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RESEARCH ARTICLE

The improved dissolution performance of a post processing treated spray-dried
crystalline solid dispersion of poorly soluble drugs

Siok-Yee Chan, Seok-Ming Toh, Nasir Hayat Khan, Yin-Ying Chung and Xin-Zi Cheah

School of Pharmaceutical Sciences, Universiti Sains Malaysia, Penang, Malaysia

ABSTRACT
Context: Solution-mediated transformation has been cited as one of the main problems that deteriorate
dissolution performances of solid dispersion (SD). This is mainly attributed by the recrystallization tendency
of poorly soluble drug. Eventually, it will lead to extensive agglomeration which is a key process in reducing
the dissolution performance of SD and offsets the true benefit of SD system. Here, a post-processing treat-
ment is suggested in order to reduce the recrystallization tendency and hence bring forth the dissolution
advantage of SD system.
Objectives: The current study investigates the effect of a post processing treatment on dissolution perform-
ance of SD in comparison to their performances upon production.
Methods: Two poorly soluble drugs were spray dried into SD using polyvinyl alcohol (PVA) as hydrophilic
carrier. The obtained samples were post processing treated by exposure to high humidity, i.e. 75% RH at
room temperature. The physical properties and release rate of the SD system were characterized upon pro-
duction and after the post-processing treatment.
Results and discussion: XRPD, Infrared and DSC results showed partial crystallinity of the fresh SD systems.
Crystallinity of these products was further increased after the post-processing treatment at 75% RH. This
may be attributed to the high moisture absorption of the SD system that promotes recrystallization process
of the drug. However, dissolution efficiencies of the post-treated systems were higher and more consistent
than the fresh SD. The unexpected dissolution trend was further supported by the results intrinsic dissol-
ution and solubility studies.
Conclusions: An increase of crystallinity in a post humidity treated SD did not exert detrimental effect to
their dissolution profiles. A more stabilized system with a preferable enhanced dissolution rate was
obtained by exposing the SD to a post processing humidity treatment.
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Introduction

The use of new techniques to improve the solubility, dissolution
rate and bioavailability of the poorly water soluble drugs is of great
importance in the development of medicines, particularly those
administered orally. Various solubilization technologies have been
developed including solid dispersions (SD), nanocrystals, cyclodex-
trin complexes and lipid formulations1. Among these SD is one of
the promising techniques in increase dissolution performances of
drugs.

A solid dispersion refers to a dispersion of one or more active
ingredients in an inert carrier or matrix at solid state. The drug can
be molecularly dispersed, in amorphous particles as clusters or in
crystalline particles2. Many studies have shown that the prepar-
ation of a fully amorphous dispersion is crucial for the optimum
enhancement of the dissolution rate of the poorly soluble drug3–6.
However, in contrast to usual expectation, a few reports have
shown that the reverse is true whereby dispersion with some trace
crystal do not decrease the so-called enhanced dissolution per-
formances of solid dispersion system7–9. The later reports have
negated the theoretical concept of how an amorphous solid dis-
persion may contribute to the dissolution mechanism of a poorly
soluble drug. Besides, the molecularly dispersed solid dispersion
was suggested to be pertinent in increasing the surface area for
the dissolution process. This theory was again negated by some

studies10,11. For instance, a decrease in the release rate of itracon-
azole was noted in the solid dispersion of small (< 240 lm) and
large (381–1400 lm) particle size fraction as compared to the inter-
mediate size fraction (240–380 lm) which displayed the highest
dissolution rate12. According to the authors, this observation is
attributed to the higher tendency of recrystallization of smaller par-
ticles as compared with the larger fraction sized particles13.
Therefore, the use of product with small particle size may be com-
promised by the extensive precipitation and higher recrystallization
tendency of the product4,10,12,13.

Furthermore, insignificant changes of the dissolution profiles of
SD after extreme storage condition such as 75% RH or high stor-
age temperature (40 and 60 �C) have been reported7,14–19. Bruce
et al. reported similar dissolution profiles between the fresh SD
and aged SD despite the growth of crystal on the surface of the
aged tablet14. This may be due to the sigmoidal recrystallization
profile for most of the amorphous drug which showed an acceler-
ated recrystallization rate at early recrystallization process and sub-
sequent slower growth of crystalline material in its sample. Slower
crystal growth at the later stage of the crystallization profile may
responsible for the lower recrystallization tendency upon dissol-
ution process. In another study, Jijun et al. have demonstrated that
a short period of high storage temperature or also known as ‘‘post
heating’’ gave rise to a low solution mediated recrystallization
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tendency and therefore it sustains the supersaturation state during
dissolution15. However, the detail of the mechanism on how it
yields this advantage from this ‘‘post heating’’ effect is still poorly
understood.

When a fully amorphous dispersion is exposed to the aqueous
environment, it creates supersaturation which is the driving force
for extensive agglomeration and recrystallization in the hydro-
dynamics of dissolution vessel20,21. In order to limit the extensive
precipitation and high tendency of recrystallization, here we sug-
gested that a post-processing treatment may be needed to get a
physically stabilized solid dispersion. In light of this, the tendency
of recrystallization during dissolution process is expected to
decrease after the formulation has undergone the high rate of
early recrystallization process before the dissolution procedure.
Moreover, the recrystallized drug, which is known to have lower
molecular mobility, is expected to have a lower degree of agglom-
eration. Hypothetically, this will lead to a theoretically stabilized
and dissolution enhanced solid dispersion.

Therefore, this study tested the effect of a post-processing treat-
ment on the dissolution performance of a SD in comparison to
their performance upon production. Two poorly soluble drugs
were used in this investigation i.e. ketoprofen (KTP) and piroxicam
(PIX). KTP and PIX are Non-steroidal anti-inflammatory drugs
(NSAID) that belong to Biopharmaceutical Classification System
(BCS) Class II drugs8,22. Polyvinyl alcohol (PVA) is chosen as a carrier
in order to produce a crystalline dispersion and compare the
essentiality of obtaining a fully amorphous dispersion for the
enhanced dissolution performance as reported in the previous
studies. Both model drugs were formulated into crystalline solid
dispersion by utilizing spray-drying method. After the spray dry
production, the obtained samples were post processing treated by
exposure to high humidity condition, i.e. 75% RH at room tempera-
ture. Dissolution performances of the post processing treated sam-
ples were then compared to the freshly prepared samples in
relation to their physical states.

Materials and methods

Materials

KTP was purchased from AFINE Chemical LTD, BN: 1102017,
whereas PIX was obtained from Novaltek Lifescience, Shanghai (PR
China). The hydrophilic polymer PVA was obtained from BDH
Laboratory, England.

Preparation of physical mixture and spray-dried solid dispersion

Various compositions of solid dispersion KTP-PVA and PIX-PVA sys-
tems were prepared (Table 1). A total of 5.0 g of the model drug
and PVA according to the proportions were completely dissolved
using 50% v/v ethanol in water. The solution were then spray-dried
using a Buchi mini-spray dryer B-290 (B€UCHI Labortechnik AG,
Switzerland) with parameter shown in Table 1. On the other hand,
physical mixture (PM) of drugs and polymers based on the corre-
sponded drug content of the SD (Table 1) were prepared by gentle

mixing of the weighed powders using a mortar and pestle. Melt-
cooled of the pure drugs were also prepared for comparison pur-
pose. The pure crystalline drugs were melted on top of hot plate
at 10 �C above melting temperature of the drugs. After the drugs
were fully melted, it was allowed to isotherm for 5 min. The melted
drugs were then cooled at room temperature to produce amorph-
ous solid.

Characterization of the spray-dried KTP-polymer solid dispersions

Solid state characterization of the prepared SD and PM of KTP-PVA
and PIX-PVA was carried out by Differential Scanning Calorimetry
(DSC), Attenuated total reflectance- Fourier transform infrared
(ATR -FTIR) and X-ray powder diffraction (XRPD).

Water content measurement
Water content of the obtained samples was determined by heating
�10 mg of sample using a hotplate at 100 �C for 10 min. The
weight of the samples before and after heating was recorded. The
percentage of weight loss after 10 min of heating at 100 �C was
taken as the function of water content in the sample.

DSC measurement
DSC measurements were performed with PerkinElmer Pyris 6 DSC
(PerkinElmer, Singapore). The weight of circa �2–4 mg of samples
was packed in crimped aluminum pan and heated under dry nitro-
gen purge. Samples were heated from 0 �C to 220 �C and 0 �C to
250 �C at 10 �C/min for KTP and PIX, respectively to cover the ther-
mal characteristic of both model drugs. The obtained results were
analyzed using Pyris Data Analysis software (PerkinElmer,
Singapore).

ATR-FTIR spectroscopy
ATR-FTIR spectra were recorded over a wavenumber range of
500–4000 cm�1 with a resolution of 4 cm�1 and 32 scans using
Thermo Nicolet FTIR Nexus spectrometer (Thermo Electron
Corporation, Waltham, MA) coupled with ATR accessory. The spec-
tra were analyzed using OMNIC software (Thermo Electron
Corporation, Waltham, MA).

XRPD analysis
XRPD analysis of raw materials, PMs and SD were performed with
a XRD, Bruker D8 Advance equipped with a copper X-ray Tube
(1.54060 Å). Samples were pressed into a sample holder to gener-
ate a flat and smooth plane surface. The samples were then
exposed to an X-ray beam with voltage of 40 kV and a current
40 mA. All measurements were performed from 3� to 50� (2h)
coupled with scanning speed of 0.02�/step and 1 s for every scan
step to cover the characteristic X-ray diffracted peaks of the crystal-
line KTP and PIX .

UV–vis spectroscopy
To quantify the API content in a medium sample, a PerkinElmer
Lambda 25 UV–vis spectrophotometer (PerkinElmer, Singapore)
was used. The wavelength kmax specified for KTP which was identi-
fied to be devoid of any interference from the added carrier at
259 nm was used. Calibration curves were constructed for known
concentration of KTP in distilled water at 259 nm by using Beer
Lambert plots. Each point in the calibration line was an average

Table 1. Solid dispersion formulations prepared using spray drying method.

Systems Drug content (%wt) Processing parameters

KTP-PVA 30% Inlet temperature 80 �C; outlet temperature
60 �C; feeding pump rate of 5%; aspirator of 80%

50%
PIX-PVA 10% Inlet temperature 110 �C; outlet temperature

84 �C; feeding pump rate of 5%; aspirator of 80%
30%
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value of three measurements. The same procedure was carried out
for PIX at wavelength kmax of 360 nm.

Dissolution and intrinsic dissolution studies

Dissolution tests were performed using paddle method in a cali-
brated Varian VK7000 Dissolution Apparatus (Varian, Inc. Weston
Parkway Cary, NC). A total of 900 mL of distilled water was used as
a dissolution medium. The dissolution medium was set at
37.0 ± 0.5 �C and the paddle speed of 50 rpm was used. Pure drug,
polymer, PM and SD products which were sieved to a controlled
particle size range of 100–106 lm were added to the dissolution
medium upon the start of dissolution experiment. Then10 ml of
the samples was withdrawn at 2, 5, 10, 15, 20, 30, 40, 50, 60 and
120 min (up to 180 min for PIX-PVA system). The volume of dissol-
ution medium withdrawn was immediately replaced by introducing
the same volume of fresh medium into the dissolution vessel. The
samples were then filtered with mixed cellulose ester microfilter of
0.45 lm pore size (MFS membrane filter, Lot no. 41CLCA) and ana-
lyzed for content of KTP and PIX using UV–vis spectroscopy at 259
and 360 nm, respectively. The release studies were carried out in
sink condition for SD KTP-PVA systems and non-sink for SD PIX-
PVA systems due to the extremely low solubility of PIX.

To compare the dissolution performances among the investi-
gated systems, dissolution efficiency was calculated using the trap-
ezoidal method which was expressed as a percentage of the area
of rectangle divided by the area of 100% dissolution in the same
time as shown in Equation (1)23,24.

DE %ð Þ ¼
Ð t

0 y dt

y100 t
� 100% (1)

Intrinsic dissolution studies were performed using stationary
disc method25. Powder samples were compressed for 1 min into a
stainless steel cylinder with the formation of disc at one side of
the cylinder with diameter of 8 mm (surface area of 0.5027 cm2)
using a laboratory hydraulic press (Kimaya Engineers, Thane West,
Maharashtra, India). The holder with compact powder were placed

in the dissolution vessel filled with distilled water set at
37 ± 0.5 �C as dissolution medium. In the stationary disc method,
paddle was rotated at 50 rpm at a position one inch on top of
the stationary disc which was exposed to the medium. Medium
samples were withdrawn at predetermined time namely, 2, 5, 10,
15, 20, 25, 30 min up to 1 h. The collected samples were analyzed
at their corresponding UV wavelengths as described in previous
paragraph.

Deliberate post-processing treatment of the freshly prepared
solid dispersion

Saturated solution of sodium chloride (NaCl) was used to create
the 75% RH condition in a desiccator. The freshly prepared SD was
deliberately post processing treated in the 75 ± 5% RH at room
temperature. The samples were placed in a sample tube without
capping and exposed to the high humidity condition in a grease-
sealed desiccator. The post processing treated SD products were
then taken for physical characterization and dissolution studies as
stated in the previous paragraphs.

Results

Water content

Figure 1 shows water content of all systems. Spray dried products
have the lower water content in comparison to the PM. The low
moisture content of SD products was due to the water evaporation
from mixture during spray drying condition. The presence of high
water content in SD 30 PIX-PVA indicates that the product is not
completely dried after spray drying. As expected, water content of
treated SD products increases after storage in a humid condition
for 7 days.

Infrared radiation spectra analysis

ATR-FTIR spectrum of crystalline KTP shows a triplet at the region
of 704 cm�1 (Figure 2). However, when KTP was converted into

Figure 1. Water contents of PM, fresh SD and treated SD (7 d in 75%RH) of KTP-PVA and PIX-PVA.
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amorphous (using melt-cooled method8), a doublet peak at the
region of 704 cm�1 and a shoulder at 1737 cm�1 were revealed
(Figure 2(c)). This may be corresponding to the breaking of the
hydrogen bond involving carbonyl group of the KTP. Therefore,

the shoulder at 1737 cm�1 and doublet at fingerprint region
between 716 and 690 cm�1 may be used as indication of amor-
phicity of the KTP. Looking at the spectra of SD, triplet peaks at
704 cm�1and the shoulder at 1737 cm�1 were seen in both 30 and

Figure 2. ATR-FTIR spectra of PVA, crystalline KTP, crystalline PIX, amorphous KTP and amorphous PIX.

Figure 3. ATR-FTIR spectra of theoretical PM KTP-PVA, the corresponding fresh SD systems and treated KTP-PVA SD systems in 75% RH for one week.
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50 KTP-PVA which suggests the present of crystalline material in
these formulations (Figure 3(c) and (d)).

Besides, spectrum of the treated SD 30 KTP-PVA shows a reduc-
tion in intensity of the shoulder band at 1737 cm�1 (compare
Figure 3(c) and (e)) which suggests an increase in crystallinity after
storage in 75% RH. This may possibly due to the massive amount
of water absorption that was indicated by the broad OH stretching
at 3336 cm�1 which increases molecule mobility and hence pro-
mote recrystallization.

ATR-FTIR spectrum of crystalline PIX indicates a main peak at
region of 3338 cm�1 which corresponds to the O-H stretching of
alcohol group (Figure 2(c)). A new emerging peak at circa 3392 cm�1

was seen in both fresh SD of 10 and 30 PIX-PVA (Figure 4(c) and (d)).
This indicated the presence of Form II PIX in the samples26.

After one week humidity treated of SD PIX-PVA, intensity of
crystalline peaks at 3338 and 3393 cm�1 was increased (Figure 4(e)
and (f)). This indicates that recrystallization has taken place during
the exposure to high humidity condition. In the IR spectra of the
humidity treated SD 30 PIX PVA, the intensity of the peak at
3394 cm�1, which corresponds to Form II PIX, was noted to be
higher than that of 3338 cm�1. This suggests that the SD system
recrystallized preferably into Form II instead of the initially used
polymorph, Form I.

Table 2 displays wavenumbers for selected characteristic bands
for both the KTP-PVA and PIX-PVA systems. In order to conclude
drug–polymer interaction, there shall be band down shifting of
functional groups on both the drug as well as polymer. Based on
Table 2, the functional band of OH from PVA at 3337 cm�1 showed
almost no shifting/insignificant shift in the freshly prepared SD,
therefore we could not conclude the existence of drug–polymer
interaction.

DSC analysis

As a reference, DSC thermogram of pure APIs and PVA were shown
in Figure 5. Based on Figure 5, melting temperature of KTP and PIX
were detected at 96.31 and 202.68 �C, respectively. PM of the KTP-
PVA reveals a melting endotherm at circa 96 C which corresponds
to the melting temperature of KTP (Figure 6(a) and (b)). Melting
point of KTP was depressed to circa 86.37 �C in the fresh SD 30
KTP-PVA (Figure 6(c)). This depression suggests the changes in
chemical potential of KTP with the presence of PVA after spray
drying process8,27. Besides, the enthalpy changes was also
reduced to 1.39 J/g which suggests the presence of a much
smaller portion of crystalline KTP in the SD systems in comparison
to the PM system. Similar deduction can be seen in the fresh SD
50 KTP-PVA (Figure 6(d)).

After humidity storage, the treated SD 30 KTP-PVA reveals a
much higher value of enthalpy, DH¼ 18.6 J/g (Figure 6(e)). This
indicated the higher amount of crystalline material in the treated
SD 30 KTP-PVA system which suggests that recrystallization has
taken place during the post-processing treatment. Limited changes
were observed in enthalpy of treated SD 50 KTP-PVA systems after
one-week exposure in 75% RH (Figure 6(f)).

The absence of melting peak in SD 10 PIX-PVA (Figure 7(c)) indi-
cates the absence of detected crystalline PIX. This result is in con-
trast to the result of IR as Form I PIX was detected at 3392 cm�1.
This may be attributed to the dissolution of the crystalline trace of
PIX into the polymer upon heating scan in DSC8. Similarly, there
was no detected melting peak in the treated SD 10 PIX-PVA
(Figure 7(e)) possibly due to the same reason quoted for the fresh
SD 10 PIX-PVA system.

Conversely, a tiny melting endotherm at 195.62 �C was detected
in DSC thermogram of SD 30 PIX-PVA. Besides, the shape of the

Figure 4. ATR-FTIR spectra of theoretical PM PIX PVA, the corresponding fresh SD and treated PIX-PVA SD systems in 75% RH for one week.
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endotherm was a summation of two endotherm peaks which is
shown in the enlarged insert (Figure 7(d), boxed). This might be
related to the melting of the two different forms of PIX.
The doublet endotherm became more obvious in the thermogram
of treated SD samples (Figure 7(f), boxed).

X-ray powder diffraction analysis

X-ray powder diffractograms of the KTP and PIX samples are
shown in Figures 8 and 9, respectively. In KTP system, peaks inten-
sities in region of 8–28� were reduced in the fresh SD 30 KTP-PVA
system comparatively to their corresponding PM systems (Figure 8).
After the post-processing treatment in 75% RH, intensities of the

crystalline peaks increased which suggested an increment in crystal-
linity of KTP (Figure 8(c) and (d)). However, only limited changes
was seen in treated SD 50 KTP-PVA system after the post-processing
treatment.

Form I PIX, which was used as initial material in this study,
shows a typical diffracted peak at 8.62� (Figure 9). This peak was
not observed in both the freshly SD 10 and 30 PIX-PVA but a
shifted peak at 9.09� together with new emerging peaks at 15.60
and 25.51� were observed in the diffractograms of fresh SD 10 and
30 PIX-PVA systems. This indicates the presence of different poly-
morphs of PIX in these SDs. The new peaks noted were consistent
to Form II PIX26. After exposure in 75% RH, the intensities of these
diffracted peaks were obviously increased (Figure 9(c) and (d)).

Table 2. Wavenumbers for selected characteristic bands of the investigated systems.

System
Selected wavenumber

(cm�1) Group contribution
Theoretical

PM SD Treated SD

30 KTP-PVA 704 Crystalline KTP Present Present, lower intensity than pure drug Present, lower intensity than pure drug
1600–1700 C¼O Present Present, no shifting Present, no shifting

1730 C¼O of amorphous KTP Absent Present Present
2800–3000 CH2 stretching Present Broaden Sharpen after treatment

3337 OH Present Present, no shifting Present, no shifting
50 KTP-PVA 704 Crystalline KTP Present Present, lower intensity than pure drug Present, lower intensity than pure drug

1600–1700 C¼O Present Present, no shifting Present, no shifting
1730 C¼O of amorphous KTP Absent Present present

2800–3000 CH2 stretching Present Broaden Sharpen after treatment
3337 OH Present Present, no shifting Present, no shifting

10 PIX-PVA 3338 OH stretching Present Absent Absent
3392–3394 OH stretching of polymorph II Absent Present Present

30 PIX-PVA 3338 OH Present present Present with a slight increment in inten-
sity compared to fresh SD

3392–3394 OH stretching of polymorph II Absent present Present with a slight increment in inten-
sity compared to fresh SD

The position shift of SD systems is compared to the spectra of pure compound.

Figure 5. DSC thermograms of pure compounds, (a) PVA, (b) first heating of crystalline piroxicam, (b*) second heating of piroxicam, (c) first heating of crystalline etopro-
fen, (c*) second heating of ketoprofen.
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Figure 7. DSC thermograms of (a) PM 10 PIX-PVA, (b) PM 30 PIX-PVA, (c) fresh SD 10 PIX-PVA, (d) fresh SD 30 PIX-PVA, (e) treated SD 10 PIX-PVA, and (f) treated SD 30 PIX-PVA.

Figure 6. DSC thermograms of (a) PM 30 KTP-PVA, (b) PM 50 KTP-PVA, (c) fresh SD 30 KTP-PVA, (d) fresh SD 50 KTP-PVA, (e) treated SD 30 KTP-PVA and (f) treated SD
50 KTP-PVA.
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Table 3 presents the crystallinity quantitated from the area
under the integrated peaks of X-ray diffractogram using the PM as
reference of 100% crystallinity. Crystallinity of the fresh SD 30 KTP-
PVA systems was half of the PM. After the post-processing treat-
ment, the treated SD 30 KTP-PVA revealed further increment in
crystallinity, i.e. from 13.46 to 19.66%. The treated 50 KTP-PVA
showed only limited crystallinity change which is in consistent to
the result deduced from DSC and ATR-FTIR.

Similarly, crystallinity of the both the treated samples of SD 10
and 30 PIX-PVA have increased. The increments are about 10 and
271% for the treated SD 10 and 30 PIX-PVA, respectively.

Dissolution performances

Table 4 summarized the dissolution efficiency of the all the investi-
gated systems (Equation 1). Dissolution rate of SD 30 KTP-PVA sys-
tem was noted higher than its PM system. However, high

Figure 8. X-ray Diffractograms of the investigated samples, (a) PM 50 KTP-PVA, (b) PM 30 KTP-PVA, (c) treated SD 50 KTP-PVA, (d) treated SD 30 KTP-PVA, (e) fresh SD
50 KTP-PVA, (f) fresh SD 30 KTP-PVA and (g) PVA.

Figure 9. X-ray diffractograms of the investigated samples, (a) PM 30 PIX-PVA, (b) PM 10 KTP-PVA, (c) treated SD 30 PIX-PVA, (d) treated SD 10 PIX-PVA, (e) fresh SD 30
PIX-PVA, (f) fresh SD 10 PIX-PVA and (g) PVA.

Table 3. Crystallinity of the PM, fresh SD and treated SD samples based on inte-
grated area of the X-ray diffractogram.

Formulations Area under X-ray diffractogram Crystallinity (%)

PM 30 KTP-PVA 13 835 30
PM 50 KTP-PVA 21 066 50
SD 30 KTP-PVA 6206 13.46
SD 50 KTP-PVA 20 793 49.35
1w 30 SD KTP-PVA 9065 19.66
1w 50 SD KTP-PVA 19 612 47.16
PM 10 PIX-PVA 7863 –
PM 30 PIX-PVA 24 905 –
SD 10 PIX-PVA 2158 –
SD 30 PIX-PVA 3730 –
1 week SD 10 PIX-PVA 2375 10.05a

1 week SD 30 PIX-PVA 13 854 271.42a

aIn solid dispersion of PIX-PVA, a different polymorph, Form II, was detected. With
that, the comparison of the SD to the PM in different form could not be made.
Hence the crystallinity changes of the post processing treated SD PIX-PVA was cal-
culated based on the initial integrated area of the peaks in freshly prepared SD.
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deviations of the initial release profile with obvious reduction in
the release of KTP at later stage of the process were observed
(Figure 10). Dissolution performance of post processing treated SD
30 KTP-PVA was not significantly reduced after the post-processing
treatment. At 10 min, dissolution of the treated system overtakes
the fresh SD. The slowed initial dissolution rate might be ascribed
to the increased crystal material due to solution- mediated recrys-
tallization that reduces the overall wetting of the system.

Unlike SD 30 KTP-PVA system, dissolution rate of SD 50 KTP-
PVA was noted to increase even though the concluded crystallinity
of this system is similar to that of PM (Figure 11). More interest-
ingly, the system reveals a much faster initial dissolution rate after
one-week exposure in 75% RH despite the similar crystallinity
before and after treated. This result is intriguing that there might
be a subtle process occurring during the storage in extreme condi-
tion which leads to the faster dissolution rate of the treated
samples.

As expected, dissolution of the fresh SD 10 PIX-PVA shows a
dramatic increase in initial dissolution rate of PIX in the fresh SD
system due to the high percentage of conversion from crystal
material to its corresponding amorphous form after spray drying
(Figure 12). A similar trend was also seen in 30 PIX-PVA system
whereby the fresh SD show increased dissolution rate and further
increase in the release rate was seen in the post processing treated
sample (Figure 13). This is unexpected as the increased in crystal-
linity of PIX in the treated SD 30 PIX-PVA shall theoretically deteri-
orate the overall release rate. In order to clarify the unexpected
results, which may possibly be attributed by the fluffiness of the
fresh sample that float on top of dissolution medium, intrinsic dis-
solution rate of all the samples (IDR) were examined.

Based on the IDR tests, it is worth mentioning that there was
an initial surge of drug release detected in most of the investi-
gated systems (Figures 14 and 15). The initial surge was then fol-
lowed by a dramatic drop of drug concentration, a profile that
usually seen for dissolution of a supersaturation system indicating
recrystallization28. The IDR values of these systems were calculated
based on the linear drug release of the systems after the event of
initial surge release (Table 5). Looking into the initial surge phe-
nomenon, the fresh samples tend to show a higher surge than the
treated samples particularly in SD KTP-PVA systems (Figure 14).
This surge has also been noted in all the SD PIX PVA systems but
to a lesser extent (Figure 15). In parallel to the dissolution studies,
IDR of most of the treated samples were consistently higher than
their corresponding fresh systems. This parameter could be clearly
presented by the IDR ratio of the SD system to pure drug (Table 5)
whereby IDRs have increased from 2 folds to 3 folds and 2 folds to
11 folds for both treated SD of 10 and 30 PIX-PVA systems,
respectively. Similarly, the same trend was observed in treated SD
50 KTP-PVA system. With exception, treated SD 30 KTP-PVA system
did not show a higher IDR rate but rather it shows a lower average
of IDR with the standard deviation overlapped to the IDR of the
fresh sample. Furthermore, the result is in line to the observed dis-
solution curve where treated 30 KTP-PVA system reveals an almost
similar or slower release rate at initial stage of KTP release (Figure
10). This implies the insignificant different between IDR of treated
and fresh SD 30 KTP-PVA system. Overall the IDR results suggested
that the improvement of dissolution behavior of the post process-
ing solid dispersion is related to their inherent characteristics rather
than the buoyancy of the fresh particles in the convection of
medium while dissolution experiment.

One of the inherent characteristics of the SD would be apparent
solubility of the generated systems. This parameter was examined
to confirm its contribution to the observed anomalous dissolution
trend. SD KTP-PVA showed at least one fold increment in solubility
for all the tested fresh and treated SD systems (Table 5). Solubility
of PIX has increased at least three folds in fresh SD system and
almost five folds in the treated SD PIX system. Interestingly, appar-
ent solubility of all the treated solid dispersion systems consistently

Table 4. Dissolution efficiency of the investigated systems after 120 min of dissol-
ution process.

DE120±standard deviation (%)

Systems Pure drug PM SD Treated SD

30 KTP-PVA 76.72 ± 3.14 58.00 ± 3.05 92.15 ± 1.58 97.69 ± 0.18
50 KTP-PVA 76.72 ± 3.14 81.99 ± 12.61 94.27 ± 1.67 96.07 ± 1.45
10 PIX-PVA 28.61 ± 4.33 31.66 ± 2.82 72.66 ± 14.35 87.02 ± 1.91
30 PIX-PVA 28.61 ± 4.33 30.92 ± 5.06 79.40 ± 1.00 89.79 ± 0.47

Figure 10. Dissolution profiles of pure KTP, PM, fresh SD and treated SD of 30% KTP-PVA.
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showed higher solubility values in comparison to the fresh SD sys-
tem after 24 h stirring at room temperature. The IDR tests have fur-
ther supported the anomalous trend seen in dissolution
performances of the treated SD system.

Discussion

Water is a well-known plasticizer which may promote recrystalliza-
tion of the product, particularly the humidity- stored products.
From the presented result, the post processing treated SD in high
humidity condition revealed higher moisture content due to the
massive water absorption during the humidity exposure. This has
subsequently promoted the recrystallization of the product which
can be evidenced by the typical crystalline bonding and melting

temperature detected in both the ATR-FTIR and DSC measurement.
In addition, the partially amorphous systems of the fresh and post
processing treated SD were further confirmed using XRPD method.

As expected, partial amorphicity of the freshly prepared SD sys-
tem has contributed to the enhanced dissolution rate of the fresh
SD system as compared to its corresponding PM system. This may
be due to dissolution enhancement through high energy of
amorphous state, hydrophilicity of carrier system, formation of sol-
uble complexes, increase surface area etc4,29. Theoretically, the
increment of crystallinity in a solid dispersion system will negate
the dissolution performances of the formulation due to the lower
solubility of the crystalline material as compared to the amorphous
state5,30. However, a reverse phenomenon was noted in this study.
Despite the higher crystallinity that was quantitated in the post

Figure 11. Dissolution profiles of pure KTP, PM, fresh SD and treated SD of 50% KTP-PVA.

Figure 12. Dissolution profiles of pure PIX, PM, fresh SD and treated SD of 10% PIX-PVA.
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processing treated SD systems, dissolution rate of the post process-
ing treated samples were surprisingly and consistently faster with
smaller deviation in comparison to the fresh one.

Similar observations were reported before with limited
emphasis. For instance, the release rate of diazepam from SD PEG-
diazepam after humidity storage (75% RH) was found to be higher
than the corresponding sample desiccated at 0% RH31. Likewise,
Gupta et al. reported an increase in dissolution rate of naproxen
after storage16. In this study, the higher dissolution rate noted after
the post processing humidity treatment suggested that dissolution
rate of the fresh samples upon production was actually compro-
mised. Confounding factor that contributed to the compromised
dissolution rate of the fresh sample may be related to their exten-
sive agglomeration during dissolution process which was consist-
ent to the work presented recently8. As both the SD of 10 and 30
PIX-PVA showed the preferences in recrystallize conversion to
Form II PIX, thus, the fact that ratio of Form I and Form II PIX may
contribute to this unexpected dissolution profile could not be

excluded. Nevertheless, the increment in crystallinity after post-
processing treatment and yet lead to the enhanced dissolution
rate is an unexpected phenomenon which shall not be overlooked.

Amorphous is often related to high molecular mobility. As a
result, when the particles with high molecular mobility are intro-
duced into the dissolution medium, extensive agglomeration or
solution mediated recrystallization of the drug is ripening4,32. This
effect could be seen through the dramatic reduction of drug con-
centration after initial surge of the IDR profile of the freshly pre-
pared sample. The level of drug concentration reduction after the
initial surge profile implies the tendency of recrystallization/
agglomeration which was apparent in freshly prepared SD system.
Instead of generating an improved dissolution system, this ten-
dency may exacerbate the process of recrystallization and leads to
extensive agglomeration or precipitation which eventually offset
the benefit of ‘‘amorphous advantage’’ that we have thought thus
far. Then, the drug and carrier may release as single entity which

Figure 13. Dissolution profiles of pure PIX, PM, fresh SD and treated SD of 30% PIX-PVA.

Figure 14. Intrinsic dissolution profiles of pure KTP, PM, fresh SD, treated SD of
30% KTP-PVA and 50% KTP-PVA. Figure 15. Intrinsic dissolution profiles of pure PIX, PM, fresh SD, treated SD of

10% PIX-PVA and SD 30% PIX-PVA.
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give rise to a slower release of drug at later stage33. This has con-
tributed the inconsistency of the dissolution performances of fresh
SD system. Unlike the fresh sample, the post processing treated
samples were exposed to a high humidity condition and allowed
for early recrystallization and ‘‘annealing’’ at room temperature to
relieve internal stress. Upon introducing into dissolution medium,
the post processing treated samples were relatively stable with
lower tendency of recrystallization (as it has been recrystallized in
its solid state during humidity exposure). The lower recrystallization
tendency would escape the exacerbation of further recrystallization
and agglomeration during the dynamic convection of dissolution
medium. Therefore, in this study, more predictable SD systems
with partial amorphicity in its formulation are obtained after post-
processing treatment as indicated by the smaller error bars of the
repeated dissolution profiles in comparison to the freshly prepared
SD systems.

Another factor that may have contributed to the increased in
dissolution performances after humidity treatment is the increased
of apparent solubility of the treated system. It is somewhat unex-
pected that apparent solubility of the treated systems was higher
than the freshly prepared samples. The different solubility results
between the fresh and treated sample indicated that the solubility
is not purely related to the solubilizing capacity of the polymer but
rather it is related to the solid modification of the treated system
before the dissolution test33. It has been reported that surface of
the spray dry particles have comparatively lower wettability due to
the adsorption of less soluble compound (more hydrophobic) at its
liquid/air interface during the drying process34. This may lead to
extensive agglomeration via hydrophobic forces of the fresh sam-
ple upon contact in water based on the theory of Ostwald ripen-
ing. As the solubility tests in this study were performed for 24 h, it
might not be enough for the fresh samples (which undergo exten-
sive agglomeration) to achieve its equilibrium solubility. Unlike the
fresh samples, the treated samples have undergone exposure in
the humidity condition which may improve its wettability through
the migration of its hydrophilic carrier to the surface of the par-
ticles. Hence, besides the reduced tendency of recrystallization/
agglomeration, changes of the apparent solubility after post proc-
essing humidity treatment has partly contributed to the enhanced
dissolution performance of treated samples.

Conclusion

This study highlighted the production of SD with enhanced dissol-
ution performance after a post-processing treatment. Instead of
generating an undesirable product with poor performances, a
more stabilized system with a preferable enhanced dissolution rate
was obtained by the short period (one week) post-processing

treatment in a high humidity condition. It is noted that the recrys-
tallized traces after the post-processing treatment did not affect
the dissolution profile of SD. Therefore, drug in SD need not neces-
sarily exist in the fully amorphous state. Rather, partial amorphicity
is adequate to enhance the dissolution performances. A fraction of
the drug could be molecularly dispersed and other could be
remained in crystalline state in the matrix, thus forming a dissol-
ution-stabilized SD. Besides, solubility changes have been detected
in humidity treated sample which could be a potential cause of
their enhanced dissolution rates. More investigations should be
carried out in order to unfold the mechanism behind the solid
modification that increased apparent solubility of the humidity
treated sample.
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