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Introduction

In pharmaceutical research, the formulation of solid dis-
persions is generally accepted as a method to enhance 
the dissolution and oral bioavailability of drugs or new 
chemical entities (NCEs) with low aqueous solubility1. 
Despite the numerous publications on the development 
of solid dispersions, very few products based on this 
technology have been marketed primarily due to pro-
duction and stability problems2,3 The use of industrially 
feasible methods like melt extrusion4,5 and spray drying6 
for the manufacturing of solid dispersions has tackled 
scaling-up problems in production.

In a solid dispersion system, the active pharmaceuti-
cal ingredient (API) in amorphous form is dissolved or 
dispersed in the carrier matrix. The higher molecular 
mobility of amorphous materials may improve the solu-
bility and dissolution rate of the API and, thus facilitate 
the gastrointestinal absorption of the active drugs7. 
However, the amorphous form tends to convert to the 
crystalline form upon aging due to its thermodynamic 
instability causing physical instability of the solid dis-
persions. The re-crystallization of API, which leads to a 
significant reduction in the dissolution rate during accel-
erated stability testing, is the major cause of failure in 
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Abstract
Enhanced dissolution of poorly soluble active pharmaceutical ingredients (APIs) in amorphous solid dispersions 
often diminishes during storage due to moisture-induced re-crystallization. This study aims to investigate the 
influence of moisture protection on solid-state stability and dissolution profiles of melt-extruded fenofibrate (FF) 
and ketoconazole (KC) solid dispersions. Samples were kept in open, closed and Activ-vials® to control the moisture 
uptake under accelerated conditions. During 13-week storage, changes in API crystallinity were quantified using 
powder X-ray diffraction (PXRD) (Rietveld analysis) and high sensitivity differential scanning calorimetry (HSDSC) 
and compared with any change in dissolution profiles. Trace crystallinity was observed by Raman microscopy, which 
otherwise was undetected by PXRD and HSDSC. Results showed that while moisture protection was ineffective 
in preventing the re-crystallization of amorphous FF, KC remained X-ray amorphous despite 5% moisture uptake. 
Regardless of the degree of crystallinity increase in FF, the enhanced dissolution properties were similarly diminished. 
Moisture uptake above 10% in KC samples also led to re-crystallization and significant decrease in dissolution rates. 
In conclusion, eliminating moisture sorption may not be sufficient in ensuring the stability of solid dispersions. 
Analytical quantification of API crystallinity is crucial in detecting subtle increase in crystallinity that can diminish the 
enhanced dissolution properties of solid dispersions.
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solid dispersion-based products8. The presence of mois-
ture facilitates the re-crystallization process as water 
vapor is absorbed more easily by an amorphous solid9. 
Water acts as a plasticizer: it reduces glass transition 
temperature (T

g
) of the solid dispersion and increases the 

tendency to re-crystallize10. Some polymers have been 
reported to significantly delay the onset re-crystallization 
of APIs11–13. The effect of polymer type on the stabiliza-
tion of indomethacin was reported14. Indomethacin was 
melt-extruded with Eudragit® EPO, polyvinylpyrrolidone 
(PVP) K30 and PVP-vinyl acetate at 30%, 50% and 70% 
drug loading. The Eudragit® EPO formulation at 30% 
drug level showed stabilization of the formulation from 
re-crystallization. The effect of surfactant on stability 
of melt-extruded polymer matrices of an API has been 
reported by Ghebremeskel15. The degree of crystallinity 
after stability studies was quantitatively determined by 
powder X-ray diffraction (PXRD). The surfactants acted 
as excellent plasticizer without affecting the stability of 
melt-extruded solid dispersion. The stabilization of solid 
dispersions depends upon many factors such as molecu-
lar mobility restriction of API, reduction in the driving 
force for crystallization, increase in the activation energy 
for crystallization, anti-nucleation effect, or a combina-
tion of these factors16. Recent reports have underscored 
the important effect of moisture sorption on the phase 
separation of amorphous API from polymeric excipi-
ents. Storage above 54% relative humidity was able to 
induce phase separation in PVP-based amorphous solid 
dispersions of nifedipine, droperidol and pimozide17. 
The polymer hygroscopicity is also an important factor 
which affects moisture-induced phase separation. The 
amorphous solid dispersions prepared from less hygro-
scopic polymers and having strong API-polymer interac-
tions were less prone to phase separation upon storage18. 
Although moisture sorption plays an important role in 
the stability of solid dispersions, there is little literature 
on the effect of different levels of moisture sorption on 
the stability of solid dispersions during accelerated stress 
testing.

Therefore, the aim of this study was to investigate the 
use of moisture protection measures on the solid-state 
stability of melt-extruded solid dispersions together 
with any accompanying change in dissolution prop-
erties. Fenofibrate (FF) and ketoconazole (KC) were 
selected as model lipophilic APIs (Log P-values of 5.6 
and 3.8, respectively) as they have significantly differ-
ent glass transition temperatures: below and above 
room temperature (FF: −20°C and KC: 42°C). They are 
both reported to lack strong intermolecular interactions 
such as hydrogen bonding with polymers, which can 
contribute a stabilization effect. Kollidon® 17 PF (PVP) 
was selected as a highly hygroscopic polymer frequently 
used in melt extrusion to compare with the less mois-
ture-sorption prone Kollidon® VA 64 (PVP copolymer-
ized with polyvinyl acetate). Melt-extruded amorphous 
solid dispersions of FF and KC were stored at 40°C/75% 
RH for 13 weeks in open vials (free access to moisture), 

closed vials (limited access to moisture) and Activ-vials® 
(no moisture) to study the effect of moisture protec-
tion on the re-crystallization of APIs. HSDSC and PXRD 
analyses were used to quantify the degree of crystallinity 
in the stability samples as an indicator of stability and 
the effect of API re-crystallization was compared with 
the measured dissolution profiles.

Various analytical techniques have been developed 
for the quantification of re-crystallization in amorphous 
solids19. The spectroscopic techniques like near infrared 
spectroscopy20 and Raman spectroscopy21,22 have been 
used in quantification of the degree of crystallinity. 
However, the pharmaceutical products generally contain 
several excipients along with API, and the interference 
caused by excipients makes the quantification of crystal-
linity difficult. The most common and definitive method 
of quantifying crystallinity is PXRD technique23. The 
lower limit of quantification of crystalline API in a pre-
dominantly amorphous system by PXRD is 5–10 wt.%24. 
However, this technique may not be suitable for solid 
dispersions where the crystallite size is very small which 
can induce peak broadening in the diffraction pattern25. 
HSDSC has been used to study the phase transformation, 
thermodynamic behavior and quantification of crystal-
line/amorphous content of pharmaceutical solids26. The 
lower limit of quantification of crystalline API in a largely 
amorphous system by HSDSC is 1–5 wt.%27. In this study, 
the results of PXRD (Rietveld analysis) and high sensitiv-
ity differential scanning calorimetry (HSDSC) in quan-
tifying of the degree of crystallization in melt-extruded 
solid dispersions will be compared, which has not been 
reported in literature.

Materials and methods

FF EP and KC BP were supplied by Smruthi Organics 
Ltd., India, and Piramal Healthcare Ltd., India, respec-
tively. Kollidon® 17 PF (K17) and Kollidon® VA64 (KVA) 
were purchased from BASF, Germany. HPLC grade 
acetonitrile and methanol were supplied by Merck, 
Germany. Lecithin (Lipoid S 100) was purchased from 
Lipoid, Germany and other reagents were supplied by 
Sigma USA and used as supplied. Activ-vial® was sup-
plied by CSP technologies, USA.

Preparation of hot melt extrudates
The melting points of FF and KC are 82°C and 151°C, 
respectively while the T

g
 of K17 and KVA are 131°C and 

101°C, respectively. In order to obtain clear transpar-
ent extrudates, the extrusion temperature was selected 
above the T

g
 of the polymers and melting temperature of 

the API. The FF samples were extruded at 135°C, whereas 
the KC samples were extruded at 165°C.

The physical mixtures of FF and KC (at 30 wt.%) and 
K17 (FF K17 PM and KC K17 PM) or KVA (FF KVA PM and 
KC KVA PM) were prepared by mixing in a turbula mixer 
(Willy A Bachofen, Basel Switzerland) for 15 min. The 
powder mixture was then manually fed into a preheated 
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melt extruder (HAAKE MiniLab II, Thermo Scientific, 
Germany). The speed of twin screw was fixed at 50 rpm 
and operated in flush mode. The extrudates were col-
lected on a conveyor belt after air cooling and subse-
quently milled in a 50 ml stainless steel vessel using one 
stainless steel ball of 25 mm diameter (Retsch MM 200, 
Germany) for 2 min at 30 Hz frequency. The powdered 
solid dispersions were stored in screw-capped glass 
bottles in dry cabinet (15% RH) at room temperature for 
further use.

Stability study
The stability study was performed according to the ICH Q 
2 guideline for 13 weeks at 40°C/75% RH with sampling 
at 4, 8 and 13 weeks. Approximately 2.0 g of sample were 
placed in each glass vial. Glass vials were stored either 
uncapped (open vial) or capped (closed vial) inside 
the humidity chamber. In order to prevent the absorp-
tion of moisture by the samples during the storage, the 
Activ-vials® were used. The Activ-vial® consists of a flip-
top closed vial with integrated molecular sieve sleeve to 
prevent moisture absorption. Separate vials were kept for 
analysis at every time point after weighing. After specific 
time intervals, the vials were removed, inspected visually 
for the physical appearance, weighed using an analytical 
balance (Sartorius AG, Germany) and characterized by 
PXRD, HSDSC and Raman microscopy. Beyond 4 weeks, 
only Activ-vial® samples were analyzed.

PXRD
The crystallinity of API present in the different samples 
was determined by PXRD. The PXRD patterns of the 
physical mixtures and extruded samples were recorded 
on an X-ray powder diffractometer (D8 Advance, Bruker 
AXS GmbH, Germany) equipped with a PSD Vantec-1 
detector. Measurements were performed with CuKα 
radiation over the angular range from 4 < 2 < 50° in step 
scan mode (step width 0.02°, scan rate 1°/min).

Rietveld refinements were performed employing the 
fundamental parameter approach developed by Cheary 
and Coelho28 as implemented in Topas 4.2 (Bruker AXS 
2009). For FF, the structure published by Henry et  al.29 
was used as a starting model and only scale factor, lat-
tice parameters and an averaged isothermal parameter 
were refined and structure from Cambridge Structural 
Database System served as reference for KC. First, a pure 
phase powder X-ray diffractogram of API was refined, and 
it was found to be necessary to apply the March-Dollase 
correction30 for preferred orientation in (1 −1 1) and (1 
1 0) direction. The extruded mixtures, however, showed 
little or no preferred orientation. Subsequently, Rietveld 
refinements were performed on physical mixtures and 
extruded samples after 0, 4, 8 and 13 weeks of storage 
at 40°C and a relative humidity of 75%. The amorphous 
“humps” in these samples were fitted by adding up to 
three broad Split Pseudo Voigt peaks into the patterns 
and refining their peak shapes, positions and intensities. 
The scale factors of FF and KC for each refinement were 

recorded, and the ones of the physical mixtures were 
normalized to 100%.

The objective of the Rietveld analysis was to determine 
how much of the originally weighed API re-crystallized 
after a given time. This was achieved by a variant of the 
external standard approach31. The relationship between 
the weight fraction of a substance w

s
, the Rietveld scale 

factor S
s
, for a given diffractometer configuration with 

diffractometer constant K is given by Equation 1 where 
(ZMV)

s
 is the mass volume product of substance s and 

μ
mix

 is the X-ray mass absorption coefficient of the mix-
ture of which s is one constituent.

w
S ZMV

Ks
s=
× ×( )s mmix� (1)

 The constancy of the diffractometer constant through-
out the series of experiments was ensured by using the 
same conditions and control files for all experiments and 
confirmed by weekly measurements of the NIST corun-
dum standard SRM197632. The chemical compositions 
of all mixtures were identical as the ratio of API and the 
polymers were constant. Therefore all components in 
Equation 1 with the exception of the scale factor and the 
weight fraction remain constant for all experiments. A 
physical mixture of crystalline API and polymer was used 
for calibration and the degree of crystallinity (χ) can be 
calculated as:

x recryst
recryst

calibration

= ×
S

S
100� (2)

HSDSC
HSDSC measurements were performed using Perkin 
Elmer Diamond DSC (Perkin Elmer USA). The enthal-
pic response was calibrated with Indium. The sample 
(~3.0 mg) was heated from 20°C to 200°C at 10°C/min in 
sealed aluminum pan. The data treatment and integra-
tion were done by Pyris Analysis (Perkin Elmer, USA). 
The degree of crystallinity (χ) of the solid dispersions was 
calculated from the calorimetric data33 using following 
equation.

x recryst = ×




Hs

Hc
100� (3)

 where ΔH
s
 is heat of fusion of solid dispersion sample 

and ΔH
c
 is heat of fusion of the drug polymer physical 

mixture containing fully crystalline drug in the same 
weight ratio.

Raman microscopy
Raman microscopy was used to detect any crystallinity 
in the amorphous solid dispersions qualitatively and 
obtain the spatial distribution of API in the polymer 
matrices. The Raman mapping measurements were 
performed using a Raman microscope (InVia Reflex, 
Renishaw UK) equipped with near infrared enhanced 
deep-depleted thermoelectrically Peltier cooled CCD 
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array detector (576 × 384 pixels) and a high grade Leica 
microscope. The sample was irradiated with a 785 nm 
near infrared diode laser (laser power 50–100 mW) and a 
50× objective lens was used to collect the backscattered 
light. Raman point-by-point mapping with a step size of 
2 µm in both the x and y directions was performed in an 
area of 40 µm × 40 µm. Measurement scans were collected 
using a static 1800 groove per mm dispersive grating in 
a spectral window from 700 to 1800 cm−1. Since the col-
lected raw Raman spectra were combination of Raman 
scattering signals, spikes due to cosmic rays, and some 
autofluorescence background, spectral preprocessing 
was carried out in order to generate Raman spectral 
alone. Spikes were removed in the first step followed by 
baseline correction. The preprocessed Raman mapping 
data was then analyzed using the band-target entropy 
minimization (BTEM) algorithm to reconstruct the pure 
component spectra from the extruded samples34. BTEM 
algorithm is one of the self-modeling curve resolution 
(SMCR) techniques, which was developed to recover 
the pure component spectra of underlying constituents 
from a set of mixed spectra without recourse to any a 
priori known spectral libraries and has been proven 
well to reconstruct pure component spectra of minor 
components35,36.

Dissolution testing
The dissolution of APIs, physical mixture of APIs with 
polymers and solid dispersions, was performed on 
8-station paddle type dissolution apparatus II of USP (VK 
7010 Varian Inc., Palo Alto, CA, USA ). The test was per-
formed at 37 ± 0.5°C with paddle speed of 75 rpm using 
500 ml of simulated gastric fluid (pH 1.2) containing 0.1% 
w/w Tween 80 and new FASSIF (pH 6.5) as dissolution 
media37 for samples containing FF and KC, respectively. 
Powder containing approximately 100 mg of API was 
weighed and added to the 500 ml of dissolution media at 
37 ± 0.5°C. The samples were withdrawn at different time 
points, filtered through 0.22 µm syringe filter and ana-
lyzed by HPLC (Agilent HPLC 1100 series equipped with 
Agilent Quat pump and auto sampler).

Results and discussion

Stability study
All extrudates were clear, transparent and cylindrical in 
shape which suggests the formation of homogeneous 
solid dispersions. After milling, solid dispersions were 
converted to white, free flowing powders. The milled solid 
dispersions were stored in open, closed and Activ-vial® 
under 40°C/75% RH for the stability study. All Activ-vial® 
samples remained as free flowing powders after 13 weeks. 
In open vials, the solid dispersions containing K17 formed 
a soft sticky solid, whereas those with KVA became very 
hard solids. The closed vial samples remained largely in 
powder form with some agglomeration with the excep-
tion of FF K17 which formed a soft sticky cake. The weight 
gain due to moisture absorption is recorded in Table 1.

In open vials, the solid dispersions containing K17 
absorbed substantial quantities of moisture at more than 
20%, whereas KVA-based solid dispersions took in over 
10%. The closed vials were able to significantly reduce the 
level of moisture sorption of FF KVA, KC K17 and KC KVA 
samples but not for FF K17. The Activ-vials® were equally 
effective in protecting all stability samples from moisture 
sorption.

PXRD
Before milling, PXRD analysis of FF extruded with K17 
(FF K17) showed a halo indicating the X-ray amor-
phous state as shown in Figure 1A h. Subsequent mill-
ing resulted in some re-crystallization as seen from 
the characteristic crystalline diffraction peaks of FF in 
Figure 1A b. The hygroscopic nature of K17, low molecu-
lar weight, low solubility of FF in K17 melt and milling 
process might have assisted in re-crystallization of FF 
from FF-K17. The peaks were identified as FF with the 
strongest intensities coinciding with the peaks found in 
the diffraction pattern of the physical mixture and also 
with FF pattern in the Cambridge structural database. 
The increase in peak heights of diffraction pattern of the 
FF K17 stored in open and closed vials for 4 weeks sug-
gested faster re-crystallization of FF than those in Activ-
vials® samples, which gave similar diffraction pattern as 
freshly milled sample after being stored for 4, 8 and 13 
weeks (Figure 1A e, f and g).

After milling, the PXRD of FF KVA gave a characteris-
tic amorphous halo indicating that the solid dispersion 
was amorphous (Figure 1B b). After 4 weeks of storage 
in closed and Activ-vials®, the characteristic diffraction 
peaks of crystalline FF appeared indicating the occur-
rence of re-crystallization. However, the diffractogram of 
the open vial sample gave a halo with emergence of one 
broad peak shifting to higher 2 values (Figure 1B c). This 
was unexpected, inconsistent with HSDSC data as shown 
later and excluded from the analysis. PXRD of Activ-vials® 
samples after 8 and 13 weeks showed similar FF crystal-
line peaks as those after 4 weeks (Figure 1B e, f and g).

The PXRD patterns of KC K17 and KC KVA gave a char-
acteristic amorphous halo after milling (Figure 2 b). After 
4 weeks in open vials, characteristic diffraction peaks of 
KC appeared indicating re-crystallization of KC (Figure 2 
c), whereas closed vial and Activ-vial® samples remained 
X-ray amorphous (Figure 2 d). After 8 and 13 weeks of 
storage in Activ-vials®, the PXRD pattern of KC K17 and 
KC KVA remained a halo confirming re-crystallization 
was inhibited (Figure 2 e, f and g).

Table 1.  Weight gain by the stability samples at 40°C/75% RH.

Condition
%w/w weight increase

FF K17 FF KVA KC K17 KC KVA
4 weeks in open vial 21.1 11.7 20.1 11.5
4 weeks in closed vial 16.7 2.9 5.7 4.8

4 weeks in Activ-vial® 0.0 0.0 0.0 0.0

8 weeks in Activ-vial® 0.0 0.0 0.0 0.0

13 weeks in Activ-vial® 0.0 0.0 0.0 0.0
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The degree of crystallinity of different samples was 
calculated using Equation 2. Figure 3 gives a typical 
Rietveld refinement and the decomposition of the pow-
der pattern into background, amorphous scattering 
and Bragg diffraction of FF with K17. Figure 3(A) shows 
observed pattern of FF K17 physical mixture superim-
posed on calculated pattern, the difference plot and 
the background that is due to air scattering. Figure 3(B) 
shows the observed pattern, the difference plot and 
the intensities of the three broad amorphous peaks or 
humps. The area below these amorphous peaks is inte-
grated. Figure 3(C) shows the observed pattern, the dif-
ference plot and the calculated diffraction pattern of FF 
(Bragg diffraction). The area of this diffraction pattern is 
integrated for analysis. The areas in Figure 3(B) and 3(C) 
are normalized to give 100% and the figure 3(C) gives the 
degree of crystallinity.

The degrees of crystallization calculated from Rietveld 
analysis are listed in Table 2. After 4 weeks, the FF K17 
open and closed vial samples showed 23.4% and 18% crys-
tallinity, respectively, whereas the crystalline amount of 
Activ-vial® sample was only 5.1%. The FF KVA closed vial 
sample showed 12% crystallinity after 4 weeks, whereas 
in the Activ-vial® sample, 3.6% FF has re-crystallized. The 
degree of crystallinity with respect to the total FF pres-
ent was calculated by multiplying the figures by 0.3 as the 
FF content was 30 wt.%. With a low T

g
 of FF at −20°C, the 

presence of a stabilizing polymer like K17 or KVA may 
be inadequate to inhibit the molecular mobility of FF at 
40°C even with moisture protection.

In open vials, most of the amorphous KC has re-crys-
tallized within 4 weeks after absorbing 20.1% and 11.5% 
moisture in KC K17 and KC KVA, respectively. Despite 
5.7% and 4.8% moisture uptake in KC K17 and KC KVA 
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Figure 1.  PXRD diffractogram of the FF K17 (A) and FF KVA (B) 0–13 week at 40°C/75% RH (a) physical mixture; (b) immediately after 
milling; (c) 4 weeks in open vial; (d) 4 weeks in closed vial; (e) 4 weeks in Activ-vial®; (f ) 8 weeks in Activ-vial®; (g) 13 weeks in Activ-vial® 
and (h) FF K17 extruded unmilled.
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Figure 2.  PXRD diffractogram of the KC K17 (A) and KC KVA (B) 0–13 week at 40°C/75% RH (a) physical mixture; (b) immediately after 
milling; (c) 4 weeks open vial; (d) 4 weeks closed vial; (e) 4 weeks Activ-vial®; (f ) 8 weeks Activ-vial®; (g) 13 weeks Activ-vial®.
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in closed vial, there was no indication of crystallinity. 
This could be explained by the relatively high T

g
 of KC at 

42.1°C, whereby storage temperature below T
g
 may not 

provide to sufficient molecular mobility for KC molecules 
to re-crystallize in the presence of stabilizing polymers 
like K17 and KVA.

HSDSC
The enthalpy of fusion and calculated degrees of crys-
tallinity from HSDSC data of FF samples are given in 
Table  3. The physical mixture of 30 wt.% crystalline FF 
with polymer was used as reference in order to nullify 
the effect of polymer. The amorphous FF present in open 
and closed vial samples re-crystallized after absorbing 
moisture as shown by HSDSC data. The higher than 30% 

crystallinity for FF K17 samples may be due to separation 
of FF from polymeric matrix upon moisture absorption 
(<20 wt.%) and formation of crystalline FF rich zones and 
polymer-rich zones causing inhomogeneity as reported 
in the case of solid dispersions of PVP with nifedipine, 
droperidol and pimozide where the solid dispersions 
formed drug-rich and polymer-rich phases which led 
to the re-crystallization of drug upon storage at high 
humidity17,18. The FF K17 sample in Activ-vial® showed 
that almost a quarter of FF has been re-crystallized after 
4 weeks which remained fairly unchanged after 8 and 13 
weeks. The FF KVA samples in Activ-vial® showed 3.9% 
crystallinity after 4 weeks which increased to 5.3% and 
5.5% after 8 and 13 weeks, respectively.

The different degrees of FF crystallinity in Activ-vial® 
between FF K17 and FF KVA samples were probably due 
to the different stabilizing effect of K17 and KVA as there 
was no moisture sorption in both cases. From PXRD and 
HSDSC analyses of FF samples, it is clear that the dif-
ference in crystallinity between open, closed and Activ-
vial® samples were due to the different levels of moisture 
protection, which are consistent with moisture sorption 
data in Table 1. The degree of crystallization calculated 
from PXRD data and HSDSC data revealed that both 
methods are comparable when the moisture content is 
low, e.g., samples of milled FF K17 before storage, Activ-
vial® samples of FF K17 and FF KVA. The absence of 
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Figure 3.  Rietveld refinement and the decomposition of the powder pattern into (A) diffuse air scattering, (B) amorphous humps and (C) 
Bragg diffraction of crystalline fenofibrate.

Table 2.  Degrees of crystallinity calculated using Rietveld 
analysis of PXRD data.

Condition
Degree of crystallinity (%)

FF K17 FF KVA KC K17 KC KVA
Physical mixture 30 — — —
Before storage 1.8 0.0 0.0 0.0
4 weeks open vial 23.4 Excluded 27.4 26.6
4 weeks closed vial 18 12 0.0 0.0

4 weeks Activ-vial® 5.1 3.6 0.0 0.0

8 weeks Activ-vial® 5.8 4.1 0.0 0.0

13 weeks Activ-vial® 6.2 4.6 0.0 0.0
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moisture sorption in the Activ-vial® could not prevent the 
re-crystallization of FF, but the rate of re-crystallization 
was reduced significantly.

The HSDSC thermogram of physical mixture contain-
ing KC and K17 or KVA did not reveal any distinct melting 
endotherm of KC as it may be solubilized into the polymer 
upon heating. KC K17 and KC KVA formulations also did 
not give melting endotherm of KC after stability studies. 
Similar observations were reported by Mididoddi et al.38 
when KC was extruded with polyethylene oxide.

Raman microscopy
The Raman microscopy was used to evaluate the pres-
ence of any trace crystallinity in samples before and after 
stability tests. Trace crystallinity was detected in FF K17 
prior to stability tests and BTEM analysis could recover 
the pure component spectrum of crystalline form of 
FF. The presence of crystalline phase was similarly 
observed by PXRD (Figure 1A b) and HSDSC (Table 3). 
In FF KVA sample, trace crystallinity of FF was picked up 
from Raman microscopy although the pure component 
spectrum of crystalline FF could not be separated from 

the spectra of FF and KVA by BTEM analysis (Figure 4A). 
This was likely due to the homogeneous distribution 
between FF and KVA as shown in the well distributed 
color mapping in Figure 4A. In contrast to FF K17, PXRD 
(Figure 1B b) and HSDSC were unable to detect any crys-
tallinity in FF KVA.

After 13 weeks of storage in Activ-vial® at 40°C/75%RH, 
BTEM analysis could recover pure component spectra of 
amorphous and crystalline FF and KVA indicating the 
separation of both components under stressed condi-
tions. The relative intensity of crystalline FF increased 
with a reduction in the intensity of amorphous FF after 
13 weeks storage at 40°C/75%RH (Figure 4B). With a 
higher degree of crystallinity, this was also seen in PXRD 
(Figure  1B g) and HSDSC analyses (Table 3).

In KC solid dispersions, the results of Raman micros-
copy were in agreement with PXRD data except in KC 
K17 sample after 13 weeks in Activ-vial®. While the PXRD 
diffractogram described an amorphous halo, Raman 
microscopy showed traces of crystalline KC as shown in 
Figure 5B. However, as BTEM analysis could not separate 
the pure component spectra of KC and K17, the two com-
ponents have remained homogeneously distributed after 
13 weeks of stability testing (Figure 5A and 5B).

The detection of trace crystallinity by Raman micros-
copy, which was not shown by PXRD or HSDSC, was 
likely due to the low level of crystallinity below the detec-
tion limits of PXRD and HSDSC. The crystallite size could 
also be so small that particle induced line broadening 
distorted the PXRD pattern25.

Dissolution testing
The primary objective of preparing solid dispersions 
is to enhance the dissolution rate of poorly soluble 
drugs by stabilizing them in the meta-stable amor-
phous state. The dissolution of the physical mixture 
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Figure 4.  Raman microscopy of FF KVA at initial (A) and after 13 weeks storage in Activ-vial® at 40°C/75% RH (B) (The axes of score images 
are in pixels and can be directly correlated to distance by multiplying each pixel with 2 µm).

Table 3.  Heat of fusion and degree of crystallinity calculated 
from HSDSC for FF K17and FF KVA stability samples stored at 
40°C/75% RH.

Condition

Degree of 
crystallinity (%)

Heat of fusion  
(J/g)

FF K17 FF KVA FF K17 FF KVA
Physical mixture 30 30 18.10 23.18
Before storage 2.1 0.0 1.3 —
4 weeks open vial 38.6 25.2 22.6 19.4
4 weeks closed vial 38.6 21.6 22.6 16.7

4 weeks Activ-vial® 8.04 3.9 4.8 3.0

8 weeks Activ-vial® 9.1 5.3 5.5 4.1

13 weeks Activ-vial® 8.9 5.5 5.4 4.3
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containing crystalline FF progressed very slowly at 
only 4% dissolution after 120 min; whereas, extruded 
FF K17 and FF KVA attained the plateau concentration 
in the initial 10–20 min of testing showing significantly 
higher dissolution rates and remained constant for 2 h 
of testing period. The absence of precipitation phase 
after the initial solubilization phase in the dissolution 
profile could be due to micellar solubilization of FF as 
the dissolution media contains 0.1% w/w Tween 8039. 
After storage at 40°C/75% RH in open, closed and Activ-
vials® for 4 weeks, the dissolution rates of both FF K17 
and FF KVA reduced significantly to the level of physi-
cal mixture. Dissolution remained at the same level 
for Activ-vial® samples after 8 and 13 weeks (Figure 6A 
and 6B), although only 5–6% of FF was re-crystallized 
upon storage. The reduction in dissolution rate could be 
attributed to the re-crystallization of the FF after storage 
as shown by the HSDSC, PXRD and Raman microscopy 
data. The separation of FF from the polymer matrix 
under Raman microscopy and re-crystallization may 

also have reduced wetting of the solid dispersion par-
ticles to decrease the dissolution rate.

The physical mixture of KC with K17 and KVA gave 
10.7% and 6.3% dissolution after 2 h, respectively; 
whereas, freshly extruded and milled KC K17 gave 39.8% 
dissolution and KC KVA gave 23.4% dissolution in FASSIF 
new pH 6.5 (Figure 7A and 7B). The crystalline KC alone 
showed 4.7% dissolution after 2 h in FASSIF new pH 6.5. 
After 4 weeks of storage at 40°C/75%RH, the dissolution 
rate of open vial samples was reduced significantly. The 
re-crystallization of the amorphous KC after moisture 
sorption as shown by the PXRD analysis is likely the major 
cause of the reduced dissolution. The solid dispersions 
stored in closed and Activ-vials® were able to retain high 
dissolution rates after 4 weeks of storage at 40°C/75% RH 
(Figure 7A and 7B). Enhanced dissolution properties of 
KC K17 and KC KVA in Activ-vials® were well retained 
after 13 weeks.

The dissolution of KC solid dispersions showed an 
initial burst release of 45–65% in first 10 min of the 
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Figure 5.  Raman microscopy of KC K17 at initial (A) and after 13 weeks storage in Activ-vial® at 40°C/75% RH (B) (The axes of score images 
are in pixels and can be directly correlated to distance by multiplying each pixel with 2 µm).
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Figure 6  Dissolution profile of (A) FF K17 solid dispersion and (B) FF KVA solid dispersion stored at 40°C/75% RH in comparison with 
initial sample and physical mixtures.
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dissolution followed by a sudden decrease in the dis-
solution rate. This may be attributed to the formation of 
supersaturated solution of KC in the dissolution media 
initially followed by the precipitation of the KC causing 
decrease in dissolution rate. The dissolution profiles of 
stressed samples of FF and KC are in complete agree-
ment with re-crystallization occurrences as shown by 
PXRD, HSDSC and Raman microscopy.

Discussion

The study shows that moisture protection using closed 
and Activ-vials® under accelerated stability conditions 
of 40°C and 75% RH was effective in stabilizing the 
amorphous state of solid dispersions of KC (T

g
 42°C) 

with K17 or KVA as well as retaining the enhanced dis-
solution properties. In closed vials, they were resistant to 
re-crystallization even after absorbing 5 wt.% moisture. 
In contrast, with a low T

g
 of −20°C, re-crystallization of 

FF solid dispersions occurs with or without any moisture 
sorption. The prevention of moisture sorption in FF solid 
dispersions using Activ-vials® could only slow down the 
rate of re-crystallization but does not prevent the loss 
in enhanced dissolution. Without moisture protection, 
both FF and KC solid dispersions re-crystallize in open 
vials. The loss in dissolution enhancement is likely due 
to phase separation from polymers and re-crystallization 
during stability testing.

The results of PXRD and HSDSC analyses were rela-
tively comparable in quantifying the re-crystallization 
of FF during stability testing at low moisture contents 
(Activ-vial® samples). The PXRD analysis can be applied 
for both FF and KC solid dispersions while HSDSC was 
not suitable for KC as the API was solubilized in both K17 
and KVA. Both PXRD and HSDSC analyses were found to 
be less sensitive to low traces of crystallinity as compared 
to Raman microscopy.

Conclusion

Moisture plays an important role in the stability of solid 
dispersion but moisture protection alone was not effec-
tive in preventing the re-crystallization of FF due to its 
low T

g
. As a small increase in API crystallinity may result 

in a complete loss of dissolution enhancement, quanti-
fication of low levels of crystalline content using PXRD 
and HSDSC may serve as a critical stability indicator 
for the performance of amorphous pharmaceutical 
formulations.
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