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Abstract

Polyvinylpyrrolidone (PVP) and poly(ethylene glycol) (PEG) solid dispersions with Felodipine or Hesperetin having up to 20 wt% drug were
prepared using solvent evaporation method. Solid dispersions in comparison with their physical mixtures were studied using differential scannini
calorimetry (DSC), wide-angle X-ray diffraction (WAXD), scanning electron microscopy (SEM) and hot stage polarizing light microscopy (HSM).
PVP formulations with low drug load proved to be amorphous, since no crystalline Felodipine or Hesperetin drugs were detected using DSC ani
WAXD. Low and fast heating rates were applied for DSC study, to prevent changes in the samples caused during heating. Similarity betweel
results of WAXD and DSC was also found in the case of physical mixtures, where the drug was in the crystalline state. However, though specific
tests showed the high sensitivity of the DSC technique, it was difficult to arrive to reliable results for PEG solid dispersions or physical mixtures
with low drug content by DSC, even by high heating rates. Crystalline drug could not be detected by DSC, leading to erroneous conclusions abol
the physical state of the drug, in contrast to WAXD. On the other hand, HSM proved the presence of small drug particles in the solid dispersion:
with PEG and the dissolution of the drug in the melt of PEG on heating. In such systems, in which a polymer with low melting point is used as
drug carrier, DSC is inappropriate technique and must be used always in combination with HSM. The coupling of WAXD with thermal analysis,
allowed complete physicochemical characterization and better understanding which is essential for a first prediction of dissolution characteristic
of such formulations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Better understanding of the basic properties of drug, excipient
and of their interactions is expected by analyzing these com-
Drug development is a very complex, costly and time-pounds alone and mixed in different proportions under different
consuming process. Amongst the analyzed compounds, onlyanditions of temperature, humidity and storage tifie All
few will end up in a commercial formulation. Many in-vitro and these analyses may be performed in a relatively short time and
in-vivo tests are conducted with the potential drugs to evaluataith the minimal amount of active ingredient, using thermal
specific parameters like effectiveness, selectivity, pharmacokimethods coupled with other techniques, such as spectroscopy,
netics, optimal dosage, etc. To avoid wasting time with inapproX-rays scattering, and microscopy.
priate drugs and dosage forms, it is very important to begin the The poor solubility of drug substances in water and their low
clinical phases with formulations fully characterized from thedissolution rate in the aqueous gastro-intestinal fluids often lead
physicochemical point of vieWl—6]. to insufficient bioavailability and is one of the most difficult and
non-dissolved problems in pharmaceutical technology. Itis esti-
mated that more than 35% of the known drugs and more than
* Corresponding author. Tel.: +30 2310 997641; fax: +30 2310 997655,  25% Of the new discovered appear such problems. An increase
E-mail address: georgara@pharm.auth.gr (M. Georgarakis). in the dissolution rate may be achieved by increasing the surface
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area of the drug, which is accessible for the dissolution mediumacterization, since routine analysis is not adequate to reveal
The most common, and perhaps the oldest approach to improtiee features of these systems. Also, in this paper a variety of
the bioavailability of such drugs is to enhance their dissolutiorsolid dispersions with large differences referring to their phys-
rate by the formation of a solid dispersif$9]. Fine dispersion ical characteristics (amorphous, crystalline, etc.) and also drug
will increase the available surface so that wetting and dissoluload, are characterized. Since, the systems are formed by com-
tion can occur more rapidly. Furthermore, the drug is not in thebining an amorphous or a low melting temperature crystalline
crystalline form but in most cases in the amorphous state. It ipolymeric carrier, with a low or a high melting point drug, they
known that such different solid forms of drugs can influence theoffer the chance to thoroughly study a wide variety of solid
dissolution, bioavailability, stability and other drug properties.dispersions and extract information for the suitability of the
According to Serajuddiff], the advantage of solid dispersion, thermal analysis techniques, WAXD and SEM in each case.
compared with capsule and tablet formulations, is that when thEinally, in this paper the use of high rate DSC that is a new
carrier is dissolved the drug is released as very fine colloidainost promising method for pharmaceutics and is anticipated
particles with size less thanuim. Because of the large surface to expand applications of DSC, is explored. Usually, analyses
area, the dissolution rate is enhanced while in conventional foref solid dispersions involve heating by 10 K/min or slower, for
mulations the dissolution rate is limited by primary particle size, DSC scans or HSM observations. The significance of high rate
which is higher than pm. DSC is that fast heating (100 K/min or faster) prevents changes
Detailed investigation of the physicochemical nature of solid-caused during scanning and enhances signal. The latter is signif-
dispersions is essential for an understanding of changes withicant for the detection of transitions with weak signal or study
these systems during preparation and storage. These expesi-low mass samples. Data from the classical slow rate DSC and
ments form the prerequisite for an efficient development of solichot stage microscopy (using slow and fast rates) are also dis-
dispersions with rapid dissolution and good storage stabilitycussed. The survey is extended by the use of WAXD and SEM,
However, there is some question about the adequacy of the conim order to better understand the physical structure of the solid
mon techniques and especially thermal analysis to reveal thdispersions.
real physical state morphology in the case of solid dispersions
in polymer matrices. It is suspected that the crystallinity of the2. Experimental
drug in such a case is significantly underestimated. In our previ-
ous studies, the solid dispersions of flavonoids and Felodipine iB. 1. Materials
polymer matrices were prepared and their dissolution enhance-
ment was studiefll0—12]. Felodipine (FEL) with an assay of 99.9% was obtained from
In the present study a series of physical mixtures and soli®CAS (Longjumeau, France). Hesperetin,§3-trinydroxy-
dispersions of Felodipine (I) and Hesperetin (Il) were prepared’-methoxyflavanone), 95%, was supplied from Sigma (St.
having low drug content in order to evaluate the applicationLouis, MO, USA). Poly(ethylene glycol) 4000 (PEG 4000)
of thermal analysis in such systems. The chemical structuresas obtained from BDH Chemical Ltd. (Poole, UK).
of these drugs are shown ig. 1. The particular drugs, have Polyvinylpyrrolidone (PVP) type Kollidon K30 with a molecu-
low solubility in water and exhibit low and high melting points, lar weight of 50,000-55,000 was obtained from BASF (Lud-
respectively. Each drug was combined with an amorphous polywigshafen, Germany). Ethanol absolute was obtained from
mer like PVP or a semicrystalline polymer like PEG. TheseMerck. All the other materials and reagents were of analytical
polymers are used extensively in pharmaceutical technology agade of purity.
drug carriers and due to their different physical state, they are
expected to show completely different behaviour during therma®.2. Preparations of solid dispersions and physical mixtures
treatment.
The aim of this work was to explore the physical state of Solid dispersions of Felodipine and Hesperetin with the two
a variety of new solid dispersions of Hesperetin or Felodip-different water-soluble polymers PVP and PEG were prepared
ine. The specific solid dispersions have low drug content andsing the solvent evaporation method in weight ratios 1/99, 5/95,
thus there are increased demands from the methods of char©/90 and 20/80 (w/w). For this reason the drug and the car-
riers were dissolved in proper quantities of absolute ethanol
separately to form solutions of the drug 1wt% or the poly-
mer 5wt%. Solid dispersion was formed after mixing of the

HiC E CH;, proper volumes of these solutions. After mixing the solutions
OCH; were ultrasonicated for 20 min and finally let in aluminium
H,C00C COOCH;  HO o plates for 24h in a ger_1ti|e stream of ai_r at room tempera-
- O OH ture for solvent evaporation. The created films were pulverized
and stored at 25C in desiccator for 1 month before study.

Preparation of physical mixtures with the same weight ratios
as solid dispersions was performed by mixing the appropri-
ate amounts of the components for 10 min in a mechanical
Fig. 1. Chemical structure of Felodipine (I) and Hesperetin (II). mixer.

Cl OH O
(I an
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2.3. Differential scanning calorimetry Tm=155°C — Hesperetin
HR=100°C/min Felodipine Tm=238°C
DSC study was performed on a Perkin-Elmer Pyris 1 DSC, \
equipped with Intracooler 2P cooling accessory. Accurately
weight samples (5 mg) were placed in standard aluminium pans
and sealed with a lid. Heating rates of 20 or 100 K/min were
applied with a nitrogen purge of 20 ml/min. Fast heating rates

should be preferred in order to prevent changes and to reveal

Tg=53°C ipi
9=53 Amorphous Felodipine

—

Endotherm Up

Normalaized Heat Flow (W/g)

the original morphology of the sampl¢k4]. Changes during Yo

heating scan, like dissolution of the drug in the melt of PEG do '

not permit direct investigation of the morphology. [ T\ Tg=g2°c Amorphous Hesperetin
(3 ' SIO ' 160 ' 1%0 ' 260 ' 2I50

2.4. Hot stage microscopy Temperature (°C)
Microscopic observations of morphological features andrig. 2. DSC traces of crystalline and amorphous Felodipine and Hesperetin.

changes during heating were carried out using a polarizing optiHeating rate 100 K/min.

cal microscope (Nikon, Optiphot-2) equipped with a Linkam

THMS 600 heating stage and a TP 91 control unit. Several heafy about 53C. Also, fast heating scan by 100 K/min did not

ing rates were applied to evaluate influence of temperature arallow cold-crystallization of the substance. In the same figure,

time on the structure of the samples under study. the DSC traces of crystalline and amorphous Hesperetin are also
presented. The tests were performed at the same conditions as
2.5. Wide-angle X-ray diffractometry for Felodipine. Hesperetin exhibited a melting peak tempera-

ture 238°C for scanning by 100 K/min. However, measurement
WAXD study was performed over the rangef@sm 5 to 60, at 20 K/min resulted in a peak temperature 2@1Hesperetin,
at steps of 0.05and counting time 5s, using a Philips PW1710as it is also proved by the absence of any melting peak in the

powder diffractometer, with Cu Kdlickel-filtered radiation. respective trace after the quenching process, can be obtained as
purely amorphous. Its glass transition temperature was found to
2.6. Scanning electron microscopy be 82°C.

As it was described before, a series of solid dispersions of
The morphology of the prepared solid dispersions as weleach drug was prepared using PVP or PEG as carrier. The respec-
as the physical mixtures was examined by a scanning electrdive physical mixtures with these polymers, having the same drug
microscopy system (SEM) Jeol (JMS 840). The films were coveontent were also prepared. Felodipine solid dispersions in PVP
ered with carbon coating in order to increase conductivity of theshowed no melting peak that could be related with melting of the
electron beam. Operating conditions were accelerating voltagdrug crystals. In the DSC traces for Felodipine/PVP solid dis-

20 kV, probe current 45nAmp and counting time 60 s. persion for scanning at a usual scanning rate 20 K/min, only the
glass transitions of PVP and Felodipine were detefd®2H This

3. Results and discussion is an indication that the prepared solid dispersions are immisci-
ble systems and Felodipine is dispersed into PVP matrix having

3.1. PVP solid dispersions particle sizes higher than 10 nm. Melting of Felodipine could

also not been observed even for fast scanning at 100 K/min. Con-

DSC measurements showed that Felodipine drug is a crysequently, it might be supposed that the drug was obtained only
talline compound with a melting point of about 145-185  in the amorphous state in the solid dispersions in PVP. Such
depending on the heating rate. To increase signal and also tocase can be attributed to the formation of hydrogen bonds
prevent phenomena occurring during heating scan, which malyetween the carbonyl group of PVP and the hydroxyl groups of
alter the original morphology of the samples, especially in solid=elodipine. In the molecular structure of Felodipine there are
dispersions, high rate heating scans were also performed. As it®lar groups, i.e. >€0,—Cl and mainly >N-H which are able
well known, when heating rates are increased though peak onget interact with the functional groups of PVP, like the carbonyl
remains constant, superheating effects cause an increase in mglteups, to form hydrogen or Van der Waals bofidy.
ing peak temperaturd3,14] or glass transition in amorphous  The DSC traces of the physical mixtures of Felodipine and
drug compound§15]. In Fig. 2, the DSC traces of crystalline PVP are shown ifrig. 3. In contrast to what was reported for the
as well as of amorphous Felodipine, as recorded at a heatirgplid dispersions, in the traces for mixtures with 5 wt% drug con-
rate 100 K/min are shown. In this case, crystalline compoundent or higher, the melting of Felodipine was easily detected, even
exhibited a melting point of 158C while using lower heating though slow heating by 20 K/min was applied, while with heat-
rate (20 K/min) the recorded melting point was 1445Amor-  ing rate 100 K/min the peaks are more obvious. The observed
phous Felodipine was obtained by cooling from the melt in thepeak temperature was reduced by reducing drug content. This
DSC instrument at a nominal rate 250 K/min. At subsequents because of dissolution taking place by increasing tempera-
heating scan, Felodipine showed a glass transition temperatunere, due to the interactions with the polymeric environment.
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case of pure Felodipine. Consequently, since DSC is a quite sen-
sitive technique, appropriate to characterize mixtures with very
low drug content the initial morphology of the drug in the above
solid dispersions and physical mixtures or the interactions with
the polymeric carrier are responsible for the disappearance of
any sign of crystal melting. These interactions seem to be very
T,=140°C effective in physical mixtures containing 1 wt% Felodipine, and

5% its melting point was not possible to be detected.
Though in general DSC can give safe results about the phys-
/\’/\1% ical state of a polymer/drug mixture and thus has been used

Tr=144°C

T,=142.5°C

Normalaized Heat Flow (W/g)
Endotherm Up

extensively to characterize solid dispersions, physical stability
and possible drug-excipient interactiofi$—23] its accuracy
. : . . . , and sensitivity were limited for the characterization of spe-
50 100 150 200 cific systems, compared with other techniques. For example, in

Temperature (°C) naproxen/PVP (30/70, w/w) physical mixtures, the DSC tech-
Fig. 3. DSC traces of Felodipine/PVP physical mixtures with different drugnlque could not detect any crystalline St_rUCture’ while WAXD
content. Heating rate 20 K/min. was able to detect the presence of residual naproxen crystals
[24]. So to further investigate the morphology of the Felodip-
iIne/PVP solid dispersions the respective WAXD patterns were
udied. These patterns showed only two amorphous halos, like
ose in the diffraction pattern of pure PVP, while the crystalline

: . . reflections of Felodipine could not be observed (Fig. 5). Thus, it
be also attributed to the moisture of the samples (see contlrﬁé proved that PVP macromolecules inhibited the drug crystal-

uous endothermic phenomena around or above’COd the lization in th lid dispersions. This finding is in aareementwith
traces). Moisture is known to promote drug dispersion in PVP, atio €so spersions. This gisinagreeme

which is very hydroscopic. The absorbed moisture may increase
the free volume and decrease thgof PVP. Thus, the macro-
molecular chain motions begin at lower temperatures promoting
drug-polymer interactions. Finally, observations showed clear 20 wit%
differences between solid dispersions and physical mixtures.

In order to test the validity of the above assumption and also
the resolution capability of the DSC instrument one more task
was taken. Physical mixtures of Felodipine with an inert mate-
rial, namely talc, were prepared having very low drug content,
less than 2 wt%. These mixtures were prepared by mixing very
low amounts of drug and talc in a pestle. The respective traces (in
proper scale) are presentedig. 4. Increased mass of physical
mixture about 30 mg was used in the DSC pan for testing. As

one can see, the DSC scans showed small melting peaks even for T ; P - . : 0

However, enhanced dissolution is normally anticipated to occu
above the glass transition of the polymer. Since the temperatmtsé
was lower than théy of pure PVP, the observed effect should

Intensity (a.u.)

such low content of drugs and at the same temperature as inthe (5 Angle 28
Tpn=144.2°C._
o
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Temperature (°C) Fig. 5. WAXD patterns of: (a) solid dispersions of Felodipine in PVP with
different drug content; and (b) physical mixtures of Felodipine in PVP with

Fig. 4. DSC traces for Felodpine-talc mixtures containing 1 and 2 wt% of drugdifferent drug content.
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DSC results, showing no melting of crystalline material. On the
other hand, in the patterns for the corresponding physical mix-
tures the peaks of crystalline Felodipine could be observed for
a Felodipine content of 5wt% or higher, in accordance to the
observation of drug melting in the DSC traces. In the case of the
mixture containing 1 wt% Felodipine very small peaks of drug
reflections were recorded, in fact comparable to the usual noise
(Fig. 5b).

Consequently, it was found that data taken from both tech-
niques in the case of solid dispersions, as well as in the case
of physical mixtures are in good agreement. PVP/Felodipine
solid dispersions are completely amorphous while in physical
mixtures crystalline Felodipine can be detected. The sensitiv-
ity of DSC proved to be comparable and maybe even better
than that of WAXD, since even limited crystalline amounts can el v b
be detected, though the conditions of the experiments are so (@)
different. DSC tests involve by their nature, dynamic condi-
tions, in contrast to standard WAXD experiments, which are
carried out at room temperature. The interactions that take place
at increased temperatures between PVP and Felodipine during
a heating scan, especially in the presence of water traces ma
cause changes in the sample under investigation. Such interac
tions, not pre-existing at room temperature, were also found to
play an important role in similar physical mixtures at increased
temperaturef25]. Application of high-rate DSC will possibly
extent the use of DSC.

DSC, aswellas WAXD, examines the macroscopic character-
istics of materials. Thus, microscopic study with SEM was also
performed. Though SEM cannot be used for crystallinity esti-
mations, it allows the study of the geometry of the particles and
their dispersion in the polymer matrix. SEM microphotographs
revealed the presence of drug particles dispersed in the poly-
mer matrix. However, it was clear in the photographs that the
dimensions Of the drug particles were much sma”er in the So“&lg 6. SEM microphotographs of Felodipine/PVP solid dispersions: (a) 10/90
dispersions, maybe even in nanosizes (Fig. 6). These obsen//W): and (b) 20/80 (w/w).
tions show that the above findings from DSC and WAXD study
are reasonable. Pure Felodipine was in the form of large cubi20 K/min) or fast heating (100 K/min) rates (Fig. 7). Also, nei-
crystals with sizes up to 1Q0m. The average particle size was therinthe WAXD patterns crystalline drug was evidenced. Peaks
20-30pm. In contrast in the solid dispersions only Felodipine corresponding to reflections of crystalline Hesperetin could not
particles with sizes not exceeding 200-300 nm were observette detected for any of the solid dispersions, but the shape of
Even, in the case that the drug was not in the amorphous phagbe amorphous halos in the patterns altered with increasing drug
as WAXD revealed, such a fine dispersion would be a goal. Itontent. This change in the shape should be attributed to the
is expected to reflect in improved dissolution of the drug fromincreased content of amorphous drug. Besides, SEM micro-
the solid dispersions into aqueous media. Actually, in a previgraphs showed that in the case of solid dispersions of Hesperetin
ous study it was found that the dissolution reached 100% foin PVP, the drug was in fine dispersion and only particles of nan-
solid dispersions with 10 and 20% (w/w) Felodipine at almostodimensions could be observed (data not shown), as was also
30-40 min, due to the patrticle size reduction and the amorphousund for the dispersions of Felodipine in PVP. So, PVP develops
state at which the drug was kept in the dispersidi®. Also, effective interactions with the particular drug, which has three
SEM showed that in solid dispersions the particle size increasellydroxyl groups in its molecule, and these results in reducing
with drug content, but in all cases the size was less than 300 nrthe dimensions of the drug particlg®].

As was referred before, Felodipine has melting point lower Inthe DSC traces for the respective physical mixtures even for
than theTy of PVP. In order to evaluate the efficiency of DSC to 20 K/min heating rate, melting of Hesperetin could be observed
characterize drug formulations based on high melting temperder drug content as low as 5wt% at temperatures close to that
ture drugs, Hesperetin was used. Hespertin has a melting poifdr the pure Hesperetin (Fig. 8). However, in these traces which
about 70°C higherthan the glass transition of PVP. Like Felodip-were recorded at usual (20 K/min) and not high scanning rates,
ine, the melting peak of crystalline Hesperetin, was not detectethere was a peak broadening and in the mixture containing 5 wt%
in DSC traces in its solid dispersions in PVP by using slowFelodipine its melting point is hard detectable. Finally, the heat

(b)
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) . o . _ Fig. 8. (a) DSC traces obtained at heating by 20 K/min; and (b) WAXD patterns
Fig. 7. (a) DSC traces of Hesperetin/PVP 20/80 (w/w) solid dispersion at differ physical mixtures of Hesperetin in PVP with different drug content.
ent heating rates; and (b) WAXD patterns of Hesperetin/PVP solid dispersions
with different drug content.

the amount of the drug dissolved in the polymer matrix during
of fusion was lower than the anticipated. As was reported befordjeating. This is easy to observe especially in the case in which
PVP always absorbs very easily significant amounts of watethe drug content was lower than 5wt%.
and this facilitates appearance of drug-polymer interactions.
However, in these mixtures interactions may be favoured by.2. PEG solid dispersions
macromolecular motions since Hesperetin melts at temperature
almost 70°C above thely of PVP and not by moisture. These ~ PVP is an amorphous polymer, which is extensively used for
interactions induce dissolution of the drug and this may affecthe preparation of solid dispersions. Another polymer, which is
drastically its melting. Furthermore, unlike for solid dispersions,also used as drug carrier, is PEG. This is semicrystalline and
crystalline reflections were obvious in the WAXD patterns of theexhibits a very low melting point, so it can be used to prepare
physical mixtures, containing up to or more than 5wt% Hes-solid dispersions by the melt methi@®,27]. The latter offers the
peretin (Fig. 8). Even for the physical mixture containing 1 wt%advantage of the large-scale production comparing to the solu-
drug, avery small peak appeared in the position where the strortgpn method. Besides, due to its low melting point, PEG, after its
reflection for Hesperetin was anticipated, at about 26.92, melting, dissolves drugs before reaching their own melting tem-
showing that even at such low amounts crystalline material caperatures and which may be much higher. Furthermore, some
be possibly detected by WAXD. The other feature, which shouldirugs decompose after their melting and dissolving in PEG melt
be pointed out, is that the shape of the amorphous halos did nobuld be a way to avoid decomposition. Consequently, it is of
change with the addition of crystalline drug. This confirms thatspecial interest to study solid dispersions in PEG in comparison
the change in the shape of the halos in the solid dispersion pai those in PVP.
terns was due to the presence of amorphous drug. From the First, the thermal behavior of the solid dispersions of Felodip-
above, it is concluded that DSC may lead to erroneous concline or Hesperetin in PEG was studied. The main feature was that
sions in the case that the pharmaceutical compound has highgign of drug melting was not detected in the DSC traces even for
melting point than thdy of PVP. In all mixtures, a portion of high scanning rates. Since PEG has a low melting temperature, it
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case when Felodipine content was higher than 10 wt%. Solubil-
ity of the drug is obviously much lower at room temperature (at
which WAXD measurements were performed), and when also
T,, Hesperetin PEG is solid, than at temperatures abové®(like during the
DSC experiments), where also PEG is in the liquid state. In gen-
/ eral, it is also known that solid solutions of a drug in polymeric
T, Felodipine

T,PEG

carriers turn to solid suspensions with increasing drug content.
This explains the similarities between the behavior of most solid
dispersions and physical mixtures of Felodipine.

In the WAXD patterns of the physical mixtures, the reflec-
tions of Felodipine crystals could be observed in the patterns for
lower content, i.e. 5wt% (Fig. 10b). Thisis in complete disagree-
——— ment with DSC measurements where in particular mixtures no
0 25 50 75 100 125 150 175 200 225 250 275 300 melting of Felodipine was detected and maybe this behaviour

Tempertaure (°C) is a limiting factor that restricts the use DSC technique in such
Fig.9. DSCtraces of Felodipine/PEG 50/50 and Hesperetin/PEG 50/50 physicgiarriers having low melting point. In this case, by increasing the
mixtures. Heating rate 100 K/min. temperature, the polymer starts to melt and dissolves the drug

crystals. PEG has alow melting point with a result to melt at low

is expected the drugs to dissolve in PEG melt during heating, aemperatures before that of encountered drugs, so most of the
has already been mentioned. However, this was the case not oniged drugs can dissolve in the melt before reaching their melting
for the solid dispersions, but also for the physical mixtures of thgoints[29,30]. For this reason DSC must be used in combination
specific drugs. Only for high drug content, its melting peak waswith WAXD technique, which seems to be more accurate and
observed, as one can se&ig. 9. Inthis figure, the DSC traces of
physical mixtures of PEG, containing 50 wt% Hesperetin (upper
curve) or Felodipine (lower curve) are shown. But, even in these
mixtures, the peak corresponding to drug melting is very small
indicating that the highest drug amount was dissolved in the melt
and only limiting crystalline particles were remained. Further-
more, these peaks were not recorded by using slower heating
rates (20 K/min). Similar data were also reported in the case of
PEG/carbamazepine physical mixture where melting point of
carbamazepine could be detected only when the drug load was
higher than 50 wt%28]. Though for solid dispersions one could
suppose that the drug was in the amorphous state, and/or effec-

tive drug particle size reduction has been achieved, the thermal W
behaviour of the physical mixtures could only be attributed to

dissolution of the drug in the polymer melt. Consequently, the 16 20 30 40 50 60
appearance or not of drug melting peak in the DSC traces, has Angle 26

rather to do with the solubility of the specific drug in the melt

of PEG, which is usually significant at temperatures exceeding
60°C.

The above assumption was tested with WAXD and SEM and
the observations will be discussed in the following text. In the
WAXD patterns ofFig. 10a for the solid dispersions of Felodip-
ine, peaks corresponding to drug crystals appeared when the dug
content exceeded 10 wt%. This finding could be in disagreement
with the respective DSC scans, since no melting of crystalline
drug was detected in the latter. But, in fact, this has only to

Normalized Heat Flow (W/g) Endotherm Up

Intensity (a.u.)

/

10 wit%

Intensity (a.u.)

do with measurement conditions. WAXD reveals the physical 5 Wt%

state of the drug at room temperature while DSC during heat- 1 wit%

ing. Furthermore, for all solid dispersions the WAXD patterns

showed no changes in spacing values of both components, and

thus there was no indication for substantial interactions evolved o 20 3 40 5 60

between the functional groups of PEG and Felodipine. After all, (b) Angle 26
WAXD showed that in solid dispersions where the solubility of Fig. 10. WAXD patterns of: (a) solid dispersions of Felodipine in PEG with

Felodipine in PEG at room temperature was exceeded (SUpersalfterent drug content; and (b) physical mixtures of Felodipine and PEG with
uration), the excess of the drug could crystallize. This was thelifferent drug content. Arrows indicate drug crystalline reflections.
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Fig. 11. WAXD patterns for (a) solid dispersions of Hesperetin in PEG with (b)
different drug content; and (b) physical mixtures of Hesperetin and PEG with
different drug content. Arrows indicate drug crystalline reflections. Fig. 12. SEM microphotographs of Felodipine/PEG solid dispersions: (a)

Felodipine/PEG 5/95 (w/w); and (b) 10/90 (w/w).

sensitive to study the crystalline state of the compounds when
drug carriers with low melting point are used. Felodipine, thin needles with a length of aboyird and thick-
Similar behaviour has also been detected in PEG/Hesperetimess less than 500 nm were clearly detected. Such large particles
samples. WAXD study of Hesperetin’s solid dispersions in PEGwere also observed in higher concentrations. Thus, PEG did not
showed that crystalline drug was present only in dispersionpromote as effectively as PVP did, a fine dispersion of Felodipine
containing at least 20 wt% drugs. In the physical mixtures druglown to a nanoscale. PEG is a crystallizing polymer in contrast
crystalline reflections were easily detected for much lower drugo PVP. It was proved that the crystallization of PEG did not
content (5wt%) as one can sedHig. 11b. So, it was proved that facilitate miscibility with pharmaceutical substances.
for solid dispersions where PVP was used as carrier, since there To visualize the changes in the samples of physical mixtures
was no melting of the polymer during the scan, DSC could revealvith PEG, during heating, hot stage optical microscopy (HSM)
the real morphology when high heating rates were applied. Thusyas used. This technique is complementary to DSC and may
DSC and WAXD findings were in agreement. On the other handhelp the interpretation of DSC results. In the photographs of
when PEG was the excipient, during a DSC scan fusion of th&ig. 13, the morphology of a Felodipine/PEG physical mixture
polymer occurred and the drug was dissolved in that melt. Thuss shown before heating (left) and after heating tdGQCat a
the DSC traces could not give information about the morphologyate 60 K/min (right picture). Magnification was100 in these
ofthe solid dispersions or even the physical mixtures. In contrasphotos. By increasing the temperature PEG began to melt and
even in this case WAXD patterns could reveal the morphologyabove 65 C its melting was complete. As one can see Felodipine
and detect the presence of crystalline drug directly. particles were dispersed in that melt and subsequently dissolved
Fig. 12 shows SEM micrographs of solid dispersions of with rising temperature. During heating, drug particle size was
Felodipine in PEG. As one can see for 5% Felodipine contensteadily reduced showing its dissolution in PEG melt. The two
small particles could be observed, with a size less than 200 nm. imaterials were miscible in the molten state providing a uniform
the microphotograph of the solid dispersion containing 10 wt%iquid. Felodipine, in this physical mixture with 20 wt% drug,
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Fig. 13. HSM photographs of Felodipine/PEG 20/80 (w/w) physical mixture aC5eft) and after heating to 9 (right) by 60 K/min.

was completely dissolved in the melt of PEG close to 120a A similar behaviour was observed also for physical mixtures
temperature which is at about 20-Z5 lower than the melting containing Hesperetin. Also, the temperature at which the drug
point of pure Felodipine. This finding can explain the absencavas completely dissolved increased with increasing its content
of any melting sign in DSC thermograms when low heatingin physical mixtures, and finally approximated the melting tem-
rates were used, since Felodipine had already been completghgrature of the drug. This has to do with the solubility of the
dissolved in PEG melt before reaching its usual melting temperdrug in the polymer melt. Large amounts cannot dissolve at low
ature. Only in the case that a high drug content (e.g. 50 wt%}emperatures due to limited solubility. Since solubility increases
and also fast heating rate 100 K/min was used, Felodipine crysvith temperature dissolution may be possible at increased tem-
tals could be detected till the melting temperature. This was iperatures. Furthermore, for a given drug content the temperature
accordance with the observation of a small endothermic peak ifor complete dissolution increased with increasing heating rate.
the respective DSC trace. Slow heating rates means larger times for dissolution of the drug.

55°C 150°C

190°C 210°C

Fig. 14. HSM photographs presenting Hesperetin particles in Hesperetin/PEG 20/80 (w/w) solid dispersion. Photos were taken at 55, 150, 190G espkzidely.
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Fig. 14shows the changes in morphology of Hesperetin/PEGnulations, hot stage microscopy proved to be appropriate, and
20/80 solid dispersion during heating from 55 to 150, 190, andike SEM, showed that small drug particles were dispersed in
finally 210°C by 60 K/min (magnification was 100). To take the PEG matrix. These reduced size particles could easily dis-
these photos the sample was first heated t&® melt PEG for  solve in the polymer melt at heating, and complete dissolution
obtaining a thin film. Then it was quickly cooled to 55, before  of the drug was achieved at temperatures lower than those for
final heating. PEG was in the melt state at the temperatures #ie respective physical mixtures, because of the smaller particle
which the photos were taken. Thus, only the Hesperetin partisize and lower crystallinity.
cles and their aggregates could be observed. These photographsPhysicochemical characterization can be used for valid pre-
evidenced (a) that Hesperetin particles could be observed in tHeninary study of solid dispersions. However, proper combina-
dispersions and (b) that the drug was progressively dissolvetion of thermal analysis with X-ray scattering and microscopic
before reaching its melting temperature. Also, smaller particlesechniques is recommended for better understanding.
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