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Abstract
Background Solid dispersion (SD) is an established approach to increase the solubility and dissolution of BCS class II drugs. The
selection of a suitable method of preparation and the suitable polymeric carrier are the two most important parameters for a
successful SD. The present research is aimed to evaluate the effect of preparation method on drug crystallinity, drug-polymer
interaction, ex vivo permeability, and SD stability.
Method A ternary SD containing nisoldipine as drug and PVP K30, poloxamer 188 as the carrier was prepared by hot melt
mixing, solvent evaporation by rotary vacuum evaporator, and lyophilization. The prepared samples were analyzed in compar-
ison in order to meet the objectives.
Results All three methods yielded a mixed system of the crystalline and amorphous phase with a significant increase in saturation
solubility compared to the raw drug. Infra-red spectroscopy study showed the highest degree of H bonding between drug and
carrier in the freeze-dried formulation. X-ray diffraction study showed maximum loss of drug crystallinity from the rotary
vacuum evaporated SD (3.70% at 11.3, 2θ angle). Ex vivo permeability study showed the maximum drug permeation by
freeze-dried product. But freeze-dried product was shown to be the least stable in stability analysis. In terms of product stability,
melt mixing is the best out of the three methods tested.
Conclusion Different methods of preparation have different impacts on functional group interaction, loss of crystallinity, ex vivo
permeation, and stability of ternary SD.
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Introduction

Solid dispersion (SD) is one of the most effective strategies to
improve the dissolution profile and bioavailability of poorly
water-soluble drugs [1]. By definition, SDs include those for-
mulations where a drug is dispersed in a matrix preferably
some hydrophilic polymer in different states such as eutectic
mixtures, crystalline/glass solution, or amorphous suspension
[2]. However, amorphous SD (ASD) is the most commonly
used SD, where the drugs are dispersed in the polymeric ma-
trix in the amorphous state [1, 3]. ASD usually has the capac-
ity to enhance dissolution because no energy is required to
break the crystal structure as the crystalline form is not present
[4, 5]. It is anticipated that once an ASD system dissolves,
drugs are presented as a super-saturated solution and the pre-
cipitated drugs are meta-stable. This meta-stable poly-
morphs exhibit higher solubility than the most stable
crystalline form [3, 6].
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The ASD system belongs to a high energy state which is
very susceptible to revert into a less energetic crystalline state.
During processing and storage, amorphous to crystallization
change-over, known as recrystallization, may occur, which
compromises the drug dissolution enhancement. [7, 8]. The
two most important factors to develop and prepare a stable SD
with enhanced dissolution are the selection of a suitable carrier
(usually a polymer) and the use of the proper method of prep-
aration. The wise selection of polymer with high Tg, good
hydrogen bonding or miscibility with the drug as well as less
water absorption is the way of stabilizing ASD [9, 10]. Since
earlier days, various polymers are being used as a carrier for
ASD; for example, PVP (K12 to K30), HPMC, PEG (1500 to
20,000), poloxamer, and grafted copolymer of polyvinyl cap-
rolactam (Soluplus®) [11, 12]. Combined polymer or a binary
composition of polymers such as PVP K 30-PEG or PVP K
30-poloxamer 188 were also incorporated as SD carriers to
reduce the melting temperature of the system or to exhibit
much higher drug dissolution [9, 13].

SD can be prepared by either thermal process which in-
volves fusion of drug-carrier mixture by heat, or solvent evap-
oration process which involves the safe andAPI soluble organic
or aqueous vehicle. All these methods have their characteristic
advantages and disadvantages [14–18]. Due to various types of
stresses imposed on the API and carriers during the preparation
of SD by various methods, the characteristics of the products
usually become different. These characteristics include the im-
provement in drug dissolution, drug-polymer interaction, the
formation of the amorphous particle, the stability of SD, and
bulk density of solid dispersed powder, etc. These properties
give a huge impact not only on the performance of the final
product but also on the downstream processing. In this perspec-
tive, a comparative study among different SD preparation
methods will be very useful to select the most suitable method.
Few studies have reported different SDmethods, but they rarely
extended their work to critically analyze the effect of prepara-
tion method on drug-polymer interaction, loss of drug crystal-
linity, or stability of SD products [10, 19]. More specifically,
there is no report on the impact of the preparation method on
properties of a SD containing a binary carrier system (PVP
K30- poloxamer 188) with nisoldipine as an active pharmaceu-
tical ingredient (API).

This research aimed to study the impact of bench scale
thermal method and solvent assisted methods on the drug
crystallinity loss, drug-carrier interaction, ex vivo intestinal
permeation, and stability of solid dispersed nisoldipine formu-
lated as a ternary SD. Previously our research group has de-
veloped and optimized solid dispersed nisoldipine (NSD)
using PVP K30-poloxamer binary carrier [9]. In the present
research, SD of NSD was prepared by hot melt mixing,
solvent evaporation by rotary vacuum evaporator, and
lyophilization (freeze-drying), for comparative evalua-
tion. All experimental tests in this research were carried

out in triplicates where the results were expressed with
mean ± standard deviation format.

Materials

NSD (purity > 98.5%), a yellow crystalline powder (aqueous
solubility 2.27 g/L), was purchased from Hangzhou Hyper
Chemicals Ltd., Hangzhou, China. PVP K30 and poloxamer
188 were purchased from Apollo Healthcare Resources,
Singapore andMerck KGaA, Germany, respectively. All other
reagents and chemicals used for the research were analytical
grade and purchased from Permula Chemicals Sdn. Bhd.,
Malaysia.

Methods

Preparation of Solid Dispersion by Different SD
Methods

Solid dispersed NSDwas prepared by three different methods:
hot melt mixing (HM), rotary evaporation (SE), and freeze-
drying (FD). The composition was NSD:PVPK30:poloxamer
188 (1:3.75:6.55) weight ratio, which has been developed and
optimized in our previous research [9].

Physical mixture (PM), in the same composition as SD,
was prepared by dry mixing of all ingredients.

HM method was prepared by the rapid cooling process
where the drug and polymeric carriers are mixed, melted
(60 ± 2 °C), stirred, and the mixture was immediately trans-
ferred onto an ice bath to solidify followed by overnight air
drying, pulverization, and sieving. Henceforth, the SD pre-
pared by HM method will be termed as HMSD.

In SE method, drug and carriers were added into the min-
imum possible quantity of absolute ethanol and gently heated
(40 ± 2 °C) to obtain a clear mixture. Rotary vacuum evapo-
rator (BUCHI R 210, Switzerland) was used to remove the
solvent at 60 °C and 175 mbar. Then, SD material was col-
lected, dried, pulverized, and sieved. SD prepared by this
method will be denoted as SESD.

For FD method, polymers were dissolved in distilled water
and then NSDwas added to the solution with constant stirring.
The mixture was then freeze-dried at − 45 °C and 7 × 10−2 a
pressure using Freeze Dryer (Alpha 1–2 LD Plus Christ) for
48 h. SD prepared by FD method will be abbreviated as
FDSD.

All prepared SD formulations were sieved through 250 μm
sieve and the undersize fractions were used for further analy-
sis. The percentage yield of the solid dispersed product was
calculated in comparison using the following equation,
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PY ¼ AY

TY
� 100% ð1Þ

Where, PY = percentage yield, AY = actual yield, TY = theo-
retical yield (cumulative amount of all ingredients).

Saturation Solubility Study

For shake-flask method, an excess amount of sample was
added to 10 mL of medium (pH 6.8 phosphate buffer with
0.4% sodium lauryl sulfate/SLS) and shaken for 24 h at
150 RPM, 37 ± 2 °C in an incubator shaker. The absorbance
of sample aliquot was measured at 235 nm spectrophotomet-
rically and the concentration of NSD was calculated from a
linearity plot to express the saturation solubility.

Scanning Electron Microscopy Study

Scanning electron microscope (Evo 50, Carl Zeiss
Microscopy, Jena, Germany) and gold coating with a table-
top sputter coater (Leica EM SCD 005, Leica Microsystems
(SEA) Pte. Ltd.) were employed for recording scanning elec-
tron microscopy (SEM) micrographs and morphology
analysis.

Crystallinity Study by XRD

X-ray powder diffractometer (Rigaku Ultima-IV, Japan) was
used to scan the samples from 0° to 70° with 5°/min speed
using Cu-K radiation at 40 kV voltage 30 mA current to re-
cord diffraction angles (2θ) and intensity (counts).

Drug-Polymer Interaction by Attenuated Total
Reflectance Infra-red Spectroscopy

Interactions between NSD and the carriers were studied by
attenuated total reflectance infra-red (ATR-IR) spectroscopy
(Perkin Elmer, USA). Each sample was clamped on ATR di-
amond crystal with < 90 units force and scanned over 4000–
400 cm−1 IR ray range for accumulations 15 scans at resolu-
tion 2 cm−1.

Thermal Analysis by DSC

Thermograms of samples were derived by a differential scan-
ning calorimeter (1-STARe, Mettler Toledo, Columbus, OH).
Each sample (5–10mg) was enclosed in an aluminum crucible
and exposed to a thermal range of 10–200 °C (10 °C/min)
under constant nitrogen flow (10–20 mL/min) where an alu-
minum crucible without sample was used as the blank.

Ex Vivo Permeability Study Through the Intestinal
Membrane

The ex vivo study was done as per the methods reported by
Dixit et al. (2012). Krebs-Ringer bicarbonate buffer was pre-
pared from 118.0 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2,
1.2 mM MgSO4·7 H2O, 25.0 mM NaHCO3, 1.2 mM
KH2PO4, and 5.5 mMglucose. Rabbit intestines were donated
by a fellow research group of Kulliyyah of Pharmacy,
International Islamic University Malaysia (IIUM). The re-
search group obtained the approval for the animal study from
the Institutional Animal Care and Use Committee (IACUC) of
IIUM, Kuantan, Malaysia (Animal Ethics Approval no:
IIUM/IACUC Approval/2016/(9)(54)). Small intestinal parts
were cut into 15 cm length, fat removed and rinsed with
Kreb’s buffer. Each intestine was everted with a tiny glass
rod and mounted in a specially designed glass apparatus as
described by Dixit et al. with little modification [20]. The
inner side of the intestinal tube is perfused with Kreb’s solu-
tion. Then the glass assembly with 2.3 cm length of the
everted intestinal tube is placed in a beaker containing sample
100 μg/mL with phosphate buffer (pH 6.8) solution. At 15,
30, 45, 60, and 120 min time points, samples were collected
from the everted intestinal sac and analyzed by a simple
reversed-phase high performance liquid chromatography
(HPLC) method at 235 nm. The HPLC method used an
Agilent Zorbax C18 column (250 mm × 4.6 μm)
acetonitrile-water (1:1 v/v) mobile phase at 1 mL/min flow
rate. The run time was 11 min and NSD was detected at
8.78 min by a sharp peak without any significant interference.
HMSD, SEFD, FDSD, and raw NSD were used as samples
for the study. The concentration of permeated drug was
calculated from the area of generated NSD peak in the
chromatogram through the linearity curve equation. The
apparent permeability coefficient (Papp) was calculated
using the following equation [20]:

Papp ¼ dQ
dt

*
1

A*C0
¼ V*dt*A*C0 ð2Þ

Where, Papp = apparent permeability coefficient, dQ/dt =
the cumulative amount of drug (Q) appearing in the
acceptor (serosal) compartment as a function of time,
A = surface area of the intestine (cm2), C0 = the initial
concentration of drug in the donor compartment (μg/
mL), V = volume of sample (mL).

Stability Study

Both the real-time and accelerated stability studies were car-
ried out for 3 months. HMSD, SESD, FDSD, and PM mate-
rials were packed in separate sealed plastic bags, wrapped
with aluminum foil, and placed in real-time stability chamber
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(30 °C/75% RH) as well as in accelerated stability chamber
(40 °C/75% RH). The samples were analyzed at 1 week,
2 weeks, 1 month, 2 months, and 3months of sampling points.
At each sampling point, physical observation for the change of
color or formation of lump, saturation solubility study, and
ATR spectroscopy were carried out.

Results and Discussion

Percentage Yield of Solid Dispersed NSD Prepared
by Different Methods

Percentage yield represents the recovery of solid dispersed
NSD from the apparatus used during formulation. FD method
showed the highest percentage (97.68 ± 2.2%) followed by
HM (95.45 ± 3.5%) and SE (84.53 ± 6.2%) method. FD prod-
uct was easily recovered from the container and HMSD ma-
terials were relatively harder while the SE method imposed
the maximum loss of materials during collection from rotatory
evaporator flask. Every single method employed in this study
has its own pros and cons [1]. Easy and maximum yield from
a process is industrial desirability.

Comparison of Saturation Solubility Among HMSD,
SESD, and FDSD

NSD has very limited solubility in water (2.27 ± 0.15 μg/mL)
or in 0.1 N HCl acidic condition (1.22 ± 0.0142 μg/mL), as
observed in the preliminary study. Therefore, pH 6.8 phos-
phate buffer with 0.4% SLS was chosen as a solubility medi-
um representing the intestinal fluid. The solubility results of
raw NSD, SESD, HMSD, and FDSD were 63.33 ± 0.32,
111.85 ± 2.25, 117.41 ± 2.21, and 123.89 ± 6.11 μg/mL respec-
tively. All solid dispersed NSD showed statistically significant
improvement of NSD solubility compared to the pure drug with
p value < 0.05 at 95% confidence interval. No statistically sig-
nificant difference was seen among three SD formulations al-
though FDSD showed maximum solubility followed by SESD
and HMSD. When a solid dispersed formulation encounters an
aqueous medium, hydrophilic carriers and dispersed drug be-
come wet and partly soluble. Several factors are involved be-
hind this phenomenon such as the formation of high surface
area, increased wettability, and increased porosity of solid dis-
persed powder [21]. As the compositions of all formulations
were the same, the difference in solubility could be due to the
degree of drug crystallinity and the physical nature of the pow-
der (porosity). For FDSD, the porosity was significantly higher
compared to HMSD and SESD. Freeze-drying forms amor-
phous product with high porosity due to the removal of water
by sublimation. The porosity values calculated based on total
volume and void volume of FDSD, HMSD, and SESD were

17.25 ± 1.99%, 12.43 ± 2.09%, and 12.05 ± 1.57%, respective-
ly. All samples were broken down into smaller fragments with-
in 8 h during the solubility study. Therefore, no significant
difference in saturation solubility was seen although there was
a difference in porosity values. Other responsible factors of
solubility have been critically studied by SEM, DSC, ATR, or
XRD analysis as described in the subsequent sections.

Morphological Comparison Among HMSD, SESD,
and FDSD

The shape and surface morphology of sample particles were ex-
amined by SEM. NSD appeared as elongated irregular crystals,
whereas PVP K30 and poloxamer 188 both were round-shaped
particles (Fig. 1). In HMSD and SESD images, irregularly shaped
less porous solid dispersed materials were sighted without clearly
distinguishable NSD crystals (Fig. 1). The non-visibility of NSD

Fig. 1 Scanning electron microscopy images. Nisoldipine (a). PVP K30
(b). Poloxamer 188 (c). Physical mixture (d). FDSD/freeze-dried solid
dispersion (e). HMSD/melt mixed solid dispersion (f). SESD/rotary
vacuum evaporated solid dispersion (g). Magnifications taken were ×
32 (c, d) and × 465 (rest of the images)
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crystals in HMSD and SESD may confer the loss of NSD crys-
tallinity during SDprocess. In contrast, NSD crystalswere sighted
in FDSD image because the hydrophobic nature of NSD caused
partial retaining of drug crystallinity since FD process involved
water as the solvent. During the pre-freezing part of FD process,
some NSD crystals settled down at the bottom of the beaker
which did not turn into an amorphous form. However, a SD
system can be either a crystalline or amorphous drug or a mixed
form of the drug, dispersed in the amorphous or crystalline carrier
[22]. In this case, based on SEM image, primarily it can be said
that FD method could not produce SD with complete NSD
amorphization although it showed a more porous surface which
gave the advantage of faster and higher dissolution compared to
the other two SDs.

Effect of Method of Preparation on Drug-Carrier
Interaction

The infra-red spectroscopy technique analyzes the interaction
between different functional groups. The IR spectrum (Fig. 2)
of NSD showed a characteristic peak at 3320.6 ± 0.69 cm−1

which was accountable for N-H stretching of dihydropyridine
(DHP) ring. The wide band between 2800 to 3100 cm−1 and
two strong peaks at 1705.17 ± 0.18 cm−1 and 1649.78 ±
0.67 cm−1 were attributed to the aliphatic C-H bonds and the
stretching of two carbonyl (C=O) groups present in the side
chain of DHP moiety, respectively. NO2 stretching generated
two bands, at 1529.98 ± 0.88 cm−1 and 1347.18 ± 0.13 cm−1.
At 1490.85 ± 0.47 cm−1 and 1211.24 ± 0.05 cm−1, peak for
aromatic C=C stretching and C-O stretching was observed,
respectively. All the characteristic peaks found in NSD IR
spectrum were in close agreement with previous literature
[23]. In PVP K30, a number of vibrational bands have been
identified, such as 1647.73 ± 0.87 cm−1 (C=O stretching of
carboxylic acid), 2948.83 ± 0.71 cm−1 (C-H stretching), and
3250–3600 cm−1 (O-H stretching), which were broadened due
to absorbed moisture. For poloxamer 188, characteristic peaks
that were visible in the IR spectrum include 1099.45 ±
0.54 cm−1 (C-O stretching), 1341.66 ± 0.91 cm−1 (O-H bend-

ing), and 2800–3100 cm−1 with a peak at 2876.86 ± 0.32 cm−1

(C-H vibration). These peaks obtained for the two carriers
were also in-line with other published reports [24, 25].

In PM, all characteristic peaks of NSD were observed with
C-H stretching band overlapping at 2800–3100 cm−1. No in-
teraction was observed between the drug and carriers in dry
state. Clear differences were observed among the IR spec-
trums of HMSD, SESD, and FDSD (Fig. 2). The N-H vibra-
tional peak position at 3320.6 cm−1 was shifted towards lower
wavenumber with reduced intensity in the ascending order of
SESD<HMSD<FDSD. This case represented a reduction in
drug crystallinity [26]. In FDSD, that peak was almost absent
or masked by a wide band of excess moisture in the sample.
The more porous nature of the FDSD material could be the
reason for higher hygroscopicity. There were previous reports
on shift or absence of N-H stretching peak in the amorphous
form of an anti-inflammatory drug (nifedipine) containing an
amino group where the amine stretching vibration band of
amine and carbonyl groups were broadened and less defined
[27, 28]. In this research, the same type of interactions has
been observed but to different degrees depending on the meth-
od of preparations. Another reason for the absence of N-H
band in FDSD might be H bonding. Not only N-H band, but
the C=O vibrational peak at 1705.17 cm−1 was also not ob-
served in FDSD. The same peak was observed with lower
intensity in SESD followed by HMSD. From the structure
of NSD [29], two H bonding sites are presented in the
molecule: proton donor amine (-NH) group and proton
acceptor carboxylic (C=O) group. These groups can form
H bonding with PVP K30 and hydroxyl group of
poloxamer 188. A report on nifedipine amorphous parti-
cles also showed a carbonyl stretching band at 1705 cm−1,
which was responsible for H bonding with the polymer
[28]. H bonding between drug and polymer helps in reduc-
tion of molecular mobility in the SD products to retain the
amorphous structure of the drug.

A strong band of C=C aromatic stretching (1491.70 cm−1)
presented in raw NSD had shifted a bit towards higher wave-
number (1493.70 ± 0.41 cm−1) for SESD and HMSD while it

Fig. 2 Infra-red spectrums of solid dispersed samples produced by freeze-drying (FDSD), melt mixing (HMSD), and rotary vacuum evaporating (SESD)
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was absent for FDSD. Significant differences were also ob-
served in two other fingerprint IR peaks of NSD: C-O
stretching of carboxylate group at 1211.24 cm−1 and
1101.52 cm−1. The first peak was not well defined in FDSD
(1211.29 cm−1), whereas it was shifted to 1213.7 ± 0.49 cm−1

and 1213.51 cm−1 in HMSD and SESD spectrums. In SESD
and FDSD, the vibration band was present at 1101.52 cm−1

while little shift was seen in HMSD spectrum (1103.8 cm−1).
Peak shifts occur due to many reasons such as the formation of
new bonding, change in crystallinity, and change in concen-
tration in the sample [27]. From these drug-polymer inter-
action studies, the highest degree of H bond formation
between NSD and both carriers (PLX 188 & PVP K30)
was observed in FDSD compared to the other two
methods. The loss of NSD crystallinity was also noted
here where PXRD and DSC studies were continued to
analyze it further.

Effect of Method of Preparation on Drug Crystallinity

PXRD is a valuable tool to identify and analyze the crystal-
linity of a material. The sharp characteristic peaks at 2θ angle
of 9.30°, 9.79°, 11.30°, 12.46°, 19.00°, 22.76°, 25.34°,
26.14°, and 27.48° (Fig. 3) clearly indicated that NSD exists
as crystals [30, 31].

The discussion to critically evaluate the loss of drug
crystallinity was extended by calculating the relative in-
tensity instead of absolute intensity because it is not
varying with instrumental and analysis conditions. Peak
area value was used after baseline correction instead of
peak height because it is more precise to calculate peak
intensity [32]. The relative intensity of the peaks at 2θ
angles of 9.30°, 9.79°, 11.30°, 19.00°, 22.76°, and

27.48° was calculated based on the following equation
and the results were presented in Table 1:

Relative intensity

¼ Absolute intensity

Intensity of the most intense peak
x 100% ð3Þ

The 2θ values were chosen from the diffractogram of
raw NSD based on the considerably higher area and as
mentioned in other literature [30, 31]. In PM, all NSD
characteristic peaks were present with comparable rela-
tive intensity as pure NSD indicating the presence of
NSD crystal in the dry mixture. On the other hand, loss
of NSD crystallinity was observed in all three SD types
where the relative intensities of some peaks (9.30° and

Fig. 3 Powder X-ray
diffractograms of solid dispersed
samples produced by freeze-
drying (FDSD), melt mixing
(HMSD), and rotary vacuum
evaporating (SESD)

Table 1 Relative intensities of peaks in X-ray diffractogram at selected
2θ angle

Relative intensity (%)

2θ angle NSD SESD HMSD FDSD

9.30 61.1 5.2 11.3 11.2

9.79 90.3 X 11.6 11.8

11.30 69.1 3.7 11.1 5.1

12.46 17.3 X X X

19.00 100 X X X

22.76 72.4 100 100 100

27.48 31.3 X 7.3 4.6

NSD, raw nisoldipine; SESD, solid dispersion prepared by solvent evap-
oration; HMSD, solid dispersion prepared by hot melt mixing; FDSD,
solid dispersion prepared by freeze-drying; “X” indicates no peak
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11.30°) were decreased and some (12.46° and 19.00°)
were not defined. The absence or reduction in XRD
peak intensity indicates loss or reduction of drug crys-
tallinity. Drug particles in the amorphous phase can be
dissolved more rapidly than fully crystalline drugs and
enhance drug dissolution [33]. In this research, the im-
proved aqueous solubility of NSD was successfully
achieved by SD techniques, behind which reduction or
loss of NSD crystallinity was the main factor although
it was not complete conversion to amorphous form.

The intensity of NSD crystallinity loss among three
d i f f e r e n t m e t h o d s c o u l d b e c om p a r e d a s
SESD>FDSD>HMSD. As shown in Table 1, the relative
intensity of SESD at 11.30° peak was 3.70%, followed
by FDSD (5.1%) and HMSD (11.1%). SESD had the
highest loss of NSD crystallinity compared to the other
SD methods. During the initial stage of SESD prepara-
tion, the drug was completely dissolved in the organic
solvent which caused finer dispersion inside the poly-
meric matrix and resulted in significant loss of crystal-
linity after the solvent evaporated. In the freeze-drying
method, hydrophobicity of NSD to the aqueous solvent
and the residue of moisture initiated the recrystallization
process which resulted in traces of crystallinity [18, 34].
Compared to the other two methods, HMSD was the
easiest to prepare. However, heat stress was given dur-
ing the dispersion followed by rapid quenching. Such
rapid cooling can convert some amount of the dissolved
drug to finer crystals instead of amorphous form led to
having higher diffraction intensities compared to the
other two methods [35, 36].

Thermal Analysis by DSC

The thermal behavior of a sample can reveal an idea about the
crystallinity and glass transition of a SD system. The DSC
thermograms were presented in Fig. 4. Raw NSD exhibited
a sharp endothermic peak at 152.18 ± 0.43 °C with the enthal-
py of 142.68 ± 2.3 J/g, confirming the crystalline state [30].
PVP K30 produced a broad endothermic band from 90 to
150 °C due to the release of the absorbed moisture, which
was also evidenced by ATR studies [25]. Poloxamer 188
showed a melting endotherm at 52.34 ± 0.26 °C. In PM, a
sharp peak was observed at 46.23 ± 0.65 °C with a broad
endotherm at 100–140 °C but no sharp melting peak of the
drug. Absence or shifting of drug peak towards a lower value
may indicate possible interaction between drug and polymeric
carriers. However interaction was not possible for a physical
mixture, rather a eutectic mixture could be formed in the DSC
crucible due to the low melting point of poloxamer 188 and
complete miscibility of NSD in the molten polymer during the
analysis. Therefore, no NSD peak was visible in the PM [37].
Tang et al. (2018) explained that febuxostat formed eutectic
mixtures during melting with poloxamer 188 and PVP K30 in
a ternary system [25]. NSD crystals were completely miscible
with molten PVP K30 resulting in a broad transition band
because the transition of PVP K30 occurs at a lower temper-
ature than the melting point of NSD.

In the thermograms of all three SDs, no NSD peak was
observed, which could be due to the drug solubilization in
molten polymer, the formation of a molecular level dispersion,
or drug distribution in an amorphous state in the SD [38].
These results also indicated the significant reduction of NSD

Fig. 4 DSC thermograms of
poloxamer 188 (PLX),
nisoldipine (NSD), PVP K30 and
solid dispersed samples produced
by freeze-drying (FDSD), melt
mixing (HMSD), and rotary
vacuum evaporating (SESD)

32 J Pharm Innov  (2021) 16:26–37



crystallinity after employing SD methods. All three SDs ther-
mograms had an endothermic peak at 50 °C or below due to
the poloxamer 188 crystals (Fig. 4) where the enthalpy values
of the peaks were not statistically different. Overlapping three
thermograms of SDs showed a broad endothermic region
within the range of 100–160 °C, possibly due to the glass
transition of amorphous PVP K30 and evaporation of its as-
sociated moisture. Based on the results, the developed SDs
can be reported as a two-phase system: crystalline poloxamer
188 and amorphous NSD mixture in PVP K30. A ternary SD
containing poloxamer 188 and PVP K30 with aripiprazole
two-phase systemwas reported in the SD prepared by hot melt
extrusion process [39]. Moreover, the position of the glass
transition band was also analyzed where the enthalpy values
of the band for HMSD were significantly higher than SESD
and FDSD. As mentioned before, for HM method, the melted
drug and polymeric carriers would be finely dispersed at eu-
tectic composition but the drug could crystallize back by rapid

cooling [35, 36]. Those NSD crystals in HMSD, although in
considerably low concentration, melted along with PVP K30
during DSC analysis and the enthalpy of the band at 100–
160 °C was increased significantly (relatively higher crystal-
linity) than SESD or FDSD.

In all SDs, the mid-point of glass transition (Fig. 5) varied
but the difference was not significant (p value > 0.05, at 95%
confidence interval). Pure PVP K30 and physical mixture re-
sulted in Tg of 128.58 °C and 125.51 °C, respectively, which
showed no significant difference. Similarly, the Tg for three
different SDs was also statistically the same as the PVP K30
or PM. These results indicated that the amorphous state of
PVP K30 was maintained in the SDs, and NSD was dispersed
at the molecular level or in the fine crystalline state throughout
the hydrophilic carrier. The Tg of the SD system was higher
than normal storage temperature, indicating a lesser chance of
recrystallization of amorphous drug particles in SD samples
during storage [40].

Fig. 5 Tg of physical mixture (PM), PVP K-30, and solid dispersed samples produced by freeze-drying (FDSD), melt mixing (HMSD), and rotary
vacuum evaporating (SESD)

Fig. 6 a Permeability Papp (cm/s)
of drug for different SD
formulations. b %CDP at 2 h for
solid dispersed samples produced
by freeze-drying (FDSD), melt
mixing (HMSD), and rotary
vacuum evaporating (SESD)
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Ex Vivo Permeability Comparison Among HMSD,
SESD, and FDSD

For BCS class II drugs, the presence of excipients and modified
formulation can effectively enhance drug solubility and perme-
ability, which can be studied by ex vivo intestinal permeation
[41]. The apparent permeability (Papp) and percentage cumula-
tive drug permeated (%CDP) through rabbit intestinal mucosa
were evaluated by ex vivo permeation (Fig. 6).

From the results depicted by Fig. 6a, it was observed that
all three SDs showed significantly higher permeability (Papp)
as well as higher %CDP compared to raw NSD. The Papp of
NSD through rabbit intestinal mucosa was 6.04 × 10−6 ±
8.78 × 10−8 cm/s. At 2 h, only 31.26 ± 0.47% drug was per-
meated cumulatively through the membrane which was sig-
nificantly lower than all three SDs. Although there are no strict
cut-off values of permeability for different BCS class of drugs,
as per some literature, BCS II drugs should fall under Papp

value > 10−5 cm/s through Caco-2 cell layer [42]. In the same
literature, a borderline class was mentioned with Papp value
between 2 × 10−6 and 10−5 cm/s. In this study, raw NSD stood
under this borderline range representing poor permeability. If
the solubility of the drug could be enhanced, the permeability
would be also improved. Since the result of the solubility
study showed significant improvement of NSD solubility in
the small intestinal medium by SD formulations, their ex vivo
intestinal permeability showed higher results as well.

The presence of polymers (poloxamer 188 or PVP
K30) could alter the membrane fluidity and cause im-
proved drug permeation through the intestinal mucosal
wall. If the permeability followed that rule, all three SD
formulation should give the same Papp result. However,
a statistically significant difference (p value < 0.05) in
the Papp result was observed among the three SD sam-
ples. Hence, the effect of polymers on intestinal perme-
ability can be considered as negligible. The difference
in permeability was due to the difference in solubility
resulted from the difference in SD methods. Like the
saturation solubility study, ex vivo permeation of
FDSD showed the highest Papp compared to HMSD
and SESD.

Percent CDP at 2 h did not show a statistically significant
difference among different SDs (Fig. 6b). FDSD result was
numerically higher from the initial point of sampling (more
than 3% at 15 min) compared to HMSD and SESD (near to
1% at 15 min). Both %CDP and Papp results clearly indicated
that the method of SD preparation had a significant impact on
intestinal drug permeation and absorption. There is no report
published on intestinal permeation of NSD yet, but another
drug of the same class (Dihydropyridine) was reported that
improvement of solubility affected intestinal permeability
positively [43, 44].

Table 2 Physical observation of all SD stored in different storage
conditions

Time points PM HM SE FD

RT AC RT AC RT AC RT AC

0 day S S S S S S S S

1 week S NS S S S S S S

2 weeks NS S S S S S NS

1 month S S S NS S

2 months S NS S NS

3 months S S

RT, real-time stability condition; AC, accelerated stability condition; S,
stable (segregated dry powder); NS, not stable (agglomerated moist mass)

Fig. 7 a Infra-red spectrums of all
SD formulations at 2 months
stored in real-time stability
chamber. b Infra-red spectrums of
all SD formulations at 2 months
stored in accelerated stability
chamber. Two months’ time point
has been presented due to
significant changes at this point.
FDSD: freeze-dried solid
dispersion, HMSD: melt mixed
solid dispersion, SESD: rotary
vacuum evaporated solid
dispersion
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Effect of Storage Condition on Stability of SD
Prepared by Different Methods

The stability of SD materials was studied for 3 months and
visual observations were recorded (Table 2). In accelerated
condition, all three SD powders became moist mass at
2 months or before. In real-time conditions, only FDSD pow-
der became moist at 2 months, whereas HMSD and SESD
powder retained their dry nature for up to 3 months. Visually
all SD powders were highly susceptible to moisture absorp-
tion, possibly due to the presence of hydrophilic ingredients.
FDSD powder had a lower bulk density (0.27 ± 0.003 g/mL,
Data not shown) compared to HMSD and SESD powder,
indicating the loose powder mass which could naturally

absorb the highest moisture. Another reason could be the pres-
ence of excess moisture residue in FDSD as quite a high
amount of water was involved in the preparation.

The ATR spectrum of different SDs (Fig. 7) from the
stability samples showed a clear presence of moisture
with broadening of the IR band at 3100–3500 cm−1.
The broadening of this band was the maximum in the
case of FDSD at 2 weeks of accelerated storage condi-
tion. The moisture indicating IR band is rather not vis-
ible in HMSD or SESD sample stored in real-time con-
dition. Moreover, the identified N-H vibration of NSD
at 3320 cm−1 was either absent or suppressed by in-
creased moisture in all accelerated storage samples at
2 weeks or later.

Fig. 8 a Saturation solubility
results of SD formulations stored
under real-time stability
condition. b Saturation solubility
results of SD formulations stored
under accelerated stability
condition. The stability studies
were discontinued at the time
points where the SD became
completely moist mass. FDSD:
freeze-dried solid dispersion,
HMSD: melt mixed solid
dispersion, SESD: rotary vacuum
evaporated solid dispersion
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The absorbed moisture could be highly detrimental to drug
stability as well as to the amorphous state of drugs. The Tg of
water is − 137 °C, which can lower down the Tg of the system
and in turn increase the molecular mobility [45]. Increased
molecular mobility initiates recrystallization and thereby im-
provement of solubility might be compromised over storage
time. Not only that, but water can also disrupt drug-polymer
interaction by competitively forming more hydrogen bonding
with hydrophilic polymers replacing drug-polymer bonds [45,
46]. From the results of this study, different SD methods were
seen to have different degrees of moisture adsorption nature.

The results of the saturation solubility of NSD from differ-
ent SD at various time points are presented in Fig. 8. In the
case of HMSD and SESD, there was no statistically signifi-
cant difference (p value > 0.05 at 95% confidence interval) in
NSD solubility during storage. But in FDSD, in accelerated
storage condition, NSD solubility was reduced over time
starting from 1 week. We assumed that the higher absorbed
moisture in FDSD can cause higher drug recrystallinity which
resulted in reduced solubility and stability. The physical nature
of the SD materials after the stability sampling points was un-
acceptable for downstream processing. Considering this level
of acceptance, the FD method was the least acceptable and
HM was the best out of these three. A more critical investiga-
tion on the change of crystallinity was required at each time
point of storage to understand and compare the specific effect
of moisture on different SDs. There was no previous report on
the comparison of storage conditions among different SD
preparation methods. Hence, these stability study results will
be very beneficial in providing knowledge for better consid-
eration of the preliminary selection of the method of prepara-
tion of SD.

Conclusion

A SD of NSD in a fixed combination of binary carrier system
containing PVP K30 and poloxamer 188 was prepared by three
different lab-scalemethods. All three SD such as FDSD, HMSD,
and SESD produced a mixed amorphous-crystalline systemwith
significantly improved solubility as well as ex vivo permeation
through excised gut mucosa. Freeze-drying had produced the
formulation with the highest solubility and ex vivo permeability
but poor physical stability during storage. Different degrees of
drug-polymer interaction, mostly by H bonding, were observed
which variedwith themethod of preparation. Loss of crystallinity
was the highest in SESD, followed by FDSD. For PVP K30-
poloxamer 188 binary carrier system for NSD, freeze-drying
could be the best method, if not long-term storage of the solid
dispersed powder is required. Otherwise, hot melt mixing is
the best alternative in terms of stability and downstream
processing.
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