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ARTICLE INFO ABSTRACT

A major shortcoming of drug nanocomposites as compared with amorphous solid dispersions (ASDs) is their
limited supersaturation capability in dissolution media. Here, we prepared drug hybrid nanocrystal-amorphous
solid dispersions (HyNASDs) and compare their performance to ASDs. A wet-milled griseofulvin (GF, BCS II
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Na“"Partide? drug) nanosuspension and a GF solution, both containing the same dissolved polymer-surfactant (SDS: sodium
iﬁ;ﬁ";ﬁ:z‘;; dispersion dodecyl sulfate) with 1:1 and 1:3 GF:polymer mass ratios, were spray-dried. Hydroxypropyl cellulose (HPC) and

. P . P Soluplus (Sol) were used as matrix-forming polymers. XRPD, DSC, and Raman spectroscopy reveal that ASDs
Dissolution P g poly P Py

were formed upon spray-drying the solution-based feed, whereas nanocomposites and nanocomposites with >
10% amorphous content, HyNASDs, were formed with the nanosuspension-based feed. Sol provided higher GF
relative supersaturation, up to 180% and 360% for HyNASDs and ASDs, respectively, in the dissolution tests than
HPC (up to 50% for both) owing to Sol’s stronger intermolecular interactions and miscibility with GF and its
recrystallization inhibition. Besides the higher kinetic solubility of GF in Sol, presence of GF nanoparticles vs.
micron-sized particles in the nanocomposites enabled fast supersaturation. This study demonstrates successful
preparation of fast supersaturating (190% within 20 min) HyNASDs, which renders nanoparticle formulations

competitive to ASDs in bioavailability enhancement of poorly soluble drugs.

1. Introduction

It is estimated that about 40% of the marketed drugs and 90% of the
drug molecules in the development pipeline are characterized as poorly
water-soluble [1]. As these drugs dissolve slowly, their intestinal ab-
sorption turns out to be rate-limiting, leading to low bioavailability
[2,3]. Significant academic and industrial research has been directed
toward developing various formulation/processing approaches for the
dissolution enhancement of poorly water-soluble drugs [4-12]. Among
all these approaches, two formulation approaches have been widely
used in the pharmaceutics literature and marketed products: nano-
crystal-based solid dosage forms (nanocomposites) and amorphous
solid dispersions (ASDs) [12-16]. In a nanocomposite, drug is usually
dispersed in a polymeric matrix as a secondary phase in the form of
nanocrystals [16,17], whereas in an ASD, it is molecularly dispersed in
the matrix of a miscible, amorphous polymer [15].

Nanocrystals have larger specific surface area than typical micron-
sized drug crystals, and they can therefore enhance the dissolution rate
of BCS Class II drugs [18-20] according to the Noyes—Whitney equation
[21], and, in turn, their bioavailability. Moreover, nanocrystals

especially those with sizes less than ~100 nm have very high curvature
and tend to show increased saturation solubility, which also enhances
the dissolution rate, and this phenomenon can be explained via the
Kelvin and the Ostwald-Freundlich equation [22]. The higher apparent
solubility that originates from the greater curvature of 100 nm nano-
crystals than that of the micron-sized crystals was estimated to be
~10-15%, typically for a drug candidate with a molecular weight of
500 g/mol, density of 1 kg/m?, and a crystal medium interfacial tension
of 0.015-0.020 N/m [23]. On the other hand, Muller and Peters [24]
observed up to 50% increase in the apparent solubility of an insoluble
antimicrobial compound when particle size was reduced from 2.4 um to
300nm. Fu et al. [25] produced nimodipine nanosuspensions with
mean diameters down to 160 nm. In dissolution tests, the lyophilized
nimodipine suspensions with maltose and mannitol exhibited no su-
persaturation, < 50% supersaturation, and ~100% supersaturation in
FaSSIF, 0.05% SDS solution, and purified water as the dissolution
media, respectively. Hence, it is fair to assert that nanocrystal for-
mulations have not been widely tested under supersaturating condi-
tions in dissolution tests unlike the case for ASDs (see e.g. [26,27]).
Drug nanosuspensions are most commonly produced by wet stirred
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Table 1

Formulations and drug—polymer content of nanosuspensions used for the preparation of spray-dried nanocomposites in recent studies.
Drug Drug content (% w/v) Polymeric stabilizer” Drug:polymer mass ratio References
Naproxen 1.0 HPMC 1:0.5 Kumar et al. [36]
Lovastatin 0.5% PVP K12, K30, K17, and PVA 1:0.2 Zhang et al. [37]
Griseofulvin 10" HPC SL 1:0.25 Azad et al. [27]
Naproxen 1.0, 3.0, and 5.0 HPMC E15 1:0.2-1:0.6 Kumar et al. [38]
Griseofulvin 5.0 HPC SL 1:0.25 Shah et al. [39]
Allisartan Isoproxil 5.0 PVP K30 1:0.01-1:0.03 Hou et al. [40]
Mefenamic Acid 5.0° HPC SSL 1:0.15 Konnerth et al. [41]
Aprepitant 2.5 Pharmacoat 603 and HPC SSL 1:0.5, 1:1 Toziopoulou et al. [42]
Carvedilol 8.3 HPC SL 1:0.1-1:0.4 Medarevic et al. [43]
Fenofibrate 10.0° HPC 1:0.25 Aleandri et al. [44]
Itraconazole 10.0" HPC SL 1:0.25-1:0.65 Li et al. [45]
Itraconazole 10.0° HPC L and HPC SL 1:0.45 Bilgili et al. [46]

2 With respect to the total weight of the suspension liquid (% w/w); "HPMC: hydroxypropyl methylcellulose, HPC: hydroxypropyl cellulose, PVA: polyvinyl

alcohol, PVP: polyvinylpyrrolidone.

media milling (WSMM) [16]. The aggregation-growth tendency of drug
nanocrystals during milling or storage poses serious challenges [28].
Usually, hydrophilic/amphiphilic polymers and/or surfactants are
added to the suspensions as stabilizers to suppress the aggregation
[28,29]. In general, drug:stabilizer mass ratio has been optimized based
on several considerations. At low concentration of stabilizers, drug
nanoparticle aggregation cannot be suppressed [30,31]; while if used in
excess, stabilizers especially surfactants may promote Ostwald ripening
[32,33]. Finally, stabilizer concentration should be minimized to
achieve high drug loading in the final solid dosages, while still
achieving physical stability in the milled suspensions [16,28]. In view
of these considerations, it is no surprise to find that a drug:polymer
mass ratio much higher than 1 has been widely reported: 1:0.5-1:0.05
[13,29], 1:0.8-1:0.02 [34], and 1:1-1:0.02 [35]. A quick review of
recent literature (see refs. [27,36-46] in Table 1) also suggests a si-
milarly high drug:polymer mass ratio, i.e., 1:1 to 1:0.01, in drug na-
nosuspensions used in the preparation of spray-dried nanocomposites.

Due to the convenience of usage and patient compliance, nanosus-
pensions are usually dried into nanocomposite microparticles or shortly
nanocomposites, which are ultimately incorporated into standard do-
sage forms such as tablet, capsule, and sachets [26,47,48]. Drying of
drug nanosuspensions has been carried out by various processes [16];
among them, spray-drying [27,49] is one of the most cost-effective
continuous process [16,50]. Nanocomposites prepared via spray drying
increased drug dissolution rate and enhanced the bioavailability (see
e.g. [40]). The most serious limitation of drug nanocomposites is their
limited supersaturation generation capability during dissolution. In-
terestingly, even though all studies mentioned in Table 1 reported
significant increase in drug release from the spray-dried nanocompo-
sites as compared with as-received drug micro-crystals and their phy-
sical mixtures with the excipients, none of these studies investigated or
reported any supersaturation generation in the dissolution tests.

Another platform formulation approach for bioavailability en-
hancement of the poorly water-soluble drugs is drug ASD, wherein drug
molecules are molecularly dispersed into or solubilized by an amor-
phous polymer. Since the apparent solubility of the amorphous form is
much greater than its crystalline counterpart, ASDs provide higher
extent of drug release and supersaturation [51-53]. Spray-drying has
emerged to be the most popular solvent-based process to produce ASDs
[54], while hot melt extrusion (HME) has become the standard fusion-
based process to produced ASDs [55].

Surprisingly, although both drug nanocomposites and ASDs have
been used as two major platforms for dissolution enhancement, a head-
to-head comparison of in vitro drug release from these two solid dosage
forms having identical formulation is not available in the literature. In
some cases, nanosuspensions, not dried nanocomposites, were com-
pared with ASDs, but not in a head-to-head manner. For instance, Fakes
et al. [56] investigated the bioavailability enhancement of a BCS Class
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II drug, BMS-488043, using a 10% (w/w) drug nanosuspension with 2%
(w/w) hydroxypropyl cellulose (HPC-SL) and 0.1% (w/w) sodium
lauryl sulfate (SLS). They also prepared the drug ASD by spray drying
and flash evaporation techniques at different drug:polymer (polyvinyl
pyrrolidone, PVP) ratio. In the case of spray drying, 40:60 drug:PVP
was used for the formulation development and further characterization,
whereas 90:10 drug:PVP ratio was selected in the case of flash eva-
poration. The nanosuspension and two amorphous formulations con-
taining 20% and 40% drug were compared to a wet-milled crystalline
drug in a capsule in a crossover beagle dog study. While having dif-
ferent formulations, the ASDs showed superior bioavailability en-
hancement compared with the nanosuspension, as expected owing to
relatively high drug supersaturation capability of the ASDs with respect
to the nanosuspension. In a recent study [17], a nanoextrusion process
was used to compare griseofulvin (GF) nanocomposites with ASDs. GF
nanosuspensions prepared via WSMM were extruded with additional
polymers and simultaneously dried in a twin-screw extruder. This na-
noextrusion process with two different polymers, i.e., HPC (immiscible
with GF) and Soluplus (Sol, miscible with GF), led to the formation of
GF nanocomposite and GF ASD, respectively. The researchers demon-
strated that for 100 mg GF dose, GF-Sol ASD led to 340% (relative)
supersaturation whereas GF-HPC nanocomposite only achieved 60%
supersaturation. While this finding corroborates the well-known
shortcoming of nanocomposites vs. ASDs in drug supersaturation gen-
eration, a direct and scientifically fair head-to-head comparison of drug
release from nanocomposites vs. ASDs having identical polymer/for-
mulation is still lacking in the literature. Finally, none of the previous
studies on spray-dried GF nanocomposites [26,27,39] reported or in-
vestigated GF supersaturation in the dissolution medium.

The main objective of this study is to enhance the limited super-
saturation capability of drug nanocomposites in dissolution tests sig-
nificantly by using a relatively low drug:polymer mass ratio (high
polymer loading), i.e., 1:1 and 1:3, as compared with high drug:po-
lymer mass ratio like 3:1 typical of nanocomposite formulations
(Table 1). Ultimately, the special class of drug nanocomposites so
produced, named here “Hybrid Nanocrystal-Amorphous Solid Disper-
sions” (HyNASDs), could be alternative to ASDs if HyNASDs are proven
to provide drug supersaturation levels typical of ASDs. To this end, a
wet media milled GF suspension and a GF solution, containing the same
dissolved HPC/Sol-surfactant (SDS: sodium dodecyl sulfate) in water
and acetone-water mixture were spray-dried to prepare GF nano-
composites/HyNASDs and GF ASDs, respectively. The particle size of
the nanosuspensions and spray-dried powders was characterized via
laser diffraction. The solid state of GF in the spray-dried powders was
characterized by X-ray powder diffraction (XRPD) and differential
scanning calorimetry (DSC), while GF-polymer molecular interactions
were characterized by Raman spectroscopy. To elucidate the roles of
drying rate and drug-polymer miscibility on recrystallization during
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drying, a droplet of GF-polymer-SDS solution was dried on a heated
microscope slide in quiescent air and visualized via polarized light
microscope (PLM). GF recrystallization inhibition by HPC/Sol was ex-
amined via separate desupersaturation experiments. Redispersion ex-
periments were performed to confirm recovery of drug nanoparticles
from the nanocomposites/HyNASDs. Drug release from the spray-dried
powders was investigated using USP II apparatus with UV-spectroscopy.
To gain further insight, a loose compact of ASD particles with 1:3
GF:polymer was imbibed with water and GF recrystallization was vi-
sualized by PLM.

2. Materials and methods
2.1. Materials

BP/EP grade micronized griseofulvin (GF) was purchased from
Letco Medical (Decatur, AL, USA) and used as a challenging
Biopharmaceutics Classification System (BCS) Class II drug because GF
nanocrystals exhibit severe aggregation in suspensions, if improperly
stabilized [31], and it is known to be a fast crystallizing drug [57].
Clinical dose amount and Caco-2 permeability of GF are 125-500 mg/
day and 130.94 x 10~ ®cm/s, respectively [58,59]. Its solubility in
deionized (DI) water is ~8.9 mg/L at 25 °C and ~14.2mg/L at 37 °C; it
has a melting point T,, of 220 °C and a glass transition temperature T, of
89°C [60]. Hydroxypropyl cellulose (HPC, SSL grade, Nisso America
Inc., New York, NY) is a semi-crystalline polymer with low crystallinity
and amorphous domains of very low T,. It is widely used as a stabilizer
during milling and matrix former in the nanocomposites [26,27]. So-
luplus (Sol, BASF, Tarrytown, NY) is an amphiphilic graft copolymer
produced from polyvinyl caprolactam—polyvinyl acetate-polyethylene
glycol having a single glass transition temperature of 73 + 2°C [61].
Sol has been commonly used to produce ASDs of various poorly water-
soluble drugs [62]. An anionic surfactant, sodium dodecyl sulfate
(SDS), purchased from GFS Chemicals, Inc. (Columbus, OH) was used as
a wetting agent, which also helps to stabilize GF nanosuspensions.
Acetone (ACS reagent, = 99.5%) was purchased from BDH Analytical
chemicals, (VWR, GA) and used as a solvent to prepare solution-based
feed to the spray dryer. In WSMM, Yttrium zirconia beads (Zirmil Y,
Saint Gobain ZirPro, Mountainside, NJ, USA) with a median size of
430 um were used.

2.2. Preparation of spray-dried powders

Aqueous suspension-based (W:water) feeds and organic solution-
based (S:solvent) feeds of GF were fed to the spray dryer for the pre-
paration of drug nanocomposites and ASDs, respectively (Fig. 1).
Table 2 presents the formulations used in the precursor feeds. Drug
concentration was kept constant at 2.5% (w/v). The GF concentration
was calculated w.r.t. the total volume of the water in the suspension-
based feeds and the total volume of the solvent mixture (acetone—-
water) in the solution-based feeds, which was fixed at 240 mL. GF na-
nosuspensions were prepared with two different polymers (HPC/Sol) at
1:1 and 1:3 drug:polymer mass ratios to examine the impact of polymer
type and polymer loading on GF release in dissolution tests. To eluci-
date the role of Sol, a nanosuspension with 3:1 GF:Sol (W-Sol-3:1) and a
suspension of as-received (micronized) GF with 1:3 GF:Sol (W-M-Sol-
1:3) were also prepared. In all formulations, SDS concentration was
kept constant below the critical micelle concentration (CMC, 0.23%, w/
v) at 0.125% (w/v) to minimize Ostwald ripening [30].

In the preparation of nanosuspension-based (W) feeds, a shear mixer
(Fisher Scientific Laboratory Stirrer, Catalog No. 14-503, Pittsburgh,
PA) was used to disperse as-received GF particles in the aqueous dis-
persant (HPC/Sol-SDS) solutions first. The resultant GF pre-suspensions
were transferred to the holding tank of a Microcer wet stirred media
mill (WSMM) (Netzsch Fine Particle Technology, LLC, Exton, PA, USA)
with 80 mL milling chamber (Fig. 1a). Milling conditions were adopted
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from our prior work on WSMM [63,64]. Milling chamber was filled
with 50 mL zirconia beads, and to hold the beads in the chamber a
screen with 200 pm opening was used at the outlet of the chamber. The
pre-suspension was recirculated through the chamber at a rate of
126 mL/min via a peristaltic pump and was milled at a rotor speed of
3200 rpm for 64 min. A portion of each suspension was separated in a
vial and stored for 7-days at 8 °C to assess the short-term physical sta-
bility. Also, the milled suspensions were refrigerated at 8 °C for over-
night before spray drying.

To prepare the solution-based (S) feeds, a mixture of acetone-water
was purposefully selected to dissolve all components of the formulation
(Fig. 1b). To ensure a head-to-head comparison of the nanocomposites
with ASDs, the formulations of the solution-based (S) feeds are kept
identical to those of the suspension-based (W) feeds. 40 mL of deionized
water was added to 200 mL acetone to prepare a total of 240 mL solvent
mixture. After dissolving the drug-polymer—surfactant into the binary
solvent mixture using a magnetic stirrer, the solutions were sonicated
for 30 min before feeding to the spray dryer.

Using a spray dryer (4 M8-Trix, Procept, Zelzate, Belgium) having a
co-current flow set-up (Fig. 1c), GF suspensions and drug-polymer so-
lutions were dried. The total length and the diameter of the spray dryer
are 1.59m and 0.15m, respectively. To ensure complete drying, inlet
temperature was selected above the boiling temperature of the re-
spective pure liquids. Drying air at 120 °C flowing at 0.37-0.40 m®/min
and drying air at 75 °C flowing at rate of 0.27-0.30 m>/min were fed co-
currently at the top of the dryer column to dry W feeds and S feeds (see
Table 2), respectively. 200 g suspension/solution of each formulation
was sprayed at 2.0 g/min rate using a peristaltic pump (Make-it-EZ,
Creates, Zelzate, Belgium). A cyclone separator was used to separate the
dried particles from the outlet stream into a glass jar. Atomizing air
pressure of 2.0 bar, a bi-fluidic nozzle with tip diameter of 0.6 mm, and
cyclone pressure of 55-60 mbar were selected based on prior experi-
ence [27] and exploratory experiments. The dried particles obtained
from the collection jar were transferred into double plastic bags and
stored in a vacuum-desiccator at room temperature for further char-
acterization.

2.3. Characterization techniques

2.3.1. Particle sizing

Drug particle size distributions (PSDs) in the suspensions were
measured by laser diffraction (LS 13 320, Beckman Coulter, Miami, FL)
based on Mie scattering theory following the procedure described in ref.
[64] at various times: right after milling, after 1-day and 7-day storage
at 8°C to in a refrigerator. The intensity was maintained between 40
and 50% while the obscuration was maintained below 8.0% for all
measurements. Refractive index values are 1.65 for GF (drug) and 1.33
for deionized water (medium). Before each measurement, a 2.0 mL
suspension sample was dispersed into 5.0 mL of the respective stabilizer
solution using a vortex mixer (Fisher Scientific Digital Vortex Mixer,
Model No: 945415, Pittsburgh, PA) at 1500 rpm for one min prior to
each measurement.

The particle sizes of the spray-dried powders and as-received GF
were measured by a Rodos/Helos laser diffraction system (Sympatec,
NJ, USA) based on Fraunhofer theory following the procedure de-
scribed in ref. [31]. About 1 g of the powder sample was placed on top
of the sample chute of the Rodos dispersing system and the sample
chute was vibrated at a 100% setting, and 0.1 bar dispersion pressure
was used to suck in the falling powder through the sample cell of the
laser diffraction system. For morphological analysis, spray-dried parti-
cles were placed on a glass slide and observed by Axio Scope.Al po-
larized light microscope (PLM, Carl Zeiss Microscopy GmbH, Gottingen,
Germany).

2.3.2. Solid state characterization and drug—polymer interactions
To analyze the crystallinity of the as-received GF, HPC, Sol, SDS,
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Fig. 1. Schematic illustration of the process setup: (a) wet-stirred media milling (WSMM) of drug in aqueous solution of polymer—surfactant for the preparation of the
drug nanosuspension-based (W) feed, (b) mixing of drug, polymer, and surfactant in acetone-water mixture for the preparation of the drug solution-based (S) feed,
and (c) co-current spray drying of each feed separately. Diagrams are not drawn to scale.

Table 2
Formulations of the suspension-based (W) feeds and solution-based (S) feeds
used in spray drying.

Formulation® GF Polymer SDS Water Acetone (mL)
®%w"®  (%wv® % w/v)®  (mL)

W-Sol-1:3 2.5 7.5 0.125 240 0
W-Sol-1:1 2.5 2.5 0.125 240 0
W-Sol-3:1 2.5 0.8 0.125 240 0
W-HPC-1:3 2.5 7.5 0.125 240 0
W-HPC-1:1 2.5 2.5 0.125 240 0
S-Sol-1:3 2.5 7.5 0.125 40 200
S-Sol-1:1 2.5 2.5 0.125 40 200
S-HPC-1:3 2.5 7.5 0.125 40 200
S-HPC-1:1 2.5 2.5 0.125 40 200

2 S denotes solution-based feed; W denotes nanosuspension-based feed; Sol
denotes Soluplus; the ratios refer to the drug:polymer mass ratios. All for-
mulations have 0.125% w/v SDS.

> % w/v with respect to the total volume (240 mL) of the liquid (water/
solvent).

spray-dried powders, and physical mixtures of GF—polymer-SDS (same
formulation as stated in Table 2), X-ray powder diffraction (XRPD)
(PANanalytical, Westborough, MA, USA), provided with Cu K, radia-
tion (A = 1.5406 A) was used. The samples were scanned at a rate of
0.165s~! for 26 ranging from 5° to 40°. The total area under three
distinct, non-overlapping peaks of GF at characteristic diffraction an-
gles of 13.2°, 14.6°, and 16.5° was calculated for both the physical
mixtures and the spray-dried powders using the equipment’s HighScore
Plus software, which was then used to estimate the crystallinity.
Differential scanning calorimetry (DSC) of the as-received GF, Sol,
HPC, physical mixtures of GF-polymer—SDS, and spray-dried powders
was performed using a Mettler-Toledo polymer analyzer (PolyDSC,
Columbus, OH, USA) with integrated STARe 10 software. ~6.0-7.0 mg
powder sample was placed in an aluminum pan with a hole in the lid
and loaded into the DSC machine. As-received GF was heated at a rate
of 10 °C/min from 25 °C to 250 °C. All other samples were heated from
25°C to 70°C and the temperature was held for 2min at 70 °C, then
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cooled back to 25 °C to remove any residual solvent in the sample. In
the final step, the samples were heated from 25 °C to 250 °C at 10 °C/
min. Nitrogen gas was used as the purge gas and protective gas at a flow
rate of 50 mL/min and 150 mL/min, respectively. Thermogravimetric
analysis (TGA) was performed to measure the residual water/solvent
content using a TGA/DSC1/SF Stare system (Mettler Toledo, Inc.,
Columbus, OH). ~6.0-7.0 mg of each spray-dried sample was placed in
a ceramic crucible and heated from 25 °C to 150 °C at a heating rate of
10 °C/min under nitrogen flow.

Raman spectroscopy was conducted using a Fergie Imaging
Spectrometer System (Princeton Instruments, Trenton, NJ) with a 500-
mW external diode laser processing at 785 nm wavelength. Data ac-
quisition time for all spectra was 15s per scanned spectrum
(100-1800 cm ™ ') and each spectrum acquired was averaged over two
scans. The data was presented for the range of 1550-1800 cm ™' wa-
venumber.

2.3.3. Characterization of drug recrystallization

To elucidate the role of drying rate on drug recrystallization during
drying, a droplet of 20 uL of the solution prepared for the solution-
based (S) feed was put onto a hot glass slide at 75 °C and kept for drying
in quiescent air. After about one min drying, the slides were placed
under the polarized light microscope (PLM) to observe if any drug re-
crystallization occurred. To elucidate GF recrystallization in the pre-
sence of water, a small portion of the spray-dried powders prepared
using the solution-based (S) feed (S-HPC-1:3 and S-Sol-1:3) was gently
pressed to form a loose compact, which was then mounted onto a mi-
croscopic glass slide, and placed under the PLM. 20 uL of deionized
water was added to the sample and the PLM images were captured at 0,
1, 2, and 5 min from the moment of water addition.

2.3.4. Study of nanoparticle recovery from the nanocomposites

Aqueous redispersion of the nanocomposites was performed fol-
lowing a previously established method [31,46]. About 0.5g of the
spray-dried powders prepared using the nanosuspension-based (W)
feeds was dispersed in 30 mL of deionized water inside a 60 mL beaker
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and stirred at 500 rpm for 60 min with a paddle-stirrer (CAT R18, Sci-
entific Instrument Center Limited, Winchester, UK). ~1.0 mL aliquot of
redispersed sample was taken at 2, 10 and 60 min while stirring, and
particle size was measured using laser diffraction (LS 13 320, Beckman
Coulter, Miami, FL). At the same collection times, a droplet of each
redispersed sample was taken and dried immediately by dropping on a
preheated glass slide on a hot plate at 100 °C. After drying, the PLM was
used to capture images of the redispersed particles. The details of the
methods and results are presented in Section S.1 of Supplementary
Material.

2.3.5. Drug content and dissolution performance of the spray-dried powders

The drug content in the dried powders varied based on the drug:-
polymer mass ratios. To measure the actual drug content in the spray-
dried powders, an assay testing was performed by dissolving 100 mg of
the sample powders 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 uL was taken from the GF solution and
diluted up to 10 mL using methanol. The absorbance of the samples was
measured at 292 nm using UV spectrophotometer (Agilent, Santa Clara,
CA, USA), and the drug concentration was calculated from a pre-es-
tablished calibration curve. Six replicates were tested for each for-
mulation to calculate mean drug content along with the relative stan-
dard deviation (RSD).

Drug release from the spray-dried powders and various physical
mixtures (PMs) prepared by blending was determined via a Distek
2100C dissolution tester (North Brunswick, NJ, USA), following the
USP II paddle method. 1000 mL deionized water at 37 °C was stirred at
50 rpm paddle speed. Deionized water was selected as the dissolution
medium as it provided good discrimination of different GF nano-
composites and GF ASDs in previous studies [17,26,39] and allows for
supersaturation of the HyNASDs/nanocomposites as well as ASDs in
this study for comparative analysis. Spray-dried powder samples con-
taining 100 mg GF (above the thermodynamic solubility of as-received
GF particles) were weighed and added to the dissolution medium and
4 mL samples were taken out manually at 1, 2, 5, 10, 20, 30, 60, 120,
180, and 210 min. These aliquots were filtered through 0.1 um PVDF
membrane-type syringe filter before UV-spectroscopy measurements
(similar to refs. [17,26]). The filtered samples were diluted with 37 °C
deionized water at a ratio of 1-5 before UV measurement. Dissolved GF
amount was measured by UV spectroscopy at 296 nm wavelength and
calculated using a pre-established calibration curve. Deionized water
was used as the blank before UV measurement and six replicates of each
sample were performed. In this paper, relative % supersaturation is
reported based on GF concentration at 210 min and thermodynamic
solubility of as-received GF particles, unless otherwise indicated.

2.3.6. Supersaturation maintenance ability of the polymers

The supersaturation maintenance ability of HPC/Sol was examined
in a separate desupersaturation test (similar to ref. [65]). A con-
centrated solution of GF in acetone was prepared by dissolving 100 mg
of as-received GF in 20 mL acetone. This solution was subsequently
added to 1000 mL of pre-dissolved HPC-SDS/Sol-SDS solution with
100 pg/mL and 300 pg/mL polymer concentration, which maintained
1:1 and 1:3 drug:polymer mass ratio, respectively, in the USP II paddle
type dissolution tester. The addition resulted in 92-99 pg/mL super-
saturated solutions of GF initially, and any subsequent desupersatura-
tion during the following 210 min was tracked via GF concentration
measurements. The experimental conditions and concentration mea-
surement were identical to those in the dissolution test. All measure-
ments were carried out in triplicate.
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Fig. 2. Volume-based particle size statistics of the milled GF suspensions with
1:1 and 1:3 GF:polymer mass ratios after milling (64 min) as well as 1-day
storage and 7-day storage at 8°C: (a) 10% cumulative passing size djo, (b)
median particle size dso and (c) 90% cumulative passing size dgo. All suspen-
sions have 2.5% w/v GF and 0.125% w/v SDS.

3. Results and discussion

3.1. Properties of GF nanosuspensions prepared via wet stirred media
milling

Four different GF suspensions were wet media milled using HPC/Sol
at 1:1 and 1:3 drug:polymer mass ratios in the presence of SDS. The
median particle size dso and 90% passing size dgo of the final milled
suspensions (after 64 min), after 1-day and 7-day storage are presented
in Fig. 2. Unless properly stabilized, GF nanoparticles severely ag-
gregate in aqueous suspensions, forming micron-sized particles [31].
The wet-milling of as-received (micronized) GF particles with d;:
3.04 = 0.1 pm, dsp: 10.0 = 0.17 um and dgo: 28.2 = 0.14 um (see the
full the particle size distribution in Fig. S3 of Supplementary Material)
yielded nanosuspensions with dso in the range of 0.14-0.19 um. The
small changes in dso and dgo during the 7-day storage suggest that the
suspensions did not undergo drastic aggregation/growth during milling
and storage. On the other hand, an increase in HPC concentration led to
smaller aggregates and finer sizes. In a previous study, HPC-SDS was
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Table 3
Particle size statistics of the spray-dried powders and their drug content.

European Journal of Pharmaceutics and Biopharmaceutics 145 (2019) 12-26

Formulation® Particle size statistics of the spray-dried particles (um) Actual drug content, RSD (% w/w, %) Theoretical drug content (% w/w)
dyo *= SD dso = SD deo = SD
W-Sol-1:3 9.29 * 0.1 19.0 = 0.1 336 + 0.1 21.2, 1.50 24.7
W-Sol-1:1 4.48 * 0.1 10.1 £ 0.1 21.9 £ 0.2 42.0, 1.73 48.8
W-Sol-3:1 1.66 + 0.1 6.89 + 0.3 153 + 0.4 64.4, 0.51 72.3
W-HPC-1:3 6.37 = 0.1 16.5 = 0.6 40.0 = 0.1 223, 3.14 24.7
W-HPC-1:1 5.24 * 0.1 129 + 0.1 342 + 0.1 42.5, 2.83 48.8
S-Sol-1:3 411 £ 0.0 12.3 £ 0.0 332 £ 0.1 21.5, 2.02 24.7
S-Sol-1:1 5.03 = 0.1 11.0 £ 0.1 20.2 = 0.0 42.3, 2.21 48.8
S-HPC-1:3 6.48 + 0.0 15.8 + 0.6 31.3 + 1.0 24.4, 2.56 24.7
S-HPC-1:1 7.05 * 0.2 13.0 £ 0.9 26.9 £ 0.8 41.7,0.73 48.8

2 S denotes solution-based feed, W denotes nanosuspension-based feed, Sol denotes Soluplus; the ratios refer to the drug:polymer mass ratios. All formulations

have 0.125% w/v SDS.

reported to have synergistic stabilizing effect on GF suspensions during
milling and storage [66] and stabilized multiple BCS Class II drug na-
nosuspensions [64]. HPC and Sol imparted steric stabilization by ad-
sorbing on drug nanoparticles [66,67], while the anionic surfactant
(SDS) enhanced GF wettability/deaggregation and helped to stabilize
the GF nanosuspensions via electrostatic repulsion [64,66].

3.2. Size, morphology, and drug-moisture content of the spray-dried
powders

Drug nanosuspension-based (W) feeds produced by WSMM and
drug-polymer solution-based (S) feeds with identical formulations were
spray-dried separately. The residence time in the spray dryer was short,
i.e., 4.0s and 5.0s, for W feeds and S feeds, respectively. Despite the
relatively short residence time, the spray-dried powders were com-
pletely dried, as indicated by the TGA, which shows weight loss of
~2.0% for the samples. The extremely large surface area generated by
atomization of the feed coupled with the fast convective heat-mass
transfer at high air temperature enabled fast drying of the droplets. The
mean (actual) drug content of the spray-dried powders was higher for
feeds with higher drug:polymer mass ratio (Table 3). RSD values were
below 6%: 0.73-3.14%, which signifies pharmaceutically acceptable
content uniformity. The slightly lower drug content as compared with
the theoretical value can be attributed to preferential drug loss during
handling/transfer after milling, poor separation of finer particles in the
cyclone separator of the spray dryer, and presence of the residual
moisture after drying [27,46]. The median sizes of the spray-dried
powders were measured to be in the range of 6.89-19.0 um and
11.0-15.8 um (Table 3) for W feeds and S feeds, respectively. An in-
crease in polymer loading led to formation of coarser particles due to
increase in total solids loading and higher viscosity of the feed
[45,46,50]. The microscopic images (Fig. 3) illustrate that spray-dried
particles have rounded-donut shapes, and their sizes are in rough
agreement with the ranges mentioned in Table 3.

3.3. Formation of drug nanocomposites/HyNASDs vs. ASDs upon spray
drying

The solid state of GF in the spray-dried powders was investigated via
XRPD (see Fig. 4) and DSC (see Fig. 5). Table 4 presents the summary of
DSC thermal events and estimated crystallinity via XRPD. X-ray dif-
fractograms depict that as-received GF exhibited intense peak char-
acteristics of a crystalline material, whereas HPC/Sol exhibited halo
pattern indicating amorphous structure (Fig. 4a). The physical mixtures
(PMs), prepared by blending, exhibited peaks at the same diffraction
angles as those of as-received GF, albeit with reduced peak intensity
(Fig. 4b and c), which can be attributed to the dilution and surface
coverage of GF microparticles with HPC/Sol, and the reduction is more
discernible with increasing polymer concentration. The peaks observed
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between 5°-10° in the physical mixtures (PMs) correspond to the main
characteristic peaks of SDS, which is also crystalline in nature. The
main characteristic peaks of SDS are at 5.6°, 6.8°, and 8.3° (refer to Fig.
S4 of Supplementary Material; the SDS diffractogram was excluded from
Fig. 4 for proper scaling of GF peaks).

In general, similar XRPD diffractograms to those of the PMs were
observed for the spray-dried powders prepared using the suspension-
based (W) feeds confirming that spray-drying of W feeds led to for-
mation of nanocomposites that are mostly crystalline (Fig. 4b and c).
The characteristics peaks of SDS present in the PMs were absent in the
diffractograms of the spray-dried powders as small amount of SDS was
most likely molecularly dispersed in the polymeric matrix of the spray-
dried powders. Interestingly, the diffractograms of the spray-dried
powders with W feeds especially those with higher polymer loading
(lower GF:polymer ratio) show clear peak broadening and peak in-
tensity reduction as compared with those of PMs, beyond the afore-
mentioned dilution effect. Surprisingly, wet milling followed by spray-
drying led to reduction of crystallinity and formation of notable
(~5-20%) amorphous drug (see Table 4). To the best knowledge of the
authors, this level of amorphous content in drug nanocomposites is not
common. It is well-established that wet media milling does not cause
any detectable amorphization of as-received GF, in the absence of sta-
bilizers, due to plasticization effect of water [68]. In the presence of
high polymer loading in the nanosuspensions here, however, amor-
phization of GF took place during the spray drying.

Table 4 shows that despite being largely crystalline, the amorphous
content in the spray-dried powders prepared via nanosuspension-based
(W) feeds increased upon an increase in the polymer loading in the
nanosuspensions. Moreover, higher amorphous content was observed in
the Sol formulations than in the HPC formulations at the same drug:-
polymer mass ratio. These findings suggest that amorphous GF was
formed due to GF—polymer molecular interactions and/or solubilization
of the surface layer of nanoparticles by the polymer during the spray-
drying. It is likely that presence of GF nanoparticles with large surface
area could have facilitated the formation of amorphous content around
the GF nanoparticles. In other words, the polymeric matrix of the spray-
dried particles encapsulates drug nanocrystals, surrounded by a layer of
amorphous GF ASD in the polymeric matrix (see Fig. 6b). Formation of
amorphous content upon drying of drug nanosuspensions was first
observed by [69], albeit to a much lower extent; however, the impact of
such amorphous content on drug release from the nanocomposites has
not been studied at all. As the dissolution tests will reveal below, de-
spite being largely crystalline, these nanocomposites with high polymer
loading (low drug:polymer ratio) allow for much higher drug super-
saturation than traditional nanocomposites; hence, we refer to them as
HyNASDs. The higher amorphous content in the Sol than in the HPC
formulations could be related to the stronger molecular interactions of
Sol with GF than HPC with GF and GF-Sol miscibility. It is suggested
that if the solubility parameter difference between a drug and polymer
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Fig. 3. Polarized light microscope images of the spray-dried particles prepared using the GF nanosuspension-based (W) feed and the GF solution-based (S) feed with
1:3 GF:polymer mass ratios: (a) W-HPC-1:3, (b) S-HPC-1:3, (c) W-Sol-1:3, and (d) S-Sol-1:3. All images were taken at 50X magnification (scale bar: 20 um).

is < 7.0 MPal/?, they are likely to be miscible; if the difference is >
10MPa'/?, they are considered immiscible [70,71]. The solubility
parameters of GF, HPC, and Sol are 12.2 [72], 24.0 [73], and 19.4 [74]
MPa'/2, respectively. The solubility parameter differences between
GF-Sol and GF-HPC are 7.2 and 11.8 MPa'/?, respectively, which
suggests that GF-Sol is borderline miscible (or at least partially mis-
cible), whereas GF-HPC is most likely immiscible. While being useful,
the solubility parameters do not account for all drug—polymer interac-
tions such as contributions from hydrogen bonding, hydrophobic in-
teractions, etc., and hence should be used with caution as rough esti-
mates of drug—polymer miscibility.

XRPD diffractograms (Fig. 4b and 4c) of the spray-dried powders
prepared using the solution-based (S) feeds showed halo pattern instead
of any characteristic diffraction peaks of GF (except S-HPC-1:1). These
halo patterns confirm that amorphous GF dispersed molecularly into
the polymer matrix forming amorphous solid dispersions (ASDs). De-
spite the immiscibility of HPC with GF, fast drying of acetone-water in
1:3 GF-HPC solution led to molecular dispersion and arrested amor-
phous GF in the HPC matrix kinetically. On the other hand, the peaks in
the XRPD diffractogram of S-HPC-1:1 and 6.5% crystalline GF could be
explained by the insufficient HPC concentration to ensure complete
dispersion of GF molecules in the polymer matrix; hence, re-
crystallization of GF during spray-drying occurred.

The DSC thermograms in Fig. 5a show an endothermic peak asso-
ciated with melting of as-received GF, with a Ty, of 220.1 °C and AH; of
101.8 J/g; a glass transition for Sol (amorphous) at 72.4 °C, and a slight
endothermic event around 170-200 °C for HPC likely due to the melting
of the small crystalline domain of largely amorphous HPC [75] (crys-
tallinity was undetectable by XRPD). The T, of HPC could not be
measured (in the range of —-25 to 0°C [75]) due to limitation of our
equipment. For spray-dried powders prepared using solution-based (S)
feeds, a single T, was observed for all the formulations confirming the
formation of molecular level dispersion [76,77] (see Table 4 and ASD
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schematic in Fig. 6¢). While S-Sol-1:3 exhibited only a glass transition,
all other ASDs exhibited a glass transition followed by an exothermic
event due to re-crystallization of amorphous GF followed by the melting
of the recrystallized GF (Fig. 5b and c). The (absolute value) enthalpy of
recrystallization was lower for Sol than for HPC formulations and was
lower when a higher polymer loading was used (in line with other
studies e.g. [76]). Recrystallization occurred during the heating step of
DSC scan because above T, amorphous drug molecules and amorphous
polymer had higher mobility, leading to GF recrystallization. Due to
stronger molecular interactions and miscibility of Sol with GF, S-Sol-1:3
with high Sol loading was able to inhibit recrystallization even at high
temperatures during the DSC scan.

The spray-dried powders prepared using the suspension-based (W)
feeds, i.e., the nanocomposites including HyNASDs, exhibited a melting
endotherm only (Fig. 5b and 5c¢). The Ty, and fusion enthalpy AH; of
these spray-dried powders were lower than those of the respective
physical mixtures (Table 4). Moreover, higher polymer loading (1:3 vs.
1:1 W formulations) led to lower T, and AHg, similar to the lower peaks
and crystallinity in XRPD. The observed reduction in T,, and AH; of
HyNASDs, as compared with the physical mixtures, may be partly at-
tributed to defect formation and accumulation during milling. How-
ever, only a slight reduction in T,, and AH; occurred upon wet media
milling of GF without stabilizers [68]. Hence, the reduction in T, and
AH; was mostly attributed to amorphization of GF on the surface of the
drug nanocrystals [69] or its solubilization in the polymer upon spray-
drying as well as the solubilization during the DSC scan. Compared with
the thermogram of as-received GF, the thermograms of the physical
mixtures also show a significant reduction of T, and AHg, which can be
explained by the solubilization of GF in molten polymer at high tem-
peratures during the DSC scan. Finally, the lower Ty, and AH; of the W-
Sol formulations than those for the W-HPC formulations could again be
explained by the higher miscibility and stronger molecular interaction
of Sol with GF than HPC with GF.
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Fig. 4. X-ray diffractograms of as-received GF, HPC, and Sol (a); physical
mixtures (PMs) of GF-polymer-SDS and the spray-dried powders prepared
using the GF nanosuspension-based (W) feed and GF solution-based (S) feed
with various GF:polymer mass ratios: HPC as the polymer (b) and Sol as the
polymer (c).

The observed Raman lines in Fig. 7a for as-received GF and PMs of
GF are largely in agreement with Fourier transform Raman data of ref.
[78] and Raman data of ref. [79] for crystalline GF. The Raman spectra
of S-Sol-1:3 (Fig. 7c) show that the GF line at 1606 cm ™! disappeared,
and the lines at other characteristic frequencies shifted to new positions
that are characteristic of amorphous GF, e.g., the line shift from 1712 to
1715cm ™! (see Zarow et al. [79]), signifying formation of amorphous
GF and strong molecular interactions between GF and Sol in the ASD.
While the GF line at 1606 cm ™! disappeared in the Raman spectra of S-
HPC-1:3 (Fig. 7b), the shifts in other lines were subtler than those for
the Raman spectra of S-Sol-1:3, which could suggest stronger molecular
interactions between GF and Sol than GF and HPC. While the W-Sol-1:3
and W-HPC-1:3 powders (HyNASDs) did not show disappearance of
lines or line shifts, unlike S-Sol-1:3 and S-HPC-1:3 powders (ASDs),
their spectra clearly show broadening of the characteristic GF lines and
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GF:polymer mass ratios: HPC as the polymer (b) and Sol as the polymer (c).

peak intensity reduction as compared with the spectra of the respective
PMs due to GF—polymer interactions and presence of amorphous do-
mains in these powders. In contrast, the spectra of W-Sol-3:1 (nano-
composite), having 1/9th of Sol content compared with W-Sol-1:3, did
not show as much line broadening compared to the spectra of its re-
spective PM.

The XRPD, DSC, and Raman spectroscopy results overall suggest
that spray-drying of GF-polymer solutions (S feeds) led to formation of
ASDs, whereas spray-drying of GF-polymer nanosuspensions (W feeds)
led to formation of drug nanocomposites/HyNASDs. Although a hard
and crisp distinction between traditional nanocomposites and HyNASDs
is not intended here, HyNASDs appear to have notable amorphous
content (> %10 in XRPD) and/or exhibit significant T, depression—-AH;
reduction and GF Raman peak broadening as compared with the
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Table 4
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Characteristic temperatures—enthalpy values obtained from DSC thermograms and crystallinity estimated from XRPD diffractograms.

Formulation® Ty CO)™P Ty (CC)*° AH,. (J/g)*" Tp ((C)*° AH; (J/g)™" Crystallinity (%)"
S-HPC-1:1 58.9 109 -20.0 213 40.6 6.5

W-HPC-1:1 ND ND ND 211 28.7 95.5

S-HPC-1:3 57.7 124 -1.71 200 10.5 ND

W-HPC-1:3 ND ND ND 198 12.7 86.5

W-Sol-3:1 ND ND ND 212 47.0 92.1

S-Sol-1:1 74.6 127 -9.26 206 25.4 ND

W-Sol-1:1 ND ND ND 204 22.7 86.3

S-Sol-1:3 80.0 ND ND ND ND ND

W-Sol-1:3 ND ND ND 186 7.37 81.3

2 S denotes solution-based feed, W denotes nanosuspension-based feed, Sol denotes Soluplus; the ratios refer to the drug:polymer mass ratios. All formulations

have 0.125% w/v SDS. Other symbols: T,

> ND: not detected.

respective physical mixtures. As a general observation, we note that
spray-drying a drug nanosuspension with a lower drug:polymer mass
ratio (1:1, 1:3) than typically used (see e.g. Table 1) and the use of a
miscible polymer, i.e., Sol, that interacts with the drug nanoparticles
strongly and potentially solubilizes them during the spray drying favor
the formation of HyNASDs vs. nanocomposites (W-Sol-1:3 vs. W-Sol-
3:1). Moreover, as will be shown in Section 3.5, nanocomposites and
HyNASDs may behave quite differently in their functional responses
such as drug release in vitro.

3.4. Impact of drying rate and polymers on inhibition of GF recrystallization

In the solution-based (S) feeds, GF, polymer, and SDS were com-
pletely dissolved in acetone-water mixture, which allowed molecular
level interaction in the solution before spray drying. Due to fast eva-
poration of the solvents in the spray dryer, viscosity increases rapidly
causing entrapment of the drug molecules in the polymer matrices,
which appears to have retarded phase separation even in the case of
GF-HPC (relatively immiscible) and enables the ASD formation. In the
nanosuspension-based (W) feeds, GF exists as nanocrystalline particles
while polymer and SDS were dissolved in water. However, due to large
surface area of GF nanocrystals and presence of relatively high polymer
loading (1:1 and 1:3 GF:polymer), GF was partially solubilized or mo-
lecularly dispersed, especially in Sol, as the evaporation proceeds,
leading to formation of GF molecularly dispersed in the polymer matrix
surrounding the GF nanocrystals (refer to Fig. 6b).

To demonstrate the criticality of drying rate and drug—polymer

(a) Nanocomposite

Polymer-SDS
matrix

Drug nanocrystal

(b) HyNASD

Drug nanocrystal surrounded by
amorphous molecularly dispersed drug

, Tre, and Ty, stand for temperature for glass transition, recrystallization transition, and melting point, respectively, while
AH,. and AHg respectively stand for recrystallization enthalpy and fusion enthalpy.

interactions/miscibility, we have devised a slower drying method: a
single droplet of GF-HPC-SDS solution on a heated glass slide at 75 °C,
same temperature as that of hot air in the spray-drying. However, the
droplet was dried in quiescent air, which makes external mass transfer
of solvent vapor in air controlling the evaporation rate, making drying
slower compared to spray drying. The drying took less than 40s,
whereas the drying occurred less than ~5 s in the spray dryer. The PLM
images in Fig. 8 illustrate that GF crystals formed during the slow
drying of all solutions. On the other hand, the drying of S-Sol-1:3 so-
lution yielded few small crystals, whereas that of S-Sol-1:1 solution
yielded significant number of needle-shaped crystals. The extent of
recrystallization was much higher in HPC than in Sol. HPC could not
inhibit the nucleation/crystal growth of GF from the supersaturated
solution as evaporation proceeded during the spray-drying. Since only
S-HPC-1:1 spray-dried powder had 6.5% crystalline GF and others so-
lution-based (S) spray-dried samples did not have detectable GF crys-
tals, it is concluded that the relatively fast evaporation during the spray
drying enabled ASD formation.

It is known that the phase separation and recrystallization involve
diffusion of drug molecules and nucleation, both of which require
molecular mobility and can be restricted by polymer molecules as in-
hibitor [55]. Strong drug-polymer interactions can reduce the mole-
cular mobility and delay crystallization onset time and the extent of
crystallization [80]. This is in line with earlier work, e.g., [81], where
the recrystallization time of nifedipine increased with an increase in
polymer (PVP) concentration. To gain additional insights into the GF
recrystallization inhibition capability of Sol/HPC in solutions,

(c) ASD

Polymer-SDS
matrix

Amorphous drug
molecularly dispersed

Fig. 6. Schematic illustration of the solid state of the drug (GF) in GF nanocomposite (a), GF hybrid nanocrystal-amorphous solid dispersion (HyNASD) (b), and GF

amorphous solid dispersion (ASD) (c). Figure is not drawn to scale.
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Fig. 7.Raman spectra of as-received GF, physical mixtures (PMs) of
GF-So0l-SDS at 3:1 and 1:3 GF:Sol mass ratios and GF-HPC-SDS at 1:3 GF:HPC
mass ratio (a); physical mixtures of GF-polymer-SDS and the spray-dried
powders prepared using the GF nanosuspension-based (W) feed and GF solu-
tion-based (S) feed with 1:3 GF:polymer mass ratio: HPC as the polymer (b) and
Sol as the polymer (c). W-Sol-3:1 stands for the spray-dried powder with 3:1
GF:Sol mass ratio.

desupersaturation experiments were performed. The GF desupersa-
turation curves indicate the superior GF recrystallization inhibition and
supersaturation maintenance capability of Sol over HPC, and even at
1:1 drug:Sol mass ratio, Sol is an effective inhibitor (Fig. 9). Fig. 9 also
corroborates the fast recrystallization tendency of GF [57] and suggests
insignificant inhibition/promotion effect of SDS alone on re-
crystallization. Again, these findings from the desupersaturation ex-
periments can be explained by adequate GF-Sol miscibility based on
solubility parameter differences and stronger GF-Sol molecular inter-
actions than GF-HPC interactions, based on Raman spectroscopy
(Fig. 7).
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3.5. Dissolution performance of the spray-dried powders

The temporal evolution of GF release from the spray-dried powders
and their corresponding PMs containing 100 mg equivalent GF dose in
1000 mL deionized water was investigated. We note from Figs. 10 and
11 that the mere presence of HPC/Sol-SDS in PMs could slightly in-
crease the extent and rate of GF release without any prior processing of
the as-received GF particles, except blending. This could be partly ex-
plained by the wetting enhancement of the hydrophobic drug (GF) in
the presence of HPC/Sol-SDS and deaggregation of the large drug ag-
gregates present in the as-received drug [17] and partly by the higher
solubility in the dissolution medium. The thermodynamic solubility of
the GF microparticles at 37 °C was measured to be 14.2 mg/L, 17.8 mg/
L, and 18.3 mg/L in the deionized water, aqueous medium of Sol-SDS
(1:3 drug:polymer ratio), and aqueous medium of HPC-SDS (1:3
drug:polymer ratio), respectively.

Figs. 10 and 11 also show that both GF HyNASDs and ASDs pre-
pared via spray-drying of the suspension-based (W) and solution-based
(S) feeds, respectively, enhanced the dissolution rate and the extent of
GF release as compared to the as-received GF and the physical mixtures
(PMs). However, even a cursory look at the Fig. 10 vs. Fig. 11 reveals a
drastic difference between HPC-based formulations and Sol-based for-
mulations: the former provided an order of magnitude lower (relative)
supersaturation than the latter, i.e., ~50% (for both HyNASDs and
ASDs) vs. 360% (S-Sol-1:3, ASD) and 180% (W-Sol-1:3, HyNASD).
Another interesting general observation is that there was little impact of
polymer loading or drug:polymer ratio on the supersaturation for HPC-
based formulations, whereas supersaturation significantly increased
upon increase in polymer loading (lower drug:polymer ratio) for Sol-
based formulations.

HPC-based HyNASDs and ASDs performed equally poorly in en-
hancing supersaturation (Fig. 10), but for different reasons, as com-
pared with Sol-based HyNASDs and ASDs (Fig. 11). S-HPC-1:1 and S-
HPC-1:3 powders are ASDs that have respectively 94% and 100%
XRPD-amorphous GF, which has order of magnitude higher apparent
(kinetic) solubility than its crystalline counterpart. Unfortunately, de-
pending on the polymer-drug miscibility and interactions, amorphous
drugs may phase-separate and recrystallize upon contact of ASDs with
water in the dissolution medium [82,83] because once imbibed into the
ASD matrix, water acts as a plasticizing agent, reducing the T, of the
ASD and enhancing the mobility of the drug molecules [83]. HPC-SSL
has sub-ambient T, [75] (lower than T, of Sol: 73 * 2°C) and its ASDs
have lower T, than Sol-based ASDs (see Table 4). Moreover, due to HPC
immiscibility with GF, its relatively weak molecular interactions with
GF as compared with Sol (miscible with GF), as well as its poor GF
nucleation/crystal growth inhibition (refer to Fig. 9), it is no surprise
that the amorphous GF recrystallized from HPC-based ASDs during the
dissolution test, which also explains the drastic differences between the
HPC-based ASDs vs. Sol-based ASDs. PLM images of a loose compact of
the ASD particles in Fig. 12 also corroborate the formation of GF
crystals from S-HPC-1:3 ASD upon its exposure to water, whereas no
recrystallization was observed for S-Sol-1:3. The HPC-based HyNASDs
also performed poorly. Although they released GF nanocrystals upon
redispersion (see Section S.1 of Supplementary Material), these GF na-
nocrystals have limited supersaturation capability. Moreover, the small
amorphous content of the HyNASDs probably recrystallized in water
similar to amorphous GF in HPC-based ASDs. While HPC has been used
in both marketed drug nanocrystal products and in academia for pre-
paration of drug nanosuspensions and drug nanocomposites [16,28],
we find here that its SSL grade is not a suitable for preventing GF re-
crystallization and achieving high GF supersaturation.

What is remarkable about the dissolution results in Fig. 11 is neither
the 360% supersaturation obtained with the S-Sol-1:3 ASD nor the
higher Sol loading (1:3 vs. 1:1 GF:Sol ratio) achieving higher super-
saturation. ASDs are well-known to generate significant supersaturation
[82,84] due to amorphous nature of the molecularly dispersed drug,
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Fig. 8. Polarized light microscope images of a droplet of GF solution-based (S) feed, i.e., (a) S-Sol-1:3, (b) S-Sol-1:1, (c) S-HPC-1:3, and (d) S-HPC-1:1, dried on a hot

glass slide at 75 °C. All images were taken at 5X zoom (scale bar: 200 pm).

Concentration (pg/mL)

—6— 300 pg/mL Sol-5 pg/mLSDS

—8— 100 pg/mL Sol-5 pg/mL SDS

—o— 300 pg/mL HPC-5 pg/mL SDS

—— 100 pg/mL HPC-5 pg/mL SDS
& 5 pg/mL SDS

—e— No inhibitor

——— GF solubility

100

Time (min)

Fig. 9. GF desupersaturation curves for a supersaturated 20 mL GF-acetone solution mixed with 1000 mL aqueous solution of 300 ug/mL and 100 pg/mL of HPC/
Sol-5 pg/mL SDS (equivalent to S-formulations with 1:3 and 1:1 drug:polymer mass ratios, respectively), 5ug/mL SDS only, and in the absence of any re-
crystallization inhibitor. The initial GF concentration right after mixing ranged from 92 to 99 pg/mL.

and the polymer provides solubilization of the drug within the swollen
GF-Sol matrix and recrystallization inhibition. Sol has a T, of
73 * 2°C and strong molecular interactions with GF (GF Raman line
shifts in Fig. 7); it is miscible with GF and is an excellent GF nucleation/
crystal growth inhibitor, as evidenced by the small desupersaturation
after ~3 h (Fig. 9) and absence of crystals in the PLM image (Fig. 12b).
During the PLM imaging of S-Sol-1:3 (see Fig. 12b), the compact with
the Sol matrix got swollen after the addition of water while eroding
slowly (not shown in the images). Even after 5 min of water imbibition,
no recrystallization of the amorphous GF was observed, which supports
how high supersaturation was reached in this ASD.

What we found surprising is that W-Sol-1:3 provides 180% GF

22

supersaturation (Fig. 11). It is well-known that drug nanocomposites
have limited supersaturation capability, typically up to 10-15% [23],
and supersaturation capability of nanocomposites has not even been
studied in depth [26,27,39]. Note that W-Sol-1:3 is not a traditional
nanocomposite: while largely composed of drug nanocrystals, it has
about 20% amorphous GF and in water it provided 180% super-
saturation. In this paper, we refer to such nanocomposites as HyNASDs
(Fig. 6b) to differentiate them from nanocomposites (Fig. 6a) and ASDs
(Fig. 6b). Another remarkable finding is that W-Sol-1:3 (HyNASD)
generated more supersaturation than S-Sol-1:1 (ASD), i.e., 180% vs.
130%. Although this mainly resulted from the HyNASD having more
Sol than the ASD and this comparison is not head-to-head, there is no
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Fig. 10. Evolution of drug release from as-received GF, physical mixture (PM)
of GF-HPC-SDS, and spray-dried powders with two different GF:HPC mass
ratios: (a) 1:1 GF:HPC and (b) 1:3 GF:HPC. Dissolution sample size is equivalent
to 100 mg GF dose.

similar result in literature where a formulation consisting of ~80%
nanocrystals outperforms an ASD with 100% amorphous drug. Clearly,
HyNASDs boost the supersaturating capabilities of traditional nano-
composites.

3.6. Dissolution performance of HyNASDs vs. Traditional nanocomposites
and GF size effect

Additional dissolution experiments were carried out with various
spray-dried powders prepared using suspension-based (W) feeds in
order to elucidate the significant functional performance difference
between traditional nanocomposites (e.g. W-Sol-3:1 with low Sol
loading) and HyNASDs (W-Sol-1:1 and W-Sol-1:3 with high Sol loading)
(see Fig. 13). Note that the precursor GF nanosuspensions used in the
spray drying for these formulations had about the same GF nanoparticle
size, i.e., dsp = 0.14-0.16 pm. W-Sol-3:1, like any traditional nano-
composite, provided low (30%) supersaturation, whereas the two Hy-
NASDs, i.e., W-Sol-1:1 and W-Sol-1:3, provided 100% and 180% su-
persaturation, respectively. There is a clear trend: an increase in Sol
loading led to higher amorphous content and higher GF super-
saturation/drug release, while the precursors GF nanoparticle suspen-
sions used to prepare these spray-dried powders did not have drastically
different GF particle sizes.

During dissolution of the HyNASDs, the amorphous GF dissolves
and diffuses through swollen Sol matrix [17], while additional GF could
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Fig. 11. Evolution of drug release from as-received GF, physical mixture (PM)
of GF-So0l-SDS, and spray-dried powders with two different GF:Sol mass ratios:
(a) 1:1 GF:Sol and (b) 1:3 GF:Sol. Dissolution sample size is equivalent to
100 mg GF dose.

dissolve into the swollen Sol matrix and supersaturate upon water im-
bibition. It is also likely that higher Sol loading helps the solubilization
in the dissolution medium. Not only did the higher Sol content lead to
HyNASDs having higher amorphous content upon spray drying (see
Table 4), but also the higher Sol loading enabled solubilization of ad-
ditional GF within the swollen Sol matrix and/or in the dissolution
medium. Both mechanisms contributed to the high supersaturation
from HyNASDs. The contribution of amorphous GF and GF solubiliza-
tion by Sol to supersaturation follows the order: W-Sol-1:3
(180%) > W-Sol-1:1 (eq. 1:3) (130%) > W-Sol-1:1 (100%) (Fig. 13).
Note that W-Sol-1:1 (eq. 1:3) has the same total Sol content as in W-Sol-
1:3, but 2/3rd of Sol was pre-dissolved in the dissolution medium and it
was not part of the W-Sol-1:1 matrix. Incorporating the whole Sol in the
spray-dried matrix achieved higher supersaturation than keeping 1/3rd
of Sol in the matrix and pre-dissolving 2/3rd in the medium. Appar-
ently, having all Sol in the spray-dried matrix allowed for more amor-
phous GF generated during the spray-drying, while also helping the
solubilization of GF within the swollen Sol matrix. On the other hand,
having additional Sol in the dissolution medium generated more su-
persaturation, as inferred from the dissolution of W-Sol-1:1 (eq. 1:3) vs.
W-Sol-1:1.

It may be argued that the higher supersaturation in HyNASDs as
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(a) S-HPC-1:3

(0 min)

(b) S-Sol-1:3
(0 min)

European Journal of Pharmaceutics and Biopharmaceutics 145 (2019) 12-26

Fig. 12. Polarized light microscope images of a loose compact of the ASD particles (S-formulations) with (a) 1:3 GF:HPC mass ratio and (b) 1:3 GF:Sol mass ratio in
20 pL deionized water. The images were taken at 0 (before adding water), 1, 2, and 5 min after the addition of deionized water addition. Except 0 min image (5X
magnification, scale bar: 200 um), which focused on the compact, all other images focused on particles that emanated from the surface, which were captured at 20X

magnification (scale bar: 50 um).

compared with traditional nanocomposites is solely about GF-Sol in-
teractions/miscibility and GF solubilization by Sol. W-M-Sol-1:3 was
prepared by spray-drying the aqueous suspension of as-received (mi-
cronized, dso: 10.0 pm) GF microcrystals with Sol-SDS. W-Sol-1:3
(HyNASD), which contains drug nanocrystals with dso: 0.14 um and
~20% amorphous GF, generated thrice as much supersaturation as W-
M-Sol-1:3, demonstrating the importance of particle size in HyNASD for
supersaturation generation. The solubilization of GF particles (micro-
particles or nanoparticles) in the Sol matrix and supersaturation gen-
eration during the dissolution is a kinetically-driven process, which is
limited by the size of the particles: faster solubilization and higher su-
persaturation occurred when GF nanoparticles were encapsulated by
the Sol matrix (HyNASD) as compared with the micronized GF particles
owing to approximately 70-times larger surface area of the nano-
particles.

D
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30 48

10§
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4. Conclusions

Spray-drying of an aqueous GF nanosuspension with 1:1 and 1:3
GF:Sol/HPC mass ratios in the presence of SDS led to formation
HyNASDs, which have notable amorphous GF content unlike traditional
drug nanocomposites that typically have 1:0.8 to 1:0.02 drug:polymer
mass ratio. To ensure a fair, head-to-head comparison of HyNASDs to
ASDs, ASDs with identical composition were prepared by spray-drying
the organic solution of GF-Sol/HPC-SDS in acetone-water mixture. All
spray-dried powders had acceptable content uniformity.
XRPD-DSC-Raman spectroscopy shed light on the nanocomposite/
HyNASD and ASD formation. HPC-based HyNASDs and ASDs per-
formed equally poorly in enhancing GF supersaturation (50%) in dis-
solution tests, whereas Sol-based ones achieved significant super-
saturation: up to 360% for ASD and 180% for HyNASD. These results
were explained by higher T of Sol than that of HPC, GF-Sol miscibility,
stronger molecular interactions between Sol-GF than HPC-GF, and
excellent nucleation/crystal growth inhibition by Sol as compared to

Fig. 13. Evolution of GF dissolution from physical

W-Sol-1:1 mixture (PM) of GF-Sol-SDS with 1:3 GF:Sol,

. spray-dried W-formulations with 1:1, 1:3, and 3:1
W-M-Sol-1:3 GF:Sol, as well as W-Sol-1:1 (eq. 1:3), which has the
W-Sol-1:3 same total Sol content as in W-Sol-1:3, but 2/3rd of
W-Sol-1:1 (eq. 1:3)  Sol was pre-dissolved in the dissolution medium
W-Sol-3:1 and the remaining 1/3rd was in W-Sol-1:1 (eq. 1:3).
PM-Sol-1:3 W-M-Sol-1:3 stands for the spray-dried powder
GF solubility prepared using a suspension-based feed of as-re-

ceived (micronized) GF. Dissolution sample size is
equivalent to 100 mg GF dose.
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HPC. The supersaturation generation capability of HyNASDs is largely
controlled by drug—polymer interactions/miscibility as well as the size
of the drug (nano)crystals in the polymeric matrix. Overall, the most
striking finding from this study is that despite having ~80% nano-
crystals, HyNASDs provided fast drug supersaturation (~190% within
20 min) unlike traditional nanocomposites (30%), which could render
nanoparticle formulations more attractive in bioavailability enhance-
ment of poorly soluble drugs. While HyNASDs did not generate as high
saturation as ASDs, they can be rendered competitive to ASDs upon
further formulation-process optimization. Future research efforts will
include (i) investigation of the storage stability of HyNASDs vs. ASDs
under various environmental conditions, (ii) preparation of HyNASDs
with various drug—polymer pairs and their comparative assessment, (iii)
systematic examination of the impact of various surfactants, and (iv)
impact of various drug nanoparticle sizes in the range of 50-1000 nm
on drug supersaturation.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ejpb.2019.10.002.
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