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Abstract: This study aimed to elucidate the impact of a common anionic surfactant, sodium dodecyl
sulfate (SDS), along with hydroxypropyl cellulose (HPC) and Soluplus (Sol) on the release of
griseofulvin (GF), a poorly soluble drug, from amorphous solid dispersions (ASDs). Solutions of 2.5%
GF and 2.5%–12.5% HPC/Sol with 0.125% SDS/without SDS were prepared in acetone–water and
spray-dried. The solid-state characterization of the ASDs suggests that GF–Sol had better miscibility
and stronger interactions than GF–HPC and formed XRPD-amorphous GF, whereas HPC-based
ASDs, especially the ones with a lower HPC loading, had crystalline GF. The dissolution tests show
that without SDS, ASDs provided limited GF supersaturation (max. 250%) due to poor wettability
of Sol-based ASDs and extensive GF recrystallization in HPC-based ASDs (max. 50%). Sol-based
ASDs with SDS exhibited a dramatic increase in supersaturation (max. 570%), especially at a higher
Sol loading, whereas HPC-based ASDs with SDS did not. SDS did not interfere with Sol’s ability
to inhibit GF recrystallization, as confirmed by the precipitation from the supersaturated state and
PLM imaging. The favorable use of SDS in a ternary ASD was attributed to both the wettability
enhancement and its inability to promote GF recrystallization when used as a minor component
along with Sol.

Keywords: amorphous solid dispersions; spray drying; wettability; supersaturation; recrystallization;
drug release

1. Introduction

In the last few decades, poor aqueous solubility of drugs, resulting in limited bioavailability,
has appeared to be one of the major challenges in drug delivery systems [1]. Around 40% of the
drugs available in the market and up to 90% of the new chemical entities in the development
pipeline are poorly water-soluble [2]. Slow and incomplete dissolution of these drugs results in
slow absorption in the aqueous environment of the gastrointestinal (GI) tract and eventually low
bioavailability. To resolve these challenges, amorphous solid dispersions (ASDs) have been used as
an effective platform approach [3,4]. In traditional ASDs, the drug is molecularly dispersed within
a hydrophilic/amphiphilic polymeric matrix, resulting in a single-phase amorphous mixture, which
inhibits recrystallization of the amorphous drug. As the kinetic solubility of the amorphous drug
is higher than that of the crystalline drug, ASDs can enhance the dissolution rate–supersaturation
generation significantly [5–7].

Although the higher free energy of the amorphous drug leads to apparent solubility levels of
an order of magnitude higher than the crystalline counterpart of the drugs, this high energy also
works as the driving force for spontaneous recrystallization from the solid state or supersaturated
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solution upon dissolution [8,9]. In conventional ASDs, an amorphous drug is molecularly mixed with
a polymeric carrier, thus forming a binary system [10]. On the other hand, a significant improvement
in the performance of drug ASDs has been reported with ternary systems, such as the drug–binary
polymers [11] and drug–polymer–surfactant [12]. Several studies have suggested improvement in
processability, dissolution performance, and storage stability owing to incorporation of a surfactant
in ASDs over those without a surfactant [12–17]. Surfactants at high concentrations in ASDs have
been used to increase the solubility of the drug (see, e.g., the references cited in Table 1). Moreover,
the presence of a surfactant in the ASD formulation could increase wettability of the relatively
hydrophobic drug [17,18], while it can also inhibit drug precipitation in the aqueous medium [19,20].
On the contrary, other studies [21–24] have suggested that surfactants negatively affected drug release
from ASDs due to the competitive interaction between the drug–polymer–surfactant, resulting in drug
recrystallization promotion from the supersaturated solutions. Therefore, to say the least, the impact
and roles of surfactants in the dissolution of drug ASDs are complex and somewhat elusive, and the
use of surfactants can be detrimental or beneficial depending on the specific drug–polymer–surfactant
system and composition. Hence, a holistic investigation into the roles of surfactants in both the
wettability enhancement and recrystallization inhibition of drugs along with polymers in ASDs is
surely warranted.

A common anionic surfactant, sodium dodecyl sulfate (SDS), is typically used as a minor
component, at 0.5%–2.5% w/w, in immediate release tablets or capsules [25]. On the other hand,
when SDS has been used as a carrier along with polymers in ASDs; it has been used at much higher
concentrations, typically at 10%–50% w/w, and/or as a major component of ASDs (see Table 1). This is
not surprising as the use of surfactants and surfactants–polymers as carriers has been an emerging
trend in the last two decades [26]. When polymers alone cannot achieve high kinetic solubilization,
they are augmented with copious amounts of surfactants that can solubilize drugs through micellar
solubilization and surfactant–polymer complex formation [22,27,28].

Even though anionic surfactants were reported to enhance wettability in most ASD studies,
a cursory look at Table 1 reveals that wettability enhancement either by anionic surfactants like SDS
alone or by anionic surfactants along with polymers has been rarely examined and quantified, especially
in relation to the drug release from ASDs. As an exception, Lu et al. [18] investigated the impact of
SDS in the wettability enhancement of simvastatin (SV) and its relation to the dissolution rate of the
SV–polyvinyl pyrrolidone (PVP) solid dispersion via separate measurements of contact angle and
water absorption into a packed powder bed. A similar method was used by Rahman et al. [29] to
examine the wettability enhancement by SDS in hybrid nanoparticle–amorphous solid dispersions
(HyNASDs) of griseofulvin (GF). Although both studies quantified the positive impact of SDS inclusion
on drug wettability and drug release, Lu et al. [18] did not investigate the impact of SDS on the
supersaturation maintenance–recrystallization kinetics, and Rahman et al. [29] spray-dried aqueous
GF nanosuspensions to prepare HyNASDs and characterize them; however, GF solutions were not
spray-dried to prepare ASDs, which is the focus of the current study.
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Table 1. Formulation composition of drug amorphous solid dispersion (ASDs) with sodium dodecyl sulfate (SDS) in various studies and survey of the use of
wettability and desupersaturation tests.

Drug Drug Loading (% w/w) Polymer a Drug:Polymer:SDS Wettability Testing DeS Testing b References

Ketoprofen 10% PEG 1:8:1 No No Mura et al. [19]
Tacrolimus 10% CMC-Na 1:8:1 No No Park et al. [30]
Docetaxel 5%–9% PVP K30 1:9:1–1:19:1 No No Moes et al. [31]
Valsartan 50%–67% HPMC 1:0.42:0.08–1:0.67:0.33 No No Yan et al. [32]

Sulfathiazole 33%–50% PVP K29/32 1:1:0.1–1:1:1 No No Dave et al. [33]
Simvastatin 20%–33% PVP K29/32 1:3:0.02–1:3:0.06 Yes No Lu et al. [18]

Sorafenib 20%–50% Soluplus 1:0.9:0.1–1:4.5:0.5 No No Truong et al. [34]
Tacrolimus 20%–33% HPMC 1:1:1–1:1:3 No No Jung et al. [27]
Felodipine 23% Soluplus 1:3:0.2–1:3:0.4 No Yes Chen et al. [35]

Itraconazole 50% Soluplus, PVP VA64 1:0.5:0.5 No Yes Deshpande et al. [24]
Itraconazole 20% HPMC-AS 1:3.75:0.25–1:2.75:1.25 No Yes Feng et al. [17]

Sirolimus 16%–48% HPMC 1:1:0.05–1:5:0.1 No No Kim et al. [36]

Nifedipine 14%–40% Kolliphor, Soluplus 1:1:0.5–1:4:2 No No Muralichand and
Bhikshapathi [37]

a CMC-Na: Carboxymethylcellulose-sodium, HPMC: hydroxypropyl methylcellulose, HPMC-AS: hydroxypropyl methylcellulose-acetyl succinate, PEG: polyethylene. glycol, PVP:
polyvinyl pyrrolidone, PVP-VA: polyvinyl pyrrolidone-vinyl acetate. b DeS testing: Desupersaturation testing.
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Table 1 also shows that the effects of SDS on drug supersaturation maintenance have not been
routinely examined in separate desupersaturation–recrystallization kinetic studies, unlike in recent
studies such as Chen et al. [35], Deshpande et al. [24], and Feng et al. [17]. Moreover, several studies
have indicated that SDS had a deleterious impact on drug supersaturation maintenance as it promoted
drug recrystallization in the presence of polyvinyl pyrrolidone-vinyl acetate (PVP-VA) [22] and crystal
growth in the presence of PVP [38]. It is likely that the impact of SDS in a ternary ASD is specific to the
drug–polymer–SDS formulation and dependent on the surfactant concentration. As SDS was intended
to be a carrier/solubilizer in most of the ASD studies, its loading was typically higher than 2.5%
w/w, except in a few studies [18,32,36] that did not investigate the impact of SDS on drug wettability
and/or recrystallization kinetics. In other words, in ASDs, SDS has not been commonly used as a
minor component, i.e., 0.5%–2.5% w/w, unlike in typical immediate release dosages. In view of the
existing literature, it is fair to state that the impact of SDS, as a minor component of ASDs, on both
drug wettability enhancement and drug crystallization inhibition/supersaturation maintenance in the
presence of polymers, specifically hydroxypropyl cellulose (HPC) and Soluplus (Sol), has not been
systematically examined. It is hypothesized that the use of SDS as a minor component along with a
drug-miscible polymer, which can provide solubilization and supersaturation maintenance, could boost
supersaturation from the ASDs via wettability enhancement, without having any deleterious effect on
drug recrystallization. Another driver for the use of SDS as a minor component of ASDs is that the
anionic surfactants could be toxic and may cause gastrointestinal tract irritation [39,40], especially if
used at high concentrations in ASDs with high drug doses.

Unlike all previous studies, here we aimed to examine the impact of a common anionic surfactant,
SDS, as a minor component of a drug–polymer–SDS ternary ASD on in vitro drug release while
elucidating its roles in both wettability enhancement and recrystallization inhibition/promotion along
with HPC/Sol. To this end, HPC (hydrophilic, partially miscible with GF) and Sol (amphiphilic, miscible
with GF) were used as the matrix formers in the ASDs. A total of 2.5% griseofulvin (GF, a model
poorly soluble drug) and HPC/Sol with various mass ratios of GF:polymer, along with or without
SDS, were dissolved in acetone–water and spray-dried to prepare the ASDs. X-ray powder diffraction
(XRPD), differential scanning calorimetry (DSC), and Raman spectroscopy were used to characterize
any changes to GF crystallinity after spray drying and examine ASD formation. Release of GF from
the spray-dried particles was studied using a standard dissolution tester along with UV-spectroscopy.
Polarized light microscopy (PLM) was used to examine formation of GF crystals from a loose compact
of ASD upon water addition. GF recrystallization inhibition/promotion upon use of the polymers and
SDS was examined in the desupersaturation experiments via the solvent-shift method. We used the
modified Washburn method to investigate the wettability enhancement of the drug by the polymers
and SDS. The analysis of these experiments will allow us to (i) examine if the use of SDS along with
a drug-miscible polymer, which can provide solubilization and supersaturation maintenance, could
boost supersaturation from the ASDs; and (ii) determine how wettability enhancement, supersaturation
maintenance/recrystallization kinetics, and drug solubilization can be affected by the use of SDS as a
minor component.

2. Materials and Methods

2.1. Materials

Griseofulvin (GF) was selected as a model drug as it has a low solubility in water: ~8.9 mg/L at
25 ◦C. GF is considered a challenging drug as it crystallizes fast [41]. It was purchased from Letco
Medical (BP/EP micronized grade, Decatur, AL, USA). Its melting point temperature Tm and glass
transition temperature Tg are 220 ◦C and 89 ◦C [42]. Hydroxypropyl cellulose (HPC), which is a
semi-crystalline polymer with low crystallinity and amorphous domains of sub-ambient Tg [43], was
donated by Nisso America Inc. (SSL grade, New York, NY, USA). Soluplus® (Sol), donated by BASF, is
an amphiphilic graft copolymer made of polyvinyl caprolactam–polyvinyl acetate–polyethylene glycol.
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It has a Tg of 73 ± 2 ◦C [44]. Sodium dodecyl sulfate (SDS), a commonly used anionic surfactant, was
purchased from GFS Chemicals, Inc. (Columbus, OH). Acetone (ACS reagent, ≥99.5%, BDH Analytical
chemicals, Radnor, PA, USA) was used as an organic solvent.

2.2. Preparation of Spray-Dried Powders

Table 2 presents the formulations of various 2.5% w/v GF solutions with HPC/Sol/SDS in a mixture
of 200 mL acetone–40 mL water that were prepared using a magnetic stirrer. As SDS is not soluble
in acetone, water was used along with acetone to ensure dissolution of all the solid components.
The solutions were sonicated for 30 min before feeding to the spray dryer. Sol and HPC were selected
as they have a different hydrophilicity and glass transition temperature. GF:polymer mass ratios
from 1:1 to 1:5 were selected to examine the impact of polymer loading on the ASD formation and
GF release. The rationale for selecting 0.125% w/v SDS is as follows: when spray-dried, the powders
with 1:1, 1:3, and 1:5 GF:polymer ratios are estimated to have 2.44%, 1.23%, and 0.83% w/w SDS,
respectively, which are all in the range of 0.5%–2.5% w/w used in typical immediate release dosages.
Moreover, when fully dissolved, the powders will provide 0.0005% w/v SDS in the dissolution medium,
i.e., deionized water, which is well below the critical micelle concentration of SDS, i.e., 8 mM, 0.23%
w/v [45]. Hence, the micellar solubilization of GF by SDS in the dissolution medium is purposefully
minimized. A Procept 4M8-Trix spray dryer (Zelzate, Belgium) with a bi-fluid nozzle was used to
dry 200 g GF solutions that were fed at 2.0 g/min. Drying air at 75 ◦C was fed at 0.27–0.30 m3/min.
Parameters regarding atomization of the feed were adopted from Azad et al. [46]. After spray drying,
a vacuum-desiccator was used to store dried particles in double plastic bags at room temperature
before their characterization.

Table 2. Formulations of the griseofulvin–hydroxypropyl cellulose/Soluplus (GF–HPC/Sol) solutions
with or without SDS fed to the spray dryer.

Formulation ID a GF (% w/v) b Polymers (% w/v) b SDS (% w/v) b

S-Sol-1:5 2.5 12.5 0
S-Sol-1:3 2.5 7.5 0
S-Sol-1:1 2.5 2.5 0

S-Sol-1:5, SDS 2.5 12.5 0.125
S-Sol-1:3, SDS 2.5 7.5 0.125
S-Sol-1:1, SDS 2.5 2.5 0.125

S-HPC-1:5 2.5 12.5 0
S-HPC-1:3 2.5 7.5 0
S-HPC-1:1 2.5 2.5 0

S-HPC-1:5, SDS 2.5 12.5 0.125
S-HPC-1:3, SDS 2.5 7.5 0.125
S-HPC-1:1, SDS 2.5 2.5 0.125

a S denotes solution-based feed; the ratios refer to the mass of the GF and polymer. b % w/v w.r.t. 200 mL acetone–40
mL deionized water mixture.

2.3. Characterization Methods

2.3.1. Particle Sizing, Microscopy, and Solid-State Characterization

A Rodos/Helos laser diffraction system (Sympatec, NJ, USA) was used to measure the particle size
of the as-received GF and spray-dried samples, based on Fraunhofer theory, following the method in
Li et al. [47]. To examine the morphology of the spray-dried particles, samples were placed on a glass
slide and observed under a polarized light microscope (PLM, Axio Scope.A1, Carl Zeiss Microscopy
GmbH, Göttingen, Germany). An XRPD (PANanalytical, Westborough, MA, USA), equipped with
Cu Kα radiation (λ = 1.5406 Å), was used to investigate the crystalline nature of the as-received
GF, polymers (HPC/Sol), SDS, spray-dried samples, and physical mixtures (PMs). The PMs have
the same formulations as those presented in Table 2, but prepared via blending. All samples were
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scanned within the range of 5◦ to 40◦ at a rate of 0.165 s−1 for the 2θ scanning mode. To estimate the %
crystallinity of the spray-dried powders, HighScore Plus software was used following the method in
Rahman et al. [48].

A Mettler-Toledo polymer analyzer (PolyDSC, Columbus, OH, USA) was used to perform DSC of
the as-received GF, Sol, HPC, spray-dried samples, and physical mixtures (PMs) (see Section S1 of
Supplementary Material for more details). As-received GF and PMs were heated from 25 ◦C to 250
◦C at a rate of 10 ◦C/min under nitrogen gas flow. Spray-dried samples were heated from 25 ◦C to
70 ◦C and was held at 70 ◦C for 2 min to remove any residual solvent, then cooled back to 25 ◦C. In the
last step, the samples were heated again at a rate of 10 ◦C/min from 25 ◦C to 250 ◦C. To assess the
residual moisture/solvent content in the spray-dried samples, thermogravimetric analysis (TGA) was
performed using a TGA/DSC1/SF Stare system (Mettler Toledo, Inc., Columbus, OH). Each sample
weighing ~6.0–7.0 mg was placed in a ceramic crucible and heated at a rate of 10 ◦C/min under nitrogen
flow from 25 ◦C to 150 ◦C.

A Fergie Imaging Spectrometer System (Princeton Instruments, Trenton, NJ, USA) with a 500-mW
external diode laser processing at 785 nm wavelength was used to conduct Raman spectroscopy.
Data acquisition time was 15 s per scanned spectrum (100–1800 cm−1) and each spectrum obtained
was averaged over two scans. In this study, the data for the range of 1550–1800 cm−1 wavenumber
was presented.

2.3.2. Assay Testing and Drug Release from the Powders Prepared via Spray Drying

An assay testing was performed to determine drug content following the method in Li et al. [47].
A total of 100 mg of the sample powders was dissolved in 20 mL methanol under 30 min of sonication,
followed by overnight storage to ensure complete solubilization of the GF particles. An aliquot
of 100 µL was taken from the GF solution and diluted up to 10 mL using methanol. Using a UV
spectrophotometer (Agilent, Santa Clara, CA, USA) at 292 nm wavelength, the absorbance of the
samples was measured, while a pre-established calibration curve was used to calculate the drug
concentration. For each formulation, mean drug content and the relative standard deviation (RSD)
were calculated (n = 6). A Distek 2100C USP II (paddle apparatus) dissolution tester (North Brunswick,
NJ, USA) was used to determine GF release from the powders prepared by spray drying and the
physical mixtures (PMs) with 100 mg GF in 1000 mL deionized water at 37 ◦C stirred at 50 rpm paddle
speed [48]. The powders were poured into the dissolution medium and deionized water from the
dissolution vessels were spewed on top of any floating powder (only for Sol-based ASD samples
without SDS) for the first 2 min to ensure complete submersion of the powders. The 4 mL samples were
taken out manually at various intervals up to 210 min. The aliquots were filtered with a 0.1 µm PVDF
membrane-type syringe filter before UV-spectroscopy measurements to minimize any confounding
effect of the undissolved drug. The rationale for selecting deionized water is that it provided good
discrimination among dissolution profiles of different GF formulations (nanocomposites–ASDs) in
the previous studies [49–51]. Using UV–vis spectroscopy, the absorbance of the dissolved GF was
measured at 296 nm wavelength. The concentration of the GF released was determined from a
pre-established calibration curve. Six samples were tested for each formulation. Unless otherwise
indicated, the relative % supersaturation is calculated based on GF concentration at 210 min and
thermodynamic solubility of as-received GF at 37 ◦C.

2.3.3. GF Wettability by Aqueous Polymer (Sol/HPC) Solutions with or w/o SDS

Wettability of GF was investigated using the modified Washburn method [52,53]. The penetration
rate of aqueous polymer/SDS solutions into a packed bed of GF powder inside a cylindrical column
was analyzed. The mass of liquid penetrating the GF powder bed was measured as a function of
time using an Attension Sigma 700 (Biolin Scientific, Linthicum, MD, USA). The experimental method
was adapted from Bilgili et al. [54] and Li et al. [51], and full details are provided in Section S2 of the
Supplementary Material. The powder refers to as-received GF powder and the liquids are aqueous
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solutions of 15% Sol/HPC, 15% Sol/HPC with 0.125% SDS, and 0.125% SDS. The aqueous solutions
and deionized water were saturated with griseofulvin (GF) and stirred overnight. Surface tension
was measured using the Attension Sigma 700, and the apparent shear viscosity was measured with
an R/S Plus Rheometer (Brookfield Engineering, Middleboro, MA, USA). The viscosity of water and
the SDS solution were taken from Korson et al. [55] and Kushner et al. [56], respectively. The wetting
effectiveness factor cosθs/cosθw was estimated from the modified Washburn equation. Here, θs refers
to the contact angle between the GF powder and the aqueous polymer/SDS solution and θw indicates
the contact angle between the GF powder and the deionized water. The wetting effectiveness factor
gauges the extent to which wettability of a drug is enhanced when the polymers (HPC/Sol) and SDS
are used as solutes in deionized water [54].

2.3.4. Impact of the Polymers and SDS on GF Recrystallization from Supersaturated Solutions

A solvent-shift method was used to examine the impact of polymer/surfactant on the potential
depletion of GF supersaturation (desupersaturation) from a pre-supersaturated GF solution, which
will help to elucidate drug recrystallization in the dissolution tests. To generate supersaturation,
a concentrated solution of GF (100 mg GF dissolved in 20 mL acetone) was mixed with a pre-dissolved
HPC/Sol aqueous solution in the dissolution tester having concentrations of 100, 300, and 500 µg/mL,
emulating 1:1, 1:3, and 1:5 GF:polymer ratios in the powders, respectively, with 0.0005%/0.125%
SDS or without SDS and separate aqueous solutions of 0.0005% and 0.125% SDS. Upon mixing,
GF concentration rose to 76 to 99 µg/mL within few minutes. Measuring GF concentration over
210 min allowed us to determine how fast supersaturation is depleted due to recrystallization. These
desupersaturation experiments were performed in triplicate.

2.3.5. Visualization of Solution-Mediated Recrystallization of GF

A loose compact of the spray-dried powders with S-HPC-1:5 and S-Sol-1:5, with and without SDS,
was mounted onto a glass slide. After addition of about 20 µL of deionized water, the sample was
observed under the polarized light microscope (PLM) and images were taken at 0, 1, 2, and 5 min.

3. Results and Discussion

We present and discuss various properties of the spray-dried powders (Section 3.1); the solid-state
characterization of the drug in the powders and ASD formation (Section 3.2); in vitro drug release
from the ASDs, and the effects of type and loading of the polymer and presence of SDS under
supersaturating dissolution conditions (Section 3.3); and the roles of polymer–SDS in recrystallization
inhibition/promotion (Section 3.4).

3.1. Properties of the Spray-Dried Powders

Weight loss of 2.0% ± 0.3% was measured with TGA for all the samples, which confirmed that
most of the solvents were removed during the spray drying. The powders with higher drug:polymer
mass ratios had higher mean drug content (Table 3), while the RSD values ranged from 0.73%–4.45%,
all below 6.0%, which suggests that the powders had acceptable content uniformity. Table 3 also
shows that when the polymer concentration was increased, coarser particles were prepared because of
the higher total solids loading in the more viscous feed [54,57,58]. Unlike this clear and strong effect
of the polymer, the effect of SDS was relatively weak or its influence did not show a clear pattern.
The spray-dried particles have rounded-donut shapes (see Figure 1).

3.2. Solid state Characterization of the Spray-Dried Powders

To examine any solid state changes to GF upon spray-drying, as-received GF, HPC, Sol, spray-dried
powders, and corresponding physical mixtures (PMs) having identical formulations to those of the
spray-dried powders were analyzed using XRPD (Figure 2) and DSC (Figure 3). Sharp peaks were
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observed for GF, whereas a halo pattern was observed for the polymers, suggesting their amorphous
nature (Figure 2). Similar peaks at the same diffraction angles, but with lower intensity, were observed
for the GF PMs prepared by blending, which can be explained by surface coverage and dilution of
the GF crystals with the polymer. The peaks observed at 5.6◦, 6.8◦, and 8.3◦ in the diffractograms of
physical mixtures (PMs) originate from SDS (see Section S3 of Supplementary Material; for proper
scaling of GF peaks, the SDS diffractogram is excluded from Figure 2 and presented in Section S3).

Table 3. Particle sizes of the powders prepared via spray drying and their drug content.

Formulation ID
Characteristic Sizes from the Volume-Based Size Distribution (µm) GF Content,

RSD (% w/w, %)d10 ± SD d50 ± SD d90 ± SD

S-Sol-1:5 7.03 ± 0.2 18.3 ± 0.2 38.3 ± 0.1 14.8, 1.79
S-Sol-1:3 6.08 ± 0.1 14.3 ± 0.0 32.4 ± 0.1 22.1, 1.76
S-Sol-1:1 3.46 ± 0.2 10.9 ± 0.1 21.5 ± 0.0 44.8, 3.46

S-Sol-1:5, SDS 6.23 ± 0.1 20.8 ± 0.1 40.1 ± 0.2 14.6, 4.45
S-Sol-1:3, SDS 4.11 ± 0.0 12.3 ± 0.0 33.2 ± 0.1 21.5, 2.02
S-Sol-1:1, SDS 5.03 ± 0.1 11.0 ± 0.1 20.2 ± 0.0 42.3, 2.21

S-HPC-1:5 6.48 ± 0.2 21.5 ± 0.4 42.3 ± 0.2 15.0, 2.65
S-HPC-1:3 5.87 ± 0.1 15.4 ± 0.3 33.5 ± 0.1 24.0, 1.51
S-HPC-1:1 5.28 ± 0.1 12.7 ± 0.2 30.3 ± 1.2 44.9, 1.67

S-HPC-1:5, SDS 7.10 ± 0.2 22.6 ± 0.2 40.3 ± 0.3 15.1, 3.30
S-HPC-1:3, SDS 6.48 ± 0.0 15.8 ± 0.6 31.3 ± 1.0 24.4, 2.56
S-HPC-1:1, SDS 7.05 ± 0.2 13.0 ± 0.9 26.9 ± 0.8 42.7, 0.73
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regardless of polymer loading, did not depict any diffraction peaks of GF. The halo patterns confirm 
the formation of amorphous solid dispersion (ASD). Small peaks were visible in the diffractograms 
of S-HPC-1:3, S-HPC-1:1, and S-HPC-1:1 SDS powders, which had 11.5%, 27.7%, and 6.5% 
crystallinity, respectively (Table 4). Despite being largely amorphous, strictly speaking, these 
powders should be referred to as solid dispersions; but, for the sake of simplicity, we call all powders 
ASDs while recognizing that some of them had notable crystalline content. The XRPD results overall 
suggest that (i) amorphous GF was molecularly dispersed by Sol matrix owing to their good 
miscibility even at a 1:1 mass ratio and whether SDS was present or not; (ii) GF was only partially 

Figure 1. Light microscope images of the spray-dried particles prepared using the GF solution with a
1:3 GF:polymer mass ratio and 0.125% SDS/without SDS: (a) S-HPC-1:3, (b) S-HPC-1:3, SDS, (c) S-Sol-1:3,
and (d) S-Sol-1:3, SDS. All images were taken at 50×magnification (scale bar: 20 µm).

In general, XRPD diffractograms of all Sol-based spray-dried powders with and without SDS,
regardless of polymer loading, did not depict any diffraction peaks of GF. The halo patterns confirm
the formation of amorphous solid dispersion (ASD). Small peaks were visible in the diffractograms of
S-HPC-1:3, S-HPC-1:1, and S-HPC-1:1 SDS powders, which had 11.5%, 27.7%, and 6.5% crystallinity,
respectively (Table 4). Despite being largely amorphous, strictly speaking, these powders should
be referred to as solid dispersions; but, for the sake of simplicity, we call all powders ASDs while
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recognizing that some of them had notable crystalline content. The XRPD results overall suggest
that (i) amorphous GF was molecularly dispersed by Sol matrix owing to their good miscibility even
at a 1:1 mass ratio and whether SDS was present or not; (ii) GF was only partially miscible with
HPC, and it required a high HPC loading (1:5 GF:HPC) to ensure formation of ASD—a lower HPC
loading could not prevent GF recrystallization during or after spray drying; and (iii) SDS helped to
disperse or solubilize GF in the HPC matrix, thus allowing ASD formation at a lower HPC loading (1:3
GF:HPC ratio). However, SDS could not prevent recrystallization when the GF:HPC mass ratio was
1:1. During spray drying, rapid evaporation of the solvents raised viscosity dramatically, resulting
in kinetic arrest of the drug molecules by the polymers, thus forming ASD [59]. Therefore, besides
drug–polymer miscibility, fast drying kinetics in the spray dryer played a role in the formation of ASD
from solution-based (S) feeds, even for a partially miscible (GF–HPC) system.

Pharmaceutics 2020, 12, x FOR PEER REVIEW 9 of 22 

 

miscible with HPC, and it required a high HPC loading (1:5 GF:HPC) to ensure formation of ASD—
a lower HPC loading could not prevent GF recrystallization during or after spray drying; and (iii) 
SDS helped to disperse or solubilize GF in the HPC matrix, thus allowing ASD formation at a lower 
HPC loading (1:3 GF:HPC ratio). However, SDS could not prevent recrystallization when the GF:HPC 
mass ratio was 1:1. During spray drying, rapid evaporation of the solvents raised viscosity 
dramatically, resulting in kinetic arrest of the drug molecules by the polymers, thus forming ASD 
[59]. Therefore, besides drug–polymer miscibility, fast drying kinetics in the spray dryer played a 
role in the formation of ASD from solution-based (S) feeds, even for a partially miscible (GF–HPC) 
system. 

 
Figure 2. X-ray diffractograms of as-received GF, HPC, Sol, physical mixtures (PMs) of GF–HPC/Sol 
and the spray-dried powders prepared using the GF solutions with 1:1, 1:3, and 1:5 drug:polymer 
mass ratios: (a) without SDS and (b) with 0.125% SDS. 

As-received GF showed a fusion peak with Tm of 220.1 °C and fusion enthalpy ΔHf of 101.8 J/g 
(Figure 3). Although HPC is XRPD amorphous, the event around 170–200 °C for HPC is likely due to 
the melting of the small crystalline domain of largely amorphous HPC [43]. The Tg of HPC, which is 
in the range of −25 to 0 °C [43], could not be measured due to limitation of our equipment. A glass 
transition for Sol (amorphous) was noted at 72.4 °C. A single Tg was observed corroborating the 
molecular level dispersion [60,61] in all powders except S-HPC-1:1 with 28% GF crystallinity (see 
Table 4). Only a glass transition was noted in the DSC traces of S-Sol-1:3, SDS; S-Sol-1:5, SDS; and S-
Sol-1:5. DSC traces of other ASDs depicted a glass transition, an exothermic event likely due to the 
re-crystallization of the amorphous GF, and a subsequent endothermic event due to fusion of either 
the recrystallized GF or pre-existing GF crystals (Figure 3). Recrystallization of GF from ASDs, 

Figure 2. X-ray diffractograms of as-received GF, HPC, Sol, physical mixtures (PMs) of GF–HPC/Sol
and the spray-dried powders prepared using the GF solutions with 1:1, 1:3, and 1:5 drug:polymer mass
ratios: (a) without SDS and (b) with 0.125% SDS.

As-received GF showed a fusion peak with Tm of 220.1 ◦C and fusion enthalpy ∆Hf of 101.8 J/g
(Figure 3). Although HPC is XRPD amorphous, the event around 170–200 ◦C for HPC is likely due to the
melting of the small crystalline domain of largely amorphous HPC [43]. The Tg of HPC, which is in the
range of −25 to 0 ◦C [43], could not be measured due to limitation of our equipment. A glass transition
for Sol (amorphous) was noted at 72.4 ◦C. A single Tg was observed corroborating the molecular level
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dispersion [60,61] in all powders except S-HPC-1:1 with 28% GF crystallinity (see Table 4). Only a
glass transition was noted in the DSC traces of S-Sol-1:3, SDS; S-Sol-1:5, SDS; and S-Sol-1:5. DSC traces
of other ASDs depicted a glass transition, an exothermic event likely due to the re-crystallization of
the amorphous GF, and a subsequent endothermic event due to fusion of either the recrystallized
GF or pre-existing GF crystals (Figure 3). Recrystallization of GF from ASDs, especially with lower
polymer loading, may occur because the high temperatures above Tg during the DSC measurement
render amorphous drug molecules mobile. The absence of recrystallization and higher temperature
of the recrystallization transition Trc (if it occurred at all) in the Sol-based powders compared to the
HPC-based powders suggest better miscibility and stronger interactions between the Sol–GF molecules
than the HPC–GF molecules. For HPC-based powders, Trc increased (recrystallization delayed to
higher temperature) and −∆Hrc decreased at a higher HPC loading, which accords well with Wlodarski
et al. [60]. Melting point depression was also observed in the DSC traces of the PMs (see Section S3),
which is another indicator of drug–polymer miscibility [62,63].
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Table 4 indicates that ASDs with higher polymer loading either did not have a melting point or
exhibited a fusion event with a lower Tm and lower ∆Hf regardless of the presence/absence of SDS.
One reason is the dilution of the drug and presence of a lower drug content at a higher polymer loading
(refer to Table 3). However, ASDs had lower Tm and ∆Hf, even if detected, as compared with the PMs
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of identical drug loading (refer to Table S1 of Supplementary Material). For the same polymer/SDS
composition, the formulations with Sol had either no melting point or had a lower melting point,
higher melting point depression, and lower ∆Hf than those with HPC. It is reasonable to attribute these
observations to (i) stronger molecular interactions and better miscibility for GF–Sol than GF–HPC;
(ii) higher Tg and more amorphous GF in the Sol-based powders than in the HPC-based powders;
and (iii) a higher extent of drug–polymer interactions and solubilization in the ASDs and during the
thermal treatment with DSC when the polymer loading was higher. At the same loading for a given
polymer, the presence of SDS either led to disappearance of the melting point or slightly higher melting
point depression, which suggests that SDS appears to help GF molecular dispersion or solubilization
to a limited extent. These findings from DSC traces are largely in agreement with the findings from the
XRPD diffractograms regarding the effects of GF–polymer miscibility, polymer loading, and presence
of SDS on the GF’s solid state.

Table 4. Temperature–enthalpy values of various thermal events observed in the DSC traces and
crystallinity estimated from the XRPD diffractograms.

Formulation ID a Tg (◦C) Trc (◦C) ∆Hrc (J/g) Tm (◦C) ∆Hf (J/g) Crystallinity (%)

S-Sol-1:5 80.6 — — — — —
S-Sol-1:3 80.4 — — 189 0.64 —
S-Sol-1:1 77.7 131 −14.1 209 23.2 —

S-Sol-1:5, SDS 77.4 — — — — —
S-Sol-1:3, SDS 80.0 — — — — —
S-Sol-1:1, SDS 74.6 127 −9.26 206 25.4 —

S-HPC-1:5 52.9 139 −3.35 192 6.64 —
S-HPC-1:3 53.2 122 −4.36 201 13.2 11.5
S-HPC-1:1 — 111 −9.70 213 34.8 27.7

S-HPC-1:5, SDS 51.7 130 −2.43 191 7.43 —
S-HPC-1:3, SDS 57.7 124 −3.86 200 11.6 —
S-HPC-1:1, SDS 58.9 109 −15.8 213 38.9 6.5

a S denotes solution-based feed; the ratios refer to the mass of the GF and polymer.

Figure 4 illustrates the Raman spectra of as-received GF, the spray-dried formulation with a 1:3
GF:polymer ratio, and the corresponding PMs. The spectra of as-received GF and PMs of GF agree
well with the Fourier transform Raman data of Feng et al. [64] and Raman data of Żarów et al. [65]
for crystalline GF. In the Raman lines of the GF crystals, the spectral range from 1550 to 1800 cm−1

corresponds to the C=O stretching vibrational frequencies and displays a characteristic triplet of lines.
For the crystalline GF, the first peak of the triplet splits into three additional peaks at 1592, 1606,
and 1623 cm−1 resulting from the interaction between the two C=O stretching modes and partial
conjugation in the neighboring cyclohexane ring [65]. In the spectra of the spray-dried powders,
this splitting no longer exists, and the two broader peaks were observed which were shifted from
1592 to 1596 cm−1 and 1623 to 1620 cm−1, while the GF line at 1606 cm−1 disappeared. The second
peak (1664 cm−1) corresponds to the stretching of the carbonyl group (C=O) of cyclohexane, and the
third peak (1712 cm−1) corresponds to the stretching of carbonyl group (C=O) of the benzofuran [65].
The broadening and the change in the relative peak intensity within the band spectral window of 1550
to 1800 cm−1 correspond to the asymmetric vibration of the C=O of griseofulvin (H bond-acceptor),
which might form hydrogen (H)-bonds with the –OH groups of Sol (H bond-donor). These differences
provide evidence for the conversion from crystalline GF to amorphous GF and interactions between GF
and polymers at the molecular level. While S-HPC-1:3 with and w/o SDS exhibited the disappearance
of the GF line at 1606 cm–1 (Figure 4a,b), they exhibited subtler peak shifts than S-Sol-1:3 with and
without SDS, which may signify greater interactions between GF–Sol than GF–HPC.
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Figure 4. Raman spectra of as-received GF, physical mixtures (PMs) of GF–HPC/Sol at a 1:3 drug:polymer
ratio, and the spray-dried powders prepared using the GF solution with a 1:3 GF:polymer mass ratio:
(a) with 0.125% SDS and (b) without SDS.

The solubility parameter difference between a drug and polymer may be used to assess
their miscibility theoretically. They are regarded as miscible, partially miscible, and immiscible
for the differences below 7.0 MPa1/2, between 7.0 MPa1/2 and 10 MPa1/2, and above 10 MPa1/2,
respectively [66,67]. For GF, HPC, and Sol, the parameters are 12.2 [68], 24.0 [69], and 19.4 MPa1/2 [70],
respectively. GF–Sol (7.2 is MPa1/2) appears to be borderline miscible, whereas GF–HPC (11.8 MPa1/2)
is immiscible. The solubility parameter prediction is reasonably accurate for Sol–GF as the thermal
analysis, spectroscopy, and XRPD results suggest GF–Sol are miscible and molecularly interact stronger
than GF–HPC. However, GF–HPC exhibits partial miscibility unlike what the solubility parameters of
GF–HPC suggest. The theoretical models behind the solubility parameter predictions have various
limitations, as discussed by other researchers [41,71]. Indeed, the absence of diffraction peaks in XRPD
in several HPC-based powders and significant melting depression in DSC along with the Raman line
shifts indicate the interaction of HPC with GF, leading to partial miscibility unlike what the solubility
parameters predict.
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3.3. Drug Release from the Powders Prepared by Spray Drying

Figures 5 and 6 illustrate the timewise evolution of GF release from the spray-dried powders
and the PM with the highest polymer loading (1:5 GF:polymer). Samples with 100 mg GF dose were
dissolved in 1000 mL deionized water at 37 ◦C. The GF release from the PMs, wherein GF was simply
blended with HPC/Sol/SDS, was slightly faster than that from the as-received GF particles (d10: 3.04 ±
0.1 µm, d50: 10.0 ± 0.17 µm, and d90: 28.2 ± 0.14 µm) and attained a higher plateau value. The higher
GF solubility of the crystalline GF particles in the presence of HPC/Sol/SDS could be one reason for
the observed faster release from the PM: 14.2 mg/L, 18.6 ± 0.2 mg/L, and 17.6 ± 0.3 mg/L in deionized
water, aqueous medium corresponding to full dissolution of Sol–SDS (1:5 GF:Sol ratio), and that
corresponding to a full dissolution of HPC–SDS (1:5 GF:HPC ratio), respectively, at 37 ◦C. Another
explanation is the wettability enhancement of the hydrophobic drug in the presence of a polymer
or surfactant, which is scrutinized below. Owing to the wettability enhancement, it is likely that GF
aggregates in the as-received drug powder were well-dispersed in the dissolution medium [51].
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The wettability enhancement of GF was examined by investigating the penetration of aqueous
polymer/SDS solutions into the GF beds. Figure 7 illustrates the evolution of the liquid mass (M)
penetration in time (T). The slope of the modified Washburn equation was obtained from the slope
of the linear region of the M2–T data (see Section S2 and Table S2 of Supplementary Material for full
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details). The initial ~20 s was not considered due to transient behavior; data points that deviated
from the linear region were also excluded. The modified Washburn equation fitted the M2–T data in
Figure 7 well (R2

≥ 0.98). The polymers/surfactant enhanced the wettability of the hydrophobic drug,
as signified by the higher wetting effectiveness factor (see cosθs/cosθw values in Figure 7).

GF was released faster and/or to a higher extent from the spray-dried powders than the PMs,
which can be attributed to the presence of amorphous GF in the former that has a higher apparent
solubility than crystalline GF in the PM (Figures 5 and 6). The poor wettability of the S-Sol formulation
hindered the dissolution of Sol and erosion of the spray-dried particles, which in turn retarded the
GF release (Figure 6a). Inclusion of SDS in the ASDs resulted in faster GF release, but the increase
was more notable for the Sol-based ASDs than the HPC-based ASDs. The analysis of the wetting
effectiveness factors obtained from the modified Washburn method (refer to Figure 7) shed some light
on this observation. Presence of SDS has almost doubled the wetting effectiveness of the dissolved
polymer in water and the rank order of wettability enhancement is HPC–SDS > HPC > Sol–SDS >

Sol, which is in accordance with the hydrophilic nature of HPC and amphiphilic nature of Sol. Hence,
poor wettability of Sol-based ASDs was mitigated upon incorporation of SDS as a minor component,
which led to significant dissolution improvement. On the other hand, HPC-based ASDs did not
significantly benefit from the incorporation of SDS as HPC is more hydrophilic than Sol and significant
GF recrystallization occurred, which will be further examined below.
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Figure 7. Temporal evolution of the liquid mass M penetrating a packed bed of as-received GF
particles. Liquids: GF-saturated deionized (DI) water and various GF-saturated aqueous solutions
of 15% HPC/Sol with 0.125% SDS and without SDS, and 0.125% SDS alone. The legend shows the
wetting effectiveness factor cosθs/cosθw calculated for each liquid. As deionized water was taken as
the reference, cosθs/cosθw equals 1, by definition, for water.

Figure 5 shows that only slight supersaturation (max. ~50%) was achieved fast upon dissolution of
HPC-based ASDs. An increase in polymer loading led to slight increase in the supersaturation attained.
Similarly, the presence of SDS only increased supersaturation for the lowest HPC S-HPC-1:1; at higher
HPC loadings, the effect of SDS was not notable. A cursory look at Figures 5 and 6 suggests that
Sol-based ASDs exhibited higher GF supersaturation than HPC-based ASDs and that inclusion of SDS
as a minor component of ASD had a drastic impact on the attainment of high supersaturation fast: e.g.,
430% supersaturation at 30 min for S-Sol-1:5, SDS. In fact, this ASD maintained supersaturation way
above 430% for an additional 180 min and attained 570% supersaturation at 180 min. It is suggested
that during the intestinal transit time (>180 min), maintaining a drug in the amorphous form, without
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precipitation, would often be sufficient for achieving the necessary bioavailability [72]. A higher
polymer loading achieved a higher GF supersaturation, especially for Sol-based GF ASDs with SDS.

The high GF supersaturation achieved by Sol-based ASDs as compared with HPC-based ASDs can
be attributed to greater GF–Sol miscibility and interactions, a higher GF solubilization in Sol micelles,
which increased with a higher Sol loading, and a stronger GF recrystallization inhibition imparted by
Sol than by HPC, which will be examined in the next section. To make the GF recrystallization more
lucid, let us examine the PLM images (Figure 8) of loose ASD compacts imbibed with a 20 µL deionized
water droplet. The addition of water to the S-HPC-1:5, SDS compact (Figure 8a), and S-HPC-1:5 compact
(Figure 8c) resulted in immediate dissolution of the compact and recrystallization of amorphous GF
(see the shiny crystals in the respective images). On the other hand, for the Sol-based compact with
SDS (Figure 8b) and without SDS (Figure 8d), the swollen ASD particles eroded from the compact
gradually, and released amorphous GF from the Sol matrix. The images show spherical, swollen ASD
particles. The amorphous GF in these ASDs did not recrystallize after 5 min, which implies that the
phase separation did not occur and the undissolved ASD powders stayed in the amorphous form and
facilitated the supersaturation generation of GF (Figure 8b,d). Note that when ASDs contact and absorb
water in the dissolution medium, the amorphous drug may phase-separate and precipitate [73,74].
Water acts as a plasticizer and enhances the mobility of the drug molecules by reducing the Tg of the
ASD [74]. As the HPC-based ASDs have an already lower Tg than the Sol-based ASDs (refer to Table 4),
the plasticizing effect of water seems to have a more pronounced impact on the HPC-based ASDs.
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Figure 8. PLM images of a loose compact of the spray-dried particles with a 1:5 drug:polymer mass
ratio in 20 µL deionized water: (a) HPC with SDS, (b) Sol with SDS, (c) HPC without SDS, and (d) Sol
without SDS. The images were taken at 0 (before adding water), 1, 2, and 5 min after the addition of
deionized water. Except for the 0 min image (5× magnification, scale bar: 200 µm), which focused
on the compact, all other images focused on particles that emanated from the surface of the compact,
which were captured at 20×magnification (scale bar: 50 µm).
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3.4. On the Roles of the Polymer/SDS in Recrystallization Inhibition/Promotion

To gain further insights into the roles of the polymer/SDS in recrystallization inhibition/promotion,
desupersaturation experiments were performed via the solvent-shift method. The addition of a
GF–acetone solution to the aqueous polymer/SDS solution led to a supersaturation spike; 76–99 µg/mL
GF dissolved within 2 min (see Figure 9). In the absence of additives, GF started to precipitate from
the supersaturated solution immediately, which accords well with GF’s well-known fast crystallizing
nature [41]. HPC with or w/o SDS could not prevent depletion of supersaturation (desupersaturation).
In fact, SDS appears to promote the nucleation, especially at 0.125% in the solution but led to slower
GF depletion later. The impact of SDS was insignificant at 0.0005%, which corresponds to the SDS
concentration that would be generated by full dissolution of the ASDs with SDS. Finally, Sol was able
to maintain high GF supersaturation for at least 180 min with a small drop at 210 min, signifying its
superior GF crystallization inhibition. The presence of SDS and a higher Sol led to a slightly higher
supersaturation; but these differences are small and within the experimental errors. In the presence of
0.125% SDS alone or with 500 µg/mL Sol in the dissolution medium, GF nucleation, and recrystallization
occurred (see Figure 9b), albeit to a smaller extent than for GF alone. This finding confirms that a high
concentration of SDS could indeed promote nucleation/recrystallization from the supersaturated GF
solution. SDS promoted drug recrystallization in the presence of PVP-VA [22] and crystal growth in
the presence of PVP [38]. In summary, no adverse impact of SDS on GF recrystallization was observed
when it was used as a minor component along with Sol.
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Figure 9. GF desupersaturation curves for a supersaturated 20 mL GF–acetone solution mixed with
1000 mL aqueous solutions of 500 µg/mL, 300 µg/mL, and 100 µg/mL of HPC/Sol–SDS and HPC/Sol
(corresponding to 1:5, 1:3, and 1:1 drug:polymer formulations), SDS only, and deionized water without
any recrystallization inhibitor: (a) HPC and (b) Sol. Unless otherwise indicated, 0.0005% w/v (5 µg/mL)
SDS was used for the formulations with SDS. For aqueous 500 µg/mL Sol–SDS solutions, SDS was
used at 0.0005% w/v and 0.125% w/v. The initial concentration of GF right after mixing was targeted at
100 µg/mL.
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To further understand the effect of SDS in Sol-based ASDs, S-Sol-1:5 (without SDS) was dissolved
in 1000 mL of deionized water, an aqueous solution of 0.0005% SDS, and an aqueous solution of 0.125%
SDS. In these cases, SDS was introduced to ASDs externally, outside the ASD particles. In S-Sol-1:5, SDS;
the SDS was in the ASD particles, whose dissolution in water would yield a 0.0005% SDS. Figure 10
shows that the external addition of 0.0005% SDS significantly improved the GF release from S-Sol-1:5,
which corroborates the wettability enhancement mechanism. Adding 0.125% SDS led to even faster
supersaturation due to faster wettability; however, the released GF recrystallized, which is in line with
the desupersaturation test (Figure 9b). When too much surfactant is used either in the ASD or in the
dissolution medium, SDS molecules could compete with drug molecules to interact with the polymer
(Sol) molecules, which in turn interferes with the crystallization, inhibiting capability of the polymer
(Sol), resulting in recrystallization [22]. Liu et al. [22] reported a similar finding for sorafenib–PVP-VA
ASD. Although the SDS–PVP-VA combination enhanced the solubility of sorafenib, the competitive
interactions of SDS and sorafenib with the VA group of PVP-VA, which is responsible for maintaining
supersaturation of sorafenib, resulted in a reduced ability of PVP-VA to maintain a high extent of
sorafenib supersaturation during the dissolution. These findings signify the criticality of the SDS
concentration in ASDs and the complexity of the SDS impact on drug release.
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Figure 10. Evolution of GF release from a physical mixture (PM) with Sol–SDS and spray-dried powders
prepared using the GF solution with a 1:5 GF:Sol mass ratio and with/without SDS in the formulation.
Deionized water was used as the dissolution medium for the formulation with SDS (S-Sol-1:5, SDS)
and the physical mixture. For the formulation without SDS (S-Sol-1:5), an aqueous solution of 0.125%
w/v SDS, aqueous solution of 0.0005% w/v SDS, and deionized water were used as dissolution media.

Here, the fastest supersaturation occurred when SDS was internally added or incorporated into
the ASD (S-Sol-1:5, SDS; dissolution in deionized water). It is likely that the presence of SDS in the
ASD particles led to faster wettability enhancement as the GF is already available at the surface, locally
obviating the need for SDS molecules adsorbing onto ASD microparticles from the dissolution medium.
The higher local SDS concentration in the ASD particle and its boundary layer will also facilitate water
imbibition into the Sol matrix and its faster erosion, leading to faster release of GF. Interestingly, despite
exhibiting a much slower build-up of supersaturation, S-Sol-1:5 ASD (without SDS) tended to a plateau
supersaturation at 210 min in a 0.0005% SDS solution, which is slightly below the supersaturation
achieved by S-Sol-1:5, SDS in deionized water. This finding suggests that having the SDS internally
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as a minor component of the ASD along with GF–Sol led to a slightly higher kinetic solubility of GF
compared to its external addition. Overall, our findings suggest that the GF release from the Sol-based
ASDs was drastically improved owing to the GF wettability enhancement by SDS provided that SDS is
a minor component with an effective GF recrystallization inhibitor present Sol as the major component
in the ternary ASD.

4. Conclusions and Outlook

While SDS has been commonly used as a solubilizer/carrier typically at 10%–50% in many ternary
ASDs, its use as a minor component (<2.5% w/w) in GF ASDs has been investigated in this study
with a focus on the elucidation of its impact on GF release through wettability enhancement and
solution-mediated GF recrystallization. Indeed, SDS was shown to promote GF recrystallization
and could lead to severe GF recrystallization during the dissolution if used at a high concentration.
The favorable use of SDS for enhancing GF release from a ternary GF–Sol–SDS ASD was attributed
to both the wettability enhancement and the SDS’s inability to promote GF recrystallization when
used as a minor component along with Sol, which provides significant solubilization of the drug
(GF) and inhibits GF recrystallization alone. Higher Sol loading in the ternary ASDs resulted in
higher supersaturation. The ASD with 1:5:0.05 GF:Sol:SDS composition, even with 0.83% SDS w/w,
achieved 430% GF supersaturation within 30 min and ~500% after 210 min. The use of SDS as a minor
component here significantly improved the wettability of GF–Sol, without having any deleterious
impact on GF recrystallization, which is a common problem in polymer–surfactant carrier systems.
The use of such low concentrations of SDS even in high-dose applications of ASDs also alleviates
any concern associated with the toxicity of anionic surfactants. The high GF supersaturation was
only possible due to the highly favorable properties of Sol because very limited supersaturation was
achieved by HPC-based ASDs with or without SDS. Sol-based ASDs have a higher Tg owing to a higher
Tg of Sol than HPC-SSL; Sol has greater miscibility and stronger molecular interactions with GF than
HPC, as revealed by XRPD, DSC, and Raman spectroscopy analysis; and it inhibits GF recrystallization
effectively, as suggested by the solvent-shift experiments. The only drawback of Sol was its amphiphilic
nature and ensuing poor wettability of the Sol-based ASDs that contain a hydrophobic drug. Adding
SDS as a minor component alleviated this problem, which enabled fast supersaturation from Sol-based
ASDs. A future study will entail examining the stability of these ASD formulations and optimizing the
SDS concentration for various high drug doses. The generality of the use of anionic surfactants as a
minor component will also be tested with other drug–polymer–surfactants to assess the supersaturation
generation–maintenance benefits.
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SDS powders.

Author Contributions: Conceptualization, E.B.; formal analysis, M.R. and E.B.; investigation, M.R., S.A., J.T.
and N.P.; methodology, M.R. and E.B.; project administration, E.B.; resources, E.B.; supervision, M.R. and E.B.;
validation, M.R.; writing—original draft, M.R.; writing—review and editing, E.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: M.R. acknowledges the NJIT Department of Chemical and Materials Engineering for the
financial support, while E.B. acknowledges the Faculty Instrument Usage Seed Grant (FIUSG) by NJIT Otto York
Center & the Materials Characterization Lab for characterization support. The authors thank Nisso and BASF for
providing the materials free of charge.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/1999-4923/12/3/197/s1


Pharmaceutics 2020, 12, 197 19 of 22

References

1. Teja, S.B.; Patil, S.P.; Shete, G.; Patel, S.; Bansal, A.K. Drug-excipient behavior in polymeric amorphous solid
dispersions. J. Excip. Food Chem. 2013, 4, 70–94.

2. Loftsson, T.; Brewster, M.E. Pharmaceutical applications of cyclodextrins: Basic science and product
development. J. Pharm. Pharmacol. 2010, 62, 1607–1621. [CrossRef] [PubMed]

3. Serajuddin, A. Solid dispersion of poorly water-soluble drugs: Early promises, subsequent problems, and
recent breakthroughs. J. Pharm. Sci. 1999, 88, 1058–1066. [CrossRef] [PubMed]

4. Newman, A.; Knipp, G.; Zografi, G. Assessing the performance of amorphous solid dispersions. J. Pharm.
Sci. 2012, 101, 1355–1377. [CrossRef]

5. Yamashita, K.; Nakate, T.; Okimoto, K.; Ohike, A.; Tokunaga, Y.; Ibuki, R.; Higaki, K.; Kimura, T. Establishment
of new preparation method for solid dispersion formulation of tacrolimus. Int. J. Pharm. 2003, 267, 79–91.
[CrossRef]

6. Six, K.; Verreck, G.; Peeters, J.; Brewster, M.; Van den Mooter, G. Increased physical stability and
improved dissolution properties of itraconazole, a class II drug, by solid dispersions that combine fast-and
slow-dissolving polymers. J. Pharm. Sci. 2004, 93, 124–131. [CrossRef]

7. Ambike, A.A.; Mahadik, K.; Paradkar, A. Spray-dried amorphous solid dispersions of simvastatin, a low T g
drug: In vitro and in vivo evaluations. Pharm. Res. 2005, 22, 990–998. [CrossRef]

8. Hancock, B.C.; Parks, M. What is the true solubility advantage for amorphous pharmaceuticals? Pharm. Res.
2000, 17, 397–404. [CrossRef]

9. Marsac, P.J.; Konno, H.; Taylor, L.S. A comparison of the physical stability of amorphous felodipine and
nifedipine systems. Pharm. Res. 2006, 23, 2306–2316. [CrossRef]

10. Konno, H.; Handa, T.; Alonzo, D.E.; Taylor, L.S. Effect of polymer type on the dissolution profile of amorphous
solid dispersions containing felodipine. Eur. J. Pharm. Biopharm. 2008, 70, 493–499. [CrossRef]

11. Xie, T.; Taylor, L.S. Dissolution performance of high drug loading celecoxib amorphous solid dispersions
formulated with polymer combinations. Pharm. Res. 2016, 33, 739–750. [CrossRef] [PubMed]

12. Ghebremeskel, A.N.; Vemavarapu, C.; Lodaya, M. Use of surfactants as plasticizers in preparing solid
dispersions of poorly soluble API: Selection of polymer–surfactant combinations using solubility parameters
and testing the processability. Int. J. Pharm. 2007, 328, 119–129. [CrossRef] [PubMed]

13. Joshi, H.N.; Tejwani, R.W.; Davidovich, M.; Sahasrabudhe, V.P.; Jemal, M.; Bathala, M.S.; Varia, S.A.;
Serajuddin, A.T. Bioavailability enhancement of a poorly water-soluble drug by solid dispersion in
polyethylene glycol–polysorbate 80 mixture. Int. J. Pharm. 2004, 269, 251–258. [CrossRef] [PubMed]

14. Goddeeris, C.; Willems, T.; Houthoofd, K.; Martens, J.; Van den Mooter, G. Dissolution enhancement of the
anti-HIV drug UC 781 by formulation in a ternary solid dispersion with TPGS 1000 and Eudragit E100. Eur.
J. Pharm. Biopharm. 2008, 70, 861–868. [CrossRef]

15. Li, B.; Konecke, S.; Harich, K.; Wegiel, L.; Taylor, L.S.; Edgar, K.J. Solid dispersion of quercetin in cellulose
derivative matrices influences both solubility and stability. Carbohydr. Polym. 2013, 92, 2033–2040. [CrossRef]

16. Sotthivirat, S.; McKelvey, C.; Moser, J.; Rege, B.; Xu, W.; Zhang, D. Development of amorphous solid
dispersion formulations of a poorly water-soluble drug, MK-0364. Int. J. Pharm. 2013, 452, 73–81. [CrossRef]

17. Feng, D.; Peng, T.; Huang, Z.; Singh, V.; Shi, Y.; Wen, T.; Lu, M.; Quan, G.; Pan, X.; Wu, C. Polymer–Surfactant
System Based Amorphous Solid Dispersion: Precipitation Inhibition and Bioavailability Enhancement of
Itraconazole. Pharmaceutics 2018, 10, 53. [CrossRef]

18. Lu, Y.; Tang, N.; Lian, R.; Qi, J.; Wu, W. Understanding the relationship between wettability and dissolution
of solid dispersion. Int. J. Pharm. 2014, 465, 25–31. [CrossRef]

19. Mura, P.; Moyano, J.; Gonzalez-Rodriguez, M.; Rabasco-Alvarez, A.; Cirri, M.; Maestrelli, F. Characterization
and dissolution properties of ketoprofen in binary and ternary solid dispersions with polyethylene glycol
and surfactants. Drug Dev. Ind. Pharm. 2005, 31, 425–434. [CrossRef]

20. Waard, H.; Hinrichs, W.; Visser, M.; Bologna, C.; Frijlink, H. Unexpected differences in dissolution behavior
of tablets prepared from solid dispersions with a surfactant physically mixed or incorporated. Int. J. Pharm.
2008, 349, 66–73. [CrossRef]

21. Chen, Y.; Wang, S.; Wang, S.; Liu, C.; Su, C.; Hageman, M.; Hussain, M.; Haskell, R.; Stefanski, K.; Qian, F.
Sodium lauryl sulfate competitively interacts with HPMC-as and consequently reduces oral bioavailability
of posaconazole/HPMC-as amorphous solid dispersion. Mol. Pharm. 2016, 13, 2787–2795. [CrossRef]

http://dx.doi.org/10.1111/j.2042-7158.2010.01030.x
http://www.ncbi.nlm.nih.gov/pubmed/21039545
http://dx.doi.org/10.1021/js980403l
http://www.ncbi.nlm.nih.gov/pubmed/10514356
http://dx.doi.org/10.1002/jps.23031
http://dx.doi.org/10.1016/j.ijpharm.2003.07.010
http://dx.doi.org/10.1002/jps.10522
http://dx.doi.org/10.1007/s11095-005-4594-z
http://dx.doi.org/10.1023/A:1007516718048
http://dx.doi.org/10.1007/s11095-006-9047-9
http://dx.doi.org/10.1016/j.ejpb.2008.05.023
http://dx.doi.org/10.1007/s11095-015-1823-y
http://www.ncbi.nlm.nih.gov/pubmed/26563205
http://dx.doi.org/10.1016/j.ijpharm.2006.08.010
http://www.ncbi.nlm.nih.gov/pubmed/16968659
http://dx.doi.org/10.1016/j.ijpharm.2003.09.002
http://www.ncbi.nlm.nih.gov/pubmed/14698596
http://dx.doi.org/10.1016/j.ejpb.2008.07.006
http://dx.doi.org/10.1016/j.carbpol.2012.11.073
http://dx.doi.org/10.1016/j.ijpharm.2013.04.037
http://dx.doi.org/10.3390/pharmaceutics10020053
http://dx.doi.org/10.1016/j.ijpharm.2014.02.004
http://dx.doi.org/10.1080/03639040500214621
http://dx.doi.org/10.1016/j.ijpharm.2007.07.023
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00391


Pharmaceutics 2020, 12, 197 20 of 22

22. Liu, C.; Chen, Z.; Chen, Y.; Lu, J.; Li, Y.; Wang, S.; Wu, G.; Qian, F. Improving oral bioavailability of sorafenib
by optimizing the “Spring” and “Parachute” based on molecular interaction mechanisms. Mol. Pharm. 2016,
13, 599–608. [CrossRef] [PubMed]

23. Mah, P.T.; Peltonen, L.; Novakovic, D.; Rades, T.; Strachan, C.J.; Laaksonen, T. The effect of surfactants on
the dissolution behavior of amorphous formulations. Eur. J. Pharm. Biopharm. 2016, 103, 13–22. [CrossRef]
[PubMed]

24. Deshpande, T.M.; Shi, H.; Pietryka, J.; Hoag, S.W.; Medek, A. Investigation of polymer/surfactant interactions
and their impact on itraconazole solubility and precipitation kinetics for developing spray-dried amorphous
solid dispersions. Mol. Pharm. 2018, 15, 962–974. [CrossRef] [PubMed]

25. Rowe, R.C.; Sheskey, P.; Quinn, M. Handbook of Pharmaceutical Excipients; Pharmaceutical Press and American
Pharmacists Association: Grayslake, IL, USA; Washington, DC, USA, 2009.

26. Chaudhari, S.P.; Dugar, R.P. Application of surfactants in solid dispersion technology for improving solubility
of poorly water soluble drugs. J. Drug Deliv. Sci. Technol. 2017, 41, 68–77. [CrossRef]

27. Jung, H.J.; Ahn, H.I.; Park, J.Y.; Ho, M.J.; Lee, D.R.; Cho, H.R.; Park, J.S.; Choi, Y.S.; Kang, M.J. Improved oral
absorption of tacrolimus by a solid dispersion with hypromellose and sodium lauryl sulfate. Int. J. Biol.
Macromol. 2016, 83, 282–287. [CrossRef] [PubMed]

28. Xia, D.; Yu, H.; Tao, J.; Zeng, J.; Zhu, Q.; Zhu, C.; Gan, Y. Supersaturated polymeric micelles for oral
cyclosporine A delivery: The role of Soluplus–sodium dodecyl sulfate complex. Colloids Surf. B Biointerfaces
2016, 141, 301–310. [CrossRef]

29. Rahman, M.; Ahmad, S.; Tarabokija, J.; Bilgili, E. Roles of surfactant and polymer in drug release from
spray-dried hybrid nanocrystal-amorphous solid dispersions (HyNASDs). Powder Technol. 2020, 361, 663–678.
[CrossRef]

30. Park, Y.-J.; Ryu, D.-S.; Li, D.X.; Quan, Q.Z.; Oh, D.H.; Kim, J.O.; Seo, Y.G.; Lee, Y.-I.; Yong, C.S.; Woo, J.S.
Physicochemical characterization of tacrolimus-loaded solid dispersion with sodium carboxylmethyl cellulose
and sodium lauryl sulfate. Arch. Pharmacal Res. 2009, 32, 893–898. [CrossRef]

31. Moes, J.; Koolen, S.; Huitema, A.; Schellens, J.; Beijnen, J.; Nuijen, B. Pharmaceutical development and
preliminary clinical testing of an oral solid dispersion formulation of docetaxel (ModraDoc001). Int. J. Pharm.
2011, 420, 244–250. [CrossRef]

32. Yan, Y.-D.; Sung, J.H.; Kim, K.K.; Kim, D.W.; Kim, J.O.; Lee, B.-J.; Yong, C.S.; Choi, H.-G. Novel valsartan-loaded
solid dispersion with enhanced bioavailability and no crystalline changes. Int. J. Pharm. 2012, 422, 202–210.
[CrossRef]

33. Dave, R.H.; Patel, H.H.; Donahue, E.; Patel, A.D. To evaluate the change in release from solid dispersion
using sodium lauryl sulfate and model drug sulfathiazole. Drug Dev. Ind. Pharm. 2013, 39, 1562–1572.
[CrossRef]

34. Truong, D.H.; Tran, T.H.; Ramasamy, T.; Choi, J.Y.; Choi, H.-G.; Yong, C.S.; Kim, J.O. Preparation and
characterization of solid dispersion using a novel amphiphilic copolymer to enhance dissolution and oral
bioavailability of sorafenib. Powder Technol. 2015, 283, 260–265. [CrossRef]

35. Chen, J.; Chen, Y.; Huang, W.; Wang, H.; Du, Y.; Xiong, S. Bottom-up and top-down approaches to explore
sodium dodecyl sulfate and Soluplus on the crystallization inhibition and dissolution of felodipine extrudates.
J. Pharm. Sci. 2018, 107, 2366–2376. [CrossRef]

36. Kim, D.S.; Choi, H.G.; Jin, S.G. Influence of Hydroxypropylmethylcellulose and Sodium Lauryl Sulfate on
the Solubility and Dissolution of Sirolimus in Solvent-evaporated Solid Dispersions. Bull. Korean Chem. Soc.
2018, 39, 778–783. [CrossRef]

37. Muralichand, G.; Bhikshapathi, D. Development and in vivo evaluation of solid dispersions containing
nifedipine. Int. J. Pharm. Anal. Res. 2018, 7, 254–266.

38. Mosquera-Giraldo, L.I.; Trasi, N.S.; Taylor, L.S. Impact of surfactants on the crystal growth of amorphous
celecoxib. Int. J. Pharm. 2014, 461, 251–257. [CrossRef] [PubMed]

39. Gupta, R.B.; Kompella, U.B. Nanoparticle Technology for Drug Delivery; Taylor & Francis: New York, NY, USA,
2006; Volume 159.

40. Kim, D.S.; Choi, J.S.; Kim, D.W.; Kim, K.S.; Seo, Y.G.; Cho, K.H.; Kim, J.O.; Yong, C.S.; Youn, Y.S.; Lim, S.-J.
Comparison of solvent–wetted and kneaded l-sulpiride–loaded solid dispersions: Powder characterization
and in vivo evaluation. Int. J. Pharm. 2016, 511, 351–358. [CrossRef]

http://dx.doi.org/10.1021/acs.molpharmaceut.5b00837
http://www.ncbi.nlm.nih.gov/pubmed/26709621
http://dx.doi.org/10.1016/j.ejpb.2016.03.007
http://www.ncbi.nlm.nih.gov/pubmed/26955750
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00902
http://www.ncbi.nlm.nih.gov/pubmed/29345955
http://dx.doi.org/10.1016/j.jddst.2017.06.010
http://dx.doi.org/10.1016/j.ijbiomac.2015.11.063
http://www.ncbi.nlm.nih.gov/pubmed/26642839
http://dx.doi.org/10.1016/j.colsurfb.2016.01.047
http://dx.doi.org/10.1016/j.powtec.2019.11.058
http://dx.doi.org/10.1007/s12272-009-1611-5
http://dx.doi.org/10.1016/j.ijpharm.2011.08.041
http://dx.doi.org/10.1016/j.ijpharm.2011.10.053
http://dx.doi.org/10.3109/03639045.2012.725731
http://dx.doi.org/10.1016/j.powtec.2015.04.044
http://dx.doi.org/10.1016/j.xphs.2018.04.025
http://dx.doi.org/10.1002/bkcs.11470
http://dx.doi.org/10.1016/j.ijpharm.2013.11.057
http://www.ncbi.nlm.nih.gov/pubmed/24333451
http://dx.doi.org/10.1016/j.ijpharm.2016.07.006


Pharmaceutics 2020, 12, 197 21 of 22

41. Baird, J.A.; Van Eerdenbrugh, B.; Taylor, L.S. A classification system to assess the crystallization tendency of
organic molecules from undercooled melts. J. Pharm. Sci. 2010, 99, 3787–3806. [CrossRef]

42. Zhou, D.; Zhang, G.G.; Law, D.; Grant, D.J.; Schmitt, E.A. Thermodynamics, molecular mobility and
crystallization kinetics of amorphous griseofulvin. Mol. Pharm. 2008, 5, 927–936. [CrossRef]

43. Sarode, A.; Wang, P.; Cote, C.; Worthen, D.R. Low-viscosity hydroxypropylcellulose (HPC) grades SL and
SSL: Versatile pharmaceutical polymers for dissolution enhancement, controlled release, and pharmaceutical
processing. AAPS PharmSciTech 2013, 14, 151–159. [CrossRef] [PubMed]

44. Terife, G.; Wang, P.; Faridi, N.; Gogos, C.G. Hot melt mixing and foaming of soluplus® and indomethacin.
Polym. Eng. Sci. 2012, 52, 1629–1639. [CrossRef]

45. Sharma, V.; Yadav, O.; Singh, J. Physicochemical studies of aqueous sodium dodecyl sulphate solutions in
pyridine and isomeric picolines. Colloids Surf. A 1996, 110, 23–35. [CrossRef]

46. Azad, M.; Arteaga, C.; Abdelmalek, B.; Davé, R.; Bilgili, E. Spray drying of drug-swellable dispersant
suspensions for preparation of fast-dissolving, high drug-loaded, surfactant-free nanocomposites. Drug Dev.
Ind. Pharm. 2015, 41, 1617–1631. [CrossRef] [PubMed]

47. Li, M.; Lopez, N.; Bilgili, E. A study of the impact of polymer–surfactant in drug nanoparticle coated
pharmatose composites on dissolution performance. Adv. Powder Technol. 2016, 27, 1625–1636. [CrossRef]

48. Rahman, M.; Arevalo, F.; Coelho, A.; Bilgili, E. Hybrid nanocrystal–amorphous solid dispersions (HyNASDs)
as alternative to ASDs for enhanced release of BCS Class II drugs. Eur. J. Pharm. Biopharm. 2019, 145, 12–26.
[CrossRef] [PubMed]

49. Bhakay, A.; Azad, M.; Bilgili, E.; Dave, R. Redispersible fast dissolving nanocomposite microparticles of
poorly water-soluble drugs. Int. J. Pharm. 2014, 461, 367–379. [CrossRef]

50. Shah, D.A.; Patel, M.; Murdande, S.B.; Dave, R.H. Influence of spray drying and dispersing agent on surface
and dissolution properties of griseofulvin micro and nanocrystals. Drug Dev. Ind. Pharm. 2016, 42, 1842–1850.
[CrossRef]

51. Li, M.; Ioannidis, N.; Gogos, C.; Bilgili, E. A comparative assessment of nanocomposites vs. amorphous solid
dispersions prepared via nanoextrusion for drug dissolution enhancement. Eur. J. Pharm. Biopharm. 2017,
119, 68–80. [CrossRef]

52. Washburn, E.W. The dynamics of capillary flow. Phys. Rev. 1921, 17, 273–283. [CrossRef]
53. Hołownia, D.; Kwiatkowska, I.; Hupka, J. An investigation on wetting of porous materials. Physicochem.

Prob. Miner. Process. 2008, 42, 251–262.
54. Bilgili, E.; Rahman, M.; Palacios, D.; Arevalo, F. Impact of polymers on the aggregation of wet-milled

itraconazole particles and their dissolution from spray-dried nanocomposites. Adv. Powder Technol. 2018, 9,
2941–2956. [CrossRef]

55. Korson, L.; Drost-Hansen, W.; Millero, F.J. Viscosity of water at various temperatures. J. Phys. Chem. 1969, 73,
34–39. [CrossRef]

56. Kushner, L.M.; Duncan, B.C.; Hoffman, J.I. A viscometric study of the micelles of sodium dodecyl sulfate in
dilute solutions. J. Res. Nat. Bur. Stand. 1952, 49, 85–90. [CrossRef]

57. Li, M.; Suriel, I.; Vekaria, J.; Proske, J.; Orbe, P.; Armani, M.; Dave, R.; Bilgili, E. Impact of dispersants on
dissolution of itraconazole from drug-loaded, surfactant-free, spray-dried nanocomposites. Powder Technol.
2018, 339, 281–295. [CrossRef]

58. Poozesh, S.; Bilgili, E. Scale-up of pharmaceutical spray drying using scale-up rules: A review. Int. J. Pharm.
2019, 562, 271–292. [CrossRef]

59. Baghel, S.; Cathcart, H.; O’Reilly, N.J. Polymeric amorphous solid dispersions: A review of amorphization,
crystallization, stabilization, solid-state characterization, and aqueous solubilization of biopharmaceutical
classification system class II drugs. J. Pharm. Sci. 2016, 105, 2527–2544. [CrossRef]

60. Wlodarski, K.; Sawicki, W.; Kozyra, A.; Tajber, L. Physical stability of solid dispersions with respect to
thermodynamic solubility of tadalafil in PVP-VA. Eur. J. Pharm. Biopharm. 2015, 96, 237–246. [CrossRef]

61. Luebbert, C.; Huxoll, F.; Sadowski, G. Amorphous-amorphous phase separation in API/polymer formulations.
Molecules 2017, 22, 296. [CrossRef]

62. Newman, A.; Engers, D.; Bates, S.; Ivanisevic, I.; Kelly, R.C.; Zografi, G. Characterization of amorphous API:
Polymer mixtures using X-ray powder diffraction. J. Pharm. Sci. 2008, 97, 4840–4856. [CrossRef]

63. Baird, J.A.; Taylor, L.S. Evaluation of amorphous solid dispersion properties using thermal analysis techniques.
Adv. Drug Deliv. Rev. 2012, 64, 396–421. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/jps.22197
http://dx.doi.org/10.1021/mp800169g
http://dx.doi.org/10.1208/s12249-012-9897-x
http://www.ncbi.nlm.nih.gov/pubmed/23250708
http://dx.doi.org/10.1002/pen.23106
http://dx.doi.org/10.1016/0927-7757(95)03409-9
http://dx.doi.org/10.3109/03639045.2014.976574
http://www.ncbi.nlm.nih.gov/pubmed/25347144
http://dx.doi.org/10.1016/j.apt.2016.05.026
http://dx.doi.org/10.1016/j.ejpb.2019.10.002
http://www.ncbi.nlm.nih.gov/pubmed/31622652
http://dx.doi.org/10.1016/j.ijpharm.2013.11.059
http://dx.doi.org/10.1080/03639045.2016.1178770
http://dx.doi.org/10.1016/j.ejpb.2017.06.003
http://dx.doi.org/10.1103/PhysRev.17.273
http://dx.doi.org/10.1016/j.apt.2018.09.039
http://dx.doi.org/10.1021/j100721a006
http://dx.doi.org/10.6028/jres.049.011
http://dx.doi.org/10.1016/j.powtec.2018.08.014
http://dx.doi.org/10.1016/j.ijpharm.2019.03.047
http://dx.doi.org/10.1016/j.xphs.2015.10.008
http://dx.doi.org/10.1016/j.ejpb.2015.07.026
http://dx.doi.org/10.3390/molecules22020296
http://dx.doi.org/10.1002/jps.21352
http://dx.doi.org/10.1016/j.addr.2011.07.009
http://www.ncbi.nlm.nih.gov/pubmed/21843564


Pharmaceutics 2020, 12, 197 22 of 22

64. Feng, T.; Pinal, R.; Carvajal, M.T. Process induced disorder in crystalline materials: Differentiating defective
crystals from the amorphous form of griseofulvin. J. Pharm. Sci. 2008, 97, 3207–3221. [CrossRef] [PubMed]
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