solid dispersions of nifedipine and Soluplus® composed of 10, 30, 
50, 70 and 90% w/w drug prepared by FD, ME and SE.  The reported values are 
midpoint Tg detected during heating from 0 to 200°C. 

Drug loading 
(% w/w) 

Tg (°C) 

FD ME SE 

10 72.7 ± 1.0a 70.2 ± 0.2 71.8 ± 1.7 

30 66.2 ± 0.7 66.7 ± 0.4 65.3 ± 0.5 

50 58.2 ± 0.9 59.1 ± 0.9 59.9 ± 1.2 

70 46.7 ± 1.8 48.1 ± 0.2 50.6 ± 1.1 

90 -b 47.0 ± 1.7 - 
a Standard deviation (n=3) 
b No Tg could be observed 

DSC is a more useful technique than XRPD to evaluate drug-polymer miscibility 
in the solid dispersion.  A solid dispersion which shows a single Tg between the Tgs of 
the drug and the polymer is typically classified as a miscible mixture.  Based on the 
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criteria, the maximum drug concentrations in solid dispersions prepared by FD, ME 
and SE which provided the miscible mixtures were 70, 90 and 70% w/w drug, 
respectively.  However, the detection of subsequent melting events in the FD 
sample composed of 70% w/w drug, ME samples composed of 50, 70 and 90% w/w 
drug and SE samples composed of 50 and 70% w/w suggested that these samples 

contained amorphous clusters, which eventually crystallized to -NIF during heating.  

The amorphous drug in ME and SE samples with 50% w/w drug crystallized to -NIF 
without the observation of crystallization event.  The observation of melting event 
without crystallization detection in amorphous solid dispersion has been reported 
(29).  This might be due to the detection limit of the DSC and the improper condition 
to detect crystallization in the solid dispersion.  From this point, the samples which 
exhibited a single Tg without the presence of melting event including the FD, ME and 
SE samples with drug loadings up to 50, 30 and 30% w/w, respectively were 
classified as miscible mixtures. 

The experimental Tgs of the solid dispersions are plotted against the polymer 
contents as shown in Figure 8.  The true density of Soluplus® determined by helium 
pycnometry was 1.16 ± 0.01 g/cm3  (n=5).  The theoretical Tgs were computed using 
the equations (5) and (6) with the true densities of am-NIF and Soluplus® of 1.36 
g/cm3 (80) and 1.16 g/cm3respectively.  The graph demonstrates minor negative 
deviations from ideality which reflected the weaker drug-polymer interaction 
compared to drug-drug interaction (7, 46).  The deviations from the ideality basically 
imply the occurrence of molecular interaction between the drug and the polymer 
but it could not reveal the chemical structures dealing with such interaction. 
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Figure 8 The theoretical and observed Tgs of solid dispersions containing nifedipine 
and Soluplus® with Soluplus® content of 0 to 100% w/w prepared by FD, ME and SE 
methods.  The Tg of FD and SE samples with 10% w/w of Soluplus® could not be 
detected (n=3).  Reproduced from (67) with permission of Springer Science+Business 
Media. 

c) Fourier transform-infrared spectroscopy (FT-IR) 

The FT-IR spectra between 400 and 4000 cm-1 were visually inspected.  The 
systematic shift of nifedipine peak positions of the samples with varied drug loadings 
was observed over the spectral range of 1450 to 1600 cm-1.  The peak positions in 

this region were assigned to the NO2 asymmetric vibration of the drug (55).  -NIF, β-
NIF and am-NIF had the characteristic peaks at 1526.4, 1522.5 and 1527.4 cm-1, 
respectively.  Peak positions of the drug in FD samples were gradually shifted toward 
the characteristic peaks of am-NIF, from 1531.2 to 1528.3 cm-1, with increasing the 
drug loading from 10 to 90% w/w as shown in Figure 9a.  The ME and SE samples 
exhibited the same peak positions at equivalent drug loadings.  Their peak positions 
were shifted from 1531.2 to 1528.3 cm-1 with increasing the drug fractions from 10 to 
70% w/w as present in Figure 9b for the ME samples and Figure 9c for the SE 
samples.  At 90% w/w drug loading, the peak positions of ME and SE samples were 
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identical to that of am-NIF and -NIF, respectively.  In general, there was no 
significant shift of nifedipine peak position over other IR regions. 

 

 
Figure 9 FT-IR spectra over the region of 1450 to 1600 cm-1 of Soluplus®; solid 
dispersion samples with drug loadings of 10, 30, 50, 70, 90% w/w; am-NIF; β–NIF and 

-NIF.  The samples were prepared by (a) FD, (b) ME and (c) SE methods.  Figure 9(a) 
was reproduced from (67) with permission of Springer Science+Business Media. 
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Figure 9 (continued) FT-IR spectra over the region of 1450 to 1600 cm-1 of Soluplus®; 
solid dispersion samples with drug loadings of 10, 30, 50, 70, 90% w/w; am-NIF; β–NIF 

and -NIF.  The samples were prepared by (a) FD, (b) ME and (c) SE methods.  Figure 
9(a) was reproduced from (67) with permission of Springer Science+Business Media. 

The shift in IR peak position of nifedipine in the solid dispersions implied that 
the chemical environment of the drug was different from a pure drug.  This might 
arise from a hydrogen bond between the nitro group of nifedipine and the OH of 
Soluplus®.  Furthermore, it revealed that the specific interaction between nifedipine 
and Soluplus® was weaker than the interaction between nifedipine itself because the 
peak positions of the drug were shifted to higher wavenumber (20, 35, 48).  These 
findings corresponded to the DSC results which also indicated the weaker drug-
polymer interaction than drug-drug interaction. 

The shift in Soluplus® peak position involving in the hydrogen bond was also 
investigated.  However, this was inconclusive since the spectral region of 3300 to 
3650 cm-1 which was assigned to OH stretching vibration of Soluplus® (83) exhibited a 
broad FT-IR pattern as depicted in Figure 10. 
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Figure 10 FT-IR spectrum of Soluplus® showing the broad pattern of OH stretching 
over the region of 3300 to 3650 cm-1. 

FT-IR is generally a standard tool to indicate an occurrence of a hydrophilic 
interaction.  In this case, a subtle change in the peak position indicating hydrogen 
bond between nifedipine and Soluplus® was recognized in the samples prepared by 
all three methods.  The hydrophobic interaction was not observed for all samples 
due to the limited capability of IR detection. 

d) Solid state-nuclear magnetic resonance spectroscopy (ss-NMR) 

The change in chemical shift of nifedipine in the solid dispersions with respect 
to the drug concentration was observed at around 147 to 148 ppm.  This region 
corresponded to C-12 carbon at –C-NO2 of aromatic rings (84, 85).  The characteristic 

peaks of -NIF and am-NIF were at 148.3 and 147.5 ppm, respectively.  β-NIF 
possessed the characteristic peaks at 148.0 and 146.6 ppm.  The peak positions of 
nifedipine in FD and ME samples with drug loading from 10 up to 70 and 90% w/w, 
respectively, were slightly shifted from 147.9 to the characteristic peak of am-NIF at 
147.6 ppm with increasing the drug fractions.  The ss-NMR spectra of FD and ME 
samples are shown in Figure 11a and 11b, respectively.  The FD sample with 90% 
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w/w drug showed the chemical shift at 148.0 and 146.6 ppm, identical to the 
characteristic peaks of β-NIF. 

For SE samples, the samples with 10 and 30% w/w drug exhibited the peak 
positions at 147.8 ppm, and the spectral patterns were similar to that of am-NIF as 
shown in Figure 11c.  When increasing the drug loading from 50 to 90% w/w, the 
peak positions were shifted from 148.1 to 148.3 ppm.  The spectral patterns of these 

samples were therefore similar to that of -NIF. 

 
Figure 11 ss-NMR spectra over the region of 155 to 140 ppm of Soluplus®; solid 
dispersion samples with drug loadings of 10, 30, 50, 70, 90% w/w; am-NIF; β–NIF and 

-NIF.  The samples were prepared by (a) FD, (b) ME and (c) SE methods.  Figure 
11(a) was reproduced from (67) with permission of Springer Science+Business Media. 
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Figure 11 (continued) ss-NMR spectra over the region of 155 to 140 ppm of 
Soluplus®; solid dispersion samples with drug loadings of 10, 30, 50, 70, 90% w/w; 

am-NIF; β–NIF and -NIF.  The samples were prepared by (a) FD, (b) ME and (c) SE 
methods.  Figure 11(a) was reproduced from (67) with permission of Springer 
Science+Business Media. 
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As with IR, the peak position detected by ss-NMR provides the information of 
molecular structure of the drug.  In the present study, the change in nifedipine peak 
position at around 148 ppm with varied drug concentrations was evident.  The peak 
positions of X-ray amorphous samples prepared by three different methods 
demonstrated the similar trends.  These peaks showed the gradually downfield 
shifted from the characteristic peak of am-NIF with decreasing the drug loadings.  The 
shift in C-12 carbon at –C-NO2 detected by ss-NMR resulted from such hydrogen 
bond between the drug and the polymer.  The findings were consistent with the FT-
IR results and confirmed the occurrence of hydrogen bond between the NO2 of 
nifedipine and the OH of Soluplus®. 

The alteration of peak position was as small extent as 0.4 ppm.  It was shifted 
from the characteristic peak of am-NIF at 147.5 ppm to the maximum observation at 
147.9 ppm in the sample composed of 10% w/w drug.  Yoshie et al. (86) has 
reported that the hydrogen bond between poly(3-hydroxybutyrate) and PVP caused 
the change in PVP chemical shift of approximately 1 ppm (86).  Similar finding has 
been reported by Aso et al. (84) that the hydrogen bond between phenobarbitol 
and PVP led to the change in PVP chemical shift of approximately 2 ppm (84).  Thus, 
the subtle change in the chemical shift (less than 0.5 ppm) in the present study 
pointed out that the hydrogen bond between nifedipine and Soluplus® was 
relatively weak. 

Overall results of FT-IR and ss-NMR suggested that there might be other 
molecular interactions e.g. hydrophobic interaction which possibly played an 
important role in the miscibility between nifedipine and Soluplus® at a molecular 
level.  As with IR, it was unable to detect such interactions by ss-NMR technique 
because the chemical shifts of nifedipine other than the C-12 carbon region were not 
shown the significant change in peak position. 
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e) Raman spectroscopy 

The qualitative analysis of drug-polymer interactions 

The Raman spectra between 200 and 2400 cm-1 were visually inspected.  
Raman spectroscopy could not detect the systematic shifts in nifedipine peak 
positions over the region of 1450 to 1600 cm-1 as observed by FT-IR.  Over this region, 

-NIF, β-NIF and am-NIF exhibited Raman peak positions at 1531.8, 1529.4 and 
1531.5 cm-1, respectively in which the values corresponded to those reported by 
Chan et al. (55). 

The peak positions of nifedipine in FD samples with drug loadings of 10, 30 50 
and 70% w/w occurred at 1531.2 cm-1, similar to the characteristic peak of am-NIF.  
While, the peak obtained from FD sample with 90% w/w drug was shifted to the 
characteristic peak of β-NIF (Figure 12a). 

The characteristic peak of nifedipine in ME sample with 10% w/w drug was 
overlapped with the Soluplus® peak at 1530.9 cm-1.  While, the peaks obtained from 
ME sample with 30, 50 70 and 90% w/w drug were present at around the 
characteristic peak of am-NIF at 1531.2 and 1531.5 cm-1 (Figure 12b). 

The peak position of nifedipine in SE sample with a drug loading of 10% w/w 
was also overlapped with Soluplus® peak at 1530.9 cm-1.  This peak was slightly 
shifted to 1531.2 cm-1 when the drug loading was increased to 30% w/w.  Then, it 
was shifted to the characteristic peak of am-NIF at 1531.5 cm-1 with the drug loadings 
of 50 and 70% w/w.  The SE sample with a drug loading of 90% w/w showed a peak 

position at 1531.8 cm-1 which corresponded to -NIF (Figure 12c). 
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Figure 12 Raman spectra over the region of 1500 to 1560 cm-1 of Soluplus®; solid 
dispersion samples with drug loadings of 10, 30, 50, 70, 90% w/w; am-NIF; β-NIF and 

-NIF.  The samples were prepared by (a) FD, (b) ME and (c) SE methods. 
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Figure 12 (continued) Raman spectra over the region of 1500 to 1560 cm-1 of 
Soluplus®; solid dispersion samples with drug loadings of 10, 30, 50, 70, 90% w/w; 

am-NIF; β-NIF and -NIF.  The samples were prepared by (a) FD, (b) ME and (c) SE 
methods. 

Interestingly, the systematic shifts in nifedipine peak positions were observed 
over the spectral region of 790 to 820 cm-1 which was the characteristic vibration of 

aromatic hydrocarbon of the drug (18).  -NIF, β-NIF and am-NIF possessed the 
characteristic peaks at 810.6, 806.7 and 807.3 cm-1, respectively as illustrated in 
Figure 13.  Soluplus® had the characteristic peak at 795.6 cm-1.  Within this spectral 
region, the peaks positions of β-NIF and am-NIF were relatively closed.  Thus, the 
analysis region was extended covering 775 to 850 cm-1.  Over the extended region, β-
NIF had a broad spectral pattern from 825 to 835 cm-1; while, am-NIF exhibited a 
sharp peak at 831.9 cm-1 as shown in Figure 13.  The characteristic peaks and spectral 

patterns of -NIF, β-NIF and am-NIF were consistent with the results reported by 
Chan et al. (55).  
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Figure 13 Raman spectra over the region of 775 to 850 cm-1 showing the characteristic 

peaks of -NIF, β-NIF, am-NIF and Soluplus®.  Intensity was normalized and re-scaled 
to compare peak positions. 

Teraoka et al. (87) has reported that the photodegradation products of 
nifedipine including nitroso-derivative and nitro-derivative exhibited the IR peak 
positions at 1729 cm-1 and 1728 cm-1, respectively (87).  In the present study, the 
Raman peaks of photodegradation products, if any, did not interfere the results 
analyzed from the Raman region of 775 to 850 cm-1. 

For solid dispersion samples, the peak positions of FD samples were gradually 
upward shifted from 802.5 to 805.8 cm-1 with increasing the drug content from 10 to 
70% w/w.  The FD samples with drug loadings of 10, 30, 50 and 70% w/w 
demonstrated the peaks at 802.5, 804.0, 804.9 and 805.8 cm-1, respectively.  The 

spectral patterns of these samples did not correspond to the patterns of -NIF or β-
NIF.  FD sample with drug loading of 90% w/w showed the peak at 807.6 cm-1 and 
the broad spectral pattern between 825 and 835 cm-1, corresponding to the 
characteristic pattern of β-NIF as demonstrated in Figure 14a. 

A similar trend was observed in the ME samples.  When the drug loading was 
increased from 10% w/w to 30, 50, 70 and 90% w/w, the peak positions were shifted 
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from 802.8 cm-1 to 804.0, 804.9, 805.5 and 807.0 cm-1, respectively as depicted in 

Figure 14b.  The spectral patterns of all ME samples did not correspond to -NIF or 
β-NIF. 

For SE samples, the peak positions of samples composed of 10 and 30% w/w 
drug were at 802.5 and 804.0 cm-1, respectively.  The spectral patterns were 

dissimilar to the patterns of -NIF or β-NIF as shown in Figure 14c.  The SE samples 
with 50, 70 and 90% w/w exhibited the peaks at 810.6, 810.9 and 810.9 cm-1, 

respectively, which were similar to the characteristic pattern of -NIF. 

 
Figure 14 Raman spectra over the region of 775 to 850 cm-1of solid dispersion 
samples with drug loadings of 10% (red), 30% (purple), 50% (green), 70% (blue) and 
90% (brown) w/w.  The samples were prepared by (a) FD, (b) ME and (c) SE methods.  
Intensity was normalized and re-scaled to compare peak positions. 
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Figure 14 (continued) Raman spectra over the region of 775 to 850 cm-1of solid 
dispersion samples with drug loadings of 10% (red), 30% (purple), 50% (green), 70% 
(blue) and 90% (brown) w/w.  The samples were prepared by (a) FD, (b) ME and (c) 
SE methods.  Intensity was normalized and re-scaled to compare peak positions. 
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The solid state of nifedipine in solid dispersion samples detected by Raman 
spectroscopy agreed with the results obtained from XRPD.  Nifedipine in the FD 
sample with 90% w/w drug demonstrated the nature of β-NIF; while, those in the SE 

samples with 50, 70 and 90% w/w drug existed in -NIF.  Nifedipine in other samples 

were neither -NIF nor β-NIF. 

The shift in peak position implied the difference in chemical environment of 
the drug.  In the present study, the shift occurred between 790 and 820 cm-1 which 
was assigned to the vibration of aromatic hydrocarbon of nifedipine.  Soluplus® also 
contained the hydrophobic group at the cyclic amide in polyvinyl caprolactam 
segment.  Therefore, the shift in the nifedipine peak position between 790 and 820 
cm-1 might result from the weak van der Waals interactions between the aromatic 
hydrocarbon of nifedipine and the cyclic amide of Soluplus®.  Among X-ray 
amorphous samples, the peak positions of nifedipine in the solid dispersions 
prepared by FD, ME and SE were gradually shifted out of the characteristic peak of 
am-NIF to the lower wavenumber with a decrease in drug loading.  This indicated 
that the hydrophobic interaction between the drug and the polymer was stronger 
than the drug-drug interaction. 

In general, the degree of the shift in IR or Raman peak position is affected by 
the strength of drug-polymer interaction (23, 28, 34).  The larger shift suggests the 
stronger interaction (28).  The peak positions obtained from the FD, ME and SE 
samples with drug loadings of 10, 30, 50, 70 and 90% w/w are illustrated in Figure 15.  
Recrystallization in the FD sample with 90% w/w drug, and in the SE samples with 
50, 70 and 90% w/w drug was attributed to the deviation of their peak positions.  
Huang et al. (5) has found that the extent of molecularly dispersed nifedipine in the 
solid dispersion containing nifedipine and ethylcellulose and/or Eudragit RL® 100 
depended on the preparation method.  The fusion method of fast solidification rate 
provided a higher extent of molecular nifedipine than co-evaporation method of 
slow solidification rate (5).  However, the X-ray amorphous samples (FD samples with 
10 to 70% w/w, ME samples with 10 to 90% w/w drug and SE samples with 10 to 
30% w/w drug) demonstrated the similar degrees of the shifts in peak positions at 
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equivalent drug loadings.  The decrease in nifedipine weight fractions gave rise to the 
stronger drug-polymer interaction.  These findings pointed out that the strength of 
nifedipine and Soluplus® interaction was strongly influenced by the drug 
concentration than the preparation methods. 

 
Figure 15 The shifts in Raman peak positions over the spectral region of 795 to 815 
cm-1 of solid dispersion samples with drug loadings of 10, 30, 50, 70 and 90% w/w 
prepared by FD, ME and SE methods.  Reproduced from (67) with permission of 
Springer Science+Business Media. 

The Raman peaks of –NIF at 810.6 cm-1, β–NIF at 806.7 cm-1 and am-NIF at 
807.3 cm-1 corresponded to the FT-IR peaks at 793.6, 788.7 and 783.0 cm-1, 
respectively.  These IR peak positions were comparable to the values reported by 
Chan et al. (55).  In the IR region of 775 to 850 cm-1, the peak positions of nifedipine 
in solid dispersion samples did not exhibit the systematic shifts.  The IR peak position 
of nifedipine in FD sample with a drug loading of 10% w/w occurred at 783.0 cm-1 
(Figure 16a).  The FD samples with drug loadings of 30 and 50% w/w showed peak 
positions at 783.9 cm-1.  The peak was shifted to the peak position of am-NIF at 783.0 
cm-1 as the drug loading was increased to 70% w/w.  The FD sample with the drug 
loading of 90% w/w showed the peak position at 782.0 cm-1 which did not 

correspond to am-NIF, β-NIF or -NIF. 
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The IR peak position of nifedipine in the ME sample with a drug loading of 10% 
w/w could not be observed (Figure 16b).  The ME samples with drug loadings of 30 
and 50% w/w showed the peak position at 783.9 and 783.0 cm-1, respectively.  The 
peak position of ME sample was shifted to 782.0 cm-1 when the drug loadings was 
increased to 70 and 90% w/w.  For SE samples (Figure 16c), the peak positions of 
samples with drug loadings of 10 and 30% w/w occurred at 785.9 and 783.9 cm-1, 

respectively, and were shifted to the characteristic peak of -NIF as the drug loading 
was increased to 50 and 90% w/w.  The peak position of SE sample with 70% w/w 
drug was present at 783.9 cm-1. 

 
Figure 16 FT-IR spectra over the region of 775 to 850 cm-1 of Soluplus®; solid 
dispersion samples with drug loadings of 10, 30, 50 70, 90% w/w; am-NIF; β-NIF and 

-NIF.  The samples were prepared by (a) FD, (b) ME and (c) SE methods. 
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Figure 16 (continued) FT-IR spectra over the region of 775 to 850 cm-1 of Soluplus®; 
solid dispersion samples with drug loadings of 10, 30, 50 70, 90% w/w; am-NIF; β-NIF 

and -NIF.  The samples were prepared by (a) FD, (b) ME and (c) SE methods. 

The shift of peak positions observed for the drug in FD, ME and SE samples 
over the FT-IR region of 775 to 820 cm-1 was not systematic.  This was due to the 
limitation of IR technique.  The hydrophobic interaction between the drug and the 
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polymer might not show the change in dipole moment; hence, the interaction was IR 
inactive. 

The quantitative analysis of drug-polymer interactions 

Raman spectroscopy technique could not identify the hydrogen bond between 
nifedipine and Soluplus®.  However, this tool could detect the varied strength of 
hydrophobic interaction, based on the systematic shift of the peak positions with 
respect to the drug loadings in the solid dispersions.  Raman spectroscopy was 
further applied to determine the amount of drug-polymer interactions in the X-ray 
amorphous samples.  These samples included the FD samples composed of 10, 30, 
50 and 70% w/w drug, ME samples composed of 10, 30, 50, 70 and 90% w/w drug, 
and SE samples composed of 10 and 30% w/w drug.  The level of miscibility 
between nifedipine and Soluplus® was determined based on the relative amounts of 
each state of nifedipine existing in the samples.  

As it was postulated earlier, the drug in the X-ray amorphous samples could be 
present as amorphous state or molecularly dispersed in the polymeric matrix or 
both.  Within these samples,  hen the drug loading  as belo  the saturated drug’s 
concentration in the solid polymer, the drug was dissolved in and miscible with the 
pol mer. When the drug loading  as e cess, above the saturated drug’s 
concentration in the polymeric carrier, there was not sufficient space for molecular 
drug and the amorphous drug was the results under the conditions that have been 
used.  The latter case led to the immiscible solid dispersion where a great extent of 
drug-drug interactions is present, i.e. the drug molecules stayed in amorphous state. 

Among the miscible solid dispersions, the drug concentration can be varied 
from a very low level to the saturated concentration.  At the very low concentration, 
much lower than its saturated concentration, the drug molecules are presumed to 
be completely surrounded by a polymeric substance.  All drug molecules interact 
only with polymer networ s and e ist in “monomolecularl  dispersed state”.   eing 
in this state, the drug-polymer interaction (adhesive force) extensively exists.  The 
interaction between drug-drug molecules (cohesive force) is rare.   
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At the high drug concentration, especially at a saturated concentration, the 
drug molecules possibly interact with both polymeric matrix and drug molecules 
itsel .   he drug in this state is termed here as “molecularl  dispersed state”.   he 
strength of drug-polymer interaction is weaker than that in monomolecularly 
dispersed state.  Drug-drug interaction and drug-polymer interaction are balanced to 
maintain as a miscible mixture, and a cluster of amorphous drug does not occur (7, 
9).  The drug molecules presenting as monomoleculuarly dispersed state and 
molecularly dispersed state can appear as the schematic representations illustrated 
in Figure 17a and Figure 17b. 

 
Figure 17 The conceptual models of (a) monomolecularly dispersed state, (b) 
molecularly dispersed state and (c) combination of molecularly dispersed state and 
amorphous clusters.  The balance between drug-drug interaction and drug-polymer 
interaction is represented by the dot lines.  Reproduced from (67) with permission of 
Springer Science+Business Media. 

Therefore, the standards of miscible solid dispersions with the low and high 
concentrations as described earlier were established for the standards of 
monomolecularly and molecularly dispersed states, respectively.  The FD method 
was utilized to prepare the standards; since, the fast solidification of FD should 
provide a homogeneous product. 
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To obtain the standard of nifedipine existing in the monomolecular state, the 
spectral patterns of FD solid dispersions consisting low drug concentrations, 0.1, 0.5, 
1, 3 and 5% w/w drug were investigated.  The spectral pattern of solid dispersion 
with 0.1% w/w drug showed the identical pattern to that of Soluplus®.  When the 
drug content was increased to 0.5% w/w, the distinct shoulder at 798.6 cm-1 was 
observed.  The similar spectral pattern was found in the solid dispersion with 1% 
w/w drug.  The distinct shoulder was developed to 800.1 and 801.6 cm-1 with 
increasing the weight fraction of the drug to 3 and 5% w/w, respectively as illustrated 
in Figure 18.  The observed shoulder peak was overlapped with the Soluplus® peak 
but it was possible to differentiate from the polymer peak. 

The development of the shoulder peak was assigned to nifedipine peak which 
was shifted from the characteristic peak of am-NIF.  The most shift in peak position 
further away from the characteristic peak of am-NIF was found in the solid 
dispersions with 0.5 and 1% w/w drug.  Thus, this indicated strong drug-polymer 
interaction. The molecular environment of solid dispersions with 0.5 and 1% w/w 
drug was similar as the identical peak position was present.  This could be postulated 
that the molecular interaction in these two samples was only drug-polymer 
interaction.  As the peak positions in the solid dispersions with 3 and 5% w/w drug 
were shifted toward that of am-NIF, the drug in these solid dispersions had different 
chemical environment from the drug in the solid dispersions with 0.5 and 1% w/w 
drug, and possessed relatively stronger drug-drug interaction.  According to the 
results, the FD solid dispersion with 0.5% w/w drug was selected as the standard for 
monomolecularly dispersed state because its spectrum showed the most shift of 
peak position from the characteristic peak of am-NIF and yet could be distinguished 
from the Soluplus® peak.  It was also composed of the lower drug concentration, 
and hence this minimized the extent of drug-drug interaction, compared with the 
solid dispersion with 1% w/w drug. 
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Figure 18 Raman spectra over the region of 775 to 850 cm-1 of FD solid dispersions 
with drug loadings of 0.1% (red), 0.5% (purple), 1% (green), 3% (blue) and 5% (brown) 
w/w.  Intensity was normalized and re-scaled to compare peak positions. 

To obtain the standard of molecularly dispersed state, the spectral patterns of 
FD solid dispersions consisting of high drug concentrations, 10, 30 and 50% w/w drug, 
were investigated.   

The remaining spectrum of the solid dispersions with the high drug 
concentrations after subtracted by the model spectra of am-NIF and model M was 
converted to the new Gaussian function model.  The spectra of solid dispersions with 
10 and 30% w/w drug contained neither model spectrum of am-NIF nor model M as 
demonstrated in Figure 19a (10%) and Figure 19b (30%).  Their experimental spectra 
could be fitted with a new series of five Gaussian peaks.  While the spectrum of solid 
dispersion with 50% w/w drug could be fitted with the fraction of model spectrum of 
am-NIF combined with a new series of five Gaussian peaks as depicted in Figure 19c.  
The amount of am-NIF present in this sample was accounted for 10% w/w based on 
the area fraction. 

Therefore, the FD solid dispersion with drug loading of 30% w/w was selected 
as the standard for molecularly dispersed state as it did not include am-NIF and 
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model M.  In addition, it provided more opportunity for achieving in the saturated 
concentration of miscible mixture, comparing with the lower drug concentration of 
10% w/w. 

 

  

 

Figure 19 A new series of Gaussian peaks fitted to the remaining spectra of FD solid 
dispersions with drug loadings of (a) 10%, (b) 30% and (c) 50% w/w after subtracted 
by model spectra of am-NIF and model M.  Figure 19(b) was reproduced from (67) 
with permission of Springer Science+Business Media. 
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The method of curve fitting was used to estimate the amounts of each state in 
the samples.  The experimental spectra of the standards of monomolecularly and 
molecularly dispersed states, and amorphous state could be fitted with a series of 
seven, five and three Gaussian peaks as demonstrated in Figure 20.  These three 
Gaussian function models were applied to estimate the amounts of nifedipine 
presenting as monomolecularly and molecularly dispersed states, as well as 
amorphous clusters in X-ray amorphous samples. 

 

  

 
Figure 20 A series of Gaussian peaks fitted to the experimental Raman spectra of 
nifedipine (a) monomolecularly dispersed state, (b) molecularly dispersed state and 
(c) amorphous state.  Reproduced from (67) with permission of Springer 
Science+Business Media. 
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X-ray amorphous samples were analyzed by fitting the model spectra of 
nifedipine in three states i.e. monomolecular, molecular and amorphous states to 
the experimental spectra of the samples.  The model spectra of standards for 
monomolecularly and molecularly dispersed states prepared by FD were also used 
to estimate the amount of drug-polymer interactions in the solid dispersion samples 
prepared by ME and SE.  The standards prepared by FD could properly fit to the 
spectra of ME and SE samples.  The example fitting of Gaussian function models of 
standards to ME samples composed of drug 10, 30, 50, 70 and 90% w/w are 
illustrated in Figure 21.  

The relative amounts of each state in a sample were calculated based on its 
area fraction.  The values of each state were averaged from 6 different areas.  The 
homogeneity of sample was indicated by standard deviation. 
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Figure 21 Model spectra of (a) monomolecularly dispersed state, (b) molecularly 
dispersed state and (c) amorphous state of nifedipine fitted to the experimental 
spectra of ME samples with drug loadings of (A) 10, (B) 30, (C) 50, (D) 70 and (E) 90% 
w/w. 
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The proportions of nifedipine in each state were computed from the fractional 
area of each.  The values of each state in samples with different drug concentrations 
were normalized to the drug loading of 100% w/w.  The results are present in Table 
IV and Figure 22. 

Table IV The relative amounts of nifedipine presenting as monomolecularly 
dispersed state, molecularly dispersed state, and amorphous states in X-ray 
amorphous samples determined by curve fitting method. 

Preparation 
method 

Drug 
loading 
(% w/w) 

Content (% w/w) 

Monomolecularly 
dispersed state 

Molecularly 
dispersed state 

Amorphous 

FD 10 59.7 ± 2.2a 40.3 ± 2.3 0.0 ± 0.1 

30 0.6 ± 0.6 98.5 ± 1.5 0.8 ± 1.6 

50 0.1 ± 0.1 71.1 ± 4.1 28.9 ± 4.1 

70 0.0 ± 0.0 39.8 ± 1.8 60.2 ± 1.8 

ME 10 62.3 ± 6.6 37.1 ± 7.1 0.6 ± 1.0 

30 8.1 ± 7.1 86.9 ± 7.8 5.0 ± 2.0 

50 0.1 ± 0.1 68.4 ± 10.4 31.5 ± 10.4 

70 0.0 ± 0.0 40.5 ± 7.2 59.5 ± 7.2 

90 0.0 ± 0.0 8.3 ± 3.7 91.7 ± 3.7 

SE 10 59.9 ± 3.6 40.0 ± 3.7 0.1 ± 0.1 

30 2.7 ± 1.3 96.1 ± 1.7 1.2 ± 1.4 
a Standard deviation (n=6) 
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Figure 22 The content of nifedipine existing as monomolecularly dispersed state, 
molecular dispersed state and amorphous state in the studied X-ray amorphous 
samples prepared by FD, ME and SE methods.  The content of each state in different 
drug loading samples was normalized to 100% w/w (n=6).  Reproduced from (67) 
with permission of Springer Science+Business Media. 

The relative amount of each state in the solid dispersion samples would 
suggest the degree of drug-polymer interaction.  The higher portion of the 
monomolecularly dispersed stated in the solid dispersion implied the greater 
opportunity of strong drug-polymer interaction. 

The contents of each state in the samples prepared by three different 
methods showed a similar trend.  The average amounts of each state at equivalent 
drug loadings were comparable, irrespective to the preparation methods.  The results 
were consistent with the approximate degree of the shift in nifedipine peak positions 
from FD, ME and SE samples at the same drug content (Figure 15).  The similar peak 
positions implied that the strength of drug-polymer interactions among these 
samples were not different. 
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For the FD, ME and SE samples with drug loading of 10% w/w, all drug 
molecules were dispersed in the polymer at the molecular level.  Most drug 
molecules existed in the monomolecularly dispersed state and the remaining 
fractions were in the molecularly dispersed state.  For the samples with 30% w/w 
drug, almost all drug molecules in the FD, ME and SE sample were in the 
molecularly dispersed state.  Thus, the strength of adhesive force between drug and 
polymer in the sample with 30% w/w drug was weaker than that in the samples with 
10% w/w.  The trace amorphous drug of about 1 and 5% w/w could be detected in 
SE and ME samples, respectively. 

When the drug loadings were increased from 30 to 90% w/w, the proportions 
of drug dispersed at the molecular level were substantially decreased; while 
amorphous clusters were sharply increased.  With the drug loading up to 50% w/w, 
the majority portion of the drug in FD and ME samples was in the molecularly 
dispersed state, together with increased amount of amorphous state.  The nifedipine 
amorphous clusters might coexist with the molecularly dispersed drug as illustrated 
in Figure 17c.  There was no monomoleculary dispersed state detected in these 
samples.  At the drug content of 70% w/w, the fraction of the amorphous state was 
higher than the molecularly dispersed state for both FD and ME samples.  This 
suggested the extensive amorphous clusters in these samples.  The predominant 
drug molecules were interacted with itself.  For ME sample with 90% w/w drug, 
almost all drug molecules were in amorphous state.  The strength of drug-polymer 
interaction was therefore weakest. 

The FD and SE samples with up to 30% w/w drug, and the ME sample with 
10% w/w drug did not contain amorphous state.  These drug contents could be the 
maximum concentration of nifedipine in Soluplus® to maintain the miscible mixture 
of the drug and the polymer.  The trace amount of amorphous state was detected in 
the ME sample with 30% w/w drug; hence, this sample might not be clearly classified 
as miscible mixture.  The samples with 50, 70, 90% w/w drug prepared by the three 
methods were categorized into immiscible mixture because there were substantial 
amorphous and/or crystalline drugs detected in these immiscible mixtures.   
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Even with this, ME appeared to be the most effective method to prepare the 
solid dispersions without the presence of crystalline drug.  The crystalline drug was 
not found in the samples with the entire ranges of drug loadings (10, 30, 50, 70 and 
90% w/w).  Furthermore, the molecularly dispersed drug was observed even in the 
ME sample with 90% w/w drug.  However, the ME samples were inhomogeneous.  
The amounts of each state showed the greatest variation, indicated by the higher 
standard deviation comparing with the FD and SE samples as shown in Table IV and 
Figure 22.  The insufficient mixing of nifedipine and Soluplus® in powders and/or in 
the molten states might be attributed to the inhomogeneity of the ME samples. 

The DSC results indicated that the FD sample with 50% w/w drug and ME 
sample with 30% w/w drug were miscible mixtures as a single Tg without melting 
event was present.  However, Raman spectroscopy could detect the existence of 
amorphous cluster in these samples, especially a large amount in the FD sample 
with 50% w/w drug loading.  It was possibly due to the detection limit of the DSC.  
Generally, the size of amorphous cluster less than 30 nm, or tens of microns, could 
not be observed by DSC (88, 89).  Also, heat introduced to the sample during DSC 
measurement might cause the movement of molten sample, and the detection of 
melting event became obstructed (90).  This led to the misleading classification of 
the sample as a miscible mixture.  In addition, it might be due to the poor mixing of 
the ME sample.  Thus, the distribution of amorphous clusters was not homogeneous 
(as the high standard deviation shown in Table IV and Figure 22), resulting in sampling 
error. 

4.2 Solid state stability study of solid dispersion samples 

4.2.1 Crystallization tendency 

Crystallization tendency of the drug in the solid dispersions which were 
classified as miscible and immiscible mixtures were investigated by storing the 
samples at an elevated temperature (98°C), which was much higher than sample Tgs 
in order to induce molecular mobility.  At this temperature the sample were in 
rubbery state.  The influence of the molecular mobility of the glassy state on 
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crystallization was minimized and the effect of sample Tg on crystallization could be 
neglected.  Therefore, crystallization inhibition was assumed to be affected by only 
drug-polymer interaction.  If there was a strong drug-polymer interaction, this should 
retard amorphous agglomeration, and hence, an onset of crystallization should be 
delayed.  In addition, the results will be discussed based on the assumption that the 
saturated concentration of nifedipine in Soluplus® did not increase at the elevated 
studied temperature. 

The immiscible samples included in the study were the FD and ME samples 
with 50 and 70% w/w drug.  These samples contained the varied amounts of drug in 
each state and hence different degrees of drug-polymer interaction.  The majority of 
the drug molecules in the sample with 50% w/w drug were molecularly dispersed 
state; while, that of 70% w/w were amorphous state.  The onset of crystallization 
was real time monitored in VT-XRPD. 

The miscible samples subjected to the study were the FD and SE samples with 
30% w/w drug.  Although the ME sample with 30% w/w drug was still ambiguously to 
be classified as the miscible mixture as above discussed, it was also included for 
comparison.  The preliminary study suggested that these samples were relatively 
stable in the oven at 98°C for 6 days.  Thus, to monitor the crystallization tendency, 
these samples were stored in an oven, instead of real time monitoring.  The onset of 
detectable crystallization was periodically monitored with XRPD until nifedipine 
content, determined by HPLC, was less than 90.0% w/w.  It was found that the drug 
content in FD, ME and SE samples with 30% w/w drug were 86.7% w/w (FD sample), 
78.4% w/w (ME sample) and 76.2% w/w (SE sample) after storage for 28 days.  
Therefore, the study of crystallization tendency in samples with 30% w/w drug was 
terminated at 28 days. 

The time to detectable crystallization of FD, ME and SE samples containing 30, 
50 and 70% w/w drug stored at 98°C are summarized in Table V. 
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Table V Time to detectable crystallization of FD, ME and SE samples containing 30, 
50 and 70% w/w drug stored at 98°C. 

Sample Onset of crystallization 

FD 30% w/w ≥  8 ±  a days 

FD 50% w/w 10 ± 2 h 

FD 70% w/w 6 ± 1 min 

ME 30% w/w ≥  8 ±   da s 

ME 50% w/w 11 ± 3 min 

ME 70% w/w 7 ± 2 min 

SE 30% w/w ≥  8 ±   da s 
a Standard deviation (n=3) 
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The time to detectable crystallization of FD and ME samples containing 50 and 
70% w/w drug stored at 98°C are shown in Figure 23. 

  

  
Figure 23 XRPD diffractograms of FD samples with drug loadings of (a) 50 and (b) 70% 
w/w and ME samples with drug loadings of (c) 50 and (d) 70% w/w stored at 98°C.  
The diffractograms were obtained from one measurement.  Reproduced from (67) 
with permission of Springer Science+Business Media. 

No sign of crystallization could be observed in the samples with drug loading 
of 30% w/w prepared by all three methods.  The average onset time to detectable 
crystallization of FD and ME samples with 50% w/w were 10 h and 11 min, 
respectively.  The FD and ME samples with 70% w/w drug showed the onset time to 
detectable crystallization at 6 and 7 min, respectively. 

The relative amount of the drug dispersed in the polymer at the molecular 
level is plotted against the onset time for observable crystallization.  The correlation 
between the sum of monomolecularly and molecularly dispersed states, 
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(normalized to 100% w/w drug loading) and the onset time of crystallization showed 
natural exponential function relationship as depicted in Figure 24.  Within the 
homogeneous FD samples, the onset time of crystallization was substantially 
increased when the degree of molecular interaction was slightly increased.  The data 
set of FD samples provided well fitted to the model as indicated by the R2 of 1.0000 
(Figure 24a); while, the model obtained from ME samples showed relatively low R2 of 
0.7772 (Figure 24b).  This might due to the inhomogeneity of ME samples.  There 
were some large amorphous clusters in sample with 50% w/w drug rapidly inducing 
crystallization. 
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Figure 24 The correlation of sum of monomolecularly and molecularly dispersed 
states and time to detectable crystallization of (a) FD and (b) ME samples stored at 
98°C. 

Recrystallization in solid dispersion could be delayed when the amorphous 
drug is homogeneously and molecularly dispersed in the polymer (9, 10, 21).  The 
stability of amorphous drug depended on the thermodynamic factor such as drug 
concentration and the kinetic factor such as preparation method (8, 9).  These 
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findings suggested that the crystallization tendency of nifedipine in the solid 
dispersion was influenced by both factors. 

The FD and ME samples with 70% w/w drug exhibit rapid crystallization as the 
nature of immiscible mixture.  The large amount of amorphous clusters caused an 
accelerated nucleation and crystal growth.  The FD and ME sample with 50% w/w 
contained the comparable amount of molecularly dispersed drug and drug in 
amorphous state.  However, the ME sample demonstrated the much rapid onset of 
crystallization than the FD sample.  This was possibly due to the high variation of 
each state distributed in the ME sample.  Some large amorphous clusters could 
expedite nucleation, followed by the crystal growth.  This also indicated that 
recrystallization could be better delayed in homogeneous molecular dispersion 
sample, FD sample for this instant.  The FD sample with 50% w/w drug showed rapid 
crystallization, although it contained higher amount of monomolecularly and 
molecularly dispersed states, indicating higher drug-polymer interaction.  This 
because the drug loading was above the saturated concentration introduced the 
thermodynamic driving force for crystallization.  The thermodynamic factor was 
therefore able to overcome the kinetic factor of drug-polymer interaction. 

The crystallization of samples with drug loading of 30% w/w prepared by all 
three methods could not be observed, even monitoring for 28 days.  In these 
samples, the thermodynamic driving force was not high as the drug content was 
within the saturated concentration.  In addition, the considerable amount of drug-
polymer interactions detected at an ambient temperature was adequate to suppress 
molecular mobility of the drug molecules even at the elevated temperature.  Hence, 
the crystallization was inhibited.  The failure to observe crystallinity may be also 
because a trace amount of crystalline occurred at a lower level than the detection 
limit of the XRPD.  Besides, the degradation products of 15-20% w/w did not diffract 
under the studied conditions. 

According to crystallization tendency, the small amount of amorphous state in 
the ME sample with 30% w/w drug (Table IV and Figure 22) was inadequate to 
induce crystallization up to the storage time of the study.  This ME sample could be 
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justified as miscible mixture similar to FD and SE samples at the same drug 
concentration. 

It must be noted that, the temperature used in the study was much higher 
than the conventional stability.  The results only suggested the influence of the 
extent of molecularly dispersed drug in homogeneous samples on crystallization 
retardation.  It did not point out the solid state stability of the drug at ambient 
conditions. 

4.2.3 Tendency to undergo amorphous phase separation  

The purpose of this study was to investigate whether the varied degrees of 
drug-polymer interaction in the miscible mixtures could contribute to inhibition of 
amorphous phase separation.  The samples subjected to this study were the FD 
samples with drug concentrations of 10 and 30% w/w.  In these samples, the sample 
with 10% w/w drug contained approximately 60% w/w of monomolecularly 
dispersed state and 40% w/w of molecularly dispersed state.  While, the sample with 
30% w/w drug rarely contained the monomolecularly dispersed state; almost all 
drug, 99% w/w of the nifedipine content exhibited in the molecularly dispersed 
state. 

After 22 days, the chemical stability of nifedipine in FD samples with drug 
loadings of 10 and 30% w/w stored at 60°C/75% RH were 98.3% (10% w/w drug 
concentration  and   5. %    %  /  drug concentration ,  ithin the USP  6’s 
specification.  The relative amounts of monomolecularly and molecularly dispersed 
states, and amorphous drug at each time point were calculated based on the 
method described earlier. 

The content of each state in the FD sample with drug loading of 10% w/w was 
similar to that presented at the beginning of the study as shown in Table VI and 
Figure 25a.  There was a slight amorphous state in these samples in which it was 

insignificantly different from the initial point ( = 0.05, p-value = 0.07).  This implied 
that the extent of drug-polymer interaction in these samples were sufficient to inhibit 
the amorphous phase separation.  For the FD sample with drug loading of 30% w/w, 
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marked increase in amorphous and monomolecularly dispersed states were 
detected; while, the molecularly dispersed state was decreased as demonstrated in 
Table VI and Figure 25b.  This can be explained that the balance of drug-drug and 
drug-polymer interactions, reflected by approximately 99% w/w of the nifedipine 
content being molecularly dispersed state at the beginning, was failed.  At the 
temperature close to Tg, the molecules were highly mobile.  The kinetic energy 
induced the drug molecules to move closer and hence drug-drug interaction could 
overcome drug-polymer interaction.  Some drug molecules were detached from the 
polymer and formed amorphous clusters.  Consequently, the rest of drug molecules 
were surrounded by the polymer as defined by the monomolecularly dispersed 
state. 

Table VI The content of nifedipine presenting as monomolecularly and molecularly 
dispersed states, and amorphous state in FD sample with drug loadings of 10 and 
30% w/w stored at 60°C/75%RH. 

Duration 
(day) 

Content (% w/w) 

Monomolecularly 
dispersed state 

Molecularly dispersed 
state 

Amorphous 

10% w/w 30% w/w 10% w/w 30% w/w 10% w/w 30% w/w 

0 61.3 ± 1.4a 0.6 ± 0.7 38.6 ± 1.6 98.0 ± 2.2 0.1 ± 0.2 1.3 ± 2.3 

4 62.6 ± 2.2 11.8 ± 1.8 35.7 ± 3.6 78.1 ± 2.0 1.7 ± 1.7 10.1 ± 1.3 

8 62.7 ± 1.3 16.4 ± 2.4 35.5 ± 1.8 70.7 ± 3.1 1.7 ± 0.6 12.9 ± 0.7 

12 63.7 ± 1.1 18.3 ± 1.1 34.2 ± 1.1 65.4 ± 1.8 2.2 ± 0.1 16.3 ± 0.8 

17 63.1 ± 0.4 25.6 ± 4.5 35.2 ± 0.5 53.9 ± 9.5 1.7 ± 0.4 20.6 ± 5.0 

22 63.1 ± 0.5 33.6 ± 3.3 35.4 ± 0.5 32.5 ± 9.0 1.5 ± 0.1 33.9 ± 6.7 
a Standard deviation (n=3) 
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Figure 25 The content of nifedipine presenting as monomolecularly and molecularly 
dispersed states, and amorphous states in FD samples with drug loadings of (a) 10 
and (b) 30% w/w stored at 60°C/75% RH (n=3). 
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The FD sample with 30% w/w drug stored for 17 days exhibited distorted 
spectral pattern which was not fitted with the model spectra of monomolecular, 
molecular and amorphous standards comparing with the model spectrum of 12 days 
as shown in Figure 26.  The distorted spectrum was more pronounced upon storage 
for 22 days.  The amounts of each state in the samples of 17 and 22 days showed a 
relatively high standard deviation, as demonstrated in Table VI and Figure 25.  The 
experiment was therefore terminated at 22 days. 

 

  
Figure 26 The model spectrum fitted to the experimental Raman spectrum of FD 
samples with 30% w/w drug stored at 60°C/75% RH for (a) 12 and (b) 17 days. 

It was supposed that the distorted Raman spectral pattern was possibly due to 
an occurrence of nucleation and crystal growth.  A relatively large fraction of am-NIF 

existing in the samples were converted to a trace of crystalline nifedipine, either -

NIF or β- IF.   hus, an attempt  as made to  it the sample’s spectrum  ith the 

additional model spectra of -NIF or β-NIF. 

The model spectrum of -NIF or β-NIF was obtained by Gaussian function 
fitting as described in the equation (7).  An attempt was made to fit the experimental 
spectra of FD sample with 30% w/w drug stored for 17 and 22 days with five 
standard model spectra including monomolecularly and molecularly dispersed 

states, am-NIF state, -NIF and β-NIF, as the method described in the equation (9).  
However, due to the limitation of the software, the experimental spectrum of 
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sample could be fitted with the maximum of three model spectra at a time.  Each 
set of fitting was designated as shown in Table VII.  The chi2 values obtained from 
each set of fitting were compared as demonstrated in Table VII.  The model of 
standards which provided the minimal chi2 was selected to be the final set of model 
spectra to fit to the experimental spectra of FD sample with 30% w/w stored at 
60°C/75% RH for 17 and 22 days. 

Table VII Chi2 values obtained from fitting experimental spectrum of the FD sample 
with 30% w/w drug stored at 60°C/75% RH for 22 days with varied standard models.   

Set Monomolecular Molecular am-NIF -NIF β-NIF Chi2 

1 + a + + - b - 633 

2 + - + + - 1647 

3 - + + + - 426 

4 + + - + - 113 

5 + - + - + 1584 

6 - + + - + 1361 

7 + + - - + 1446 
a Included in Gaussian function fitting 
b Excluded in Gaussian function fitting 

The minimal chi2, indicating the best fit, was obtained from the standard 
models of monomolecularly and molecularly dispersed states, and -NIF.  
Therefore, these model spectra were used to calculate the amount of 
monomolecularly and molecularly dispersed states, and -NIF in the samples as the 
method described in the equation (9) and (10).  The results are shown in Figure 27 
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Figure 27 The content of nifedipine presenting as monomolecularly and molecularly 

dispersed states, amorphous state and -NIF in the FD sample with drug loading of 
30% w/w stored at 60°C/75% RH (n=3). 

These results pointed out that there was some amorphous nifedipine in the FD 

sample with 30% w/w drug converted to -NIF upon storage to 17 and 22 days.  

The contents of -NIF in the samples were 11.2 ± 2.8% w/w (17 days) and 19.2 ± 
4.1% w/w (22 days) of the nifedipine content.  The contents of molecularly 
dispersed states in the samples at 17 and 22 days were higher than that of 12 days.  
This was probably due to the limitation of calculation.  Although there might be am-
NIF in the samples at 17 and 22 days, it could not be calculated when the 
experimental spectra were only fitted to the model spectra of monomolecularly and 

molecularly dispersed states, and -NIF.  The missing amount of am-NIF might cause 
error in the amount of molecularly dispersed state. 

The existence of calculated -NIF in the FD samples with 30% w/w drug stored 
at 60°C/75% RH for 22 days, being 19.2% of nifedipine content or approximately 6% 
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w/w of the total sample weight, however, could not be detected by XRPD as 
depicted in Figure 28. 

 
Figure 28 XRPD diffractograms of (a) Soluplus®, (b) FD sample with 30% w/w drug 

stored at 60°C/75% RH for 22 days, (c) am-NIF, (d) β–NIF and (e) -NIF. 
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CHAPTER V  
CONCLUSIONS 

The results of the present study indicated that Raman spectroscopy was a 
useful tool to detect the hydrophobic interaction between the aromatic hydrocarbon 
of nifedipine and the cyclic amide of Soluplus®.  The application of Gaussian function 
to establish the model of the Raman spectra allowed the extent of drug-polymer 
interaction to be determined based on the solid state morphology of drug dispersed 
in the polymer. 

The hydrophobic interaction between the drug and the polymer was found to 
be stronger than the drug-drug interaction in the miscible mixtures until up to 30% 
w/w drug loading.  The present study also proved that the drug loading affected the 
extent of drug-polymer interaction; the more drug was diluted, the stronger drug-
polymer interaction would be.  This further resulted in the inhibition of 
recrystallization and hindered the drug to undergo amorphous phase separation. 

The preparation methods had an insignificant effect on the miscibility of solid 
dispersion but rather on homogeneity of the states of drug existing in the solid 
dispersions.  The melting method employed in the solid dispersion preparation 
caused inhomogeneous matrix, leading to rapid recrystallization at high temperature 
studied. 

Raman spectroscopy was also shown to be a potential tool to monitor the 
tendency to undergo amorphous phase separation in miscible mixture at the early 
stage.  This tool revealed that to prevent the miscible mixture from amorphous 
phase separation, the concentration of the drug in the polymer should be much 
lower than the saturated concentration.  Then, the strength of drug-polymer 
interaction could efficiently impede amorphous drug agglomeration, and the 
crystallization could eventually be delayed. 

However, the quantification of the extent of drug-polymer interaction could be 
improved if the calculation at a time is applied to the model spectra of the solid 
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dispersion at low and saturated drug concentration, am-NIF, -NIF and β-NIF for this 
case.  In addition, the effect of drug-polymer interaction on the solid state stability of 
sample should be implemented under conventional stability conditions e.g. 
30°C/75% RH or 40°C/75% RH.  Finally, the feasibility of quantifying the extent of 
drug-polymer interaction in samples prepared by industrial scale processing, i.e. spray 
drying or hot melt extrusion, should be further investigated. 
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APPENDIX 

a) Dynamic vapor sorption (DVS) 

The moisture sorption profiles of am-NIF and Soluplus® during humidity 
increase from 0 to 98% RH are shown in Figure 29.  am-NIF and Soluplus® showed 
the mass changes, due to water uptake, of 0.6 and 41.3% w/w, respectively.  The 
mass of Soluplus® was rocketed when water vapor was increased from 65 to 98% 
RH.  This result pointed out that Soluplus® was very hygroscopic in nature compared 
to am-NIF. 

 

Figure 29 The moisture sorption profiles of am-NIF and Soluplus® during humidity 
increase from 0 to 98% RH. 

b) Thermogravimetric analysis (TGA) 

TGA was applied to monitor the residual solvents of prepared solid dispersions.  
The samples were heated to 120°C because the boiling points of methanol and 
tertiary-butyl alcohol are approximately 65 and 83°C, respectively.  At the 
experimental temperature, it was postulated that the residual solvent was 
completely evaporated.  The residual solvents of FD and SE samples after vacuum 
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dried over silica gel for at least 24 h are present in Table VIII.  Most FD and SE 
samples consisted of less than 3.0% w/w of residual solvent.   

Table VIII The residual solvents of FD and SE samples measured by % weight loss 
after heating the samples from room temperature (~25°C) to 120°C. 

Sample (% w/w drug) Residual solvent (% w/w) 

FD 10% 1.36a, 2.60b 

FD 30% 1.10, 3.28 
FD 50% 0.86, 1.01 
FD 70% 1.15, 1.16 
FD 90% 1.20, 1.33 
SE 10% 1.71, 0.97 
SE 30% 0.40, 0.90 
SE 50% 0.56, 0.59 
SE 70% 0.97, 0.25 
SE 90% 0.85, 0.36 

a Value of the first batch 
b Value of the second batch 

c) High performance liquid chromatography (HPLC) 

Analytical method verification 

Specificity 

Soluplus® was not eluted by the proposed HPLC condition.  Thus, the polymer 
did not interfere the analysis of nifedipine content. 

Linearity and range 

Nifedipine was eluted at about 24.0 min.  Nitrosophenylpyridine analog, the 
related compound of nifedipine, was eluted at about 21.4 min.  The retention time 
of nitrosophenylpyridine anolog was 0.9 relative to that of nifedipine which was 
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complied with USP 36.  The representative chromatogram of nifedipine standard 
solution is shown in Figure 30. 

 

Figure 30 The chromatogram of nifedipine standard solution concentration of 0.1 
mg/ml showing the elution of nitrosophenylpyridine analog peak and nifedipine 
peak, respectively. 

The calibration parameters i.e. slope (a), intercept (b), correlation coefficient (R), 
coefficient of determination (R2) derived from the plot of nifedipine concentrations 
over the range of 0 to 0.12 mg/ml versus responses are present in Table IX.  The 
correlation coefficients obtained from the calibration curves were greater than 0.999 
and the y-intercepts were less than 5% of the midrange concentration responses.  
The range of the analytical method was between 0 to 0.12 mg/ml. 

Table IX Calibration parameters of the proposed method obtained from the plot of 
nifedipine concentrations over the range of 0 to 0.12 mg/ml versus responses. 

Parameter 
Day 

a b R R2 

1 11805563 -4153 0.9999 0.9998 
2 11814026 -9903 0.9999 0.9997 
3 11706609 -226 0.99997 0.9999 
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Accuracy 

The plot of added nifedipine concentrations of 0.011, 0.055 and 0.110 mg/ml 
against the found concentrations is demonstrated in Figure 31.  The slope and the y-
intercept were approximately to 1 and 0, respectively; and the correlation coefficient 
was greater than 0.999.  % Recovery was between 99.4 and 100.6%. 

 
Figure 31 The plot of added versus found concentrations of nifedipine at 0.011, 0.055 
and 0.110 mg/ml for verifying accuracy of the proposed method. 

Precision 

The RSD for repeatability precisions of day 1, 2 and 3 were 0.41, 0.36 and 
0.76%, respectively.  The RSD for intermediate precision was 0.52%.  The overall RSD 
values were less than 2.0%. 

The selectivity, linearity and range, accuracy and precision results indicated that 
the analytical method was acceptable for nifidpine assay (91, 92). 
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Assay 

System suitability 

The system suitability parameters obtained from six replicate injections of 
nifedipine concentration of 0.1 mg/ml were conformed to the acceptance criteria of 
USP 36 (79).  The column efficiency was 13204 theoretical plates.  The tailing factor 
was 1.1 and the RSD for replicate injections was 0.1%. 

Sample assay 

The chemical stability of nifedipine in am-NIF and solid dispersions were 
between 90.0-110.0% which was conformed to the acceptance criteria of USP 36 (79) 
as the results shown in Table X.  The content of residual solvent obtained from TGA 
was accounted for the assay calculation. 
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Table X Chemical stability of prepared am-NIF and solid dispersion samples 
determined by a HPLC method according to USP 36. 

Sample % Assay 

am-NIF 96.9 ± 0.6a 
FD 10% 101.7 ± 0.8b, 98.6 ± 1.0c 
FD 30% 104.9 ± 1.1, 100.6 ± 1.7 
FD 50% 98.7 ± 0.2, 97.3 ± 0.5 
FD 70% 96.8 ± 0.6, 96.6 ± 0.2 
FD 90% 100.2 ± 3.4, 100.4 ± 0.2 
ME 10% 95.0 ± 0.1, 93.3 ± 0.3 
ME 30% 98.0 ± 2.1, 93.3 ± 1.3 
ME 50% 100.0 ± 0.3, 98.2 ± 0.7 
ME 70% 99.1 ± 0.9, 99.1 ± 3.5 
ME 90% 99.6 ± 3.5, 101.9 ± 0.4 
SE 10% 105.6 ± 1.1, 103.9 ± 0.3 
SE 30% 99.6 ± 1.6, 100.6 ± 0.9 
SE 50% 104.1 ± 0.5, 101.7 ± 1.4 
SE 70% 104.4 ± 2.2, 101.1 ± 0.3 
SE 90% 102.7 ± 2.0, 106.3 ± 0.7 
a Standard deviation (n=2) 
b Value of the first batch 
c Value of the second batch 
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