
Introduction

Nimodipine is a drug substance of the 1,4-dihydro-

pyridene type which is used for the prevention and treat-

ment of ischaemic neurological deficits caused by

spasm of cerebral vessels following subarachnoid haem-

orrhage [1, 2]. Nimodipine is a chiral molecule and

shows two polymorphic forms [3, 4]. Crystal modifica-

tion I of Nimodipine refers to the racemic compound,

while modification II to the conglomerate. Modification

II is the thermodynamically stable form of the drug. De-

spite the fact that it is a highly permeable drug,

Nimodipine exhibits low bioavailability after oral ad-

ministration due to its slow dissolution in the gastroin-

testinal fluids (class II of the BCS), which represents the

rate limiting step in the drug’s absorption [5]. Detailed

investigation of the solidstate of the drug is required

prior to developing new formulations of Nimodipine.

Unfortunately, in most cases recrystallization of

Nimodipine cannot be prevented and so polymorphism

must be also studied [3–6]. The improvement of its dis-

solution characteristics from its oral solid dosage forms

is an important consideration towards enhancing its

bioavailability and therapeutic efficiency.

Solid dispersions are defined as dosage forms

whereby the drug is dispersed in a biologically inert ma-

trix. Usage of solid dispersions aims at increasing the

dissolution rate of drugs with low aqueous solubility.

The latter is determinant of the oral bioavailability of a

drug. Optimization of the wetting characteristics of the

compound surface as well as increasing the interfacial

area available for drug dissolution, facilitate higher drug

dissolution rates from a solid dispersion [7]. Although

increased interfacial area for drug dissolution can be

easily accomplished by, for example, decreasing the

particle size of the drug powder, micronized powders

may result in further complications as they occasionally

tend to agglomerate. A more preferable solution would

be to introduce the drug in the form of a molecular dis-

persion [8].

The solid dispersion manufacturing process is

crucial for the dissolution characteristics of the drug

[9, 10]. Changes in solid-state of the active ingredient

may alter its dissolution characteristics. Thus the

preparation and storage conditions of solid disper-

sions are important [11–16]. Powder X-ray diffrac-

tometry (XRPD), differential scanning calorime-

try (DSC), differential thermoanalysis, solution calo-

rimetry, infrared spectroscopy and FT-Raman spec-
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troscopy are used for monitoring the stability of the

amorphous state of the drug dispersed in the polymer

[17–20]. Raman spectroscopy is a new powerful tool

for the characterization of pharmaceutics [21–25].

Todate, there are only limited published works on

solid dispersions of Nimodipine, most of them on using

PEG as drug carrier [26–32]. In this work, solid disper-

sions of Nimodipine in poly(vinyl pyrrolidone) were

prepared in order to increase its solubility. PVP is an

amorphous polymer, and in contrast to PEG, it has been

proved to form amorphous drug dispersions, which in

turn favour enhancement of drug dissolution rates. The

physicochemical characteristics of the above solid dis-

persions were studied in order to extract information

about the transformation of the drug to the amorphous

state and the crystalline polymorphic forms in compari-

son with the pure drug characteristics. Furthermore, the

effect of the physicochemical characteristics and mainly

the particle size distribution on the dissolution rates im-

provement was evaluated.

Experimental

Materials

Micronized Nimodipine (Nimo) with an assay of

101.2%, melting point of 125–128°C, aqueous solu-

bility of approximately 0.5 mg L
–1

and freely soluble

in ethanol, was supplied from UQUIFA (Spain). The

particle size distribution was determined using a

Malvern Mastersizer S (633 nm) and found to range

from about 1 �m (or less) to 29 �m (10% up to 1 �m,

50% between 1 and 9 �m, and 40% between 9 and

29 �m). Poly(vinyl pyrrolidone) (PVP) type Kollidon

K30 with a molecular mass of 50,000–55,000 was

purchased from BASF (Ludwigshafen, Germany).

Ethanol absolute was purchased from Merck.

Preparation of solid dispersions

To prepare solid dispersions, the solvent evaporation

method was followed using ethanol as the common

solvent. Proper volumes of two solutions (5 mass%),

one of the drug and one of the polymer (PVP), in etha-

nol were mixed and the mixture was ultrasonicated

for 10 min. The solvent was removed by evaporation

under vacuum in a rotary evaporator at 50°C for 24 h.

Thus, solid dispersions with Nimo/PVP 10/90, 20/80,

30/70, 40/60 and 50/50 mass ratio were prepared. Af-

ter complete removal of the solvent the samples were

stored at 25°C in a desiccator.

Methods

Differential scanning calorimetry (DSC)

DSC study was performed on a Perkin-Elmer

Pyris 1 DSC, equipped with Intracooler 2P cooling

accessory. Accurately weighed samples (5 mg) were

placed in standard aluminium pans and sealed with a

lid. Heating rates of 20°C min
–1

were applied with a

nitrogen purge of 20 mL min
–1

. Also, Modu-

lated-Temperature DSC (MTDSC) study was per-

formed using the same instrument used for standard

DSC analysis. The Step-Scan Software of

Perkin-Elmer was used. Step-Scan DSC is a tempera-

ture modulated DSC technique that operates, in con-

junction with the power compensation DSC. The ap-

proach applies a series of short interval heating and

isothermal steps to cover the temperature range of in-

terest. With the Step Scan DSC approach, two signals

are obtained. Thermodynamic Cp signal represents

the reversible changes in the material, while the iso-

thermal signal reflects the irreversible phenomena

during heating. Because the sample is either heated or

held isothermally (true isothermal), the Step Scan

DSC approach is straightforward. In this study heat-

ing steps of 4°C at a heating rate 10°C min
–1

between

isothermal steps of 0.4 min were selected. Thus, scans

from –50 to 220°C were performed and the average

heating rate was 5°C min
–1

.

X-ray powder diffractometry (XRPD)

XRPD study was performed over the range 2� from 5

to 60°, at steps of 0.05° and counting time of 5 s, us-

ing a Philips PW1710 powder diffractometer, with

CuK� Nickel-filtered radiation.

Scanning electron microscopy (SEM)

The morphology of the prepared solid dispersions as

well as the physical mixtures was examined by a

scanning electron microscopy system (SEM) Jeol

(JMS 840). The films were covered with carbon coat-

ing in order to increase conductivity of the electron

beam. Operating conditions were accelerating voltage

20 KV, probe current 45 nA and counting time 60 s.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were obtained using a Perkin Elmer

FTIR spectrometer, model spectrum 1000. In order to

collect the spectra, a small amount of each material

was used by compression in KBr tablets. The IR spec-

tra were obtained in the spectral region

400–4000 cm
–1

using resolution 4 cm
–1

and 10 co-

added scans.
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Micro-Raman spectroscopy

Raman studies on Nimodipine formulations were per-

formed by using a Horiba/Jobin- Yvon microRaman

Spectrometer (Model: LabRAM) with spectrum reso-

lution capability 2–3 cm
–1

, equipped with a 632 nm

He/Ne laser source, 1800 1 nm
–1

grating and an

Olympus BX41 microscope system. Collection of the

spectra was performed in backscattering mode at

room temperature under the following conditions:

×100 microscope objective, 100 �m pinhole size,

300 �m slit width, and 20 s exposure time. Each spec-

trum represents the average of two measurements.

Sample profiling (2D mapping) was performed under

the same conditions at a step increment of 0.5 �m in

both x- and y-direction.

Dissolution testing

The test was performed at 37°C and 100 rpm.

1000 mL of aqueous solution containing 0.5%

(mass/mass) of Sodium Lauryl Sulphate was used, in

order to identify potential differences in the dissolu-

tion profile of the examined preparations. Samples

were collected at 10, 20, 30, 45, 60, 90, 120, 180, 240

and 300 min using an automatic sampler type Distek

Evolution 4300 and analyzed immediately after sam-

pling, according to an appropriately validated UV

method, at 353 nm, using a UV-Vis

spectrophotometer type Shimadzu 1601. Nimo/PVP

systems of 10/90, 20/80, 30/70, 40/60 and

50/50 mass/mass prepared by the solvent evaporation

methods, as well as a physical mixture of

Nimo/PVP 10/90 and 50/50 mass/mass were evalu-

ated. The test was performed in triplicate while the

RSD was found to be less than 3%.

Results and discussion

Characterization of the solid dispersions

Despite the fact that all Nimodipine/PVP solid disper-

sions were prepared by solvent evaporation under the

same conditions, the visual appearance of the final

samples showed a significant variation with drug con-

tent. Since PVP is amorphous, the observed variations

have to be linked directly to differences in the drug’s

physical structure in those mixture. Specifically, the

solid dispersions having a drug content of 20 mass%

or less were glassy-transparent with a light yellow

colour, showing that the drug was most probably in

the amorphous state. The solid dispersions containing

higher than 30 mass% Nimodipine were opaque with

a white colour, maybe due to the drug crystallization.

To detect the solidstate of the dispersions XRPD

patterns of the samples were recorded after a short pe-

riod of storage (ten days) in comparison with their re-

spective physical mixtures. The XRPD patterns of the

solid dispersions are shown in Fig. 1a. The patterns

corresponding to physical mixtures showed

crystallinity of the drug for all mixing ratios (data not

shown). On the other hand, the solid dispersions at 10

or 20 mass% Nimodipine concentrations did not show

crystalline reflections. Only the two amorphous halos

of PVP were present in the XRPD patterns [33]. It

seems that PVP is an effective carrier for the prepara-

tion of amorphous dispersions at low drug concentra-

tions [34, 35] while this is not possible to achieve

when crystalline carrier like PEG are used as carriers

[36, 37]. However, at higher drug concentrations the

drug recrystallized.

Another important point that emerged from the

examination of the XRPD patterns is the type of crys-

tal modification. More specifically, the crystalline

peaks in the XRPD patterns of the Nimo/PVP 30/70

up to 50/50 mass/mass solid dispersions were found

to be consistent with the crystalline reflections of the

known crystal modification II of Nimodipine

[3, 4, 38]. In the patterns for the respective physical

mixtures, crystal reflections of modification I were

observed, same as those for the original Nimodipine

sample used for the preparation of both the physical

mixtures and solid dispersions. Moreover, results

from a separate study we conducted show that

recrystallization of the drug to modification II crystals

was also observed in the case of the Nimo/PEG solid

dispersions prepared also by solvent evaporation [24].

The above XRPD study of the solid dispersions was

repeated after six months and finally the samples were

tested after two years. There were no differences be-

tween the patterns for the solid dispersions despite the

long storage, meaning that neither increase was ob-

served in the drug crystallinity nor transition of crys-

tal modification was detected (Fig. 1b). This finding

is in agreement with a recent study by Urbanetz who

found that PVP prevents the recrystallization of

Nimodipine and thus stabilizes its physical state

during storage [25].

An indication of the physical state and degree of

miscibility for the prepared Nimodipine/PVP solid

dispersions can be obtained by means of DSC analy-

sis [39–42]. The DSC traces conducted on solid dis-

persions with 10 and 20 mass% drug content showed

no melting peak for Nimodipine (Fig. 2), in agree-

ment with the XRPD patterns. However, melting of

the drug was observed in the solid dispersions con-

taining higher amounts of drug. Grunenberg et al. in

their paper on the polymorphism of Nimodipine used

the onset temperature of the melting peak as the melt-

ing temperature of the crystals [3]. Thus, it was re-

ported that the Tm for modification I crystals is 124°C,
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while modification II crystals have a Tm of 114°C. In

the case of Nimo/PVP solid dispersions with high

drug load, melting begins at lower temperature, which

rather shows presence of Nimodipine modification II

crystals, in contrast to the physical mixtures for which

the higher melting temperature is consistent with

Nimodipine crystal modification I. It should also be

noted that the glass transition temperature (Tg) of

Nimodipine was in the region of 20°C, as tests of

amorphous (melt-quenched) samples showed (data

not shown here for briefness). This low Tg value

means that Nimodipine may crystallize during storage

at room temperature [43–45].

In order to acquire more accurate data on the

thermal behaviour and physical state of the prepared

solid dispersions, Step-Scan MTDSC was employed.

The recorded curves showed that the

Nimo/PVP 10/90 and 20/80 mass/mass solid disper-

sions exhibit single composition dependent Tg, as one

can see in Fig. 3a. The Tg value of pure PVP was

found to be 161°C while for Nimodipine 20°C. The Tg

of the solid dispersions decreased with increasing

Nimodipine content, to 130 and 105°C for the 10/90

and 20/80 mass/mass solid dispersions, respectively.

As can be seen, by using the Step-Scan MTDSC the

Tg of each solid dispersion is recorded with higher ac-
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Fig. 1 a – XRPD patterns of Nimodipine/PVP solid

dispersions, b – XRPD patterns of Nimodipine/PVP

20/80 mass/mass solid dispersion after different stor-

age times

Fig. 2 DSC traces of Nimodipine/PVP solid dispersions after

6 months



curacy and is more pronounced (Fig. 3b). From these

curves it seems that Nimodipine and PVP were misci-

ble at low Nimodipine content. Systems exhibiting a

single Tg are believed to be either single-phase mix-

tures where the drug exists in molecular level disper-

sion or mixtures where the minor component is dis-

persed in the form of particles of less than 10–20 nm

in diameter into the matrix of the component in excess

[37, 46]. However, in studied solid dispersions con-

taining higher Nimodipine load (30–50 mass%), two

melting points of Nimodipine are recorded. The first

one at 118°C, which is attributed to the crystal mod II

and a second one at 131°C attributed to the crystal

mod I. The magnitude of the second peak is much

higher indicating that Nimodipine is mainly in the

crystal mod I. However, from XRPD it was found that

in these solid dispersions Nimodipine is in mod II

(Fig. 1). So it seems that during DSC scans the mod II

is melted and immediately transforms to the crystal

mod I, which is thermodynamically more stable. After

quenching and subsequent heating of these solid dis-

persions the melting point of Nimodipine is disap-

peared and two glass transitions were recorded, close

to Tgs of the initial components. The latter indicates

that the PVP and Nimodipine are both in amorphous

state, but were separated. As a matter of fact, the Tgs

of both components are slightly shifted to intermedi-

ate values, which indicates some limited miscibility,

caused by interactions between the drug molecules

and polymer chains.

Several theoretical and empirical equations have

been proposed for miscible systems with the purpose

to estimate the extent of interactions between the mix-

ture components and also correlate their glass transi-

tion temperatures to the mass fractions and glass tran-

sitions of the pure components. Among them, the Fox

equation can be used to capture the Tg/composition

relationship [47]:

1/Tg=w1/Tg
1

+w2/Tg
2

(1)

where, Tg is the glass transition temperature of the

blend, w1 and w2 are the overall mass fractions of the

two components forming the blend and T
g

1

, T
g

2

are

their glass transition temperatures. By using the Fox

equation the Tg of the solid dispersions containing 10

and 20 mass% Nimodipine, which show a single glass

transition and thus are completely miscible, is

predicted to be 94.4 and 66.8°C, respectively.

However, these values are very low and far away from

those recorded by DSC. This large difference between

the predicted and recorded temperatures is an

indication that strong interactions are taking place

between the two components. For this case, Gordon

and Taylor proposed an equation that captures the

effect of interactions that are not accounted for by the

Fox equation [48]:

Tg=(w1Tg
1

+kw2Tg
2

)/(w1+kw2) (2)

where k is a constant representing a semi-quantitative

measure of the interaction strength between the func-

tional groups. If k takes values close to 1 or higher

then it is suggested that strong interactions take place,

as for example, in the PVP/PVAL or polyglutar-

imide/poly(styrene-co-maleic anhydride) blends

[49, 50]. However, as found in our previous study,

miscible systems can be formed when these interac-

tions are low, i.e., k takes values less than 1 [51]. By

applying the measured Tgs into the Gordon–Taylor

equation it was found that the values of k are 2.53 and

2.49 for the solid dispersions containing 10 and

20 mass% Nimodipine, respectively. These values are

much higher than 1, implying that indeed the interac-

tions between the functional groups of Nimodipine

and PVP are very strong.

In solid dispersions containing higher than

30 mass% Nimodipine, which appear to have two

shifted glass transitions at different temperatures than

the initial components, this shift is caused by interac-

tions taking place between the components. More-
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Fig. 3 Step-Scan MTDSC data a – Reversing signal (Cp),

total and non-reversing signal (isothermal baseline) for

the Nimo/PVP 10/90 mass/mass solid dispersion

obtained by heating rate at 5°C min
–1

; b – Reversing

signal (Cp) for the pure PVP, Nimo/PVP 10/90 and

20/80 mass/mass solid dispersions



over, the shifts may be also the result of the penetra-

tion of each component into the phase primarily com-

posed of the other. The amount of each component

contained in the two phases can be calculated using

the empirical equation of Fox, by taking into account

the Tg shifts [47]:

w
1

�
=(T

g
1b

–T
g

2

)/(T
g

1

–T
g

2

) (3)

where w
1

�
is the apparent mass fraction of the sub-

stance 1 in that substance’s rich phase and T
g

1b

is the

observed Tg of the substance 1 in the blend. The same

equation can be applied to calculate the apparent mass

fraction of the second component w
2

�
in the other

phase. By using Eq. (3) and the Tg values measured

with DSC, the apparent volumes of each component

in the two phases of the Nimo/PVP mixture were cal-

culated. The results are summarized in Table 1.

As shown in Table 1, by increasing the amount

of the polymer in the system, the mass fraction of PVP

in the Nimodipine-rich phase and mass fraction of

Nimodipine in the PVP-rich phase also increases.

This behaviour leads to partial miscibility between

PVP and Nimodipine in the glassy state and for this

reason the recorded Tgs are shifted to different tem-

peratures, compared with the initial components. The

presence of the PVP macromolecules in the

Nimodipine-rich phase, as well as the presence of

Nimodipine into PVP phase, could be explained with

the interactions that take place between the reactive

groups.

FTIR analysis

It is important to note that Nimodipine has an amine

group in its molecule, which is able to form hydrogen

bond with the carbonyl groups of the PVP

macromolecules. The assumption that interactions

between unlike molecules can lead to partial

miscibility of the Nimodipine-PVP mixtures was

investigated by using FTIR spectroscopy. Figure 4

shows the IR spectra of pure Nimodipine (crystal

form I), after recrystallization from ethanol solution

(crystal form II), prepared by melt quenching

(amorphous), as well as the spectra of the solid

dispersions. As can be seen there are differences in the

spectra of the different modifications of Nimodipine.

Thus, the spectra of solid dispersions should rather be

compared with those of the Nimodipine modification

occurring in the specific samples. In the spectra for the

Nimo/PVP 10/90 and 20/80 mass/mass solid

dispersions, in which Nimodipine was amorphous, a

shift was found in the peak corresponding to the

absorbance of –NH– of amorphous Nimodipine to

lower values. Specifically the peak in the pure drug

spectrum was at 3335 cm
–1

while it was observed at

3290 and 3270 cm
–1

in the spectra of the

Nimo/PVP 10/90 and 20/80 mass/mass solid

dispersions, respectively. This is most probably a proof

that hydrogen bonds are formed. Also, a shift was

observed in the absorbance of carbonyl group of PVP

from 1662 for the pure polymer to 1658 and 1653 cm
–1

in the spectra for the 10/90 and 20/80 mass/mass solid

dispersions, respectively. The above verified the

presence of interactions promoting amorphization of

the drug (Fig. 4c). Similar interactions were reported to

occur between the amide group of Felodipine (a drug

of the same family as Nimodipine) and PVP carbonyl

groups, which result in amorphisation of Felodipine in

its solid dispersions with PVP, as well as dissolution

rate enhancement [52].

From these spectra it is obvious that the involved

interactions are higher in the sample containing

20 mass% Nimodipine since the corresponding wave-

numbers are shifted to much lower values compared

to the sample containing 10 mass% Nimodipine.

However, in the solid dispersions containing higher

than 30 mass% Nimodipine the corresponding

wavenumbers of Nimodipine are shifted by only

2–5 cm
–1

at lower positions, indicating that the inter-

actions are of lesser magnitude (Fig. 4b). This is be-

cause the solid solution became progressively satu-

rated and Nimodipine crystallizes creating a

two-phase system.

Micro-Raman

The spatial distribution of Nimodipine, the amor-

phous content and its polymorphism in the case that
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Table 1 Apparent mass fraction of Nimodipine (Nimo) and Poly(vinyl pyrrolidone) (PVP) in the rich phase of each component

NIMO Rich Phase PVP Rich Phase

Ratio of Nimo/PVP

(mass/mass)

Tg Nimo/

°C

Tg PVP/

°C

w
1

�
of

Nimo

w
2

�
of

PVP

w
1

��
of

Nimo

w
2

��
of

PVP

100/0 20.0 – – – – –

30/70 42 137 0.844 0.156 0.170 0.830

40/60 37 148 0.880 0.120 0.092 0.908

50/50 26 156 0.957 0.043 0.050 0.950

0/100 – 161 – – – –



crystalline drug occurred in the solid dispersions,

were also studied by means of micro-Raman spectros-

copy and SEM. Our previous study demonstrated that

these techniques can be successful in the examination

of a drug’s particle size distribution inside a polymer

matrix [53]. However, since Nimodipine creates dif-

ferent crystal forms, its polymorphism should first be

examined. The two modifications of Nimodipine ex-

hibit different Raman and IR spectra [3]. In the pres-

ent study, their identification by Raman spectroscopy

became possible by using as criterion the intensities

of the peaks observed at 1347 and 1642 cm
–1

. In a

Raman spectrum, the intensity ratio I1347/I1642 is

greater than unity for Mod I (racemic compound) and

the opposite is true for Mod II (conglomerate). More-

over, this ratio varies greatly not only between differ-

ent crystal modifications but also between the crystal-

line and amorphous state of the drug in its pure form

and thus it can be used to determine the physical state

of the drug. This is demonstrated in Fig. 5, where typ-

ical Raman spectra for these three distinct cases, two

crystalline and the amorphous state are shown.

As seen in Fig. 5, when the drug crystallizes in

Mod I, the band assignment at 1642 cm
–1

is signifi-

cantly suppressed and this results in an intensity ratio

much larger than one. On the other hand, when the
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Fig. 4 a – FTIR spectra of amorphous and crystalline Nimodipine (mod I and mod II); b – FTIR spectra of the Nimo/PVP solid

dispersions compared to those of pure Nimodipine and c – schematic representation of the hydrogen bonds between the

Nimodipine and PVP molecules
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Fig. 5 Raman spectra of Nimodipine existing in different forms: a – crystal of Mod I; b – amorphous phase I; c – crystal of

Mod II; d – Amorphous phase II; The polymorphs can be distinguished on the basis of the peak intensities at 1347 and

1642 cm
–1

(indicated by the arrows); e – Raman spectrum of pure PVP; f – Detail from a Raman spectrum corresponding

to Nimo/PVP 10/90 mass/mass solid dispersion



drug crystallizes as Mod II, the band assignment at

1347 cm
–1

almost disappears. Thus, the resulting in-

tensity ratio now becomes much smaller than unity.

Finally, the intensity ratio for the amorphous drug is

found to lie between those two values. The variation

of these intensity ratios as a function of the physical

state of the pure drug is shown collectively in Table 2.

The tabulated mean values correspond to one hundred

measurements taken from each sample. Inspection of

Table 2 reveals distinct differences in the values of

the intensity ratios; hence the latter are being used

here as means for determining the physical state and

spatial distribution of the drug in its solid dispersions

in PVP.

Examination of the Raman spectra of pure

Nimodipine and PVP compounds (Fig. 5) shows that

the two materials do not share major characteristic

peaks; therefore, the contribution of each one of them

in their respective mixtures could be easily identified.

The only overlap seems to occur around the region

that corresponds to the stretching vibrations of the

carbonyl bond (>C=O). The maximum values of the

corresponding peaks for Nimodipine and PVP are

found at 1642 and 1662 cm
–1

, respectively. Although

the two peaks almost overlap in the mixtures, a dis-

tinction between them is always possible by virtue of

the fact that the one corresponding to Nimodipine has

a significantly higher intensity. An example of this

can be seen in Fig. 5f, which displays a Raman spec-

trum obtained from a sample with 10 mass% drug

content. Even at this low mixing ratio, the intensity of

the peak at 1642 cm
–1

(Nimodipine) is significantly

higher, whereas that of PVP appears as a weaker

‘shoulder’ peak.

The size and spatial distribution of domains

where Nimodipine existed as amorphous or crystal-

line forms was performed by means of micro-Raman

mapping (XY scan) on randomly selected areas in a

number of samples. Examples can be seen in Figs 6

and 7, where mapped areas corresponding to solid

dispersions of Nimo/PVP with 10/90 (amorphous)

and 40/60 mass/mass (crystalline) mixing ratios are

shown. Unless otherwise specified, the colour bars

(scale 0-4) indicate the value of the intensity ratio
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Table 2 Intensity ratios corresponding to the three types of Nimodipine found in this study. The columns labeled ‘Peak 1’ and

‘Peak 2’ indicate the wavenumber range over which peak intensity values were observed for these two-band

assignments

Modification Structure Peak 1/cm
–1

Peak 2/cm
–1

Intensity ratio, R (=I1/I2)

Mean S.D.

I Crystalline 1347–1348 1642–1643 3.67 0.58

I Amorphous 1348–1351 1645–1647 1.22 0.17

II Amorphous 1347–1350 1645–1647 0.83 0.074

II Crystalline 1347–1348 1643 0.171 0.035

Fig. 6 MicroRaman XY scan of a sample area corresponding

to the Nimo/PVP 10/90 mass/mass solid dispersion.

a – Optical micrograph of the sampled area; b – Color

intensity profile corresponding to the peak at

1347 cm
–1

; c – Examination of the same area in terms

of the peak ratio I1347/I1642 shows that the drug exists

everywhere in the amorphous phase



I1347/I1642 in the sample. Using as key the values from

Table 2, dark blue domains correspond to crystals of

Mod II while yellow domains correspond to crystals

of Mod I. Values in between can be attributed to the

amorphous phase of the drug.

Figure 6 shows the result of micro-Raman map-

ping of a sample area corresponding to the

Nimo/PVP 10/90 mass/mass solid dispersion.

Figure 6a shows the optical micrograph of the sam-

pled area with the dashed square outlining the

mapped area. The bright spots are surface contamina-

tion during preparation of the samples. In Fig. 6b, the

colour intensity profile corresponding to the peak at

1347 cm
–1

is shown. The blue areas (week signal) in-

dicate uniform drug dispersion and also low drug con-

tent (10 mass%). The coloured spots observed in

some areas of the images suggest domains of higher

drug concentration. In Fig. 6c, a colour plot corre-

sponding to the local values of the I1347/I1642 intensity

ratio is shown for the same area. Here all the areas ap-

pear to have almost the same value. According to Ta-

ble 2, the value of the intensity ratio indicates drug

existing everywhere in amorphous state. It is note-

worthy that even in the areas where high local drug

concentration was detected (red spots in Fig. 6b), the

drug remains amorphous. Similar results were ob-

served for the Nimo/PVP 20/80 mass/mass solid dis-

persion. Overall, it can be inferred that at drug con-

centrations below the saturation point in PVP,

Nimodipine exists in fine dispersion and in amor-

phous state. Domains with dimensions 1–2 �m inside

which the drug exists at higher than average concen-

trations where also detected, however their number is

limited and probably accounts for a very small por-

tion of the drug. From the above, and given that the

mapping resolution here is on the order of 0.5 �m, we

can assume that the drug mainly exists in a state of

molecular level dispersion and/or in the form of

nanoparticles dispersed in the PVP matrix.

On the other hand, micro-Raman mapping per-

formed on samples of higher Nimodipine content

(above the saturation concentration) showed a less

homogenous dispersion of the drug. Colour maps of

randomly selected areas from samples with overall

Nimodipine content equal to 40 mass% is shown in

Fig. 7. The light microscope image was taken with a

×100 magnification lens. The color map represents

the spatial variation of the ratio I1347/I1642 within the

area indicated by the white square in the optical im-

age. In this sample, extended areas characterized by

higher-than-average drug concentration appear every-

where, indicating drug recrystallization with crystal

sizes up to 5 and 10 �m for the solid dispersions con-

taining 40 mass% Nimodipine. This was in agreement

with the XRPD and DSC observations that also de-

tected crystalline domains. From this colour map be-

comes obvious that the vast majority of the drug that

crystallized ended up forming Mod II crystals. How-

ever, these crystals are surrounded by large areas rep-

resented by an intensity ratio in the range

0.25<I1347/I1642<3.5, which cannot be readily classi-

fied as corresponding to completely crystalline

(Mod I or Mod II) or amorphous nimodipine (Ta-

ble 2). Detailed examination, involving observations

of the location and intensity of characteristic peaks

within each spectrum, of a large number of spectra

obtained from those areas and their comparison

against those received from pure Nimodipine (Fig. 4)

showed that areas represented by a ratio 0.25<

I1347/I1642<3.5 correspond to domains where Nimo-

dipine co-exists with PVP, however it can be present

simultaneously in more than one forms (e.g, amor-

phous and crystalline). Moreover, from the spectra it

was observed that the composition of nimodipine in

those areas varies significantly with location. There-

fore these areas can be best described as heteroge-

neous. Identification of individual domains within

those areas where nimodipine existed only in a single

form could not be performed, as the size of these do-

mains was below the resolution capabilities of the in-

strument (i.e., <100–500 nm) used in this study.
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Fig. 7 a – light microscope and b – corresponding mi-

cro-Raman XY scan, images from a PVP/Nimo

40/60 mass/mass sample



Therefore, we can only speculate that these areas con-

tained crystals of Nimodipine of molecular to

submicron-sized dimensions and/or amorphous re-

gions formed in the presence of PVP. Detailed analy-

sis of the Raman spectra, e.g., through peak de-con-

volution and subsequent integration of the area under

each Raman peak, can possibly provide more infor-

mation on the composition and amounts of Nimo-

dipine present in each domain, however this analysis

is usually cumbersome and time-consuming.

Due to the extended dispersion of these particles

into PVP matrix it can be inferred that Nimodipine

exists in molecular dispersion in these areas. It is

known that the amorphous glassy state shows some

short-range order. The difference with the crystalline

state is that in the latter there also exists a long-range

order. Nimodipine is in fact a racemic mixture that is a

50/50 mass/mass mixture of the two optical antipodes.

It would be reasonable to assume that at room tem-

perature the drug antipodes, if not in the crystalline

state but in the glassy state, may be uniformly mixed as

in the racemic liquid or they may be segregated to

some extent. As it was reported above, crystallization

in the form of a conglomerate (i.e., Mod II crystals)

means that the two antipodes crystallize separately.

In an attempt to assess the amount of each modi-

fication in the samples, Raman spectra were collected

randomly from samples with surface area of approxi-

mately 1 cm
2
. A total of 100-point measurements

were taken from each sample. The state of the drug at

the point of measurement was determined from the

value of the I1347/I1642 intensity ratio of the corre-

sponding Raman spectrum. The data are shown in Ta-

ble 3. Because of the relatively small number of point

measurements per sample, the tabulated results can

serve only as indications of the approximate distribu-

tion of each modification in the samples. The results,

however, are in qualitative agreement with those ob-

tained from Raman mapping and XRPD. It should be

noted here that for 10 or 20 mass% Nimodipine con-

tent in the solid dispersions, the drug practically ap-

pears to be completely amorphous, while the amount

of measurements that showed crystalline areas is neg-

ligible (3–4%). This finding is consistent with the hy-

pothesis regarding the extent of interactions between

the different solid dispersions. These limited crystal-

line amounts of Nimodipine in the particular solid

dispersions are not possible to be detected with XRD

and DSC and can explain why the interaction parame-

ters calculated with DSC are lower in the case of solid

dispersion containing 20 mass% Nimodipine. As ex-

pected, the degree of crystallinity of Nimodipine in-

creased with drug content in the solid dispersions,

reaching a 72% for the Nimo/PVP 50/50 mass/mass

sample.

Scanning electron microscopy study

In order to verify the above recorded results, all solid

dispersions were subjected to SEM examinations.

The results from the SEM study showed that the

Nimo/PVP solid dispersions with 10 or 20 mass%

drug load did not contain drug crystals. Occasionally,

only very small Nimodipine particles were observed

and these did not show well-shaped prismatic or crys-

tal-like features. In samples with 30 mass% and

higher drug load, large Nimodipine particles could be

seen (Fig. 8). These findings from SEM micrographs

are in good agreement with the micro-Raman results,

providing consistent indication of the particle size

distribution of Nimodipine into PVP matrix as a func-

tion of concentration. It is well known that in order to

increase the dissolution rate of a drug that is poorly

soluble in water, its particle size must be lower than

1 �m [14]. It is therefore expected that the dissolution

rate of Nimodipine from its solid dispersions would

increase in cases where the drug exists as molecularly

dispersed or in the form of nanoparticles.

Dissolution rates

The dissolution behavior of the solid dispersions and

their physical mixtures was studied after their prepa-

ration as well as after six months, in order to find if

there is any alteration caused by samples storage. As

can be seen from Fig. 9 the dissolution rates of the
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Table 3 Influence of drug content on the distribution of nimodipine in the solid dispersions. The tabulated results are based on

100 measurements per sample

Mixture Solid dispersion

Composition
Nimo/PVP

10/90 mass/mass

Nimo/PVP

80/20 mass/mass

Nimo/PVP/

40/60 mass/mass

Nimo/PVP

50/50 mass/mass

Mod I, Crystal 2 0 8 5

Mod I, Amorphous 94 92 31 14

Mod II, Crystal 1 4 48 67

Mod II, Amorphous 3 4 13 14

Total (/100) 100 100 100 100



drug from its solid dispersions not only were higher

with respect to the pure drug, but also showed up to

30-fold increase in the case of 50 mass% Nimodipine.

Even for the physical mixture with 10 mass%

Nimodipine, for which the initial rate of dissolution

was comparable to those of the solid dispersions, the

ultimate release value did not exceed 60-70%. An

amount equal to the 85 and 65% of the total drug load

was released within one hour from the solid disper-

sions containing 10 and 20 mass% Nimodipine, re-

spectively, whereas total (100%) release was

achieved within 3 h. For the solid dispersions with

30 mass% drug or more the drug release was both

slower and limited. It seems that the crystalline drug

can no more be dissolved. As it was reported above

Nimodipine mod II crystals were formed in these

solid dispersions. The decreased solubility of Mod II

crystals probably plays its role in this case. After all,

the drug amorphization due to fine dispersion in the

polymer matrix, either as molecular dispersion or in

the form of nanoparticles, obviously resulted in en-

hancement of the dissolution rates. The polymer-drug

miscibility in the amorphous phase was crucial

towards dissolution enhancement.

Conclusions

Solid structure of Nimodipine in PVP was studied in

order to understand the relation between the physical

state and resulting dissolution enhancement. XRPD

showed that the drug was kept in the amorphous state

in the samples containing up to 20 mass% Nimodipine.

It seems that for low drug concentrations the drug is in

a molecular dispersion or in the form of nanoparticles.

On the other hand for higher drug content the solid dis-

persions turned to solid suspensions in which the ex-

cess Nimodipine amount recrystallized creating crystal

particles with sizes up to 10 �m. XRPD, DSC and mi-

cro-Raman results showed formation of Mod II crys-

tals of the drug. Micro-Raman mapping revealed that

not only crystals of two different modifications could

be observed, but also that the crystallization process af-

fected the amorphous phase. In general high amor-

phous portions were observed for the drug in the solid

dispersions. The dissolution study showed enhanced

rates for the solid dispersions containing amorphous

drug. When Nimodipine crystallized in Mod II crys-

tals, the release was limited as a result of the decreased

solubility of the Mod II drug crystals.
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Fig. 8 SEM microphotographs for Nimo/PVP

a – 20/80, b – 40/60, and c – 50/50 mass/mass

Fig. 9 Nimodipine release from Nimo/PVP solid dispersions

and physical mixtures (the latter are indicated by

NM10/90 and NM 50/50 mass/mass)
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